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il ‘ :
ABSTRACT

.‘ _Thé crystal structure\of' yéast_ _(Saccharbmyc_es_ cerévisi&e) iso- 14Cytochr6me ¢ has been
: detérminéd through molecular replacement techniques, and refined against X-ray diffraction data in
bthe__res‘oil’xtion fange 60-1.23 & to a crystallogfaphié R-factor of 0.192. The yeastb
iso— l—cytochrorhe c molecuie has thé typical cytochrome c fo_id, with the polypeptide ch_ainv '
fiorgan_izedv into five a-helices and a series of loops,which serve toven.close aimostvcorfxp}etely the
herﬁe- prosthetic group within a hydrophobié pOckéL. 7C6mparison of the strucmres of -yeast iso-1-,
tuna and ricevcytochromes ¢ shows that the polypeptide backbone fold, intramolecular hydrogen
bonding, conform.ation' of side chains and particularly packing within the heme crevice of protein
- groups against the heme moiety. are veryl'si.milar. 1n the three proteiﬁs. Signiﬁcant structural
differeﬁces"among ‘the three cytochrorﬁes ¢ can be explained by differences in aminol acid sequérice.
| X-ray crystgllographic techniques have also been used to study the effect of single-site
amino acid substitutions. at ~Phe82 and at.Ar.g38 in iso-1-cytochrome c. ihe structures of - the
variousb variant iso- 1-cytochromes ¢ have been dé_te’rmine_d at nominal resolutions m the’ rang"e. 2.8'
to 1.76 K Conspicﬁous étIuctural .pei'turbations in the neighborhood of the suﬁsﬁtutéd éide chain
are evident in all »of the variant proteins. In wild=-type iso— l-cytochrome' ¢, the phenyl ring of
Phe82 is pésitioned adjacem- and approximately parallel to the heme group, vavndv occupies a
.non-polar cavity within the heme crevice. In the Ser82 Qaﬁanﬁ a channel extending from the
‘s.urface of the molecule dowﬁ into the heme crevice is created. In the Gly82 variant, ‘the
| polypeptide backbone has refolded into the space formerly occupied by the phenyl ring of Phe82.
| Steric conflicts prevent both'the phenolic ring of Tyr82 and the .side chain of Ile82 fron'_i' Being
' corhpletely accommodated within the pocket normally occupied by_ a phenyl ring. Substitution of
_‘alaning at position 38 causes é slight reorganization of the hydrogen bohding network in which
Arg38 normally participates, and also exposes to external solvgnt a normally buried prbpionic acid
group qf' the heme. | | |
| .- The altered f.unctio'nal‘ propcrt_ies of the ‘pos_itioh 82 variant p_rofeins__have been‘in't_erpr_eted

with Tespect to the observed structural perturbations, The drop in reduction potential, most notably



iii

for the Ser82 and Gly82 varlants can be explaihed by the elevated heme environment polarity
aﬁeing from the increased access of solverrt or polar protein groups to the 'heme pocket. The
rcduced'stability of the heme crevice, as indicated by lov_vered pKa’s for alkaline isomerization, is
likely due to the disruption of siabilizing packing forces formed by the Phe82 phenyl ring within
its hydrophobic cavity The loWered actjvity in comparison to the wild-type -protein and the

. Tyr82 variant, for electron transfer wrth Zn*~cytochrome ¢ peroxrdase is attributed to the loss of
an aromatrc group posmoned adjacent to the heme group The altered surface topography of the
variant proteins (particularly the Gly82, Tyr82 and Ile82 variants) may further nhmder productive
complex forrrlation between cytochrome C and' irs redox partners These results suggest that the
invariant Phe82 contributes in at least three ways to the proper func'uomng of cytochrome c It
has an 1mportant structural role in mamtarmng the integrity of the heme crevice and in
establishing the appropriate heme environment. The phenyl ring of Phe82 may also be required
for eff'xcient movement of an .ele'ctron to and 'from ‘the heme of 'cytochrorne c. | Finally, Phe82 may

~ have a role in forming intermolecular interactions with enzymic redox partners of cytochrome c.
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N e Rk OF

The conventions of the JUPAC-IUB Combined Commission on Biochemical Nomenclature
are followed for both three-letter and one-letter abbreviations for amino acids [J. Biol. Chem.
241, 527-533 (1966); J. Biol. Chem. 243, 3557-3559 (1968)]; for designating atoms of the
polypeptide chain [J. Biol. Chem. 245, 6489-6497 (1970)]; and for describing the conformational
torsion angles of main chain and side chain groups of the polypeptide chain [J. Bid. Chem. 245,
6489-6497 (1970)]. Designations for the atoms of the protoheme IX group are according to the
Brookhaven National Laboratory Protein Data Bank (Bernstein et al., 1977; see Figure 1.1).

. Throughout this thesis, amino acid residue numbers in cytochrome c are designated
according to the numbering system for vertebrate cytochromes c¢. In particular, with respect to
higher eukaryotic cytochromes c, the yeast iso-1-protein has a 5~residue long extension at its
amino-terminus, and the residues in this extension have sequence numbers -5 to ~1.
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1L INTRODUCTION -

A.  The cytochromes c

Cytochrome c 1s an electron. transfer protein"that occurs in the energy—'tr'ansducing electIon’ _
t'ransport. chains of many organisms. Because of its ubiquity, small size., solubility, and ease of
extraction. and purification, and the great impoi'tance of electron tr'ansfet reactions such as those
carxied out by this 'protein,, cytochrome ¢ has been extensively studiecl (for reyiew articles, see |
.Ma‘rgoliash and Schejter, 19‘66.; l—Iarbury and Marks, 1973; Dickerson and Timkovich, 19755
Salemme, 1977; Ferguson—-Miller et al., 1979;‘ Timkovich, 1979; Meyer and Kamen, 1982; Mathews,
1985; Williams et al., 1985b; Pettigrew ami Moore, 1987; Pielak et al, i987a; Dixon, v1988).

The cytochromes ¢ are proteins which contain_ a heme prosthetic group, derived from thek
" protoporphyrin IX skeleton ’l"he heme is attached covalently to the. polypeptide chain by "thioether |
bonds formed through the addition of a cysteinyl sulfhydryl group to each of the two heme vinyls.
" The two cysteine residues 1nvolved occur in the sequence Cys—X—Y—Cys—His w1th the hlSUdlnC
‘ ‘res1due contnbutmg one of the "axial ligands to the heme iron. The vanous classes of
cytochrome ¢ differ in the location along the polypeptide chain of the heme attachment. site, the
number of heme groups per polypeptide chain, the -identity of the sixth axial ligand, and the
occurrence of additional prosthetic groups (e.g. flavins). The best characterized class is
mitochondrial cytochrome c. Cy_tochromes ¢ of this type have .a single heme bound near the
~ .N—t‘errninal end of the polypeptide chain; have as the sixth axial ligand a methionine side chain,
provided by a residue occurring near the C—terminus; and have a relatively positive reduction
potential. | |

The mitochondrial cytochromes c, which include protems of both eukaryonc and prokaryotic
origin, have been further ‘subgrouped accordmg to the length of the polypeptide cham (Dickerson,
_1980). Members of the small subclass have 79-99 amino acid residues, the medium subclass
100-112, and 'the_large subclass 113-134. Eukaryotic cytochromes c belong to the medium
subclass, andb have highly conservative amino acid sequences In contrast, among prokaryotic

'cytochromes c of the mitochondnal type there is consxderable diversny in both sue (members of



all three subclasses occur) and amino acid sequence. Discussion herein will be almost completely

restricted to mitochondrial eukaryotic cytochrome c.

1. General biochemical properties of eukaryotic cytochrome ¢

In mitochondria, cytochrome ¢ is a peripheral membrane protein, and occurs in the
intermembrane space. It serves to carry an electron from cyvtochrome ¢ reductase (coenzyme
Q-cytochrome ¢ oxidoreductase, complex III) to cytochrome c¢ oxidase (complex IV), two
membrane-bound complexes of the’réspiratory chain. That cytochrome ¢ is the penultimate carrier
ih this electron transport chain is consistent with its relatively high reduction potential (~260 mV).

Cytochrome ¢ is characterized by its covalently bound protoheme IX prosfheﬁc group
(Figure 1.1). The heme group is attached to the polypeptide chain through thioether linkages
between its two vinyl groups and two cysteinyl side chains (Cysl4 and Cysl7) from the protein

molecule. [Three exceptions are observed; in the cytochromes ¢ of Euglena gracilis, Crithidia

Figure L1. Schematic representation of the protoheme IX group of cytochrome c. The heme atoms
and pyrrole rings are labelled according the convention (Bernstein et al., 1977) used throughout
this thesis.



oncopelti and Crithidia fa.'s'ciculata, Cysl4 is replaced by dlanine and only a single thioether linkage
occurs (Pettigrew ._et al., 1975; Hill and Pemérew, 1975)] The UV-visible spectra of
metalloporphyrrns.are characterized by the presence ot‘ three bands, whose _positjons are inﬂuenced
by the nature ofa the side chain substituents on the heme'chromophore. " For cytochrome ¢, the a,
B and v (Soret) bands occur at 550-558 nm, 521—527 nm and 415-423 nm, respectrvely

The heme iron atom of cytochrome cis relatrvely inert; at physrologrcal temperature and
pH cytochrome c¢ is not readily auto-oxidizable ‘and is Tesistant to binding of exogenous ligands
(such as cyamde and carbon monoxrde) In additiOn to forming coordinate bonds with the four
pyrrole mtrogens the central iron atom of the heme is liganded by histidine (Hisl18) and .
methionine (Met80) side ‘chains from the protein. Cytochrome ¢ carries electrons via a reversibl‘e» ”
' cyclmg between the +2 and +3 oxidation states of the active-site heme iron. It should be noted
that because coordination of the iron ion to the heme requires the dissociation of two pyrrole
hydrogens, the porphyrm portion of the heme carries a =2 charge. Thus cycling between the +2
‘and +3 oxidation states of the hemeviron actually involves a change betu'een 0 and +1 in the
_n’et charge of the heme. Coordination of ‘the sulfur atom of Met80 to the heme iron is
associated, when the iron is the oxidized state, with an absorbance at 695 nm arising from a
charge—transfer transition (Adar, Vl979). The 695’”nm‘ band is frequently used as an indicator of
structural integrity. | |
- Eukaryotic cytochromes ¢ are typically 103-113 amino acid ‘resiclues. in length. One of the
_~ most notable features of the amino acid sequence is the high content of basic residues. |

Cytochrome ¢ is thus a very basic protein, with a pl of ~10.

2. General structural properties of cytochrome c
a. Structural description
The tertiary structures of several rmtochondnal—type cytochromes ¢ have prevrously been
determined. These mclude members from several eukaryotes and also from a.diverse group of
- prokaryotes. Cytochromes c¢ - in the oxidized form have been. studied from horse (2.8 R; Dickerson

et al., 1971) and tice (L5 &; Ochi et al., 1983). ~The structures of both reduced and oxidized
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cytochrome ¢ of bonito 2.3 R and 28 K,I reépécﬁveiy; Tanaka et al., 1975; Matsuura et al., 1979),
and tuna. (1.5 X and 18 &, respectively; Takand_and Dickerson, 1981a, b) are known. The'
‘structures of two members of the large class of prokaryotic mitqchondfial cytbchrome c havé been
vdeterrni;léd: _oxidized éytochrome ¢, from the purple non—sulfur bacterium Rhodospirillﬁm rubrum . |
(1.7 &; Saiemme et al., 1973; Bhatia, 1981), and oxidized vcytoc.:hromé Csso from the facultativ‘e.
nitrate-reducing bacterium Parécoccu§ denitrificans (2.45 X Timkovich and Dickerson, 1976). _in
. addition, the structures of Several prokaryotic cytochromes ¢ of the small class ate kﬁown: both ‘
oxidized and reduﬁed cytochrome QSSI of another denitrifying bacterium, Ps_exgdomonas 'aeruginbsa :
- (1.6 k; Matsuura ez al., 1982); boxidized cytochrome ¢;ss from the green sulfur bacterium
Chlorobium thiosul)btophilu_rﬁ’(2.7 R; Korszun and Salemme, 1977); and cytoc.hromév ém from. the
cyancbacterium Anacystis nidulans (3.0 &; Ludwig et al. 1982). B

Compaﬁson of the structures of these cytochromes ¢ shows that they share the same basic
cytochrome ¢ fold. It hés thus been .ptc‘)posed that all mitochondrial-type cytochromes ¢ have
- descended froﬁ__1 a common evolutionary a_ncestof (Dickersoﬁ et al., _1976). .‘ The cytoéhrome ¢ fold
resembles a éiamshell of protein enciosihg the héme gfo_up within a hydrophobic coré (Timkovich,
1979). The genefal fold of mitochondﬁal eukaryotic cytochrome ¢ can be descriﬁed as follows (Se¢
: Figure 1.2). - The ;amino-terminal portion of the polypeptide chain (residues 1 kto '12) _forms an
a-helix along the top of the molecule. Cystei-nes' 14 and 17 form the thioefher anages to the -
_heme gfoup, and histidine 18 ligénds the heme iron. Residues 19 through 46 form a seriés of |
loops which envelop‘ the right faQe of the heme group. ".Residues 40 through 49 coﬁstitute the
~ floor of the cytochrome c molecule. A short a=-helix at the lowei left formed by residues 50 to
5‘5‘.is followed by an exteﬁded segment of polypeptide 'cha.in éomposed of residues 55 to 60, which
makes up the lower .part of the rear wall. Two consecutive a—heiices formed by residu_es_ 61 to
69 and 70 to 74 constitute the left side.of the molecule. Residues 76 through 87 form a segment
of gxteﬁded polypeptide chain which sweeps across the upper left face of the heme group, and |
“which provides the methiom'ﬁe 80 ligand. Finally, residues from 88 to> the Cf-terminus form an

a-helix which runs diagonally acrosé the back of the molecule. The regions of the cytochrome c



Figure L2. Schematic representation of the structure of eukaryotic cytochrome c. Regions of the
polypeptide chain having an a-helical conformation have been represented as solid cylinders, and
regions forming loop structures as ribbons. Also shown are the heme group; the side chains of
Cysl4 and Cysl7, which form thioether bonds to the heme; and the side chains of Hisl8 and
Met80, which form coordinate bonds to the heme iron. The N- and C- termini have been
labelled, and the terminal residues of the helices have been numbered. The front of the molecule
has been shaded darkly, while the rear of the molecule is unshaded. Note that the cytochrome ¢
molecule is shown here in a standard orientation for viewing (Dickerson and Timkovich, 1975).
Future uses of the designations front, left, right, bottom, rear, etc. will refer to this orientation.
(The exposed edge of the heme group, at the front of the molecule, directly faces the viewer. The
left and right sides of the molecule contain the Met80 and Hisl8 ligands, respectively; the bottom
of the molecule lies just below the heme propionic acid groups; and the rear of the molecule
contains the C-terminal a-helix.)

molecule lacking extensive regular secondary structure have been categorized by Leszczynski and
Rose (1986) as Q—ldops (continuous segments of polypeptide chain whose initiation and termination
points lie adjacent in space). These loops span residues 18 to 32, 34 to 43, 40 o 54, and 70 to
84.




The polypepttde chams of prokaryotic cytochromes ¢, in companson to that of eukaryotic
cytochrome c, typtcally possess a number of deletions and/or insertions Wthh occur at the external
periphery of the molecule, and often at a point of chain reversal at surface loops (Timkovich,
197.9).' Upon comparing the structures of tuna cytochrome c R}rodbspirillum rubrum cytochrorne cz
Pafacoccus denitrr'ﬁcans cytochrome csso,_and Pseudomonas aeruginosa cytochrome css;, Chothia and
Lesk (1985) have determined that _six regions of these cytochrome c molecules haue a cornmon |
folding pattern. These six segments of .polypeptide chain represent the core structure .of the
cytochrome ¢ molecule, and'all are found to constitute part -of the heme pocket "The thrée
' segments encompassing residues 5-12, 60—71, and 90~101 are a-helical and form the top,
lower-left and upper-—rear walls, respectively,' of the heme pocket. The remaining segments line
the heme crevlce: residues 14-20 contribute the histidine ligand and th_e‘ two cysteine side chains
| involved in the thioether linkages; .residues 24”to 33 pack directly against'the right face of the |

heme group; and residues 79-81 pack against the left face of the heme and contribute the
'methtomne hgand | | |

Several conserved st:ructural features of the mttochondrtal cytochrome ¢ molecule are
‘notable. The N-terminal and C-terminal a-helices are in contact,. with the axes of the two
helices being roughly perpendlcular. Only a small portion of the surface of the heme group, at
the front face of the cytochrome" ¢ molecule, is exposed to the external solvent medium. The
heme group is encased by a hydrophoblc core; the side chains whrch pack agarnst the tetrapyrrole
portion of the heme group in the interior of the cytochrome ¢ molecule are almost exclusrvely
" hydrophobic or aromatic in character. The propionic acid side groups are burred in ‘the interior of
the molecule, where they form polar 1nteracnons with internal protem groups Thev molecular
surface of the hrghly basic eukaryotic cytochromes c is characterlzed by a conserved drstrlbutton of
- lysyl srde chains, whrch encrrcle the exposed edge of the heme group. Occurring on the opposrte
(i.e. rearward) face of the molecule is a clustermg of a small number of acidic side chains. This
" separation of positi\}e and negatlve _surface charges has been proposed to establish a dipole moment '

which serves to optimally orient ‘the cytochrome ¢ molecule for interaction.with its redox ‘partners



(Koppehol and Margoliash, 1982; Margoliash and Bosshard, 1983).

b. . Alkaline isornérization

.Theorell and Akeséon (1941) 'idenﬁﬁed spectroscopically five forms of ,ferricytochr,om‘é c
occurring over the; pH range 0 to 13. Form III, which is stable between pH 4 and 8, is‘the.
biologically functional form. The alkaline isomerization, ér the conversion of form I to form IV
| (the alkaline form), occurs at pH -9, and involveé the -deprotonati_on of one (or more) group(s),
followed by tﬁe displacement of the Met80 heme liggnd by some other strong-field ligand (Davis
et al., 1974). The form IV of ferricytoéhrome ¢ cannot .be réduced by cyfochiome ¢ reductase.
Because it occurs under physiqlogical conditions, and alsb inactivates the cytochrome ¢ molecule, "
the alkaline isomerization ha‘s‘ been suggested tb have a role in reguléting 'the activity qf thé
'elecuon transport chain (Gadsb'yAet al., ,1987); o |

The identity of the sixth ligand to the heme iron in alkaline ferricytochrome c ‘has not
‘been established (Gadsby et al., 1987). Possible candidates are the e—axrﬁno gfoup of a nearby
_ lysine residue (Lys72, 73‘ or 79), the hydro_xyl group of Tyr67, or a free hydro;ddé. ion. The. _
ligand exchange which occuré during the alkaline isomerization process has several other‘
consequences. There is a slight conformational rearrangement of the cytochrorﬁe ¢ molecule, _and
also a loosening of the left side of the heme crevice (Davis et al., 1974; Wodten et al., 1981)'.
'fhe reduction potential of the alkaline éyto'chréme c is de'creasedio. ~120 mV (Da\)is et al 1974;
: Rodkey and Ball, 1950), ‘which 1ikely explains the impaired‘ reducibility of , the protein. In addition,
the loss.of Met80 ‘vligation means that the alkaliné isomerization can be cohvénienﬂy' monitored by
~ measurement of thevvdecrea's_e ‘in absorbance :at 695 nm. The vdegree' of susceptibility of varioué
formé of cﬁmhrome ¢ to alkaline isdmerizatidn, or indeed to other den_aturing,égents (such as ‘
héat,'urea, guanidine hydrochloride, alcohols, etc.), is _fr_equenﬁy'us'ed' as a measure of the strength
of the intrinsic biﬂding forces maintaining the native structure of the heme crevicveb (Osheroff et al.,>

1930).



B. Aspeéts related to ﬁle electron—fransfer rolé of 'cytochrémé c
1. Electron transfer feactivity of Cytochrdme c

Cytochrome ¢ carries ‘out electron transfer reactions with a limited number of proteinaceous
- redox pa‘ftners: within 'the electron transport éhaih, cytOchrdme'é reductase and cytochrome ¢
Hoxidase; and within the mitochondrial intermembrane space, cytochrome bs and sulfite oxidase
(animals), aqd ﬂav_ocytochrome b, and cytochrome ¢ peroxidase (yeast). _CytoChrome ¢ forms fairly
tight complexes (having dissociation constants in the range 1-5 X 10°? M) wifh its redox partners.
Thé rates: of thé electron transfef reactioris can be assessed in terms of (‘apparent) second-order
fate coﬁstants (measufed experimentally under reaction conditions yielding pseudo ﬁrsf—order
kinetics). Thé value of this rate constant is dependent on Both the association constant for
ihtehnolchar comblexatiori, and the ﬁrst order rate constant ;for electron transfer within this
‘precursor complex. Reported second order rate constants for electron transfer reactions between
cytochrome ¢ and its physiological redox partners are: 1.0 X 10" Mis* for cyto_chtdme ¢ oxidase,
17 X 107HVM"15‘1 for. cytochrome ¢ reductase, ~4.0 X 107 M-!s! for cytochrome bs, and ~2.0 X
10 M-is:! for cytochrome b,'(_Pettigrew amd Moore, 1987). The' kinetic measurements show that
these éytochrome c-mediated elecﬁon transfer reactions ‘occur at rates close to the diffusion limit
(Margoliash and Bosshard, 1983: Pettigrew and Moore, 1987).

‘ .In contrast to the high degree of selectivity it displays in reacﬁons with its protein redox
partners, cytochrome c¢ transfers electrons fairly indiscriminately with numerous inorganic fedog |
r"eagents.' The second-order rate constanfs for the reduction of cytochroiné_ c 'by various iron and
ruthenium coordination éomp]exes, as weli as by dithionite, are all »_'in the range 2-6 X 10* M5
(Ferguson—Miller et al., 1979). That ali of. the inorganic redox Teagents react at similar rates with
cytochrome ¢ Suggests that a common. reaction’ mechanism is used. The kinetics df electron
transfer are most consistent with an outer~sphere reaction, likely via the. exposed edge of | the heme

group (Timkovich, 1979).
| | It is. notable that in compan'sbn to its reactions with small molecule reagents, cytochforhe c

reacts with enzymic partners with a much higher degree of _‘speciﬁcity, and at rates greater by two "



to five orders of magnitude. These observations likely indicate that the polypeptide chain of -
cytochrome ¢ provides specific interaction sites for both the recognition of the apprOpriate
‘macromolecular redox partner, and the optimization of the electron transfer process itself (Dickerson

and Timkovich, 1975).

2. Factors which i‘nﬂuence‘ heme reduction potenﬁal
The reduction potential of the heme iron of cytochrome c is of great importance, as it,
affects the abilityvof the protein -to react vs)ith both the .pre.ceding anci succeeding carrier "in the
electron transport chain, and in addition may determihe_ the rate of the electron exchanges carried
out by this ;.Srotein.‘ The majority of eukaryotic cytochromes ¢ have a reduction potential (E ) in
the range 240— 280 mV. This relatwely positive reductlon potenna.l means that the neutral state of
the heme (contalmng ferrous Fe?*) is stabilized relat1ve to the posmvely charged state (contammg
ferric Fe*). Three indépendent structural factorswhlch_ addmvely mﬂuence the reduction potential
of a heme group are the chemical nature of (i) the peripheral side chains of the heme pyrrole
rings, (ii) the axial ligands to the heme iron, and (iii) the local enhifonmeﬁt of the heme moiety
(reviewed in Mathews, 1985; Marchon et al., _1982). This section discusses these factors with
respect to their determining the reduction potentiaI of cytochrome c¢. A fourth factor of possible
importance »is a conformational change, accompanying a change in oxidation state of the heme ifon,
in the surrouhding polypeptide matfix. By st_rongly favoring one of the reduced. or oxidized
conformational forms, the polypeptide chain can potentially influence the relative stabilities of the
- alternative oxidation states of ‘the heme iron.
| The effect of the heme side chain aubsﬁments is inductive; electron-withdrawing groups
destabilize a positive charge at the heme iron, and thus cause a more posmve potential. The
reducUon potential of the heme iron of Fe—protoporphynn is ~40 mV hlgher than that of
Fe_—mesoporphynn', in which the ‘v1ny1 groups are replaced by ethyl groups (Cowgill and Clark,
- 1952). vThus, samration‘ of the vinyl groups of protoheme in cytochrome ¢ OCCUITing upon:
formation of the thioether linkages woﬁld be expected to lower the reduction potential. However,

the Euglena and Crithidia cytochromes ¢, in which only one of the 'vinyl groups forms a thioether
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bond to the polypeptide ‘chain,.'have reduction. potentials not significantly different from those of
more typical cytochromes ¢ (Moore and.Williarns, 1977). In addition, the inductive effect of. the
cysteinyl sﬁlfurs th‘ems'elves‘ on the heme reduction potential has not been thoroughly investigated. 7.
| The influence of .the heme _h‘gaﬁd_s on reduction poiential is relatéd to the h
electron—donating power of the ligating group. More strongly donating groups stabili_ze a more
positj\}e heme iron, ahd thus give rise to a lower reduction potential (Fal'k, 1964). Combarison of
the reduct_ion potentiéls of pairs of heme comﬁ_lexes which have imidazole at the ﬁfth coordination
site, but which differ_ in whether a histidine 6r._methi6nine analogue forms the sixth ligand, has
shown that ligation of the more wéakly—donating methionine effects a ~160 mV “increase in
' reducﬁoh potential (Mathews, 1985). As diséussed eaﬂier, the alkalvine.‘férm of ferricytochrome ¢
has a reductibn potential ~140 mV lower than that of‘ native cytochrome c, almouéh the drop in
reduction potential is likely not ‘due ‘e_ntifely to the loss of Met80 ligation. In addition,
replacement of Met80 with a His residue lowers the reduction potential of horse cytochrome c¢ by
~220 mV (Raphael and.Gray,’ 1989). Therefore, that cytochrome c‘vus'es as axial ligands a
methionine in addition to a histidine side chain undoubtedly Contributes to the its fairly high
teduction- potential. | | |

Three éspects of the local environment of the heme have been shown to influence the
reduction potential of the heme iron: the polarity of the herhe micro’environment the dégree of
solvent accessibility to the heme, and electrostatic interactions. betWeen the heme iron and
neighboring charged groups. - Kassner (1972) has cbmpared thc _reduction poténtial of the bipyridine
coordination complex - of mesohemé méthyl ester dissolved in benzene, with that of the
'cofresponding complex of mesoheme'. (free acid) in aqueous solution. .The heme complex in the
hon—polar solvent has a ~300 mV more positive reduction potential, which has been attributed to
‘the greéter electrostatic free energy required to separate, v?ithin a medium of loW dielectric
constant, a monocationic ferric iron centre from its countercharge(s) (Kassner, 1972; 1973; Churg
and Warshel, 1986). This prbposal undoubtedly accounts at least partiall.y for the high reduction

potential of cytochrome c, as the heme group of this protein is tightly enveloped within a crevice
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‘lined pﬁmatilyn with no.n—povlar.-'émino acid side ehains. “Stellwagen (1978) has noted that within a “
series of herﬁe proteins of known structure, tﬁe fraction of the total surface area' of the heme
‘excluded from external solvent correlafes positively with a high reduction potential. He has
therefore suggested that the exposure of the hemé to the external medium is a :riajor determinant
of the ssability} of the reduced state of the heme iron, as it reflects the dccessibility of the heme
to exogenous oxidants. Steliwagen’s results' can also be interpreted in terms of Kassner’s proposed
model (Kessrier, 1973), since an idcrease in solvent access_ibility- to the heme»v’v.ould‘ likely “effect a
coﬁesponding inerease_ in the polarity ‘,of the heme environment (Schlauder and Kassner,- 1979).
Schlauder and Kassner (1979) have used solvent perturbation absorption difference spectroscopy to
measure the eitent of solvent ac_cessibility to the heme group of both her_se cytochrome ¢ and R.
rubrum cytdchrome Ca. Their results suggest that the 60 mV ‘lower reduction pofential of the
former protein is due in part to the greater extent of heme exposure in this piotein. The third
_envirdnmental factor which inﬂuences the reduction potential of cytochrome c is electIostatic
interactions between the heme 1ron and nexghbonng ionizable groups (George et al 1966). Thev
preponderence of basm side chams on the surface of the cytochrome ¢ molecule, and in particular
- around the exposed edge of the heme group, may act to destabilize a positive charge on the heme
iron. A number of experirnedts have indicated that changes in the chafges ‘on protein side chain

' gfoups can affect the reduction'potential of the heme. Denvmzanon of single lysine res1dues with
trifluoromethylphenyl isocyanate causes a drop of ~15 mV in the reductlon potential of horse
cytochrome ¢ (H.T. Smith e al., 1977), whlch Rees (1980) attributes to the effect of neutralization
of the positive charge on the €-amino groups. - Moore et al (1984) have suggested that in yeast
cytochrome ¢ deprotonation of His39, Which occurs with .p'Ka_ of 69 and 7.3 in fhe oxidized and
_reduced fofms of the protein respectively, causes the reduction .potential to drop by ~25 mV. |
Moore (1983) has also proposed that the Tear propionic acid group’s ionizaﬁon state, which may in
turn be contIolled by a salt bridge interaction with the side chain of Arg38, direetly ‘influences the
_reduction potential of the heme iron. _The vrelative importance of the non—polai‘ity of the heme

- environment, inaccessibility of the heme to solvent, and electrostatic interactions between the heme
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iron and neighboring charged gréups has been a subjéct of consideréble debate (Stellwagen, 19783 -
.Mathews,.1985;A Moore et al., 1986;). However, it is likely fthat collectively these factors, in
contIolling the nature of the microenvironment of ﬁle heme group bﬁrie_d within tﬁe polypeptide :
| matrix of the cytochrome c molecule, aré ‘the majof déterminants 6f the fairly high reduction
_potential .of this protein. It should also be noted that within the cytdéhrqrﬁés ¢, the nature of thé
heme side chains and ligaﬁds does not vary (with the exception of the protozoan cytochromes
noted abbve'). Thus differences .in tﬁe reduction potential between variants of cytochréme c must
be _causéd by differences in the loéal environment of the tespective ‘heme groubs.

3. 'Propbsed mechanisms of velectrc'm transfer

‘ Eléctron transfer reactions involving coprdination complexes occur thro{;gh éither an
inner-sphere or outer—sph‘erei ﬁechanism. The heme iron of cytochrome c is sequestéfed within
- the prbtein _' matrix, and is fairly ineﬁ to ligand exchange. Thus, the majority of electfon transfers
bcarried -out By .cytochrome ¢ are via an ouier—sphere mechaniém. Inner—spheré reactioqs occur |
only with some small, highly reactive inorganic redox agents (dithionite, Cr’* ion) and likely
Tequire _opening"of the heme crevice and displacement of the Met80 ligand.
Many outer-sphere mechanisms for the passage of electrons tb and from the heme

prosthetic .group of éytochrome ¢ have been suggésted (see Harbury and Ma.rks,” 1973)._ The .

j)roposed pathways include: (i) via overlap of m-orbitals of the her’ne. group with those _. of the
| redox‘partner, (ii) via the axial ligands, (iii) via the thioether groups linking the polypéptide chain
to the p_’orphyrin ring, (iv) via one Oor more aroniatic side chains whose z—ofbitals 'ovberlap with
those of the heme group, (v) via segments of the polypeptide chain, (vi) via bound solvent or.

small solute molecules, (vii) via quantum—rhechanical tunnelling, and (viii) via various combinations

- of the above.

A mimber of detailed pathways for cytochrome c¢, mainly of the type (ii) and (iv), have
been proposed based on the inspection of 'the tertiary structure of this protein [see reviews by _
Salemme (1977) and Dickerson and ‘Timkovich (1975)]. These mechanisms involve conduction of

an electron between the heme iron and the surface of the molecule either via a series of



‘intervening aromatic side chains, or directly tllrough the 'exposed heme edge.' As general .;
mechanisms for the electron-transfer function of cytochrome ¢, these early proposals have been
largely discounted by the discovery of naturally-occ’urfing variants of cytochrome ¢ bearing
incompatible amino ‘acid substitutions at key residues, and by chemical ‘modification studies (see

Section I.D.1 below).’

4. Redox-state dependent conformational changes
- An abundance of expertmental evrdence indicates that structural differences exist between

‘the oxidized and reduced forms of cytochrome ¢ (see teviews by Margoliash and Schecter, »1966;
Salemme, 1977). The conformational differences affect a number of surface '.properties: the two .
redox forrns have differing chromatographic behavior on ion exchange resins, antigenic reactivity,
binding affinities -for ions, and rates of hydrogen- deuterium exchange. Structural differences

"~ between the two re’dox‘states are also manifest in differing chemical reactivity (Pande and Myer,
- 1980) and pKa’s. (Robinson et al., 1983) of certain side chain groups, and in differing binding_

. af‘ﬁnities for both enzymic redox partners and phospholipid membranes. A large body of:' data
| indicates that the reduced form has a‘niore compact and more stable structure. Ferrocytochrome c
has a greater resistance to unfolding induced both by chemical denaturants. (acid, base rnethanol
urea, guamdine hydrochloride) and by heat, to ligand displacement by exogenous substituents, and
v to proteolytic digestion and has a lower viscosity in solution (Fisher et al., 1973), a lower
compressrbihty (Eden et al 1982) and a smaller radius of gyration (by ~1 ,3.) in low. ionic
strength solution (as 1nd1cated by small—angle X—ray scattering) (Trewhella et al., 1988). The
increased stability of reduced cytochrome c is likely due in part to the 1000-fold mcrease in
strength of the Met80—heme iron coordmate bond in this form of the protem although differences
between the two redox forms in the interaction between’the delocalized w-electrons of the heme

_ molecular orbitals and surrounding side chains within the heme pocket have also been suggested to

B , have a Tole (TlkaVICh 1979).

The techmques of CD and ORD spectroscopy, NMR spectroscopy and X-ray

crystallography have been used to evaluate directly the redox~state dependent structural differences. o
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‘These differences have been studied-in the hope ‘that .they will shed light on‘the rnechanism of
the electron transfer. process. CD and ORD spectroscopy indicate that the oxidation state of the
' her_ne iron does not significantly affect the polypeptide conformation of cytochrome ¢, although the
*environments of one or more aromatic side chains may be -perturbed (Myer, 1968). The tegions of
the polypeptide chain indicated by NMR spectroscopy to differ structurally between the two -redox
forms of horse cﬁochrome ¢ include residues 39 to 43 and 50 to 60, and also 'groups in the
vicinity of the side chains of Hisl§, Trp59 and Ty167 (Feng et al., 1990).'_:The redox—state
sensitive regions of the cytochrome c¢ molecule indicated by NMR spectroscopy and by 'X‘—rayv
, crystallography (see below) are in good agreement
Takano‘and Dickerson (1980, 1981a,b) have compared the v'crystal structures of oxidized and .

reduced tuna cytochrome c¢. Their 'studies show that the most striking differences between .the wo
redox forrns occur in the vicinity of a water molecule buned at the lower left of the heme
crevice. Upon oxidation of cytochrome c’ this water molecule which forms hydrogen bonds to
Asn52 ND2, Tyr67 OH and Thr78 OGl shxfts ~1 R in a drrecnon toward the heme iron. This
rnovement is accompamed by a shift of the tyrosyl rmg of Tyr67 toward the rear of the molecule,
" and an upward rotation of the side chain of Asn52. This set of structural changes is postulated to
be triggered by either the attraction of the water molecule to the mcreased posrtive charge on the
~ ferric heme iron, or the weakened ability of the Met80 SD atom to donate an electron pair in the
hydrogen bond 10 Tyr67 OH In addition, there is a small shift of the heme group within 1ts
crevice, in a direction toward the surface of the molecule. This shift ma;r also effect movements
. of ad]acent protem groups, including Cysl7, Hisl8, Trp59 Phe82 and Ala83. Smaller movements -
are observed in the regions of polypeptide “chain spanmng resrdues 38 to 43 and 47 to 57
Overall, the shrfts occurring upon oxidation of cytochrome ¢, in particular the closer approach of
" the buried Water molecule to the heme iron and the more solvent-accessible positioning of the
heme group, are consistent with a more polar heme' environment required to stabilize the positive’
.charge at the heme centre. There is also the possrblhty that through interactions with its reductase

~or oxidase, cytochrome ¢ is induced to undergo shifts correspondmg to the structural differences
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between its two redox forms, thus facilitating either the acceptanc_e or donation of an electron.

The magnitude of these oxidation—state dependent conformational changes, as indicated by - ‘
" the above methods, appears to be too small to accouht for the observed differences in the solution
properties between -th'e two redox forms of cytochrome ¢. The interpretation of many workers
| (Salemme, 1977; Timkovich, 1979; Moore and Williatms, 1980a; Eden et al., 1982; Feng et al.,.
- 1989) is that differences in the chemical and physical properties of the two redox states arise from
differences in dynamic behavior (the frequency and/or amplitudes -of vibrational ﬂnctuations in 'the
structur_e of the molecule). The larger crystallographic temperature factors of ferricytochrome ¢ do
.indicate that this structure has greater oyerall flexibility.
5. Modelhng of intermolecular complexes between cytochrome ¢ and its physrologlcal '

redox partners o

Structlrral'models have" been proposed for the bimolecular complexes of cytochrome -c with
cytochrome bs; and with cytochrome ¢ peroxidase (revrewed by Petugrew and Moore, 1987,
‘Mathews 1985; Poulos and Finzel, 1984). These models: have been constructed by manual
adjustment of the relatlve onentattons of the crystallographically determined structures of the
individual proteins. The rationale behind this modelling is to optimize both ‘the occurrence of
favorable ionic interactions between positively charged groh_ps on cytochrome ¢ and negatively
“charged groups on the redox parter, end the steric fit bet\yeen the complementary ‘molecular
surfaces. » | |

In the optirna1 complex modelied for cytochrome ¢ and cytochrome b; (Salemme, 1976),
lysines -13, 27, 72 and 79 of the former protein form salt bridges with Glu48, Glu44, Asp60 and
an exposed heme propionate, respectively, of the latter protein. The iso~ I-cytochrome c- |
cytochmme ¢ peroxidase complex (Lum et al.; 1987; and also Poulos and Kraut, 1980) contains the
following hydrogen bond and salt bridge interactions: Lys5—Asp33, Thrl2-Asn87, Argl3—-Asp37,
'Gln16—.G1n86 Lys(Tml)72—Asp217 Lys86—Asp37 Lys87-Asp34 and Gly83—His181 In addition,
there is a hydrophoblc interaction between Alag8l and Leu182 as well as the anttparallel

Juxtaposmon of the N—termmal a-helix of cytochrome c w1th a hehcal segment . of cytochrome ¢
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: péroxidase. In both these complexes, there is a highA' degree of complementarity in the surface
topographies of the partner protein mo)ecules, which suggesfs that éolvent is excludéd from the :
_intermolecular interface. Notably, the heme grouﬁ of cytochrome c is parallel to 'the_ hemes of
b-_cyt_ochrome b; and cytochrome ¢ pefoﬁdaée in the res.pective'_complexes. In the cytoéhrome' -
. cytochrome b complex, the closest approach of the heme t<l;roups of the two proteins is ~8 A, and
the iron-iron interatomic distance is ~16 R: fhe corresponding values for the
_-cytochrome c¢-cytochrome ¢ peroxidase complex are 416 & and ~25 &, réépe’cﬁvely.
- Several infereﬁces can be drawn regarding intermoleculaf electron transfer wiihin ‘the
- modelled complexes. First, within the interfacial region, the proposed exclusion of solvent and the
: n¢ut1a1izatjon of comple_mentary charges would tend to Alower the dielectric constant of the medium
separating thé two redox centres, thereby facilitaﬁng -the electron transfer process (Salemnie, 1977;
~ Poulos and Kraut, 1980). Second, the parallel orientations Qf the heme groupé of fhe two proteins
may serve to enhance interactiori between the- delocalized m-electron systemé of these two groups.
This ihteractioﬁ may be of bparticular' ‘mechanistic impOrtanéé for the cytochrome é—cytochrome bs
:compléx, in which the' distaﬁce between heme edges is fairly short (Szilemme, 1977). Thi_rd, in fhe
cytochrome c—cytochfome ¢ peroxidase corﬁpleﬁ, an extended serie.s‘ of planaf, conjugatéd and
aromatic groups occur -in a parallel ar_rangémenL These groups, which include the hemes of both
molecules, PheSZ of cytochrome ¢, and fhe spaﬁally adjacent HislSlys"ide chain of _cytochrbme c
- peroxidase, is pdstulated to form an 'intermélecular electron con_dﬁit composed of overlapping
#;orbitals (Poulos and Kraut, 1980). |
. In general, the main features of the proposed complexes are corréborated by experimental
évidence from many sources, iﬂcluding chemical modification of lysipe side c_:hains of cytochrome_c '
.(Mzirgoliash an'd‘_ Bosshard, 1983) and of acidic .groups on cytochrome bs (Mauk et al., 1986) and
cytoéhrome c peroxjdase (Waldemeyer et al., 198'2);> differential protectic_)n of .protein groups upon :
‘com‘plexatiqn (Bechtold and _Boss.h‘ard,' 1985); covalent cros'slinking' of thé partner- proteins
(Waldemeyer and 'Bossha.rd, 1985); identiﬁcatibn by NMR Aspectroscopy of the protein groups

occurring at the intermolecular interface (Eley and Moore, 1983; Satterlee ez al., 1987; Moench et
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-al.,, 1987); ‘and comparison of -the kinetics of reduction by free flavin semiquinones of | the free and
_ complexed protem components (Hazzard et al., 1987) However representatron of the interacting
protern molecules as fomung a static ngrd complex is likely not completely accurate. - A number
.of recent studies suggest that' an important requirement for productive interaction between |
cytochrome ¢ and its redox partner is the ability of the two prbteins o undergo dynamic ’
.movement relative to one another. For example, examination of the electrostatic potential surfaces
of cytOchro_me bs and cytochrome c suggests that these two 'proteins_can inter_act in a number of
different relative orientations to form electrostatically stabili'zed‘ complexes (Mauk er al., 1986).
Molecular dynamics simulations indicate that within this complex cytochrome b migrates along the
surface of cytochrome ¢, and also that the complex transiently contracts, bringing the two heme
irons closer together (Wendoloski et al., 1987). Brownian dynamics simulations have yielded |
similar results for the cytochrome c- cytochrome ¢ peroxidase complex (Northrup et al.,b v1988). In
crystallographic studies of a 1:1 complex between cytochrome c'and cytochrome c peroxidase,
well—deﬁned electron’ density for the former is not visib_le, Suggesting that cytochrome cis
positionally disordered with respect to cytochrome ¢ peroxidase ‘(Poulos et al., 1987b). In addition, ‘
the finding that the maximal rate of electron transf_er between ferrocytochrome ¢ and |
ferrylcytochrome .c peroxidase occurs not at low ionic strength, but an ionic strength (1 =260 mM)
at which- electrostatic_ interacti_ons_ would ‘be considerably masked, also suggests that flexibility in. the '
‘ complexation interactions i's‘ necessary (Hazzard et al., 1988b) Collectlvely, these studres mdrcate
that conformational flexibility in the mtermolecular interactions between the electron transfer
partners is required for productive complexation, lrkely by allowmg the two protems to adopt
relative orientations that promote electron transfer, or by decreasing the distance separating the
tredox centres. The complexes proposed from modelhng studies may represent the precursor in

whrch electron transfer geometry is optimal.

-C. .Amino acid conservation in the cytochromes ¢
Because cytochrome c is a protein ubiquitous to all eukaryotes, and can be readily isolated,

primary sequences have been determined for a large number (92) of eukaryotic species. The
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degree of sequence divergence between the various species of cytochrome ¢ has been used to trace
the phylogeny of the eukaryotes. A comparison of the available primary structures indicates that

' éytochrome ¢ is a highly conservative protein. The cytochromes ¢ from two species whose
evolutionary divergence occurred as long ago as one billion years have amino acid sequences that
typically differ at no more than 50 of the ~104 positions. In the sequences of eukaryotic

cytochromes ¢, there are 21 residues which are absolutely invariant, and an additional 11 which are
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Figure L3. Degree of amino acid variability along the polypeptide chain of eukaryotic
cytochromes c. At each position, the variability (Wu and Kabat, 1970) is calculated as the number
of different amino acids observed to occur at this position, divided by the frequency of occurrence
of the most common amino acid (whose identity is given at the very bottom of the histogram).
Other -amino acids which occur at each position have also been listed. Note that a lower case 'd’
indicates that the designated residue is deleted in some species. The sequences of 92 eukaryotic
cytochromes ¢ (Hampsey et al., 1986) have been included in this analysis.
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always one of two amino ac1ds (see Flgure 13) Only. 14 posmons havmg a vanabxhty mdex (Wu
and Kabat, 1970) greater than 15, are highly variable. ‘ : o ‘ !
The conservative residues in cytochrome ¢ very likely have an important'rol_e in. the

function of the melecule. On the other hand, residues which show considerable variability in

_ amino- acid identity aie not as likely to .be critical to the proper functioning of cytochrome c.

~Consideration of the reacﬁoﬂs which the cytochrome ¢ molecule undergoes during its biosynthetic

processing and its functioﬁing in ele‘ct;on transfer suggests several roles that a conserved residue

may play. These roles, which may be highly interdependent, include: |

(i) serving as a site for post-trans’_lationa._l m.odiﬁcation‘ of the polypeptide chain, and in particular
for covalent coupling of the heme pr_dsthetic group,

(ii) recognition of the receptor responsible for uansibcation’ of cytochrome ¢ across the outer
mitochondrial membrane, |

(ili) directing the proper foldmg of the polypeptide chain, or stablhzmg the native, folded state of

| the cytochrome c molecule

(iv) directly.participating in the electron transfer reaction,

- (v) creating the appropriate heme environment, and in particular conﬁolling'the reduction potential
of the heme iron, o

(vi) binding of a small_' mqlecule effector (e.g. ions, ATP), and

' (vii) forming' complexetion ihteractions with redox ﬁéﬁmrs of cytochrome c.

A role for a -conserved residue» may be inferred from inépectio_n ‘of the struetural environment of

that residue within the cytochrome"c molecule. The results of severai such analyses of the -

"_inv;ariant residues of cytochrome c are summarized in Table I.1; . It must be emphasized,‘hOWe\‘rer,

that. functionel roles for residues proposed on the bésis.of amind acid co'nservatism aﬁd structural

considerations are tentative unless supported by additional, independent experimental evidence.

D. Structure-function studies in cytochrome ¢
The objective of the study of the relationship between a protein’s structure and function is

to elucidate the molecular basis of the protein’s ‘activity. A powerful approach in the investigation
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Table L1. Roles 1nferred from structural cons1deranons for the invariant residues in
eukaryotic cytochromes ¢

Tj
i’Moore et al., 1984.

Res-  Structural environment- Inferred role(s)?
idue ' ' .
Glyl  Occurs at rear surface of molecule. Forms Unknown. Site of acetylatlon for some
- no strong intramolecular interactions. mammalian cyt c's
.Gly6 Close contact with 97 CA, at interface Small volume allows close packmg of
between N- and C-terminal a-helices ~ helices
Phel0 Packed in upper rear of heme pocket  Contributes to hydrophobic heme pocket
Cysl7 Front exposed thioether bond to heme group Covalent heme attachment
Hisl8 Ligand to heme iron Heme ligand
"Pro30 Forms bend in polypeptide chain adjacent to Generates turn conformation. Stabilizes
heme group. C=0 group hydrogen bonds conformation of Hisl8 imidazole.
 Hisl8 imidazole. Contributes to hydrophobic heme pocket
Leu32 Packed in right rear of heme. pockeL Contributes to hydrophobic heme pocket
Gly34 Part of surface f-turn ‘Protein folding: allows type II tight-turn
Arg38 Electrostatic interaction with rear heme Stabilizes buried heme propionic acid gr%up. .
propionic acid group Controls redox potential of heme iron.
- Gly4l Part of surface f-turn " Protein folding: allows type II tight-turn
Tyr4d8 Hydrogen bonds rear heme propionic acid Stabilizes buried heme propionic acid group
Trp59 Hydrogen bonds rear heme propionic acid Stabilizes buried heme propionic acid group
Leu68 Packed at left rear of heme pocket Contributes to hydrophobic heme pocket
- 'Pro71 Junction between 60’s and 70’s a-helices Protein folding: directs folding of helices
Lys73 Directed into solvent at left, front side of ~ Intermolecular interactions ’ ‘
molecule
~ Pro76 Part of surface f-turn - ‘Protein folding: generates tum conformauon
Lys79 Forms hydrogen bond to 47 C=0 on Stabilizes protem conformation
» - opposite side of heme crevice
Met80 Ligand to heme iron Heme ligand
Phe82 At surface of molecule adjacent to heme group Flectron transfer. Maintenance of heme
: environment
Gly84 Packed against side chains of Phe82 and Protein folding: allows otherwise inaccessible
Leu85 conformation of polypeptide chain
Arg91 At left surface of molecule. Forms hydrogen Stabilize conformation of 80’s loop.
bond(s) to carbonyl groups from 80’s loop :
' 4Unless othérwise noted, the inferred roles are according to Dickerson and Timkovich,
-1975; Timkovich, 1979; Takano and Dickerson, 1981; and Hampsey et al., 1988, 1986.

of structure-function relationships has traditionally beeu ﬂle analysis of variants. Thus the role

- carried out by a particular amino acid residue in a protein can potentially be established from a

~ characterization of the structural and functional properties of variant proteins in which that residue
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" has beeﬂ specifically modified. In particular; a role for a residue propdsed on the basis of the
inspection of protein structure, or amino acid sequence conservation, can be. directly tested.

| For a protein system to.be amenable to this method of analysis, ‘~there arc -two
prérequisites@ an accurately known three- dimensional structure for the protein, and'meéns to
generate variants of the protgin. _As discussed above, a fairly extensive data base bf éytdchrome c
structures has béén available for sdme time. In the past two decades, a number of methods have
been used to genérate modified forms of cytochromé c. The information that 'thes_e methods have
yielded on the functional roles of svpeciﬁc'vresidues of ;ytochrome ¢ provide the foundation for
further studies of structure-function relationships in this protein. Thus, previous work‘ will be
thoroughly reviewed in the folloWing secti>ons. It must be emphasize'd, however, that in none of
the studies described has the structure of the variant cytochrome c¢ been determined. Thus an
assignment of a tole io a residue based -on the observed altered functional properties of the variant
protein in whi_ch fhat residue has‘ been modified must be regarded vc‘/ith some caution, ‘;is the

modification may have unexpectedly perturbed the conformation of the protein molecule. -

1. _Chemical modiﬁcgtion
‘a. Heme pros;chetic. group '

Chemical modiﬁcaﬁon involving the heme group hasibeen of three typés: complete remo{ral
of the heme moiety to yield apocytochrome ¢, removal of thé heme iron to yield pofphyrin— |
cytochrome ¢ (Fisher et al., 1973), anc_l' replacement of the. iron by another metal c’eﬁtre. The
heme thioether bpnds can be cleaved by treaUnen; with silver or mercury salts. Spectroscopic and
physicochemical' measurements indicate ;hat the resultant polypeptide chain of apqcytochfome ‘.c has -
a random, unfélded coﬁfonnation. " Removal of the heme iron can be effected by protonéting the
heme pyrrole nitrogens usihg anhydmus‘hydrogen fluoride. The porphyrin—cytoéhrome ¢ appears
td retain a native conformation. These results suggest that (i) packing of hydrbphobic groups
against the faces of the heme group, and possibly the interaction of polar groups with thé heme
propionic acid groups, are important_ in determining the overall folding "of the i)olypepﬁde chain

(Dickerson and Timkovich, 1975), and (ii) the coordinate bonds formed to the Hisl8 and- Met80
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side chains are not critical determinants of the protein fold. 'Metaliocytochromes ¢, in which the
heme ironis replaced by another metal ion (Cu, Zn, Mn, Ni, Co, or Sn), can be prepared from
porphyrin~cytochrome ¢, but have not been extensively characterized (Erecinska and Vanderkooi,

©1978: Meade ‘er al., 1989).

b. Histidine and methionine

Early experiments in which met‘momne and hrstrdrne side "chains were modrﬁed were -
directed at identifying the heme hgands (Ferguson—-Miller et al.. 1979). Methionine can be
carboxymethylated by treatment with a haloacetic acid. Derivatization of Metl2, 33 or 65‘had no
snbstantial effects; however, derivatization of Met80 greatly perturbed the cytochrorne 'c-protein,
thus suggesting ‘that Met80 is a heme ligand. Similarly, modification of histidine residues using
diazonium~ 1H- tetrazole had identified His18 as a heme ligand. The altered cytochrome ¢ in
which ligation of Met80 to the heme is disrupted by either ‘side chéin carboxymethylation‘ or
oxidation (to the sulfoxide) _is auto—-oxidizable, can be bound by exogenous ‘heme ligands,_ and fails
to Teact with both cytochrome ¢ oxidase and reductase (Myer et al., 1980). More recently,

. cytochrome ¢ carboxymethylated at Met65 and Met80 has been shown by CD ‘spe‘ctrdscopy to have
no alteratibns' in overall conformation, but is more susceptible to denaturation by urea and has a
greatly decreased reduction potenttal (-215 mV) (Santucci et al., 1987). Collectrvely, these results
indicate that coordination of Met80 to the heme iron is requrred for mamtenance of both the
structural integrity of the heme pocket, and a hrgh reduction potential. Note that the inhibited
activity of the carbo_xymethyleted cytochrome ¢ with vo_xidase and reductase does not establish that

- the side chain of Met80 plays a direct role in electro_n transfer, as the inhibition r_nay be the result
of either a disrupted polypeptjde chain cdnforrnation, or the perturbed redu.ction. potential.

In recent experiments, the side chains of histidine residues have been modified by
coordination of a redox centre, such as ruthenrum pentannrmine. These stndies_ are aimed at
determining the influence of the intervening protein medium on e_lectron transfer between the
» rutlrenium and heme iron redox centres. They appear to indicate that electren transfer that does |

not occur via the exposed heme edge is relatively slow, and that the protein. envelope imparts a
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preferred‘ ditectionality to electron transfer between the Ru and Fe sites (Nocera et al., 1984;

Bechtold et al., 1986).

¢.; Tryptophan and tyrosme

Cytochrome c possesses -an invariant tryptophan ‘and several conservatlve tyrosme resxdues
Because these aromatic side chains appear to form conduits from the heme group to the surface of
the molecule, chenlical modification has been used to probe their participation in electron transfer.
Profeins speciﬁcally"modiﬁed at Trp59, Tyr67 and Tyr74 have been generated (reviewed by
Ferguson-Miller, 1979; Myer et al., 1980). The indole ring of Trp59 has been modified through
fonnylation of the amide function bu formic acid, and through oxidation by N—bromosuccinimide.
 The phenolic ring of Tyf67 can be nitrated by tetranitromethane, or iodinated’ using I,/KI;. - The
- modification of these two.intemal residues was found not only to impaif activity with oxidase and
reductase, and reducibihty by éscorbate, but also to cause the loss of Met80 ligaﬁOn 0. the heme,
a signjﬁeant lowering in reduction potenﬁal, and an opening of the heme crevice as indicated by
susceptibility of the heme iron to autooxidation and binding by CO. Therefore, these derivatives
“do not “confirm the direct participation of Trp59 and Tyr67 in the electron transfer reaction, but do
' »implicate these- residues in'maintain'ing the native conformation lof the cyfochrorhe c fnolecule. In
parhcular owing to its participation in a hydrogen bond to the Met80 side cham the side cham of
’ Tyr67 has been proposed to function in stabilizing the Met80 coordmate ‘bond to the heme iron.
The S1de chain of the surface residue Tyr74_can be preferennallynlodmated by the enzyme
~ lactoperoxidase. vNormal reactivity of this" derivative with both oxidase and fe’ductnse has shownv

that Tyr74 is not required for the electron transfer activity of cytochrome c.

d. Lysine and arginine

The interaction of cytochrome ¢ With its redox partners is known to be elecuostatic.,' as it
is inhibited by high ionic strength and by the presence of polylysine. Intermolecular complexation
is thoughe to be Inediated by complementary ionic interactions between lysine side chains on

| cytochrome ¢, and negatively 'Chaigéd acidic groups on the“oth_er protein or on the phospholipid
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membrane._ Early experiments (reviewed by Dickerson and Timkovich, 1975) in which lysine
» 1esidues were non—sele_ctively acetylated, succinylated, t:riﬂuoroacetylated, or trinitrobenzylated
confirmed thej importance of lysines in the interaction of cytochrome ¢ with its redox partners: the
elimination of only two to six 'positively—charged €-amino groups was sufﬁcient to completely
} .irihibit activity with cytochrome'c oxidase. In contrast, modiﬁcatiorls ‘which preserve the positive
charge on the lysine side chams such as guanidination by O-methylisourea or acetimidylatlon by
methyl acetlmidate of €- ammo groups (Wallace and Harris, 1984), have little effect.

More recent studies have employed derivatives of cytochrome c¢ singly modified at various
. lysine residues by trifluoroacetylation, triﬂuoromet_hylphenylcarbamol_yation, or 4-carboxy- _
2,6~ dinitrophenylation (Margoliash and Bosshard,‘1983'). These studies have shown that the lysines
of .greatest importance in the binding of horse cytochrome c to all redox partners tested (including
cytochrome ¢ oxidase, cytochrome c reductase, puriﬁed cytochrome ¢, yeast cytochrome c
pero,xidase,‘ sulfite oxidase, cytochrome b; and yeast cytochrome b,) occur at positions 8, 13,'27, 72,
86 arld 87. A derivative of »yeast. (Candida krusei) cytochrome ¢ in which the side chain of Arg13
“is converted to a blsphenylglyoxal guamdimum compound also has reduced activity w1th reductase
and oxidase (Ma.rgoliash et al 1973) These crltical basic residues encircle the exposed edge of
the heme group, and outline a region on the surface of the cyt_ochrome ¢ molecuie which likely
serves as the common enzymic interaction domain The centre of the proposed 1nteraction domain
comprises several hydrophoblc groups from resrdues 81 and 82 and also the posmve end of the,
calculated dipole of the molecule.

The derivatives of cytochrome c modiﬁed vat single lysine residues have also been used to
. map the preferred sites of re'actioh'.between' eytochrome cand a .number of small—molecule redox
| agents, inCluding [Fe(CN), 3f‘ ‘[Co(phen)3]3* (phen=1 10—‘phenanﬂ1roline) [Fe(EDTA) - and
‘ [Co(sep)]2+ (sep=sepulchrate, 1,3,6,8,10,13 19—octa—azab1cyclo[666]1cosane) (Butler et al., 1983
Armstrong et al., 1986) These studies also 1dent1fy the solvent-accessxble edge of the heme as
‘ the site of electron exchange between eytochrome ¢ and non-protem coordination complexes. The..

experiments in which lysine residues lof cytochrome ¢ have been chemically modified thus clearly
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demonstrate that the exposed edge of the heme group serves as the most favorable pathway for

electron” movement o and from the heme iron.

2. Natnrally,'occnrring' variants from different ,sp,ecies' of oréanisms ,

The'cytochromes' ¢ from different species of organisms constitute a set of nat_urally-' ._
occurring variants of this protein. | Historically, an amino bacidsubstitution observed in a
, newly—_sequeneed species of cytochrome c¢ has been useful in disproving a proposed 'mechanism of
electron transferinvolviné amino ‘acid residues previously thought to be invariant (Dickerson and
Timkovich, 1975). More __recently, amino acid differences that oecur between hornologous
| cytochromes ¢ have been utilized in _the assignment of resonances in NMR spectra to specific
amtno acid side groups (Williams et al., 1985a).' The \tarious cytochromes c¢ available have
commonly been used in assessing the degree of cross—reactit'ity between the cytochrome ¢ of one
species, and the cytochrome‘c reductase or' oxidase of another (Timkovich, 1979). Protein partners
from speoies as diverse as horse and the bacteria R. rubrum and P. denitrificans have been fotmd
to react with veach vother. Thrs cross—reacttvrty mdtcates that the cytochromes c from these species
possess srmrlar domains for mteractron with redox partners and comparison of therr structures
implicates the conserved collar of posmvely charged side chains around the exposed heme edge
(Salemmie, 1977) Attempts have been made in attributing drfferences in bmdmg afﬁmty to the
presence or absence of spec1ﬁc lysme resrdues (Ferguson—Mrller et al., 1976; Errede and Kamen,
1978). Amino acid compositions have also been correlated to the _overall structural stability and
Tesistance to denaturation of eukaryotic cytochromes ¢ (Nall ‘a’nd. Landers, 1981; Zuniga and Nall,
1983) However these latter analyses are. inconclusive due to the large number of amino acid
dxfferences between the proteins consrdered _In general, the use of naturally occurring variants in
the study of structure-function relationships in cytochrome c¢ has been hampered because there' are

few'pairs of proteins which differ by only a single amino acid substitution.
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3. In vivo-generated mutants

| Because _yeast is a unicellular microorganism,_ and is thus easy to manipulate both
biochemically and genetically, it has historically served as the eukaryotic subject of e)rperiments in
classical molecular genetics. Sherman and his coworkers have - generated numerous single—site
amino acid replacements in yeast iso~ 1-cytochrome ¢ (reviewed in Hampsey et al., 1988, 1985).
The earliest variants were 1solated by direct screening of mutagemzed yeast for strains deficient in
‘heme proteins. Assays for heme proteins used were in vivo spectroscopy (see below), or benzidine
staining as a means for detecting heme-catalyzed peroxidase activity. Later, selection methods were
used which. were more expedient, and whivch also allovved strains that contained functionally
defective cytochromes ¢ to be isolated. - The »selection involved culturing of the yeast in the
presence of chlorolactate, which inhibits the growth of “cells, such as those containing functional
cytochrome ¢, capable of metabolizing lactate. Functional variants of iso-1-cytochrome ¢ were
- then obtained by selection for growth on lactate of revertants of the various mutants. _The
majority‘ of the‘ variants obtained, have not been. extensively characterized. * Typically, the yeast
strains containing the variant cytochromes c were‘analyzed in two ways: (i) by in vivo spcctroscopy
of the Ca.y absorption band, which gives an indication of both proper covalent attachment of the
heme, and the level of cytochrome ¢ protein, and (ii) by growth on ‘lactate medium, which gives
an assessment of functiOnality of the variant protein.

In total, 177 different smgle—-srte armno acid replacements at 60 distinct positions along the
polypeptide chain of iso—- 1—cytochrome ¢ have been generated (Hampsey et al., 1988). (It should
be noted, however, that 69 of these are of limited interest for structure— function studics, as they
occur in the highly variant N-terminal nine " residues.) In addition, numerous truncations _and.
deletions at the N—tcrminus, an internal deletion of residues 40 through 53, and multiple-site

mutants have also been obtained. Of the single amino acid replacements observed, 30 occurring at
16 sites have been found to severely disablc iso~ l—cytochrorne c activity. Hampsey et al. '(1988
1986) have suggested roles for the resrdues occumng at these sites- in the w11d-type protein. The |

-only replacements found to cause a complete absence of iso- 1—cytochrome c protem occurred at
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-Cys1_4, Cysl7 and His18. Thus these residues, which fbrm covalent bonds to the heme. groui), are
i inferre.d to have an essential role in attachmen; of henie to the apoprotein, or. in import of
'cytochrome ¢ into the mitochondrion. The remaining arnino‘ acid replacements yielding
non- funcﬁoﬁal iso- i—cytochfomes c resulted m subnormal, but detectable, intracellular levels of the
protein. These replacernents occur ét residues which are inferred to. have a role in either forming
the hydropﬁebic heme_ pocket (Leu32, Trp59, Tyr67, Leu94 and Leli98), or directing the folding of
the poiypeptide chain (G1y6, Gly29, Pro30 and Pro71). | | o

Intereéu'ngly, the collection of vaﬁant iso- 1~-cytochromés ¢ ineludes several functional

proteins that bear amino acid substitutions at evolutionarily iﬁvariant Tesidues. The nature ~of the
aminov acids which can functionally repiace Pro71 and Trp59 provides clues as to the role of these |
two residuee in ‘the' wiid—ty_pe protein. Pro71 occurs at the junction between two contiguous
a-helices in the isof 1=-cytochrome ¢ ‘molecule, Emnst et al. (1985) have shown that the Leu7l
.Qariant is non-functional, an'd that the absence of revertants containing Tyr, Glu, Gln, Lye, Phe
and Arg at this sit_e 'suggests that_vthese poéitjon—71 variants '_are also ﬁon— functional. In contrast,
revertant iso— l—eYteeh;Omee ¢ containing Val71, Thr71, Ser71 or Ile71 are functfoﬁal (but have
. -moderately fedeced activities). . Based on a theoretical analysis, Erﬁst et al. heve determined that
wheteas the pernﬁesible residues have both an .appropriate steric size and a propensity to adopt the
backbone conformation observed for Pro71 in wild—type iso—ll—cytochreme,_ c, the non—permissible
resi_‘dues do not meet these criteria. Therefore, they conclude that t.he. role of Pro71 is to direct
the folding of the .pelypeptide chain. Trp59 occupies the lower rear of the hydro_phobic heme
pocket, and forms a hydrogen bond te the rear ‘pfopionic acid group of the heme. Schweingrubef
“et al. (1979)» have found that variants with Gly, Ser 61_' Cys at position 59 are non- functional, and
, from. the é.bsence of correspbnding funcﬁonai reve’rtahts, infer vthat variants with YIG‘ln, Ala, Thr, i’ro
and Val at this poeition are as Well.. However, reverténte with Phe, Tyr and Leu59 aie completely
to partially Vfuncﬁorblal, although less stable _sfructurally. These results suggest- that the primary role
of Trp59 is to erovide a large hydrophqbiegroup for lining the heme pocket, and that the

" hydrogen bond between the heme propien_jc acid and the Trp59 side cha.inbis not absolutely
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req_uired. 'ihis interpretation is supported by the complete to partial functionality of second—site. ..
revertants in which Gly, Ser or Cys are »ret'ained at position 59, but are accompanied by a
nhenylalanine at the. spatially adjacent position 40. The other substitutions observed at
evoiutjonarily invariant residues include Tyr48 to Lys, Lys73 to Glu, Pro76 to Leu, and Arg91 'to
Gly or Leu.. The degrees of stability and functionality of _the variant proteins have'not been
reported, nor has the spectrum of amino acid residues ‘permi‘ssiblle at these positions been .
determined. Thus these mutations do not provide deﬁnitive information on the roles of these
invariant residues. However, that certain amino acid substitutions are tolerated at evolutionarily
invariant residues indicates that functional requirements at these residues may be less strict than
.'commonly assumed, and that evolutionary invariance does not necessarily imply functional
invariance (Hampsey ef al., 1986, 1988). |
Notably, with the exception of two replacements by proline residues, all amino acid
substitutions that substantially impair function occur at residues that are evolutionarily invariant, or
'highiy vcon_served. In contrast, at non—conservative positions in the amino ecid 'sequence,va lerge :
number of replace_ments' having minimal.effects on the function of i'so—,ll—cytochrome ¢ can be
accommodated'.. At a given position along. the polypeptide chain, tolerance of single—site amino
acid substitutions in iso— 1-cytochrome c agrees well with variability' in amino acid identity between
different species of cytochrome' c. Thus together the two methods of -analysis firmly estabhsh that ‘
the invariant residues are cnt1ca1 to the proper functioning of cytochrome ¢, whereas . other regions
of the polypepude chain have less 1mportant roles.
Several single-site amino acid substitutions have -been useful in the analysis of |
internlolecular complexation reactions and structural stability in cytochrome c¢. These are described
- in the reméinoer of this section. | | |
.Hazz_a-trd et al. (1988a) have stuciied substitutions at Argl3, Ginlé and. Lye27. Their results
Suoport‘the 'proposed involyement of 'these three residues in forming complexation interactions with
cytochrome c peroxidzise (Poulos and."l.(rau't, 1980). In combarison to the wild-type protein, there

is an increa_se for the Ilel3 and Gln27 variants, and a decrease for the Lysl6 variant, in the
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aiccessibility of the cytochrome c heme .to reduction by flavin witlhin. the bimolecular ‘complex
between cytochrome ¢ and cytochrome ¢ peroxidase. The reduction of the ferryl radical form of
cytochrome ¢ peroxidase by iso-1-cytochrome ¢ was also affected w1th the Ile13 substitution o
mcreasmg the reaction rate, and the Lysl6 and Gln27 substitutions decreasmg the rate. A Serl6
substitution appears to have little effect on either complexation or electron transfer, suggesting that
 the hydrogen bonding interactions formed normally hy Glnlé Can be duplicated by a serine at
vposition 16.‘ B | | | |

More extensive ‘studies of amino acid substitutions at the highly conserved Ly527 have
' examined _the importance of this residue to iso-1-cytochrome c stability and reactivity with redox
partners. Variant iso- 1—‘cytochromes ¢ bearing Leu27, GIn27, Trp27 or Tyr27 substitutions were
found to support the growth of yeast in lactate medium at 85% of normal for the former two, and
at 65% of normal for the latter two. The Leu27 and Gin27 variants‘ap-pear to be slightly, and
~ the Tyr27 and Trp27 ivariants substantially more susceptible tobdenaturation hoth by guanidine ‘
. :' ihydro‘chloride -and hy heat (Hickey et al., 1988). 4 These result_s suggest that Lys27 has a role vin_
conferring stability to the iso-1-cytochrome ¢ ”p'rotein. The Leu27 -and Gin27 variants and ‘the
wild-type protein avll‘react ét v,e"ry sirnilar rates in single—.turnover assays with cytochrorne bs and )
cytochrome_ c peroxidase, and in steady state assays with cytochrome b,, cytochrome ¢ peroxidase
*and cytochrome ¢ oxidasé (Das et al, 1988). The Gin27 variant was actually shown to bind
cytochrome. c peroxidase with 10 times the normal afﬁnity. | The finding that replacements of
'bLys27 with uncharged side chains has.little effect on reactivity of .iso- 1-cytochrome ¢ with its
physrologlcal redox partners is contrary to expectations based upon evidence from chermcal
modiﬁcation ‘and modelhng studies. The mterpretatron proposed by Das et al is that although
interactions forrned by Lys27. do not srgmﬁcantly “contribute to the bmding energy within the
complex between- cytochrome ¢ with 1ts redox partner, Lys27 d_oes have a role in accelerating'
electrostatically intermolecular complexation. " | . 1
Further studies on the series of functional variants at position. 71 (Ramdas et al., 1.986;

* Ramdas and Nall, 1986) stiggest a role for Pro71 in conferring stability to the cytochrome ¢
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ﬁrotein. Tﬁe visible absorption spectfé of the Thr71 and} ile71'va‘r'iants have a feduced 'intensify of
the 695nm band and small shifts in the Sofet band, indicating that these variants have a weal‘(‘e'r’ o
Met80- herhe iron coordinate bond. Characterization - of behavior of the  iso- l—cytochromés ¢ upon
treatment with guanidine hydrochioride shows. that the Val7l, Thi71 and Tle7] variants have an
inéreased susceptibility to deﬁatu'ration‘ and less cooperative unfolding trénsitions. The three
var_ién;s also show enhanced rates for the fast phase of .unfolding, a Tesult consistent with the
-interprétation of Er_nst ei al.  (1985) (see above) thaf_ Pro71 has é role in ihﬂuencing polypeptide' '

chaiﬁ folding.

4, ‘ Semi—s&nthesis-

The technique of semi~synthesis (Offor‘d,' 1981, 1987), in whicﬁ a naturally 'occur.ring
protein is partially: fragmented, the polypeptide. fragment containing the residﬁe 6f interest is.
specifically quiﬁed, and then the complement of fragments is Arecc'mstituted, has .been u.séd- to
’gen.erate numerous ‘variant cytochiomes c¢. Horse éy;ochrome ‘¢ has been most frequeﬁﬂy used as
the source’ 6f starting materials- for- cytochrdmé c éemi—synthesis. The most cbmmonly employed
' fragments of this protein are: the cyanogeﬁ bromide cleavage pfoducts (1—65)H, (66—104), (66~80),
and'(81- 1(‘)4);>apd the peptides resulting from limited tryptic digestion, (1-38)H aﬁd (39— 104), as
‘well as (14-25)H and (28-38), and (1-53)H and (54-104) (where H  denotes th§ fragment
4 coﬁtéining the covalently bound. heme. group). Prior to its use in reconstitutibn, a fragment may
be modified by chemical derivitization, or by stepWise truncation and résynthgsis at -its termini to
proﬁﬁce }small—s.cale amino add deletions, éubsﬁ;uﬁohs, or insertions. .Alternatively, a fragment can
.~ be replaced by one fro'm. a homologoﬁs protein, or can be ;oﬁpletely synthesized to create any
sequence désired. The reassembly of the set of polypeptide fragments may or may not involv_e
reformation of the original pepﬁde bonds. Certain ffagments of the polypeptide chain of
cﬁochrome c will sbontaneously form a non-covalent compiex \‘avhvich has conformational and

functional pfoperties_ very ‘similar to those of the native protein molec_ule.‘ This property is shared
by several .oth;:r smail,' fobust proteins, and in the case of cytoéhrome ¢, is attribuilzeﬂd' to the. o

dominant role of the heme group in nucleating the folding of the pdlypeptide chain (Harbury,
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Table 1.2. Summary of ‘site—sp'eciﬁc ‘modifications of cytochrome ¢ generated using semi~synthesis

sulfonic acid.

the molecular conformation.

Modifications Recogstit— Characterization Comments / Interpretations Ref.d
made? ution * " of properties®
Pro30 - Non-covalent All of the substitutions at Both Leu32 and Leu35 line the 1, 2
Substitution complex of residues 30, 32 (except  hydrophobic heme crevice. Leu32 is :
by Gly (1-25)H- Nva), and 34 decrease shown to be particularly sensitive to
Leu32 (28~ 38)* both the binding affinity replacements (by other non-polar side
Substitution - (39-104) of the fragment (28-38) - chains) and is proposed to form
by Val, Phe, ' to the (1-25)H-(39-104) specific intramolecular interactions
1le or Nva complex, and the stability required to stabilize the folded state
Gly34 of Met80 coordination to of the protein molecule (in' particular
Substitution the heme iron. The the Met80-Fe coordinate bond). In
by Ala or Gly30 variant shows this regard, Pro30 and Gly34 are also
Ser increased autooxidizability, important, but Leu35 less so. In
Leu3s and inhibited activity with comparison to the other.complexes,
Substitution . lactate dehydrogenase. In for the Gly30 and Nva32 variants,
by lle, Lys the Nva32 variant, the binding of the (28-38) fragment ‘is
or Thr ligation of Met80 to the less markedly increased in the
"heme iron is weakened, reduced relative to the oxidized
and reactivity with protein. Leu32 and Pro30 are thus
cytochrome b, is ‘implicated in providing the
decreased. The Ile35 cytochrome ¢ molecule rigidity in the
substitution has only | reduced state, and may influence the
slight effects. reduction potential - of the protein by
: ' stabilizing this conformational state.
Arg38 ‘ - ‘ : T
Guanidinium = Covalent ~170mV. Loss of Arg38 forms a number of hydrogen 3
group modi- coupling of 695nm band. Very low  bonds which link the floor (residues
fied using (1-65)H and biological activity. 36 to 59) and the main body of the
pentane— (66-104) s -t ~ molecule, and also interacts with the
2,4-dione; buried rear propionic acid group of
cyclohexane~ “the heme. The addition of bulky
1,2-dione; or substituents would disrupt these
camphor- interactions. Thus Arg38 is inferred to
quinone-10- have a structural role in stabilizing
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Deletion, Non-covalent Complexes possess 695nm’ As above, the inferred role of Arg38 4.

substitution . complex of band. For Arg38, ~ is to provide binding energy for the  Also

by Gly. (1-37)H- E._~220mV and 70% bottom loop of the molecule. 5.

Restoration  (39-104) or biological activity. For Loosening of this loop results in a .

of Arg. (1-37)H- = Gly38 substitution and - greater exposure of the heme, and

- (38-104) the deletion, Em<150mV thus a lowered reduction potential.

and ~15% biological This interpretation is supported by the
activity. The Arg38 properties of the complex (1-38)H:
complex has a greater (39-104) (E..=150mV and ~25%
resistance to further biological activity). In this complex,-
digestion by trypsin. the break in the polypeptide chain is

such that Arg38 is retained in the
‘main body of the molecule, where it
cannot act in attaching the floor to
' ' . ~ the main body of the molecule. ‘
Substitution  Non-covalent Reduction potential and  Lys can provide a counter-charge for 6

by Lys and complex - biological activities, -of the heme propionate, but does not
Gin (1-37)H- Lys38: 166mV and 26%; fully restore a normal reduction
‘ (38-104) of GIn38: 148mV and potential or electron transfer activity.
: "~ 19%; and of Arg38: The results therefore suggest that the
215mV and 55%. - - extensive hydrogen-bonding capacity

of the Arg side chain is specifically
required at position 38.

Lys39 : : ‘ : : :
‘Deletion or Non-covalent Biological activity of both Residue 39 is fairly strongly 5
substitution  complex . variant complexes is not conserved, with Lys39 occurring in all
.by- Om (1-38)H: significantly altered from = animal species. The studies on these
(40-104), or that of the (1-38)H- ' non-covalent complexes are taken to
(1-38)H- (39-104) complex having support a tole of Lys39 in stabilizing
, (39-104)  Lys at position 39. the conformation of the bottom
Substitution = Non-covalent Biological activity and Q-loop of the protein molecule. The 6
by Glu complex reduction potential - Glu39 substitution, which occurs
' (1-37)H-- decreased to 34% and within in the stable complex having
(38-104) -~ 190mV, respectively, from Arg38 within the Q-loop (see above)
_ 55% and 215mV in the has the greatest effect on the
(1-37)H-(38-104) complex functional properties. The other
: having Lys39. - substitutions, which occur within a
Substitution = Non-covalent Biological activity complex already -destabilized by -the . 6
by Thr or complex of  decreased, from 25% in . absence of Arg38 within thlS Q-loop,
Tyr - (1-39)H* the [Lys39](1-39)H- - have lesser effects.
. (40~104) (40-104) complex, to
'~19% in both variant
, T complexes. _ ‘ :
‘Deletion, or Covalent - All variants have reduced The results are again interpreted in 7
substitution ~ religation of stability (pK for alkaline terms of the inability of the
by Ala, Gly, (1-39)H and isomerization lowered -  substituted amino acids to form an
Phe or (41-104), or from 9.7 to ~8.2), .interaction” which stabilizes the
trifluoro- (1-39)H and decreased reduction conformation of the bottom £-loop.
acetylated-  (40-104) potentials (~190mV), and - It is proposed that the structural
Lys _ impaired biological destabilization results in the lowered

- activity (20-30%). - reduction potentials, which in turn
L _ cause the decrease in biological
~ activity.



Thrd0
_Substitution
by Lys, Val
and Phe

Covalent
religation of
(1-40)H and
(41-104)

Asn54 and LysS5

Substitution
by Ala54
and Lys55
deletion

Met65
~Substitution
by Hse

Glu66
Substitution
by Gln, Lys
. and Nva -

Tyr67
_Substitution
by Phe and
. FPhe

Substitution |
by FPhe

Covalent
religation of
(1-54)H and

" (56~104)

Covalent

coupling of
(1-65)H and
(66-104)

Covalent
coupling of

(1-65)H and-

(66-104)

Covalent
religation of
(1-65H,
(66-79)* and
(80~104)

Covalent
religation of
(1-65)H,

- (66~79)* and

(80~-104) -

All variants have a
decreased reduction
potential (~190mV) and
impaired biological =
* activity (~25%). Val40 and that the side chain of residue 40
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In"eukaryotic cytochromes ¢, residue 7

40 is most frequently threonine or
serine. This pattern of conservation
and the experimental results suggest

Phed( variants have pK’s forms a hydrogen bond which is

for alkaline isomerization
of 8.0 and 8.3,

Tespectively.

- Biological activities for-
these variants, and also
for an Ala insertion
following LysSS5, are
decreased to ~20%.

Normal electron transfer
activity, reduction
potential and spectral
‘properties. NMR studies
reveal no significant
structural perturbations.

Nva66: no 695nm - band;
only 20% biological
activity. GIn66 and
Lys66: slightly elevated
reduction potential;
decrease of 0.7 in pK for
alkaline isomerization;
>90% biological activity.
. Lys66: decreased ability
‘to bind ATP.

Phe67 variant retains 56%
of normal activity in

succinate oxidase system;
but FPhe67 is completely

inactive.

E =199mV. Rate of
electron transfer in -
ascorbate-cytochrome ¢
oxidase system increased.

important in stabilizing the
conformation of the bottom Q-loop
of the protein - molecule.

Residues 54 through 56 are highly 7

. variable in identity. The loss of

function is interpreted in terms of
structural perturbation of the bottom
Q-loop of the protein-molecule.

Homoserine at position 65 does not 8, 9
alter the structural or functional -

properties of cytochrome c¢. These

results are consistent with the high
variability of residue 65. (Serine -

occurs here in several species.)

Glubb is a fairly conserVati\?e acidic 10
residue occurring in the amphipathic

- 60’s helix. The Nva66 variant

demonstrates that hydrophobicity
cannot be tolerated at position 66.
Inferred roles of Giu66: inducing -
a-helical conformation; providing a
salt bridge to stabilize protein against
denaturation; ATP binding.

Highly conserved Tyr67, together with 11
Th178, Asn52 and an internal water .
molecule, form a network of hydrogen
bonds at the lower left of the heme
crevice, with Tyr67 directly hydrogen
bonding the Met80 ligand. Tyr67 is

also part of the left aromatic' channel.

The results show that Tyr67 is not
essential for electron transfer activity.

An electronegative fluorine substituent .

" may perturb the electronic

environment of the heme. - ==
The electron transfer activity 12
determined for the FPhe67 variant is

‘in disagreement with results from ref.

11. The significance was not
discussed.



Substitution
_ by Phe

Covalent
religation of
(1-65)H and
(66-104)*

Lys72, Lys73 and Lys79

Substituted

individually
(and also in
" groups) by

acetylated-

Lys

Tyr74
Substitution
by Leu

Thr78

Substitution

by Val

Substitution
~ by Asn and
Aba

Covalent
religation of
(1-65)H,
(66-79)* and

(80-104)

Covalent

-religation of-

(1-65)H,
(66~79)* and
(80-104)

Covalent

religation of
(1-65H,

(66-79)* and
(80-104)

_Covalent -

coupling of
(1-65)H and

(66-104)*

E,=199mV. 50%

decrease in biological
activity. Shift in position
of a~ and B-bands in
‘absorption spectrum.
- . Increased resistance to ..
denaturation by alkaline
pH (pK 10.7 vs. 9.3) and
temperature (T, =107°C
vs. 64°C). Protein is

oxidized rapidly by
molecular oxygen.

All variants possess the
695nm band. Modifica-
tions of Lys72 and Lys73
cause a 2.5-fold increase
for activity with
cytochrome ¢ oxidase.
Modification of Lys79 has

in

only a minor effect.

Activity slightly lowered

in both succinate oxidase
(by ~40%) and ascorbate-
cytochrome ¢ oxidase

systems. Greater
thermolability, as the

695nm band is lost at a
.lower temperature.

E =170mV. Loss of
6égnm band. Electron

transfer activity in

ascorbate—cytochrome ¢
oxidase assay is decreased.

Asn78 has a slight, and
Aba78 a large decrease in
intensity of the 695nm
band.

(Aba78)= -

251mV; (Asn78)=

266mV. Both variants, but
“Aba78 in particular, show
a large decrease both in
stability against alkaline
and thermal denaturation,
and in biological activity.

That the Phe67 variant has an
increased resistance to denaturation
shows that the major role of Tyr67 is
not in structural stabilization. The
altered spectral properties suggest that

. Tyr67 -has a direct influence on- the

w—electron system of the heme, which
is inferred to affect the reduction-
potential. Tyr67 may also have a role
in preventing the access of oxygen to
the heme iron, and in establishing the

- reduction potential of the protein.

The lowered: electron transfer activity
is attributed to the decreased
reduction potential.

The results are consistent with
chemical modification studies on the
intact protein. Lys72 and Lys73 are
confirmed to be part of the binding
domain on cytochrome ¢ for
cytochrome ¢ oxidase.

The highly conserved Tyr74, Trp59

and Tyr67 form an aromatic cluster at

the left side: of the molecuie. The
results show that Tyr74 is not
essential for electron transfer activity,
but suggest that it may have a role
in stabilizing the conformation of the
left side of the molecule.

Th178 is a member of the hydrogen
bonding network at the lower left of
the heme crevice, The significant
perturbation - of functional properties in
the Val78 variant suggests that Thr78
has a role in structural stabilization.
These results also implicate Thr78 in
stabilization of the heme crevice.
Note that Asn78 does occur in one
eukaryotic cytochrome ¢ (from
Chlamydomonas). '
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. Met80
_ Substitution  Covalent
. by His religation of
(1-65)H and
(66-104)*
Ile81

Substitution  Covalent
by Ala, Leu religation of

and Val (1-65)H,
; - (66-79) and
(80-104)*
Phe82
Substitution ~ Covalent
by Leu = religation of
- (1-65)H,
(66-79) and
(80-104)*
Ala83
Substitution = Covalent
by Pro . coupling of
- (1-65)H and
- (66—-104)*
- Arg91

- Guanidinium Covalent
group modi- coupling of
fied using (1-65)H and
pentane- (66-104)

- 2,4-dione; ”
cyclohexane—

1,2-dione; or

" camphor- -
quinone-10~

" sulfonic acid. _
Guanidinium . As above
 group modi~

fied using

pentane-

2,4-dione .
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The absorption spectrum Met80 has a role in establishing the 15
of this variant is fairly  fairly high reduction potential of the -
similar to that of the heme iron. _

native protein. The

reduction -potential. is

‘lowered to 40mV.

The reduction potentials Replacement of Ile81 with other 16
of these variants are not aliphatic side chains does not affect ‘

. significantly perturbed. . the reduction potential. Slight

Although the activity of differences in activity with

the variants in mediating . cytochrome c¢ oxidase suggest that
electron transfer from residue 81 has a role in 1nteract10n
ascorbate to cytochrome ¢ with oxidase.

oxidase is not greatly

altered, some differences

in K, are apparenL

E,=265mV. Activity in Phe82 has been proposed to parti- - 12

medlatmg electron transfer cipate directly in the electron transfer
from ascorbate to reaction. However, these results show
cytochrome c¢ oxidase is that it is not absolutely required. The
not greatly affected. ‘tole of the side chain at this position

may be to provide hydrophobicity.

-Slightly decreased suscep— Ala83 and Pro83 are highly conserved 13

tibility to denatuation by in animals and plants respectively.

alkaline pH (pK 9.0 vs.” " ‘The Ala to Pro substitution has minor

932 and temperature (T, effects. The decrease in electron '
vs. 65°C). Slightly transfer activity suggests that residue

1ncreased reduction 83 has a role in interaction with

potential (266mV), but cytochrome ¢ reductase.

decreased biological '

activity (~80%).

No effect on reduction = Addition of bulky substituents would 3

-potential, 695nm band, or disrupt the hydrogen bonds between

biological activity. Arg9]1 and the 80’s region of
polypeptide chain. Thus, the results
do not support the proposed role of .
- Arg91 in stabilizing the conformann
of the 80°s loop.

" Decreased ability to bind Arg91 is implicated as a component 17
- ATP. ‘ of an ATP binding site on the

surface of the cytochrome c¢ molecule.”
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Tyr97 ' ' o - N
Substitution ~ Covalent E;,=319mV. Slightly Highly conserved Tyr97 and Phel0 12
by Leu coupling of reduced activity in form an aromatic channel at the right
: (1-65)H, mediating electron transfer side of the molecule. The results
(66~79) and from ascorbate to show that Tyr97 is not essential for

. (80-104)* . cytochrome c oxidase. . electron transfer activity. The
' : interaction of these aromatic side
. chains may be an important structural
element, as the reformation of the
65-66 peptide bond is inhibited in
. this complex. :
Residues 40 to 55 : R c
Deletion - Covalent Variant protein possesses Residues 40 to 55 form the bottom 18
religation 695nm band; is highly' Q-loop of the cytochrome ¢ molecule.
from (1-39)H unstable (pK for alkaline It is proposed that the role of this
and (56- 104) isomerization 7.4); has a loop is to shield the bottom edge of
: decrease in reduction - the heme from solvent and thereby
potential by 130mV; and control the reduction potential of the
has only 15% biological protein. The deletion of the sequence
activity. _ 40 to 55 generates a protein which is
: ' an analog of the small bacterial
' cytochromes c. '
~ Residues 60 to 103 or 104 _ :
. Chimera of Covalent All chimeric proteins have Between yeast, cow and horse 19
different coupling of  full biological activity. cytochromes ¢, 10 amino acid
species of (1-65)H of The measured reduction differences occur in the (66-103)
cytochrome c- horse, with  potentials are: horse, 255; fragment. The variant residues are -
(65-104) of cow, 257; horse-yeast, inferred to have a role in controlling
cow, .or (65- 263; cow-yeast, 268; and the reduction potenual of the protem
103) of yeast yeast, 270mV.
cytochrome ¢

4The normally-occurring amino acid residues, given in bold face, are those in horse

~cytochrome ¢. All modifications described have been carried out using this protein. Abbreviations

~ used: Aba=I-a-aminobutyric acid, FPhe= L— ﬂuorophenylalamne Hse=1~-homoserine, Nva=
L-norvaline, Orn=L~ornithine.

Fragments labelled with a "* have been constructed de novo, by either stepwise synthesm
- or condensation of partial fragments. ‘

Note that some of the variants are non-covalent complexes of protein fragments.

Variants derived from the covalent coupling of fragments (1—65)H and (66-104) also
contain a Met to Hse substitution at.position 65.

CThe properties -of the intact, native protein include: E,= 260mV; pK- for alkahne
- transition ~9.3;- and the presence of a 695nm absorption band. '

Biological activity is- typically assayed from the polarographlc measurement of the ability of
the variant: protein to restore succinate oxidation by a preparation of cytochrome c-depleted mito-
chondria  (from rat liver). Less frequently used as a substrate in these assays is ascorbate-TMPD. .
' dReferences: (1) Poerio et al., 1986. (2) Juillerat and Tanuichi, 1986. (3) Wallace and
Rose, 1983. (4) Proudfoot et al., 1986. (5) Harris and Offord, 1977. (6) Proudfoot and Wallace,
1987. (7) Proudfoot et al., 1989. (8) Corradin and Harbury, 1974. (9) Boswell et al., 1981. (10)
Wallace and Corthesy, 1986. (11) Koul et al., 1979. (12) ten Kortenaar et al., 1985. (13) Wallace
et al., 1989. (14) Boon et al., 1979. (15) Raphael and Gray, 1989. (16) Boots and Tesser, 1987.
) Corthesy and Wallace 1986. (18) Wallace, 1987. (19) Wallace et al., 1986



37

1977; Wallace and Proudfoot, 1987). This property is also eitplbited in the final covalent 'coupling_'
of senlifSYnmetic fragments through conformationally~ directed religatinn: within certain
'none_covalent complexes, ihc_ close pxoximiti{ of the a-carboxyl eind aéanlinp groups of contiguous
peptide fragments promotes vthe.spontaneou's formatinn of 'a peptide bond. Generaliy, for th_e
. peptide bond to form the carboxyllgroup must be activated, and this has most commonly involv'ed
the homoserine lactone present at. the C—terminus of the cyanogén bromide cleavage peptide |
(1— 65)H. Coupling to"this fragment of the (66— 104)“ fragment generates the intact nyiochrnme c
molecule bearing a methionine to homnsérine substitution at the position 65 religation site. [This
,substitntion doés not significantly affect tht_: structural or vfunctional properties of the product .
cytochroxne c (anwe_ll et al., 1981; Corradin and Harbury, 1974).] More recently, nroteases used
unciei conditions which favor bond synthesis have been used to attach activating group's' [in. the |
form of an esterifed (dichlorophenyl) -amino acid, a'nothe’r» C-tenninal- activated peptide fragment, or
an activating groupv itself (Boc-hydrazide, methanol)] to the C-terminus of a peptide (Wallace et
“al., 1989). In one report, the reverse proteolytin action of the enzyine 'clqétripain, in the presence
of 90% glycerol, was used to cétaiyze the dirgct recoupling of fiagments (1-38)H and (38- 104) |
(Juillerat and Homandberg, 1981). 'Because they require that reactiv'eiamino acid side 'gi:oups be
protected,'.standard nrocedures for activating and coupling pepticie fragments are emplnyed only
dn'ring ‘intermediary manipnlations of isnlatéd'fragments [é.g. in the .'coupling of the ‘fragments
(66=79) and (80-104)]. | |

‘Through the use of semi-synthet_ic methods, mnre than 50 single—site amino acid modifica~ -
tions have been made ait .23 different positions along the ponpeptide' chain of éytqchrome ¢. The
’ 'resixlis of these studies are summarized in sz‘ible L2, It should be noted that fdr investigating thé
roles of specific amino acid. -'residués, non—covalent complexes aiie less infbrinétive, as the |
occurrence . of internal polypentide chain terrnini_intrbduCes a .'pair of charged groups (the a-amino
~and 'a—carboxylate groups) and in addition rnay substantiélly alter the local conformation of the
protein molecule. Although snéh 'c_omplexes' m_ay- be _lar'gely functional, they are usually described o

~ as having a looser cnnfpnnaition than the native moleculeﬂ(Wallace and Proudfoot, 1987).
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s, Site- directed mutag;énésis

Difficulties with either the interpretatioﬁ of the éxperiméntal results obtained, or the. :
specific targeting of the site 6f modification have hampered the preceding methods for generating
variant proteins in providing a thorough characterization of structure— function relationships in
cytochrome c.. With chemical modiﬁcatjon, problems in attaining product homogeneityicomplic‘ate
the assignment of the cause of altered functional properties to a specific residue: side reactions can
.modify other protein groupé, and the protein species derivatized af the désired site must be
separated from species derivatized at other sites. In a»ddition,v the choice of target residue is |
Testricted, as not 'éll résidﬁes are susceptible to chemical modificiation (e.g. aliphatics and
phenylalanine). . Also, because derivitizétion of a side chain usually causes an increase in steric
bulk, the method is not useful for vmodiﬁcation of internal residues as it would result in gross
-éonfofmational rearrangements. Naturally oécurring variants from differehp species of organisms
also cannot provide a deﬁnitive assignment of a role to a parﬁcular residue, because they almost
always contain amino acid substitutions at multipie sites (Dickerson and. _Timkovich,' 1975). In
addition, by deﬁnition they do nbt supﬁly variants at conservative '.positj_ons in the amino acid
seduénce. Variants obtainable from in vi_vo mutagenesis are usually confined to those arising ffom
singlénucleotide substitutions, and may also be restricted by‘ the method of selection -»employed.

Direct cherﬁical syﬁthesis and _‘site-directed mutagenesis are two methods which in principlg
.permit a variant proteiﬁ'to be designed speci.ﬁcally. The .direcvzt synthesis approaéh may be
handicapped if the protein :contains certain post—uanélaﬁonal modifications (such as covélent ﬁeme
attachment), althou_gh_ this problem may be overcome to some extent using semi-synthesis. The
utility '_of semi—synthesis is,- however, limited by the. requirement ’for a i)olypeptide chain cleavage
site near the residue of intgrest ; Ih .the cytochrome ¢ system, it is clear that siteFdirected
mutagenesis’ emerges as the most general and effective method. The modiﬁcatibns wh.ichA can
potentially be generated are diverse, including amino acid substitutions, delctions, and inserﬁoﬁs. ‘
The only éhortc'orning of the method is that changes are restricted to the -20 natu'rally' occurriﬁg

amino acids. Because of its power and convenience, site-directed mutag_enesis is currently being
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widely: usédl to generate an ever-expanding collec_tion. of variz_int_ cytéchromes c. The vaﬁanté
which have .beeh fairly exténsively characterized and thus provided useful _information on
structure- function .relationships in cytochrome ¢ are reviewed here. A summary of studies on the
Phe82 énd Arg38 variants of yeast iso- 1-cytochrome ¢, which are major subjects of | the work done
‘ in this thesis, is deferred to Sections LE and LF. |

- Ash52 and Tyr67,b'which together with Thr78 participate in hydrogen bonding a buried
water molecule positioned -below Met80 in the heme crevice, have both been réplaéed with -
non~hydrogen bondingv side chains. The Phe67 variant of rat cytochrome c¢ (Luntz et al 1989)
hés a slightly perturbed absorption spéctrum, a 35 mV decrease in reduction potential (to 224 mV),
and normal reactivity in transfefring electrons from ascorbate-TMPD to cytochrome ¢ oxidase.‘
Most notable, however, is a sigﬁiﬁcant increase in the stability of thé structure of this variant, as
indicated by the_ greater resistance to denaturation by both alkaline and acid pH and by heat or
urea. The Ile52 substitution in'ye'ast iso— 1-cytochrome ¢ (Das et al., 1989) was first identified as -
a global second—s1te suppressor of mutations glvmg nse to unstable proteins. The Ile52 variant is
more resistant to thermal denaturation than the Asn52 wﬂd—type protem (T —64 C, vs. 47 C).
The increased stablhty of both the Phe67 and Ile52 variants is suggested to be due to several
factors: the increased hydrophoblclty mtroduced at internal sites of the prot_em molecule, the
increased helix— forming propensity of the substituted amino acids (both Tyr67 and Asn52 occur
withih a-helical segments of polyp‘éptide chain), and the infeﬁed loss of the buried watef
.molecule. These results iﬁdicate that neither the interactidn betwéeri Tyr67 OH and the Met80
ligand sulfur, nor the internal hydrogen bqnding networkl have major roles in stabilizing the protein
structure; - In addition, tﬁis network, whose wat_ef molecule is> positionally sensitive to the redox
state of the heme iron,,apﬁe'a'rs' not to be critical to the _electron. tra_nsfer function v‘of the
cytochrome ¢ molecule. The rfoles of Tyr67 and Asﬁ52 are inferred to be in stabilizing the buried
water molecule, which may in turn ﬁave.a role in conferring cdnformational flexibility to thev_
adjacent polype'ptide. chain, a region of the cytochrome c_molec'ule known o fbrm interactions with

redox paitners._ It s_hould be noted that these studies bredict that amino acid substitutions at the



third residue in the network, 'i'hr78, would also giue Tise to a more stable protein (Luntz et al.,
, 1989), but sémi—synthesis has shown this.not to be the case (see _Table_,I.Z). .

| -The trimethyllysineA at tesidue 72 in yeést iso—-1-cytochrome ¢ hasv besn replaced with an
arginine .(Holzschu et al., 1987).}4 Lys72 is strongly 'conservéd in 'eukar.yotic cytOchromé‘s ¢, and has
been 'implicated by chemical modification studies (seé Section I.D.1) to be ivnvolved' iri the binding
»of cytochrome ¢ to redox .partriers. Iii y'easts and plants, Lys72 is specifically ‘methylated‘by an
S—-adenosylmethionine protéin—lysin}e N-methyl transferase (DiMaria et al., 1979)7 The Arg72
variant iso~1-cytochrome c¢ suppbrts normal growth of yeast cells on léctate mediuxu, but has a
slightly lowered s_tability, and’ mbderately altered reaction kinetics with cytochrome b,. -These
results suggest that Tml72 may have a role in conferring structural stability to the
iso- 1-cytochrome ¢ protein, or in recognition ‘of redox partners. Replacement of Tml72 with an
~ Asp has also been shown to affect both binding and electron tiansfer between iso- 1—cytochrome ¢
and cytochrome c peroxidase (Hazzard et al., 1988a). |

The three in_i'ariant proiine residues have been the target of mutagenesis, with a focus on' -

their role in stabiiizing the native conformation of the cytochrome ¢ molecule. The replacement of
Pro30 with a thr‘eo'nine substantially decreases ;irotein stability: the Thr30 variant of yeast
iso-2~cytochrome ¢ supports 'only pobr growth of the yeast cells on non-fermentable media, and
obcurs at lowered levels in vivo (Wood et al., 1988a). At Pro76, substitution by Gly lowered the
pK, for alka]irie transitidn from ~8.4. to ~6.6, increased the susceptibility to denaturation by
guanidine hydrochloride, and increased the solvent abcessibility' of tyrosine side chains (Wood et al.,
1988a,b; Nall et al., 1989). For this' Gly76 variunt, the fast phase of unfolding induced by
guanidine hydrt)chloride ‘appears_' to occur at ~3 times the normal rate (Wood et al., 1988b_); Pro76
in cytochromé ciis thus_ indicated to iunction iii stabilizing the native versus the unfolded
conformation of the poiypeptide chain. | In addition, the abnormal refolding of the denatured Gly76
protein, as monitored' spectroscopically, implicates Pio76 in having a iole, through cis~trans
isomei_ization of its imide 'péptide bond, i_n the slow phase of polypeptide chain folding of |

cytochrome ¢. Amino acid réplacements at Pro7] in yeast iso-1l-cytochrome c¢ obtained irn vivo
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(see above) hav‘e been supplemented by a Thr71 variant of iso-2?cytochr0me ¢ generated usi‘ng_'
vsite—directed' mutagenesis (White et al., 1987). | The two studies agree in the importance of Pro71
in stabilizing' the structure vof cytochrome c. | The .Thr7_1 variant of iso-2-cytochrome ¢ has a
lovyered PK, for alkaline ‘isomeriz,ation‘(to 6.6 from 8.5) and a decreased Tesistance to denaturation |
by guanidine hydrochloride. , |

Sorrell et al. (1989) used mixed—oligonucleotides to mutate the heme ligand Hisl8 of yeast -
iso—2—cytochrome c. Of several amino ac1d replacements generated (mcludrng Tyr, Thr, Cys, Gln,
Ser and Leu) only Arg resulted in a variant 1so—2—cytochrome ¢. which supported yeast growth (at
a s_ubnormal rate) on glycerol. The Argl8 variant protem possessed the 695nm absorbance band,
was not auto—oxidizable, -and did not bind carbon monoxrde thus indicating the heme iron had a
complete coordmation sphere The variant protem had anomalous electrochemical behavior,
although it appeared to have a- normal reduction potential (~270mV)

Fetrow et al. (1989) have investigated the role of the four Q-loops of yeast _ |
iso- l—cytochrome < (see Section 1.A.2.a) as 1ndependent functional units. = Yeast strains bearing
mutations in which residues 22 1o 28, or 74 to 78 of iso—l—cytochrome ¢ are deleted are devoid
of cytochrome ¢ protein and. do not grow on glycerol or lactate'media. However, replacement of
the loop consisting ot_” reSidues 19 to 28 with the corresponding segments from other cytochromes ¢
(tuna, R. rubrum c,,,'P. denitriﬁcan,s.‘ Csso OF P. aeruginosa css;) yielded partially to completely
functional proteins These results 'suggest that the presence of this loop is reouired for
cytochrome c biosynthes1s ‘and activity, but that substanttal sequence variability within the loop can
be accommodated Iso— l—cytochrome c Wlth a deletmn of residues 37 to 40 or 43 to 50 was
present at about 50% the normal intracellular level and retained 10-20% activity, thus indicating
that the residues within these. two loops are not absolutely required for cytochrome ¢ heme v
'attachment,' mitochoridrial import, or enzymic interactions. It should be noted that most of the
deletions and replacements' g.en.erated are fairly severe, and the resultant proteins have not been

extensively characterized, thus rendering the conclusions less than definitive.
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E. Yeast iso- 1—cytochrome ¢

| In baker’s yeast .(Saccharomyces cerevisiae) two isozymes of cytochrome c¢ occur, iso- -
‘and iso-2-cytochromes ¢. Iso—l-cytochrome ¢, the subject of the present studies_, is the more
abundant form, typically representing 95% of the total.

The amino acid sequence of yeast iso— 1-‘cytochrome c.was. determined chemically by Narita
et al.r (1969_) and Lederer et al. (1972). Although a component of the mitochondrion, yeast
.iso-l—cytochrome c 1s encoded by a nuclear gene. Cloning. and sequencing of this gene (Smith et
al., 1979) confirmed the amino acid sequence determined from the- protein.. The biosynthesis of
iso—- 1-cytochrome c involves the following.steps: translation of apo—.iso- l-cytochrome c on
'cytosoiic ribosomes; removal of the amino-terminal methionine residue of the polypeptide chain
through the action of an aminopeptidase (Tsunasawa et al., 1985); trimethylation of the €—nitrogen
of Lys72 (DiMaria et al., 1979); and covalent attachment of protoheme IX to two cysteinyl
residues of apo-iso-1-cytochrome ¢ through the action of a specific heme lyase (Dumont et al.,

‘ 1988)‘. This ﬁnal step has been shown to be concomitant with translocati_on.» of the

vholo—iso— 1—cytochrome ¢ molecule across the_ outermi_tochondrial membrane. The fully processed
protein contains 108 arnino acid residues, and has a calculated. molecular weight of 12720. In
‘comparison to vertebrate cytochromes ¢ “which are typically 103 or ‘104 amino acid residues in
length, yeast iso~ 1-cytochrome c has a 5 residue-long extensron at its ammo termmus

In addition to actmg as an electron carrier in the electron transfer chain, yeast
cytochrome ¢ reacts w1th two other redox partners occurnng w1th1n the intermembrane space ‘of
rmtochondna cytochrome b, (yeast lactate dehydrogenase) and cytochrome ¢ peroxidase.
'Cytochrome b2 contains both a heme and a flavin prosthetrc group, and medrates electron transfer
from L-lactate into the electron transport cham ‘Cytochrome ¢ _peroxrdase catalyzes the_reducuon
. of hydrogen p_eroxrde to water and acqulres reducing equivalents speciﬁcally from
ferrocyto'chrome C. | |

Yeast iso-‘l-cytoc‘hrome ¢ clearly represents an ideal system for investigation of _structure-

. function'relationshipstin cytochrome c¢. Its amino acid séquence can be manipulated using both
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_ site-directed and classical (in vivo) mutagenesis Expressron in yeast cells allows for a useful assay
_' of the in vivo funcnonahty of variant cytochromes ¢, and the protern can be readily prepared and
.punﬁed in sufficient quantity for in vitro charactenzations. The study of many aspects of the
'yeast' cytochromes ¢, such as their high r'e'solution.NMR' SpECIToscopy '(Pielak .et Aal.,'1988a) and
their protein foldmg properties (Nall and Landers, 1983), is well developed. In addition, two
well-studied soluble proteins cytochrome c peroxrdase and cytochrome b,, provrde convenient

systems for the analysis of the interaction of cytochrome ¢ with its physrological redox partners. |

} F. Site-directed mutagenesis of Phe82 in yeast iso— l—cytochrome C _

Phenylalanine 82‘ was chosen as a target for mutagenesis for several reasons (Pielak et al.,
1985): its'phylogenetic invariance suggested an important role; its side chain, positioned at the
surface' of the molecule and parallel to the heme group, has an interesting structural environment;
and the phenyl group is not amenable to chemical modification. Various functions have been
proposed for Phe82. Phe82 may have a structural role m establrshmg the appropriate heme |
envrronment In addition modellmg studies indicate that the phenyl ring of Phe82 is posrtioned
such that it could form part of the route for electron transfer between the heme groups of
cytochrome ¢ and cytochrome ¢ peroxidase (see Section LB.5). " Molecular dynarnics simulations of
‘ _the modelledelectron transfer complex between cytochrome ¢ and cytochrome bs also suggest that
the side chain of Phe82 may transiently adopt a conformation such that _it can bridge the heme
groups of the two molecules, thereby facilitating electron transfer between these groups (Wendoloski
et al, 1987). | |
| ~ Phe82 of yeast iso- 1-cytochrome ¢ has been replaced by tyrosine, serine, glycine,
isoleucine, leucine, and alanine. The experimentally determined properties of these position 82
variants are summarized in Table 3. In comparison to the wild-type protein, all of the variants
have a lowered,reduction potential, with the greatest decrease observed for the Gly82 and Ser82
variants (~50rnV) These results. suggest that the heme environments of the variant

‘1so— 1—cytochromes ¢ are perturbed The variants display a range of values for reacuvrty with

Fe(EDTA)", which provides a ‘measure -of the exposure of the cytochrome c heme group to the



Table I.3.‘ Properties of position 82 variants of iso- l-thochrome c

~ Variant . E_ pK, for Reactivity =~ Relative ~ Reactivity with Zn-ccpd
(mV)2 alkaline with steady state
' transition® Fe(EDTA)*-2 reactivity k. (s') - ky (s1)

(10* M-is'1)  with CCP©

Phe 290 8.5 7.2 100% 166 | - 1.9 x 10¢

Ser 255 177 14.8 70% 151 23
"Gly . . 247 77 13.7 . 20% 13 14 -
Tyr 280 8.4 6.2 30% 173~ 15 x 10
Ile . 273 12 94 n.d.® 56 © 30
Leu 286 72 8.8 © nd 93 2.0
Ala 260 nd. 9.9 n.d. n.d. nd.

References: 2Rafferty et al., 1990. PPearce et al, 1989. Pielak et al, 1985. YLiang et al.,
1987, 1988. , : e
~ © nd.: not determined

exfémal medium. The apparent pK, for the alkaline isomerization of all of the: variants is lower
' than that of. the Wild—type protein (Pearce et al., 1989), indicati_ng that the heme crevice in the
variant proteins has a lower staEility. This‘ apparent pKa is detemﬁﬁed by two factors, (i) the
dissociation constant, Ky, of the jonizable grdup which is deprotonated during the alkaline '
isomerization process, and (i) the equiliﬁrium constant, Ke, for conversion of the‘hative to the -
alkaline conformation (Davis et al., 1974): Study of the kinetics of the alkaline isomerization
reactioh indicates that for the Ile82 and Leu82 ifariants, the drop in the apparent pK, is due
“entirely to a drop in thé pKy of thé »titrating group (from ~11 to ~9.5), whereas for the Gly82
and Ser82 variants; both pKyy and Ke 'ar_e lowered (from ~11 to ~9.1, and from ~300 't:o ~20).
Litlle change is observed in the intrinsic (UV) CD spectra of the GIy82, Ser82 and Tyr82. variants,
indicating that the overall secondary ’structubre omurﬁng in these bproteins is not affected (Pielak et
al., 1986). However, all of the variants have altered CD spéctra iﬁ the ‘Soret Areg_ion, with the ,
most notabl¢ difference"being the decreésed_intensity of the negativé Cottoﬁ effect at 417 nm in

the spectra of the oxidized forms of the variant proteins (Pielak et al, 1986; Rafferty et al, 1990).
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These spectral drfferences are attr1buted gither to the loss of the direct 1nteraction between the
w—orbitals of the Phe82 phenyl ring and those of the heme group or to the altered conformation
of the polypepude‘ chain in the vicinity of the heme group. In addition, the Soret CD spectra of
the variants and of the wild—'type protein are very similar at temperatures above 40°C, w‘hich
suggests that amino acid substitutions at position 82 may decrease the stability of the native
‘conformation of the polypeptide chain surrounding the heme. Collectively, the results from studies
of the reduction potential, alka_line isomerization, Fe(EDTA)" Teactivity and circular ‘dichroism of
the variant proteins suggest that they all have a lowered stability. and a moderate perturbation in

. heme environment and possibly in ‘the conformation of the adjacent polypeptide chain.

The electron transfer activity of the position' 82 variant iso-1-cytochromes ¢ has been
assessed by a number of means. All of the ‘variant proteins,v as the sole source of cellular
cytochrome c, ’support viable growth of yeast cells under non—- fermenting conditions, thus
‘demonstrating that they are capable of carrying out electron transfer with both cytochrome c
r_eductas'e and oxidase of the mitochondrial electron transfer chai_n.: In addition, all of the variants
show at least partial activity -Vin in vitro steady—state assays with cytochrome ¢ peroxidase. Using
semi—synthesis, ten Kortenaar et al. (1985) (see Table 1.2) have also shown that a Leud2 variant of
horse cytochrome ¢ has nearly normal activity in mediating elecu'on. transfer from ascorbate—TMl’D
,to_cytochrome ¢ oxidase. These results indicate that Phe82 is not essential to the mechanism of
electron transfer of cytochrome ¢, but do not.rule out a role of Phe82 in optimizing the efﬁciency
' of the elec'tron transfer reaction'. In addition, it is conceivable that in the absence of Phe82,
electron transfer occurs via an alternative mechanism.

The identity of residue 82 does affect the steady state reactivity of the cytochrome c
variants with H,0,-oxidized cytochrome c¢ peroxidase (Table L3). However, the results of these
steady state assays are not straightforwardly interpretable, as'they are inﬂuenced by both the rTate
of assocration/drssomation of cytochrome ¢ and cytochrome c perox1dase and ‘the rate of the

electron transfer reaction wrthm the intermolecular complex
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Liang et al. (1987, 1988) have examined the intermolecular electron transfer rates within a
preformed 1:1 complex between iso-1-cywochrome ¢ and cytochrome c¢ peroxidase in which the
heme iron has been replaced by a zinp ion. The reaction scheme is described below, with ZnP
representing zinc—substituted cytochrome ¢ peroxidase, and Fe(ILII) cyt ¢ representing the two
oxidation states of cytochrome c. - Flash photolysis of the initial complex A generates the
zinc-protoporphyrin triplet state (*ZnP), which can either decay back to the ground state or reduce
ferricytochrome ¢ with rate c‘;onstantAkt.

A hy A* k, B
[ZnP, Fe(lll)cyt ¢ —> [*ZnP, Fe(lll)cyt ¢ —> [ZnP™*, Fe()eyt o]

The resulting intermediate B returns io the ground state by thermal electron transfer, with rate
constant ky, from Fe(Il)cyt ¢ to the cation radical ZnP™.

[ZnP, Fe(Il)eyt ¢ —> [ZnP, Fe()cyt (]

The thermal reaction is analogous to_the physiological oxidation of ferrocytochrome ¢ by
H,0,-oxidized cytochrome ¢ peroxidase. The rate constant kb can alternatively be measured
within ‘a complex in which cytochrome c¢ is initially in the reduced state. In this case, the
triplet-state zinc protoporphyrin is oxidized by an exogenous oxidant ([Co(NH,);CIlJ**) to the cation
free radical, which is subsequently reduced by cytochrome c.

A hy oo B ky
[ZoP, Fe(Il)cyt ¢ —> [*ZnP, Fe(Il)cyt ¢ [ZaP™~, Fe(Il)cyt ¢ —> [ZnP, Fe(ll)cyt c]
[Co(NH,);Cll* —> [Co(H,0)d*
This scheme precludes the possibility that structural rearrangements associated with the reduction of
cytochrome ¢ in the conversion of A* to B are determining the rate of the subsequem decay of
the intermediate B.
The rate coqstants k, for the photoinitiated electron transfer are similar for the wild-type

protein and the Ser82 and Tyr82 variants, moderately lowered for the Leu82 and Ile82 variants,

and substantally lowered for the Gly82 variant (see Table 1.3). This rate is affected by the

distance between the redox sites. The data thus indicate that the complex formed between
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' zino-cytochrorne cperoxidaSe and 'c':ytochrome c is similar- for all position 82'variants,' .except‘ the |
Glys2 variant, ivhich is inferred to form a-'perturbed complex. | The rate of the thermal eleCtron
transferv reaction is strongly dependent on the id.entity' of the residue at position 82: the ,'va.riants
with non—varomatic side chains (Ser, Leu and Te) react ~10° times slower than the wild-type and

Ty182 variants. | o

It is notable that in reactions where ferrocytochrome ¢ is oxidized (i.e. those - with

- .. cytochrome ¢ peroxidase—H;O2 and with Zn‘*—cytochrome c peroxidase) a decrease in reduction

potential of the cytochrome c heme iron would be expected, in the absence of other effects to 7
mcrease the reaction rate. The experimental data (Table 13) show that the vanous posrtion 82
variants have a wrde range of values for these reaction rates, and that the rates do not correlate
with cytochrome ¢ reduction potentials, as is most evident for the Gly82 and Ser82 variants. The
results therefore emphasize that the nature of the side chain present at’ position 82 does directly
affect the electron transfer activity of cytochrome c. |

‘An dromatic side chain at position 82.is ‘inferred to facilitate electron transfer 'by forming
hole superexchange interactions.between cytochrome ¢ and cytoch_rorn_e c.peroxidase (Liang et al.,
4 1987 1988). Modelling of the intermolecular complex suggests the pathway would include the |
heme and Phe82 phenyl ring of cytochrome ¢, and the 1midazole ring of Hisl81 and heme of
' cytochrome c -peroxrdase (Section LB.S). CD spectroscoprc studres indlcatmg that the - electron
~ systems of Phe82 and of the heme in .iso- 1-cytochrome ¢ are coupled (Pielak et al., 1986) lend
some support to this proposal. However,' more 1ecent studies on the kinetics of electron transfer
~within the Zn—cytochrome c peroxidase - iso~ l-cytochrome ¢ complexes (Everest et al., 1990)
- downplay the importance of hole—snperexchange pathways. These studies instead‘_sugg_est that the
‘rate of interconversion between conformational substates of cytochrome c¢ having differing reactivity ’
with Zn—cytochrome ¢ peroxidase has a role in determining the rate of interprotein electron

transfer.
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G Srte— dlrected mutagenesrs of Arg38 1n4 yeast iso— l—cytochrome €

Arg38 is invariant in eukaryotic cytochromes ¢ and also occurs in several bactenal
cytochromes Cov The guanidinium group of this resrdue interacts with ‘the rear buried propionic
~acid group of bthe ._heme. Two structural roles have been proposed‘ for Arg38; .Arg38_ has,been
suggestedtovfunction in stabilizing the protein by providing a counter-charge for the internal' |
carboxylate group (Takano and Dickerson, 1981a). ‘Wallace also .suggests Arg38 stabilizes the fold
of the protein, although he emphasizes that.the network of hydrogen bonds formed by the
gtlanidinium group serves to bind the bottom loop of the molecule to the main body (sce Tab_le
1.2). Moore has proposed two roles related to the electrostatic interactions between Arg38 and
'heme group. First, Arg38 may’ lower the pK, of the adjacent propionic acid group to a value
.below ~4.5, and thereby contribute to the pH—mdependence of the heme reducnon potential within
“the physiological pH range This proposal is based on the observed variation with pH of the
reductlon potentlal of cytochromes G Wthh possess amino acrd replacements at Arg38 (Moore et
‘ al 1984) Second, the side chain of Arg38, through direct electrostat1c interaction w1th the heme
iron, may act as a trigger for remote conformational changes upon oxrdanon/reductron of the
cytochrome ¢ molecule (Moore, 198_3). | }

Cutler et al. (>1989) have .rep'laced Arg38 in yeast iso- 1-cytoChrome ¢ with lysine; histidine,
glutamine, asparagme leucine and alamne These ‘amino acid substitutions have very little effect
on erther the electron transfer or structural properues of the iso- 1—cytochrome ¢ protein: all of
the variants support the growth of yeast on lactate, exhrbrt normal in vitro reactwrty w1th
cytochrome K peroxidase, and have NMR and absorption spectra very similar to those of the
vvild—type protein.. The focus of the work by Cutler et al. was on the 'proposed role of Arg3v8 in
controlling the reduction potential of iso-1-cytochrome ¢. The variation of reduction potential
" with pH‘ for all of the variants was found to be identical to that for the wild—type protein. This
result suggests that Arg38 is not responsible for maintaining a low pK 'for the-heme'p‘ropionate
group. - However, the identity of the amino acid at posmon 38 does have a marked effect on the

reduction potentrals of the vanant protems which were observed to- be as follows: Arg38
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.‘(wi'ld—.type): 272mV; Lys38: 249mV; His38: 245mV; GIn38: 242mV; Asn38: 238mV; Leu3s:
231mV; and Ala38: 225mV. It is notable that the observed shifts in reduction potential for the
Lys38 and GIn38 variants follow. the same pattern observed for the same substitutions generated

semi-synthetically in non-covalent complexes of horse cytochrome ¢ (Proudfoot ‘and Wallace, 1987;

see Tabie 1.2).

H. Site;directed mutagenesis of Cysl02 in‘yeaét iso-1-cytochrome ¢
Amongst eukaryotic -cytochromes c, ._yeast iso-1- and bullfrog cytoéhfdmés ¢ are uniqué in

having ‘a cysteine at position 102. In the latter piotein, Cys102 forms ah intramolecular disulfide
bond with.‘ CysZOV(Brems et al., 1982). In yeast. iso- l—cytochroine ¢, Cysl02 is of | particular
interest because its free suifhydryl 'grouia is highly reactive toward both chemical modification
(Zuniga and Nall, 1983; Motonaga' et al., 1965) and oxidau'bn (Cutler ét al., 1987), and ih addition
is invblved in the cévalent dimerization of iso-1-cytochrome c¢ via intérmolecular‘ disulfide bond -
formation (Bryanf et al., 1985).' .-

| . The réactivity of CyleZ complicates électrochemical- analyses of iso- l—cytochrome ¢, as the
'protein is readily autofeduced and. exhibits non—-Nernstian behavior. ' Dimerization . in the absence
~ of exogenous thiolrreducing' agénts also hinders the sfudy of the oxidized form of the protein.
Two approaches to alleviate these problems have been used. The free sulfhydryl group has been
bl(icked by modification With i_od_oaceﬁmide .(Nalll and Lander's,. 1983) or methyl thiosulfonate »
(Raindas et al., 1986). Altemétively, site-directed mutagénesis has béen used to replace Cysl02 in
yeast iso— i—cytochrdme ¢ with either a threonine (Cuﬂer et al., 1987) or a éerine (Mayo et al.,
1986) residue. In the work of Cutler et al. threonine was éhosén as a replacement because it is
the most frequently -6ccurring _residué at this p.os.ition in eukaryotic cytochromes . The Thr102 '
variant iso-1-cytochrome ¢ has been shown by Cutler e al. to be funétionélly i’ndistinguishable' :
from vthe genuine wild-type protein. It has normal behavior in vivo, aé‘ vit is tfanspbrxed into the
mitochondrié, is ’r.nethyla_ted, ahd supports grdwth of yeast cells on lactate. In addition, ii has a |
normal absorption sﬁectrum, iﬁcluding a 695 nm band,, well-behaved electrochemisﬁy, “and a typical

reduction po_tential. | Iso-1-cytochrome ¢ bearing Thrl02 thus serves as the "wild-type" background
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for a large part of the structural and functional studies described in this thesis.

I. Objectives of the present research | A

~ The ﬁnderlying objective of the studies described in this thesis is to further the
understanding of the structure and function of the cytéchrofne ¢ molecule. The first goal of the
cufrent project was to obtain an accurate description of the three-dimensional structure of the
wild-type yeast iso-1-cytochrome ¢ protein. The structure of yeast iso~ 1—Cytochrome c was
" compared to thOSé of tuna and irice cytochromes c. : As thése cytochrdmés ¢ possess about 60%
amino acid sequenée divergence, thesé comparisons provide information dn the effect of dif‘ferences
in amino acid sequence on various structural aspects of the cytochrome ¢ molecule. EQually |
importantly, fhe v_vild—type iso~1-cytochrome ¢ structure  will provide a.-basi_s for both the
in'terpretaﬁon" of the properties of singly-mutated iso- 1. vaﬁant proteins, and the design of new
variants. A rf;ajor focus of this work was to dete.rmine‘ the structural aﬁd fuhctional_ role of the
‘ evolutionarily conserved residue phenylalanine 82. This involvéd determining the effects of amino
acid substitutions Vat‘ poSiﬁoﬁ' 82 on the structure. of iso-1-cytochrome c, and inierpreﬁng .
differéncés in fuhct_ional properties of the variant'vprote;ins in teﬁns of the altered structural
properties. The role of the invariant residue arginine 38 was similarly, although léss extensively

studied.

* Appendix: Basiéli)ﬁiner on structure determination"using X—ray‘ crystallography

* This appendix describes the basic theory and some practical detaiis of thé use of the
X-ray diffraction method in determining the three-dimensional structure of a érotein molecule. Its
intent is to provide the reader who isv melim with the method .su"fﬁcient background to ‘
comprehend the érysmllographic aspects . of the 'research described in this’ ﬂ;esis. For‘ a more

thorough discussion, the reader is referred to Blundell and Johnson (1976) or Sherwood _(1976).

1. Crystalline structure
A crystal is a solid in which the component molecules are arranged such that there is

long~range, well-defined order in three dimensions. Within the crystal, relatively precise



51

intermolecular interactions are formed, with the molecules packing in a symmetrical manner. The
crystal can be represented as a fundamental unit cell which repeats in a three~dimensional lattice.
Each identical unit cell comains one or more asymmetric units which are related to one another by
well-defined symmetry elements. Generally, an asymmetric unit is composed of one p}otein
molecule. Thus the objective of the X-ray crystallographic experiment is to determine the atomic

structure of the asymmetric unit

2. Diffraction theory
The interaction of X-rays ﬁm irradiated matter is mainly electronic. This occurs through
a process called Thomson scattering, in which tﬁe electric field of the incident X-ray causes an
electron to oscillate, and thereby emit its own electromagnetic radiation in all directions. When
. X~-rays interact with an object (i.e. a collection of atoms), each electron in the object acts as an
independent scatterer. - However; superpbsition of v:/aves emitted by different electrons occurs. The
intensity and phase of the total wave scattered by an object in a particular direction is entirely
dependent on the - distribution of electrons within the object. This concept is the foundation of
sttucture determination by X~ray diffraction methods, and is expressed in the cardinal equation of
X-ray scattering: '
FES) = { o(F) exp i(S8T) df, )
oot :
which states that F(§), the total wave scattered in the direction § consists of the sum of individual
waves exp i(§~?) scattered in the direction § by infinitesimal volumes, d? of electron density, p(?)
located at the position T The integration is over all the infinitesimal volumes in the object

Mathematically, the set of total waves, called the diffraction pattern, represents the Fourier

transform of the distribution of electron density in the object

3. Basic X-ray crystallographic theory
For a regularly arranged group of objects, such as a unit cell arranged in a crystal lattice,
all of the individual unit cells scatter X~-rays in an identical manner. But there is destructive

interference of all scattered X-rays .except for those travelling in a few certain directions with
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respect to the translational symmetry of the crystal lattice. A convenient representation of this
interference is that for a crystal’s real lattice, there is a reciprocal lattice which defines the
permissible directions of the diffracted X-rays. The reciprocal lattice contains a sampling of the
diffraction pattern of the unit cell. Each position in this lattice represents a permitted diffracted
wave, called a reflection, and is specified by a triplet of integers hk,l.

For diffracdion by a crystal, two simplifications can be made to the Fourier transform of
the electron density (equation 1). The coﬁtinuously variable direction‘ of the diffracted X-ray, §
can be replaced by the discrete direction specified by hkl. Second, because appreciable electron
density is localized near atomic nuclei, appropriate substitution of the atomic electron density
function P; and the atomic position (xj, p zj) can be made. The integral is then replaced by a
summation over the n individual atoms contained in the unit cell:

F(hk1) = Z:: py exp 2mi(hz, + ky, + 1z). » 2
This is the $t1'uctu;e factor equation, which again shows that-individual reflections, referred to as
structure factors, will have an amplitude '(intensity) and phase determined by the atomic positioning
within the unit cell. Equally importantly, this equation allows one to calculate exactly bhow a-
known distribution of atoms within the unit cell Would diffract X—raysQ

The atomic electron distribution function in equation 2, p, has two components. The ﬁrst,‘
'the atomic scattering factor, is determined by the number and spatial arrangement of electrons -
around é positionélly fixed atomic nucleﬁs, and thus is dependent onlyv on the identity of the atom
(i.e. the atomic number). The second, the atomic temperature factor B, corrects for thermal
motion of the atomic nucleus (and of its associated electrons). Atomic motion permits the
electrons to occupy a larger volume of space, thus decreasing the effective electron density and the
scattering power of the atom. Each atom has an associated B-factor, which provides a measure of
the mean—-square displacement of the atom from its average position.

A property bf the Fourier transform is that it can be inverted. Inversion of the Fourier

transform of the electron density (eq. 1) yields the electron density equation,

p@) = [FE) exp ~i(5%) d5,
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or equivalently,

plzy.2) = hé .f;"‘_.??_. [F(hkl)| exp ia(hkl) exp —2nmi(hz + ky + 12). 3)
Thus, the distribution of electron density in the unit cell can be deduced from the Fourier
wansform of the diffraction’ pattern. In practice; equation 3 is used to calculate the amount of
electron density present at selected points throughout the unit cell. The resultant electr~on. density
map allows for a reconstruction of thé atomic structure within the unit cell. However, the
diffracted waves contain two pieces of _inforn}ation: the amplitude, which can be readily measured
experimentally; and the phase, which is ﬁnobéervable. [The electron density equation has been
written in a form which emphasizes that the structure factor has these two components, |F(hkl)|

and a(hkl)] Assigning phase information to the reflection data constitutes the major obstacle in the

crystal structure determination.

4. Patterson synthesis and molecular replacement methods

A Patterson ‘map of the unit cell can be calculated using only the experimentally observable
intensities of the diffracted X-rays: | |

P(uyw) = .é.é.é_. [F(hk1)]? exp —2ni(hu + kv + lw). i 4)
In oo‘ntrastv to the electron density map, which has peaks occurring at the positions of atoms in the
unit cell, the Patterson map has peaks at positions corresponding to interatomic vectors within the
- unit cell. Thus, 2 peak at the point (x,v,w) in the Patterson map indicates that there exist in the
real unit cell two atoms related positionally such that u=x-x,, v=y-y and w=2-2,. Because
of its much greater complexity (it contains n? peaks instead of only n, where n is the number of
atoms in the real unit cell), the Patterson map cannot be interpreted to yield directly the atomic
positions in a protein molecule. However, the experimentally determined set of interatomic vectors
which is obtained from this type of map is particularly useful in a number of search methods,
collectively referred to as molecular replacement.

Molecular replacement (Rossman, 1973) is one method for determining the phases of the

observed diffraction data, and requires that a preliminary model be proposed for the three-

dimensional structure of the unknown protein. Generally, this preliminary model is based on the
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known structure of a highly related protein, frequently thé homologous proﬁ_ain from another
species of Qrganism. The modeliled structure is 'not_ immediately useful in assigning phase

information to the diffragtion intensities measured for the unknown protein, which represent_the-
~ Fourier transform of the cbntents'-«of the uriknoWﬁ protein’s crstallogréphic unit cell. Therefore,
- what is required is that the search molecule be orientationally and translationally positioned with
fespect to the symmetry-related molecules in this unit cell. The sea.rch for this positioning is
carried oui in two s_tagés. In the first stage, the rotation function is used to correctly ’orient' the
model. In this procedure., a set of intramolecular interatomic vectors is calculated for the search
model. This set of vectors is then syétematicélly rotated, ‘in steps about three mutually orthogonal
- axes, and a com_parisor_l is made with a Patterson map calculated with the observed difffaction' data.
The comparison is _usually reStricted ,‘ to short vectors (within a molecule’s radius from the ‘Patterson
origin), in order that only intramolécular interatomip vectors in the observed vectoi set be -included.
The superpositioh_of the modelled and observed sets of intefatémic vectors will be maximal when

the orientation of the_seérch model coincides with that of one of the molecules in the unit _cell of

the unknown protein. Once the correct orientation of the search model has been Vthus defined, -the . -

translation functioh is used in the second staée to poéiu'on the Orientgd model with fespect to the
stmeU'y elements present. in the crfstal unit cell. in this procedure, a symmétry axis‘is chosen,
and the model is systematically trémslated to all the grid points on a plane perpendicular to. the
chosen axis. For each ptosp’ecﬁvé positidning éf '.the search mblecule, bthe symmetry related
molecule is generated,‘ and then a set of intennolecﬁlar interatomic vectors is éalculated and
coxﬁpared against the Pafterson map.  The correct location 'for‘ the search model with respect to |
 the symmetry axis cAn hopefully be identified as a point which gives rise to a high agreement

_ between the observed and’ calculated interatomic_vectois sets. " If the positioning of the search
jmodel with iespéct to a different symmetry axis can be determined, frb_m another fwo—dimensional _
search about this second axis, then the posiﬁoning of the search molecule within the unit cell is
defined. The entire contents of th'e unit cell can ‘thén be generated by applying the

, crystaliographic symmetry elements to the approximately oriented and pqsitioned ‘search molecule.
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Finally, phases can be calculated for each of the experimentally observed structure factor

amplitudes, and an initial electron density map computed.

5. Refinement

That the true values of the phases of the diffraction intensities cannot be directly measured
has several consequences. M;st importantly, the phases as detemﬁned by ;alculation or by indirect
experimental means serve only as estimates for the true phases, and will undoubtedly contain
substantial error. Removal ‘of this error, while at the same time maximizing the accuracy of the
atomic model, is the objective of structural refinement, the process by which the agreement
between the proposed structure and the observed diffraction data is optimized. Refinement is
necessarily an iterative process, in which indicated corréctions are made to the pfoposed model a_nd
new structure facto_rs'(amplitu'des and phases) having (hopefully) greater accuracy are calculated and
then .used to initiate anothér cycle. Because accurate structural information can be obtained only
after extensive reﬁnemenf, protein crystallogrdphers expend a great deal of effort in refinement of
their structures.

Assessment of the ‘agreement between the calculated and observed diffraction patterns is
based on the structﬁre factor amplitudes. The most commonly. used index is the conventional
R-factor, defined as

R = -_7;7 fIF(hk1)] — F(nkD)ll / E? F(hkI)I.

A low R-factor implies that there is good agreement betwéen the calculated phases and the true
phases. Clearly, the R-factor will have a minimum value of 0 when the agreement between Fo :
and F_ is perfect. Typically, well-refined protein structures have values below ~0.20.

Iterative examination of Fourier maps constitutes one strategy in structural refinement As
an example, inspection of the initial map calculated with phases estimated using molecular
replacement methods may indicate that corrections to the original model are required. The revised
model can then be used to obtain improved estimates for the calculated phases, and another
electon density map computed. This procedure is carried out repetitively, with the aim that the

calculated phases will converge to the real phases. It should be noted that because the electron
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density map is synthesized from observed intensities combined with phases calculated using the
current proposed model, the features of these 'maps\ will be biased toward the original structure.

In practice, manual adjustments to the model are interspersed with automated refinement
procedures, which are used to speed up the refinement process and to increase the accuracy of the
determined atomic positions. With these methods, the positional and temperature factor parameters
of the atoms of the proposed structure are adjusted by least-squares analysis to minimize the
overall discrepancy between calculated and observed structure factor amplitudes.

Another effective tool in the reﬁnement process is the difference Fourier map, which
identifies features of electron density accounted for in one set of structure factors, but not in
another. For structural refinement, it is useful to compare the observed and calculated structure
factors according to the following equation: |

Ap(zy.2) = ‘_Z::. é‘é [Fo(hkl) — F (hkl)] exp iayhkl) exp —2mi(hz + ky + lz).% %)
Positive peaks Will occur in this map at Vthe_ positions of previously unincluded atoms (e.!g. solvent
atoms). Wrongly positioned atoms in the model will appear within negative peaks, possibly
adjacent to pesitive peaks indiczting. the correct positioning. Frequently, coefficients of the type
2F, - F_ are used to calculate maps that combine features of both the direct Fourier (F) and
difference Fourier (F, - F.) maps. |

When two homologous proteins have the identical (isomorphous) crystal form (e.g. yeast
iso-1-cytochrome c¢ and its variants), the phases of the two independent sets of diffraction

intensities will in general be very similar. In this case, a difference map of the type
¥ [F(hkl)(native) — F(hkl)(variant)] exp ia.(hklnative)

Ap(zyz) = £ X
hoo kem de exp —Rwi(hz + ky + 12). 6

can be used to identify conformational differences between the two proteins.

Another important aspect of the structural refinement process is resolution. Resolution is
the minimum distance between two groups which appear in the electron density map as having
distinct or separate electron density peaks. The resolution of a structure is critically dependent on
the completeness of the diffraction intensity data set used in the structural determination. Equation

3 shows the image of the electon density is synthesized from a Fourier series containing an
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.inﬁnite nﬁrﬁbef of terms.’ In practice, the series is truncated, partly because higher order terms
“are too weak to be measured .(i.e. are beyond the difffaction Iimit of the cfystal). A decrease in
the quality of the electron density map accompanies a decrease in the number of reflections that
con'ﬁibute to the synthesié of the ihap.' .This pfoblém is compounded by the fact _that it is ﬂle
high ’order‘ terms whicﬁ contain information on fine details. ’Furthermo.re,» in least-squares

- structural refinement, the atomic ﬁarameters (x,y,z and B) are adjusted against the bmveasured
-intehsiﬁes. Inclusi'on. of a greater number of reﬂectipns means that these parameters are
determined by a greater number of observations. These considerations demonstrate that increasing'
“the resolutioﬁ allows for an increased accuracy in the determination of atomic positions. in
general, the abcuracy of a structural determination is very difficult to essess, but it must be

emphasized that the l_evel of uncertainity will be greater for structures determined at low resolution.
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Il EXPERIMENTAL PROCEDURES USED IN STRUCTURAL ANALYSES

A Source of protein for ‘crystallization experiments
vWild—ty]:‘)e yeast (Saccharomyces cerevisiae) isoe i—-,thot:hrdme ¢ (Lot no. 33F-7260) was.
: purchased from_ Sigma Chemical Co. (St. Louis). 'The protein.as supplied is greater than 95%
isozyme-1, as vconﬁrmed using denaturing SDS-polyacrylamide gel electrophoresis, and was used
: without further purification. For use, the dry protein was dissolved to a suitahle concentrationv in
buffer., and any ‘insoluble material was removed by centrifugation.
| | Iso-_ il—‘cytochrome c proteins. possessing amino acid substitutions were obtained from yeast
‘strains (GM-3C-2) that lacked functionai iso-1- and iso~2-cytochrome c¢ genes, and contained
plasmids (YEp13) bearing 1so—1 genes encoding the mutated protein.- Isolation of
iso- 1—cytochrome c from yeast cultures (typically 40 1) was performed essentially as described by
Cutler et al. (1987)._ Briefly, cytochrome ¢ was released from yeast cells by ethyl acetate
| extraction,_ and then purified by successive CM—cellulose and CM—Sepharose'ion exchange, and :
“Sephadex' G-50 gel ﬁltration chromat'ographies. - The protein was concentrated and exchanged into

the appropriate buffer by uluafiltration, and stored in liquid nitrogen or in a =70°C freezer.

"B. Growth of crystals v

_ The'initial screening that determined conditions suitable for the formation of wild—type
iso- l-cytochrome c crystals has been described by Sherwood and Brayer (1985) A pH in the
range 5.8 to 7.2, a final ammonium sulfate concentration of at least 88% saturatron and at least 20
mM DTT were required to effect crystal growth. In order that the parameters be estabhshed
appropnate for the growth of large srngle crystals of iso~ 1-cytochrome c, ‘with minimal
concomitant formation of microcrystallme and- precipitated material, a large number of growth
conditions were finely sampled, using the vapor diffusion techmque in tissue culture plates
(McPherson, 1982). The optimal conditions 'using this method were determined .to be the.
_ equilibration of 5 ul of protein solution (25 mg/ml) containing 78% saturated -(3.17 .M) ammonium

sulfate, 40 mM dithiothreitol, and 0.1 M sodium phosphate (adjusted to pH 6.2 using' ammonium
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hydroxide o acetic acid), against 10 ml of 92% saturated (374 M) ammonium sulfate in the same
buffer. | | | |

| Although large“crysta_ls of iso- lfcytochrome ¢ could be obtained usiné .this hanging drop
procedure, tIials' set up under 'tnese con‘ditions often did not yield crystals; due apparently to the
g absence of nucleation‘ sites. : For thls reason, free interface diffusion (Salemme, 1972), in which the
formation of orystall nuclei is favored by the protein initially experiencing a supersaturating |
concentration of prempltant was attempted and found to be the most reliable method for producing
the large crystals required for collectxon of high resolution data. Crystalhzatmn condmons were
selected based on the opurmzed condmons determined using the vapor diffusion method. The final
ammonium sulfate concentration (90%) was chosen to be slightly lower than the 92% used in the
vapor diffusion experiments, in which a slightly higher precipltant concentratiOn is required to.
promote crystal nucleation. This. lower final concentration 'v&ould be expected to favor _slower
crystal growth and less loss .olf protein through precipitate formation. A 'typical trial, carried out in
a melting point capillary (1.5 mm inner diameter), involved the layering of 5 ul of a concentrated
protein solution (~200 mg/mll in a buffer containing 0.1. M sodium phosphate (pH 6.2) and 40
mM dithiothreitol, on top of 45 ul of 100% saturated (4.06'M). ammonium sulfate in the same
: buffer. A fair amount of turbidity formed initially at the interface between the protein .and

saturated ammonium sulfate solutions. The resultant precipitate would then sink into the column

" of ammonium ‘sulfate. But as the two solutions mixed, and the concentration of precipitant in the

amrnonium sulfate phase decreased, much of the. precipitate was observed to Tredissolve. '- Crystal
growth initiated at nuclei that had formed within the 1mt1al prec1p1tate and generally occurred at
the ongmal interface or along the trail made by thls precipitate as it fell into the column of

- ammonium sulfate Crystals grew to a max1ma1 size of 0.9vx. 0.6 x 0.5 mm 1n about two weeke.
“At_ the end of this perio‘d, the solution had fbecome completely clear (the lnitial protein solution
vuas bright red), with all the protein incorporated into the crjrstals pres'entA In general, very little

precipitate remained.
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: ’l’he iso- chytochrome ¢ proteins containing am‘ino acid substitutions proved to he muchb
less cooperative in forming large, single crystals Both the hanging drop and free- interface
drffusron methods, employing similar condmons to those used to grow wild-type -
iso- 1—cytochrome c crystals could effect crystallization of the variant proteins. Ho’weirér, during
the early stages of most crystallization tnals, much of the protein fell out of solution in the form
of brown, denatured protem precipitate or fine, needle-shaped aggregates, mstead of becommg
mcorporated into crystal nuclei. This problem could be allevlated to some degree using the
hair-seeding technique developed by Leung et al. (1989). ' In this method, a well—fortned crystal
of wild-type iso~ 1—cytochrome ¢ is crushed in a buffered solution of ammonium sulfate. The 'tip
of a .human hair is immersed in this seeding solution, and then passed through a droplet of
nrotein solution containing the variant iso—1-cytochrome c. Precipitate formation is reduced, as
this process must compete with the incorporation of protein into the. seeded crystal nuclei.. The.
difficulty with this procedure is in introducing only a small number of initiation sites for crystal
growth As was frequently the case, the presence of numerous nucleation sites gave nse to a |
shower of small, but well= formed crystals Thus, in general, only small crystals of the variant -
iso— 1—cytochrome ¢ proteins could be obtained. Thrs limited the resolutlon at which the mutant
 structures “could be deterrnined.

- The exact growth conditions and the sizes of the crystals "_employed in.the studies discussed
herein are summariied in Table IL1. Tt is notablev that in contrast to Cys102-containing
iso-1-cytochrome c¢ proteins, the G1y82 variant in which Cysl02 was replaced .by ThrlO2 was
well—behaved in the absence of hi'ghly reducing conditions The opt1ma1 growth of crystals of this |

- variant was obtamed in soluttons that contained no drthlothrertol

C Characterization of the crystals"
1. Oxidation state of crystalline is0— 1-cytochrome ¢

Crystals grown in the presence of a high concentration of reducing agent (40 mM
d1thlothre1tol) would be expected to contain cytochrome c protem in which the heme iron is in the

reduced »(Fe“) state. This was verified, ‘as a crystal of w1ld-type is0—1~cytochrome ¢ drssolved in
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Table II.1. Growth conditions, sizes and unit cell dimensions of crystals of wild-type and variant

iso~1-cytochromes ¢

Protein Crystallization method and conditions? Crystal Unit cell
crystal size (mm) dimensions (X)
a (=b) c

Wild-type (Cys102) 3646  136.86°

B - 6x0.4x0.4

c g Final AS. 92%, 45mM DTT, pH 63 8_8’;0_5,’:0_5

D HD. Final AS. 92%, 45mM DTT, 0.7x0.5%0.4

02 M NaCl pH 6.0

E FID 0.8x0.6x0.5

F FID  Final AS. 90%, 40mM DTT, pH 62  0.8x0.6x0.5

G FID 0.9x0.7x0.5
Ser$2(Cysl02) FID. Final A.S. 90%, 40mM DTT, pH 6.2 0.3x0.3x0.2 3645  136.48
Gly82(Cys102) FID. Final AS. 90%, 45mM DTT, pH 6.2 0.3x0.3x0.1 3645  136.57
Gly82(Thrl02) ' 3648 137.20°

B 5x0.3x0.2

G %2 Final A.S. 92%, OmM DTT, pH 6.0 3.;0.4’;3_3
Tyr82(Thrl02) HDS. Final A.S. 90%, 20mM DTT, pH 6.0 0.5x0.4x0.1 3643  136.67
lie82(Thrl02) HDS. Final AS. 90%, 20mM DTT, 0.5x0.4%0.2 3648 13679

| 0.15 M NaCl, pH 5.4

Ala38(Thrl02) = HDS. Final AS. 90%, 20mM DTT, pH 6.0 0.3x02x0.1 3644  136.84

3HD: hanging drop; FID: free interface diffusion; S: seeded. ,
All crystallization trials used sodium phosphate buffer (0.1 M) and were conducted at room

temperature. Final A.S. refers to the final ammonium sulfate concentration, in per cent saturation
. (100% = 4.06 M).
Averaged over all crystals used of this protein.

phosphate buffer yielded a visible absorption spectnim typical of that for reduced cytochrome c.
Crystals of the Gly82(Thrl02) variant of iso—-1-cytochrome ¢ were grown in the absence of
dithiothreitol. . Spectroscopic measurements showed that this protein was crystallized in its oxidized

form.

2. Treatment of crystals prior to X~ray analysis
A curious observation was that after 1-2 months, wild-type iso—-1-cytochrome ¢ crystals

left undisturbed in their original hanging drops became internally disordered and lost their ability
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o diffract.X—rays,. deépite exhibiting no altered morphological characteristics. Because it was felt
that vdecompositi(v)n of the reducing agent may be a factor in the érystal disordering, prior to their -
analysis using X-ray diffraction, crystals‘ were treated in the following manner. The crystal }wasv_
rérﬁoved from the vessel in which i.t was 6riginally grdwn and immersed in ~100 ul of freshly
prepared méther liquor contained in a depression plate. The mother lliquorv was identical in
composition to that used to grow the crystal, except for an ammonium sulfate concentration greatér
b)} ~0.16 M (4% saturation). The slightly higher ammonium sulfate'concentration‘vs}as‘ used 10
. stabilize the crystal during. subsequent manipulation during mounting.

| In the mounting procedure, a crystal was drawn into a thin-walled glass capillary having a
diameter (0.7 or 1.0 mm) just la;ge enough to accommodate the crystal. In drder that crystal
slippage and. X-1ay scattering by excess fluid surrounding the crystal be minimized, the crystal was
then dried as thoroughly .as possible using a finely~drawn out glass capiliary and strips of filter
‘paper. Finally, a short column. of mother liquor was -intréduced at each end of the mounting

capillary, which was then sealed with wax.

3. Space group and external _rhorphology of the crysfals

‘ X—‘ray précession f)hotographs of wild-typé iso- i—_cytochrome ¢ crystals are sden in
Figure II.1. Based on the 4-fold symmetry of the hkO layer of the diffraction pattefn, and on the
systematic absence of axial reﬂ_ections with hk # 2n, and 1 # 4n, the space group of the crystals
was assigned to be .P43212,’ or its enantiomorph P4,2,2. Unit cell parameters were initiaily
determined from precession photégraphs. They were later more accﬁ:ately determined, from

diffrac_:tometer settings of 25 strong reflections with 20.7°. < 26 < 323°, to be a=b:36.46(5) R,
and c= 136.86(12) A (standard deviaﬁons in parentheses). The unit cell dimensions observed and
.thé cr&stallographic _symmetry present_ indicated thaf only one iso-]-cytochrome ¢ molecule voccurs
in the asymmetric unit (Matthéws, 1968). , In all cases, whether or not seeding with wild—-type
iso~ 1—cytochrome c érystals was performed, crystals of the variant iso~ l—c_ytochromes. c were

isomorphous with those of the wild-type prbtein (see Table IL1.).
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Figure II.1. Precession photographs from crystals of wild-type yeast iso-1-cytochrome c.
(Top) The hkO zone of the reciprocal lattice. Evident is the four-fold symmetry about an axis
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perpendicular to the plane of the photograph and passing through the origin of the layer. The a*
and b* axes run horizontally and vertically. Axial reflections having h (or k) odd are systematically

absent The outermost spots on this photograph correspond to a resolution of 2.98 A. The
photograph was taken with a precession angle (u) of 15° and an exposure time of 20 hours.
(Bottom) The hOl zone of the reciprocal lattice. The a* axis runs horizontally, and the c¢* axis
vertically. The systematic absence of reflections with 1#4n is evident along the c* axis. The
outermost spots on this photograph correspond to a resolution of 2.25 A. The photograph was
taken with 4 =20° and an exposure time of 12 hours.

For both photographs, the crystal-to-film distance was 75mm, and CuKa radiation (A =1.5418 X)

was used, with power to the X-ray tube of 26mA, 40kV.




Crystals of reduced iso-1-cytochrome ¢ have a deep orange-red color and a tetragonal
bipyramidal shape (Figure I1.2). As determined from precession photography, the orientation of
the reciprocal lattice with respect to the external morphology of the crystals is as follows: the a
and b crystallographic unit cell axes make a 45° angle with the equatorial edges of the tetragonal
bipyramid, while the ¢ axis is perpendicular to the equatorial plane. Thus, the ¢ axis runs parallel

to the external 4-fold symmetry axis of the crystal.

D. Collection of X-ray diffraction data
All reflection data were collected on an Enraf-Nonius CAD4F11 diffractometer having a
crystal-to—-detector distance of 368 mm, and a helium—-purged path for the diffracted beam. The

incident radiation was nickel-filtered CuKa, produced from a fine focus (0.75 x 15.0 mm) X-ray

Figure I1.2. Photomicrograph of a crystal of wild-type yeast iso-1-cytochrome c. The solution
surrounding the deep red crystal is the mother liquor from the hanging drop within which the
crystal was grown. The g,b axis of the crystal runs between the pointed ends of the crystal,
whereas the ¢ axis runs perpendicular to this axis and within the plane of the photograph. The
maximum dimension of the crystal shown is ~0.9 mm.
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. tube operated at 26 mA, 40 kV, All data collections were carried out at an ambient temperature

of 15°C.

The . strategy for data collection, chosen to maxrmrze the amount of data that could be
collected from any one crystal employed farrly narrow -scan widths, coupled with relatively slow
scan speeds. Typrcally, continuous 0.5-0.6° omega scans at a speed of 0.55° /min were used.

. Normally for a given crystal, data were collected in sphencal shells beginning with the highest
resolution shell Background counts for each reﬂectron were measured using scans 1/6 of the total
scan width on erther_side of the reﬂection peak. - Crystal decay and slippage were mo_n,itored’by
_measuring at approximately 2.5 -hour intervals the intensities’ of three strong standard reﬂections.
Yeast iso-1-cytochrome ¢ crystals were fairly resistant to radiation damage; the typical decay
experienced by a crystal during data collection (generally ~11000 reflections, 3 weecks) was about

35%; based on intensity control reflections.

E. Data processing
The general ‘procedures used' to proces‘s diffraction intensity measurements into structure

factor amphtudes are described here; specific details pertaining to- mdrvrdual data sets are grven in .
later sections. Correction for background absorption, crystal decay, Lorentz and polarization effects
were applied to each set of drffractron intensities. For most data sets, background correctrons
simply involved; for each individual reflection, the subtraction of the measured background counts
bfrom,th_e counts for the peak.' Some sets were processed using an alternative handling of
‘backgrounds, in which for each individual reflection, the .background correct_ion' applied was -b_ased
on an average of measured backgrounds for neighboring reflections in reciprocal space. The gains
yielded by this method are that the merging statistics for multiply measured reﬂections are |
significantly improved and the number of negative net intensities is reduced and were most evrdent ‘
for data sets containing many weak intensities. Treatment of absorption effects employed the
empirical method of North et al. (1967), in which a phl— dependent correction factor for each
reﬂectron is obtained from an averaged absorptron curve generated from measurements made every

| 5 . on two strong phi—independent reflections. Correcttons for crystal decay were applied based on‘
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an in’terpolated -curve generated from me' decay proﬁlés of the standard feﬂeoﬁons.

Each set of strﬁcture féctors was plaiced on an absolute scale, on the basis of one of two
methods. For strongly diffracting crysfals ffom which data had been collected over a large range.
of theta, Thiessen and Levy’o implementation of Wilson’s statistical method (Thiessen ahd Levy,
1973; Wilson, 1942) was used to derive an estimate for the scale factor. For data sets collected
from more weakly diffractihg crystals, the Wilson method was found to .yield unreliable iesults.
"For these data sets the scale factor was_obtained by performing a linear rescale, based on F,
aga‘inst‘the common:. reﬂeothns in a set of merged, scaleo structure 'facto-r-s‘ rﬁeasured from three

crystals of Wild-type iso-1-cytochrome .

F. Si:ruoture solution' of iso- 1—»cytoc1v'1rome ¢ using moleculaf replaoemem' methods
1 Conétrucﬁon of | a search model for yeaét iso— 1—cyt.ochrome" c |

For use as a search model in thé molecular rep’lacement method, a three- dimensional
atomic mode! of yéast iso— 1¥cytochrome ¢ was construct_ed ‘based on tho known tertiary structures
of tuna and rice cytochromes‘ c¢. The initial step in model construction Wa_é the incorporation from
' tuna férrocytochrom_o c of atoms of the polypeptide backbone, of mé_ heme group, and of vamino
acid »side chains of residues (63 in total) conserved in the prima;y structures of tuna ‘and yeast
iso-1-cytochromes c¢. Then, for amino acid residues (40. in total) ‘with non—identical side chains,
the appropriate yeast side chaiﬁs were ’append.e.d 'via é least-sqoa:es fitting procedu're. (R.J. Read,
.u.npublished)'based on the positions of the N, CA, and C atoms. The conformation of each new
yeast iso-1-cytochrome ¢ side chain was modelled, where possible, by mgihtaining the torsion
angles of the 'original tona side ohain. " The homologous residues of rice cytochrome ¢ were us_'ed
to model the first five N—te;rninaﬁ residues of 'yeast' iso- 1-cytochrome q,' which Are absent ’in the
tuna protein. Thésé rosidues- were approximately positioned in the_ yeast iso-1-cytochrome ¢ model
structure through the léastfsquares soperposition of the alpha—cérbon backbones of tuna and rice
cytochromes ‘c. :In order that incorrect bond distances and unfavorable interatomic contacts be
removed, the atomic -model for yeast iso- l-cytoohrome ¢ derived -to this ooint was subjecte_d to

eight cycles of structural idealization (Hendrickson, 1985).
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2. Rotation function search

. The set of molecular replacement programs used in these studies was an early version of
the MERLOT program package developed by P. Fitagerald (1988) which was adapted for use on
the University of British Columbia Amdahl 5850 computer. The preliminary model constructed for
yeast iso— 1—cytochrome‘ c was oriented, with respect to the crystal axis directions of the unit cell,
, usmg Crowther’s fast rotation function (Crowther 1973). Structure factors for the model were
calculated with the yeast iso~1-cytochrome c¢ coordmates centred at the ongm of a tnchmc unit
‘cell with orthogonal cell axes 70 R in length. The overall .temperature factor for the model was
assumed to be 15 A2 An F > 301:_ criterion was appli.ed in the selection of reﬂections used
from. the measured diffraction data set The Patterson search of the asymmetric volume of
_rotation space (0 < a < 90°, 0 g < 90" 0 < v < 360°) was carried out using 1.25°
steps in d and 5° steps in B and 7. The search radius about the Patterson origin was limited
to 20 &, and ongm removal was apphed Several different resolution ranges were used in the
selection of the structure factors to be 1ncluded in the calculation of the rotation funchon Finer
_scans, employing 1 steps’m a, 6', and 7, about possible onentations as located by the coarse

 rotation . function, were subsequently conducted using a program written by E.E. Lattman.

. 3. Searches for the translational positioning of the model for yeast ‘iso- 1—_cytochrome c
a. Translation function search | - |

The translatiOn function of Crowther and Blow (1967) was utilized in initial attempts to
determine the translational positioning of the .oriented, model of 'yeast' iso¥ l-cytochromec within
the crystallographic unit cell. Searches were calculated on a 0.75 X 0.75 R grid for each of five
" independent Harker sections using 946 reflections with F 30F in the resolutmn range 10 to
40 A. In addmon, when the search was.for the set of 1ntermolecular_ vectors between two
molecules having relative positions dependent on the space group. enantiomoi'ph, both of the
' possible Harker sections were calculated. - For examplev if molecule 2 is related to molecule 1 by a
Acounterclockwise rotation' of 90° about the posmve z axis, then the set of mtermolecular vectors

from molecule 1to molecule 2 appears most strongly on sectJon w=1/4 for space group P4,2,2,
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' and on section w=3/4 for space group P4,2,2.- In this case, both w=1/4 and w=3/4 _I-larker

sections were calculated.

b. l’acking analysis

The symmetry elernents present‘ in the crystallographic unit cell severely restrict the
positioning of molecules within the cell. For instance, a molecule cannot be situated such that its
centre is very near a two~fold rotation. aitis in the crystal if interpenetration by the molecule |
related to it by this rotation axis is tov be avoided. A.'crystal packing analysis, based on that
described hy Bott and Sarrna (1976), was used to- define the regions in the crystallographic unit
cell capable of accor_mnodating the oriented, modelled molecule of yeast iso— 1-cytochrome ¢. In
this procedure, a skeleton consisting of the a-carbons of the 81 residues located at the ,‘ surface of
the molecu’le, as determined nsing the» method of Connolly (1983), was oriented -fromthe results of
.the rotation function analysis.’ “This atomictskeleton,was systematically translated in 14 steps
through the region of the unit cell (0 < x <120<y<10<z<1/2, and at each
position the immediately adjacent, symmetry-related skeletal molectiles' were generated and the |
number of close ¢ AR or less) intermolecular contacts was calculated. In order that computing
' _ time be reduced, contact calculations were not initiated at a given posrtion if two symmetry-related
molecules were found to 1nterpenetrate (i._e.‘ if the centres of these two molecules were closer than
25 K; the estimated miniumurn diam_eter for yeast iso— 1-Cytochrome ¢), and calculations at a given
position were terminated once 15 ‘close contacts had accumulated. The packing analysis was carried

out in both enantiomorphic space groups.

- ¢. Correlation coefﬁcrent searches

Those regions of the unit cell deﬁned as permis31ble by the packing analysis were then
searched for the translational positioning of the- oriented model for yeast iso~1-cytochrome ¢ which
would yield the greatest agreement between calculated and observed structure factors, This .

_agreement was measured usmg the following correlation. coefficient:
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Z [(FyFy) « (F-F)]

[E(Fy-Fp) - ZE~F)1”
where FOAis an observed stfucture factor mngde, FC is the magnitude of the corresponding
structure factor calculated for the positioned model for veast iso—1-cytochrome c¢ (all atoms), and
Fo and Fc are the respective average values over the reflections used in the calculation. The
value of the correlation coefﬁéient obtained is independent of the relative scales of the observed
and calculated structure factor magnitudes, thereby eliminating potential scaling errors. The
.searches were carried out in both ‘enanﬁomomhic space groups, and usually on a 1 )y grid. At
each point, the correlation coefficient was calculated for the 416 reflections with F 2> 3o in the
resolution range 10 to 50 A. The computer program used to perform this analysis was written by

Dr. W. Hutcheon.

:4. Rigid body refinement of orientational and translational positioning

The orientational and translational positioning of the preliminary model for yeast
iso-1-cytochrome ¢, as determined by the rotation function, packing analysis and correlation
coefﬁ'cientv seaIchcs; was ;cﬁned using a rigid body ﬁrocedure (Ward et al, 1976). The three
rétational and three translatibnal parameters were adjusted so as to minimize the conventional
crystallographic R-factor. For each cycle of refinement, each parameter in turn was offset by a
small increment (initially, (V>ffsets.of +/- 0.5° for rotations, and +/- 0.5 A for translations were
used), while. the other pafameters held their original values. The R-factor, for the 581 reflections
with F > 30 in the resolution range 10 to 4.5 A, was calculated for the positioned model after
each adjustment. At the start of the next cycle, each parameter was assigned its value that gave
the lowest R—factor during the previous cycle. The size of the increments for each of the
parameters was decreased as the analysis proceeded, and the refinement was concluded when no

further reduction in R-factor could be obtained.
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G. Structure reﬁnement procedures

The stereochermcally restrained least-squares method of Hendrickson and Konnert (1981)

was used to refine the structures of yeast iso-1-cytochrome c¢. This method adJusts the atomic
parameters of the model to improve both the 'ag'reement between: observed. and calculated structure
factor magnitudes, and the accordance of bonded and non-bonded interatomic distances present
with those occurring in small~molecule structures. Stereochemical restraints were applied. to:
. covalent bond lengths, bond angles, planarity (of amide, carboxyl and guanidinium groups, and _
aromatic rings), chirality at -asymrrieu'ic carbon atoms, non~ bonded interatomic contacts, hydrogen
bond distances, conformational torsion -angles, and similarity in temperature factors of covalentl'y
bonded atoms. |

For all lreﬁnements, ‘data of lower resolution than 6 & were excluded, as these are most.
severely affected by disordered solvent (SchoenbOrn 1988) In baddition a criterion of either F 2
ZQF or F 2 30 was used in the selection of reflections to be included.

Most of the reﬁnement cycles were computed on an IRIS 3030 workstation, although some
~ of the early - refinement cycles for the wrld—type iso~1=cytochrome c» structure were performed on
the Amdahl 5850. The same general strat_egy was used in the refinements of all structures. The
emphasis placed by the refinement program on both stereochemical ideali'ty‘and agreement between_
: observed . and calculated structure factors ¢an be varied. Typically, fairly tight weightings on ideal
' geometry (see Table II 2) were mamtained throughout the course of the reﬁnements In some
cases after the atomic model had been adjusted manually, restraint weightrngs on bond distances
were loosened slightly, and then subsequently tightened after two or three cycles. The weighting
on structure factors was maintained at 1/2 to 173 the overall average discrepancy between 'F(') and
. FC..‘ All atoms in the atomic models, including those belonging ito solvent molecules, were reﬁ‘ned,
with full occupancies. Progress in the refinement, in terms of the vdrop in R— factor and the |
magnitude of positional shifts yieldedt' declines markedly after about ﬁvebconsecutive cycles, and
thus usually refinement was interrupted after not more than eight cycles so that ‘-the ‘model could

be examined in electron _density'maps. v
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Table IL.2. Typical weighting on stereochemical ideality used in
restrained least-squares refinement of iso-1-cytochrome c structures

Stereochemical restraint type : Refinement
’ : ’ weighting used

1-2 bond distance _ ‘ . : 0.020 A
1-3 angle distance : 0.030 A
1-4 planar distance - | 0050 A
1-2 bond involving hydrogen atom? : ' 0.012 YR
1-3 bond involving hydrogen atom ' ' 0027 &
Planar ' _ 0020 &
Chiral centre S ' 0150 &?
‘Non~bonded contact? _
single torsion - ' ' - 0.250 A
multiple torsion 0250 &
possible hydrogen bond - I 0250 &
Staggered (+60°, 180°) torsion angle ‘ _ - 19.0°
Planar torsion angle (0 or 180°) _ L 3.0°
Temperature factor ‘ }
1-2 bond (main chain) B , 1.20 &>
1-3 angle (main chain) 1.50 A:
1-2 bond (side chain) ‘ _ 170 A?
1-3 angle (side chain) _ , 2.00 A?
---1-2 bond involving hydrogen atom . 300 A?
1-3 bond involving hydrogen atom 5.00 A:

The restraints involving hydrogen atoms apply only to the refinement of the wild-type
iso— 1—cytochrome c structure

bTh1s class of restraint mcorporates a reductron of 0.1 K from the radius of each atom
involved in a contact. :

#

H. Electron densxty maps

1. Map 1nspect10n '

’ * When necessary, manual adjustrnents to the atomic models vwere made thrqugh inspection of
difference "e_lectron density maps. Electron density maps were computed using the programs of the
ROC.KS system (Reeke, 1984),’ or the fast Fourier program FSFOR written by W. Furey and
adapted to the IRIS 3030 by A. Be_rghuis.v The coefficients used were of the type (ZFO-FC,.qc),b

(Fy-Fo a C), and (Fo—F ’, a-c’) where FC’ and ac’ ‘Tepresent structure factors and phases calculated .
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- without the inclusion of the portion '(up to 9%) of the atomic mbdel to be éxamined. Mab
‘ interpretation was aséisted by the use of the program FRODO (Jones, 1978), which displays a.
_ superpbsition of the atomic. skéleton on enveloioe_s indicéting the spatial distribution of electron
- density. The version of FRODO used was adapted to the IRIS 3030 by S.J.batley, and was

~ further modified by S.A. Evans.

2. Modelling of solvent structure

Watér mbleéules Were introduced into significant peaks of othefwise unoccupied electron
density observed in ZFO—FC or Fo'Fc mépé, and onlSr at positions where the new water molecule
could form hydrogen bonds With protein afoms or other (previously identified) water molecules.
+ The authenticity and positioning Qf all water molecules were monitored throughout the ‘course of
refinement, using VZF‘(‘)—FC and F,-F. maps. In the laqer case, water molecules were deleted from
the étomic model, and were retained in the refinement only if electron density peaks subsequently .

~appeared at the sites they originallyl occupied.

‘ 3 | Preliminary differenéc méps in ﬁhe analysis of variant yeast iso—- 1-cytochrorhes c

The first step in the structural analysis of a variant iso- l-cytochrome ¢ was the inspection
of d_ifferenée eleétron density rhaps. A map with thé coefficients F(wild-type) minus F ,(variant)
and phases éalculated for the wild-type structure was vused initially to locate Sigﬁiﬁcant structural
differences between the wild-type and v'aﬁant iso-1-cytochromes ¢. For the calculéﬁdn of these
maps, it was found tﬁat inless the inﬁut reflections were care'fully selected Sd_ as to include only -
those having significant intensity differences, the resultant rﬁaps contained appreciable noise and
~ were difficult to interpfet. When comparing diffraction intensities measured from crystals of
wild=type ’iso— 1-cytochrome ¢ with those measured from crystals of the vvvariant'- proteins a problgm
‘occurs for reflections which are observed in only one of the two data sets: it is uﬁcertain whethef_
v' ‘the observed intensity difference arises from structural differences between the two
isoé 1-cytochromes ¢, or is due to errors in intensity measurement. A primary consideration in

;his respect is that the.crystals used pf the variant iso—- 1—Acytochromes ¢ diffracted more weakly,
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‘ resulting in a greater number of weak iriténsiﬁes .and also in greater uncertainty in the measured
intensities in the variant data sets. The sﬁategy éhoseq in an effort to accommodate these

: problems was to include in the calculation of the difference map only those reﬂéctions which met
one of the following condiﬁons: the reflection was observed (F > 30 for the variant, and F >
20 for‘ the wild—type data set) in boih data sets; or the reflection was unobserved in one data
set, but fairly strong (F > 30 in the variant, and F 2 6o for the wild-type data set_)' in the
- other. Usuélly, fegions of the isf_;— 1—cyt0chrome c molecuie identified by the |
Fo(wild-type)-Fo(variant) map as being perturbed structurally were subsequently examined in a
2Fo(variant)—FC’ map. In this latter map, thé region of interest is excluded from the calculation
of structure factor magnitudes and phases, thus minimizirig the bias toward the conformation of.« \

this region present in the wild-type structure.

1. Inclusion of ‘hydrovgen atoms

Hydrogenb atoms were refined in the atomic mode1 of wild¥type iso-1-cytochrome c¢. They
© Were inéluded at a point in the refinement when it was judged that for many hydrogen atoms,
particularly thos.e on main éhain #midevniuogens .and well-_-ofclered aliphatic and aromatic carbons,"
electron density was visiblé on 2F ~F. maps as small bulges protruding from the density belonging
to their heavier parent atdms. It was thus felt that inclusion of hydrogens in the refinement
model woﬁld ifnprove both :the bonding éeomeUy and thermal parameter valueé of the heavy
' iatoms, and .the agreement betWeen calculated énd observed structure factors.

Hydrogen atoms were initially ihtIoduced into the iso- l—cytochr_ome ¢ structure in ideal
X—fay positfons u_sin'g the .program HAFFIX (Honzatko et al., 1985), and were assigned a
temperat_ﬁre' factor of 1.3 times that of fhe parent heavy atom. Hydrogens having ambiguous
positions, such as thbse on hydroxyl groups, were' positiohed manually so as ‘to form reasonable
‘hydrovgen -bonds. " Water molecules were left as neutral oxygen atoms. During structﬁre reﬁnement,
separate Testraint weighting was maintained for bonding geometry and thermal parameters inyolving
hydrog.en atoms (Wlodawer and Hendrickson, 1983) -(see’ Table. iI.Z). Tight restraints were applied

to bonding geometry, so that hydrvoger'x'atoms would bé tightly cbupléd to their parent atoms. The
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thermal parameters of _hydrogeri atoms were not as tightly restrained, but in most cases showed no

tendency to assume values greatly different from those of their parent atoms. The torsion angles

of rotor methyl carbons and amine nitrogens were not restrained.

J. Comparison of cytochrome ¢ structures
Tuna [both reduced (1.5 &) and omdlzed (1 8 /i)] (Takano and Dickerson, 198la,b) and
rice (1.5 X) cyto;hromes c (Ochi et al., 1983) are determined. to resolutions comparable to that of
yéast ‘iso; 1-cytochrome ¢ (wild-type). Coordinates for th¢se othef cytochromes c,’. entries 4CYT,
3CYT and 1CCR msiaecﬁvely, were obtained from the Proteiﬁ Daté Bank (Befnstein et dl., 1977).
The direct structural comparison of the various species of cytochrome ¢ required that these'other
cytochromes ¢ be superposed on. yeast iso-1-cytochrome c. This was carried out by using an
- iterative least~squares pfocedure to determine for each cytochrome ¢, the.rotation and translation to.
. be applied in.order to minimize the positional difference between corresponding main chain atoms
(residues 1 to 103 only) of yeast iso-1- and this other cyt_ochromg ¢. The rotation matrices and
 translation vectors used are listed in Table IL3. -‘Because' the variant iso- 1-cytochromes ¢ were '
¢rystallized isomorphously with wild-type iéo— l—cﬁochrome ¢, direct structural comparisons of the
variant and wild—type. proteins did not require this 'preliﬁﬁnéry superposition.
Since the structure of yeast iso—1-cytochrome c.is in the reduced state, most of thé
: bomparisons pertaining to thé tuna molecule discussed herein refer to tuna ferrocytochrome c.

Specific. instances where comparisons are made with tuna ferricytochrome ¢ are indicated.



Table IL3. Rotation matrices and translation vectors applied for structural superposition of tuna and

(XY orZ

rice cytochromes ¢ onto veast iso-l1-cytochrome ¢

~ Rotation matrix

a. Tuna (reduced)

[ 0.27945 0.38538
-0.70389 -0.54071
| 0.65303 -0.74774
b. Rice (oxidized)

-0.67668 -0.00102
0.58991 0.59763
| 0.44057 -0.80177

¢. Tuna (oxidized, outer molecule)
[ 0.55471 -0.18403
0.68101 0.66073
_~0.47805 0.727711

d. Tuna (oxidized, inner molecule)
[-0.05221 - -0.59576
-0.87437 -0.36044
| ~0.48244 0.71774

0.87943 ]
0.46062
0.12016 |

~-0.73628 ]
-0.54299
-0.40380 |

0.81144 ]
-0.31569
0.49184 |

-0.80146 |
0.32489

~0.50210

Translation vector

[ ~7.79118
12.86195
| =7.61227

" 22.80440 ]
22.47183
| 35.40532_

(—20.39990'
15.07751
| 10.90701 _

[ 18.20815 ]
55.23132
| 10.77491

i y
Rotation X, v x5
Yol+l el= )%

] y
matrix zZ, c z}

The application of the rotation matrix and vector which superposes the atomic coordinates
of tuna or rice cytochrome c¢ onto those of yeast iso-1-cytochrome ¢ is as follows:
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III. THE STRUCTURE OF WILD-TYPE YEAST ISO-1-CYTOCHROME ¢

A. Details of the structure solution
1. X-ray diffraction data

Diffraction data to 1.23 K resolution for wild-type iso—1-cytochrome ¢ were collected from
six crystals (see Table IL.1), as detailed in Table III.1. Background averaging was used in the
processing of all diffraction data beyond 2.0 & resolution. The data sets B, C, and F were placed

on an absolute scale using the method of Wilson (1942) (Thiessen and Levy, 1973). The

Table IIL1. Crystals of wild-type iso-1-cytochrome ¢ used in data collection to 1.23 A resolution

Data Resolution Number of reflections? Scalg " Merging RS Scaling RY
set range (&) factor (on IX%)  (on F) (%)

measured unique

20 - 25 11568 6860 1491 2.7 -

‘B

C 20 - 1.7 11530 10940 8.25 22 ' -
D 175 - 1.50 6101 5831 9.11 1] 4.6
E 175 - 1.40 11114 10486 7.85 1.5 5.2
F 20 -2.00 - 12079 6812 7.89 4.1 -
G 150 - 1.23 14532 13868 832 - 28 5.6

2The unique region of reciprocal space is 1/16 of the sphere. The volume normally
collected was h: 0 —> o, k: 0 —> h, I: 0 —> . For crystal B, both hkl and khl were
measured, and for crystal ¥ both hkl and ~h-k-l.

YThe scale factors given are the multiplimtive factors which place the structure factors in -
each individual data set on an absolute scale.
S 2| Ihkl) - K(hKl) |
hkl i=1

CThe merging R is defined as

= % L(hkl)

hkl =1

The calculation of the merging R includes all reflections measured more than once (i.e. duplicates,
symmetry mates and Friedel mates) and for data sets with a small amount of replicated data (sets
C. D, E and G) is dominated by the measurement of intensity control reflections.

dThe scaling R is calculated including only those reflections in the two-dimensional zone
(hkO or hOl) used in the linear rescale against the same set of merged reflections from Crystals B,
C and F. The definition of the scaling R is the same as that for the merging R, except F is used
in place of L
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| 'remainin.g. data sets Were v' placed onl the same scale by performing a linear rescale against a set of |

merged clata ‘fronll. crystals B, C and‘F', usiug as a basis a two—dimensional zone of structure

factors t"rom 20 0 20 R (hOl 955 reflections, for data sets E and G; or hk0, 135 reflections, fcr :
set D) that was measured from all crystals Data ’sets B and C were used in the molecular

E replacement analyses. |

For use in high resolution refinement, a complete data set to 1.23 A was obtained by

" merging the six mdependent sets of structure factors, . as outlined in Table IIL2. The maJorlty of

'the data from 20 to 14 & has been measured from at least two separate crystals. The fairly high

.. merging R-factors for data of greater resolution than 1.7 K are typical of hlgh resolution analyses

(Karplus. and Schulz, 1987) and are indicative of the overall weaker intensity of high resolution

Table IIL2. Summary ‘of merging of data sets for wild-type iso— 1-cytochrome ¢

Resolution - ~  Crystals Independent "~ Unique , Merging R®
range (&) o used ©~  measurements . reflections (on F) (%)
20 - 2.50 B, C F A 10633 - 3602 4.7
2.50 - 2.00 C, F 6423 3215 9.3
200 - 1.75° CDEG 3845 3204 228
‘175 - 1.70 C, D E . 2629 _ 890 : - 215
170 - 150 - D, E 9502 S 415] 1506
150 - 140 E G - 6766 3383 20.7¢
" 140 - 123 G 8741 8741 -

600 - 123 Al 48539 27786 -8l

The definition of this merging R is the same as that given in the footnotes to Table IIL1.
. In each specified resolution range, the merging R value calculated includes reflections which have
been measured from more than one crystal.

"In this resolution range, only hk0 (C and D) or h0l (C E and G) reﬂectlons had
measurements from more than one crystal.

CThe calculated merging R value for -these shells mcludes only those rephcately measured -

reflections for which F, . 2. 30F



78

teflections.

2. Suoucture solution using molecular replacement
a. Rotation function

Several trials of the rotation function, using various resolution limits in the selection of
diffracion data to be included in the calculation, were performed in attempts to determine the
orientation of the model of yeast iso-1-cytochrome c. In retrospect, it is evident that as higher
resolution data were ihcluded, the rotation function solution obtained more closely approached the
optimal orientation (see Table IIL.3), although in all trials, the strongest peak corresponded to the
correct solution. For the.Crowther fast rotation function, the discrimination of the correct solution
from both background and false peaks also improved with the inclusion of higher resolution data.
It was based on this consideration that thé orientation chosen for use in further molecular

replacement searches was the result of trial D (@ = 28.2°, 8 = 839°, v = 2285°).

Table IIL3. Summary of results of the rotation function searches for yeast iso~1-cytochrome c

Rotation Resolution = Model a B Ty Peak Next
function  limits (&) " height? highest
(0) peak? (o)
A Coarse 10.0 - 5.0 32 83.6 217.3 44 38
Fine 100 - 45 31 85 227
B Coarse 25.0 - 40 all 30 85 230 5.0 4.2
Fine 250 - 40 atoms 30.6 86.5 226.5
C Coarse 10.0 - 4.0 ’ 29.6 83.2 225.2 6.0 4.5
Fine 10.0 - 35 29.6 84 227.8
D Coarse, . 100 - 29 752 28.8 82.9 228 74 5.6
Fine 100 - 31 atoms 28.2 83.9 228.5
Optimal orientation an 27.1 84.2 229.0
translational positioning x=0.115 y=0.545 z=0.0584

4Peak heights are given as multiples of the r.m.s. background level.

5The optimal orientation and translational positioning are taken to be those determined
using rigid body refinement (see Section IIL.A.2.c).
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* That the performance of the rotation function improved with‘ the inclusion of higher -
resolution . diffraction data is in accord with the high degree of similarity between the struc_ture' of
the search model used and that of the actual yeast iso-1-cytochrome c¢ molecule. ' In contrast,
inclusion of _high Tesolution 'data has been found to affect adversely the accuracy of the _rotation
function in cases where the search model bears lesser structural homology to the actual molecule
(Read and James, 1988). An additional factor in ‘trial D yielding the best results may be that an
~edited search. ‘model was used in this run. The editing procedure removed ’portions :of‘ the. search
model ihaving positions which may have been: poorly predicted in the mo_del—building process
(atoms beyond CB of side chains of residues with high sequence variability within eukaryotic
cytochromes c, and of lysine and glutamate side chains whlch projected into the solvent medium)

and left 752 of the original 890 atoms.

vb. .Translational Searches

The ‘use of the translation function of vCrowther and Blow was unsuccessful_'i’n deterxnining
the translational positioning of the oriented model of yeast iso- l-cytochrome ¢. The most serious
problerns encountered were the -low srgnal—to—norse ratio and the large number of peaks observed.
Typically, the strongest peaks were only 2 to 3 times the r.m.s. background level and were only
marginally hrgher than the next largest peak. A subsequent re-examination of the translatron
function maps after the correct translational posrtromng had been deterrmned revealed that one
search, 1nvolvmg the ‘molecules at (x, y, z) and at (—x, -y, 1/2+z) had actually yielded the
correct ‘solution as the strongest peak. However, no pair of translation function searches on
mdrvrdual Harker sections yrelded a consrstent value for any of the components of the translational
positioning vector. On the other maps, the correct solutron was found to correspond to the Sth
6th or 7th largest peaks. A possible reason for the failure of- the translation function is the
relatively inaccurate orientational ‘parameters used (a=30.6°, §=86.5° ""y =226.5°).

A packlng analysrs was used to deﬁne the regions of the unit cell in which the onented
model of yeast iso~ 1—cytochrome ¢ could be posrtloned without conﬂlctmg with neighboring

‘molecules generated by the crystallographrc symmetry elements. This analysm located 7 drstmct
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regions (for each of the possible enantiomorphic space groups) at which fewer than .6'
intermolecular contacts would occur. [For example, for the space group P4,2,2, these regions are:
(0.0823% 0.0549, 0.521+%0.027, 00511+00219)' (0. 480+0014 0.974+ 0.014, 00438+00146); (0.0, '0.5,
' 0.161+ 0.0146); along the line joining the po1nts x=0.0, y=0.5 and x=0.5, y 0.0, with
- 2=0.2631 0.0146; (0480+0014 0.041£0.014, O321+00146) (0027+0014 0562+0014
0.438+0.0292); and (0.5, 0.02740.014, 0.431+0.0219).] It is of note that this packing analysis was
very restricti\le in deﬁning the molecmar positioning consistent with tlre occupation of the observed
' crystallogr'apllic unit’ cell by eight iso—1-cytochrome ¢ molecul.es: of 24605 grid points examined,
only 306 (1.2%) were idenu'ﬁed as being suitable positions for the centre of the yeast
iso~ 1—c§tochr’ome ¢ model. Whereas this analysis. restricted subsequent translational searches to
12% of the total search volume of the unit cell, a value of 13% was yielded by a simoler packing
function that’ minimizes the interpenetration of solid sphere representations of the molecule
(Hendrickson and Ward, 1976). | |
| The translational positioning identlﬁed as oeing allowable based on packing can be ’
understood upon considering the crystallographic symmetry elements prese_nt and tne .relative
dimensions of the nnit cell and of the cytochrome ¢ molecule. That the a and b crystaliographic
cell axis lengths (36.46 /?l) are only shghtly longer than the approximate diameter of the |
.cytochrome c molecule (25-30 K) reqmres that a molecule centre be located as distant as possible
 from the 2, screw axes parallel to a and b, which lie in the z=1/8 and z=3/8 planes
respectively. | Also, a rnolecule centre cannot be positioned near the diagonal two—fold axes, which
lie on the z=0, 1/4, and 172 planes Thus the requirement for remoteness from both tlrese 2l
-and diagonal 2—fold axes restncts the molecule centres to a posrton most 1deally very near the
4—fold scTew axis at az value of 1/16 3716, 5/16 or 7/16, or possibly adJacent to the diagonal 2,
| screw axes. '

- The next step involved translatlonal searches for the maximum correlation coefficient
between calculate_d_ and observed su'ucture factors. The lnitial 'search was two—dimensional, using

only 54 hkO reflections (in‘ the resolution range 10— 5.0 X) to determine the x and y cornponents
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of the translational positioning“ vector. This énalysis, -which is indépendént of tlie ohoice of the

~ two _enantiomorphic space groups, Tevealed that a oonelaﬁon .coefﬁcienlt. of 0.785 is obtained with
the centre of -the oriented m.odel. of yéaSt iso—l—cﬁochromc ¢ positioned at x=0.11, and y=0.55.
The results of the packir_ig analyses indicated that for this positioning of x and | y, the only z =

_ positioning allowed was 0.0438-0.0585 in the space grouo P4,2,2. (No solution could bo found in
space group P4,2,2) A correlation coefficient search around this looation yielded a value of 0.46
'(10—5.0&, 416 hkl reflections) when the oriented model of yeast iso—1-cytochrome ¢ »was
positioned at (0.110, 0.535, 0.0585), a point at which the packing analysis had indicated a total of
3 intermolecular contacts. Subséquently, all other regions ideiitiﬁed as being allowed by packing,
in both spaice groups, were searched. No correlation coefficient greater than .0.30 was foiind, which
" is indicative of the high degree of discrimination for the correct solution by the approach
described. Also, on the basi§ of these resultis, the correct enantiomorphic space group was taken to

be P4,2,2.

c. Rigid body rei‘mement

| The orientaﬁonai and translatiorial positioning of the model of yeast iso- 1=-cytochrome 'c'
determined using the rotation function, packing and correlation coefﬁcient searches, ’(a=28.2°'
B=83.9°, v=2285°; x=0.110, y=0.535; z=o.0585), was optimized 't.hrough. rigid body refinement.
Systematic adjlistrnent of each of the six parameters about ﬂieir original values ‘yielded a lowering
in ihe R-factor from 0.54 to 0.51 (for 581 reflections, 10-4.5 &), and the ‘optimal positioning

listed in Table IIL3.

3. Struot_ilre refinement

‘Diffraction data of increasingly higher resolution were i_nc_luded as the 'rveﬁnem_ent
prog'revsseci. ~The course of the rei‘mement can be conveniently discussed as two stages: to 2.8 K
resoiution, fixing of. the gross positioning of the moleoule_ in the unit cell and correction of major
errors in the conformaﬁon of the startirig model; and at high resolution, attainment of maximum

accuracy in atomic positions of the model.
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The refinement to 2.8 A included 82 least-squares cycles and two rounds of manual
intervention as outlined in Figure IIL1. Diffractivon data (F 2 30f) from crystal C was used.
Initially, an overall isotropic temperature factdr of 148 X: (as estimated by Wilson’s statistical
analysis) was assumed. Restrained refinement of individual atomic temperature factors was initiated
after cycle 27. Major adjustments to 'the: polypeptide backbone were performed manually on
residues -5 to 2, 21 to 22, 52 to 63, and 85 to 88. Only 19 water molecules were added to the

atomic model in this stage, after cycle 76. The overall r.ms. shift in atomic positions between the
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Figure IL1. Course of structural refinement of wild-type yeast iso-1-cytochrome ¢ to 2.8 A
resolution. The plot shows the crystallographic R-factor as a function of the refinement cycle
number. The resolution ranges of the diffraction data used are indicated below the plot. Points at
which major revisions to the refinement model occurred are noted.
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28 A structure and the starting model was 1.0 A.

High resolution smggture’ refinement (Figure II.2) was initiated with a 2.8 & resolution
mode! refined to an R-factor of 0.192. The sigma cutoffs applied were F 2= 20 for data from
60-14 &, and F > 3o for data from 1.4-1.23 K. A more stringent rejection criterion was
used for refiections below 1.4 & resolution beqiuse of the greater uncertainty in these measure-

ments and the lack of 'multiplé observations (see Table IIL2). The percentage of the wtal possible
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Figure IL2. Course of structural refinement of wild—type yeast iso~1-cytochrome c¢ at high
resolution. The plot shows the crystallographic R-factor as a function of the refinement cycle
number. Points at which manual adjustments were made to the model are indicated by
downward-pointing dashed arrows. Remarks have been included to indicate points at which
changes were made in the selection of reflections used in the refinement process. Asterisks indicate
~ points at which reprocessing of the reflection data occurred. Tables IIL1 and IIL.2 prowde
additional documentation on the structure factor data sets used.
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data used as a function of resolution is shown in Figure IIL.3. There is a significant falloff in the
amount of data used beyond -1.5 R resolution. For the resolution range 1.4-1.23 A, less than 7%
of the theoretically available data has been included in the current structure refinement. Because
most of the required corrections to the atomic model had been made during the earlier stage, in
general, further manual adjustments to the atomic model were minor. Most corrections were
restricted to the side chains of amino acids, with particularly large adjustments being made to Ser2,

Thr8, Thrl2, GInl6, Serd7, Asn62, Tml72, Arg9l and Glul03. In addition, a number of surface
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(Sin 8) / A

Figure IIL.3. Dependence on resolution of the R-factor and the percentage of available data used
for the final refined structure of yeast iso-1-cytochrome c. In this analysis, reciprocal space was
divided into shells according to sin /A, each shell containing at least 150 reflections. For each
shell, both the agreement between calculated and observed structure factors (A—=~A), and the
percentage of data used (0—o, axis at top right) are shown. For the purpose of assessing the
accuracy of the atomic coordinates of the yeast iso—1-cytochrome ¢ structure, curves representing
the theoretical dependence of R-factor on resolution assuming various levels of r.m.s. error in the
atomic positions of the model (Luzzati, 1952) are also drawn (dashed lines).

Fraction of data used
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lysine .and glutamic acid side chains,- as well as the polypeptide chain backbone of residues -5 to
-2, and 54 to 58 required irequent adjustments throughout ‘the course of refinement. Many
additional water molecules (116 occur in the final model) and also 1 sulfate ion (see discussion
below, Section III.D.4) iwere located and incorporated into the reﬁnement model., Hydrogen atoms
were. included inthe atomic model when the structure of yeast iso- 1—cytochrome ¢ had been

- refined to an R factor of 0.205 at 1.4 k.

4, Quahty of the final structural model
| The agreement wrth ideal stereochemistry in the final reﬁned structure of yeast
iso~ l-cytochrome c is summarized in Table IIL4. ‘Overall, deviations from ideality are reasonably
small for all classes of geometrical restraints.. The overall R factor for the 12513 reflections used
from 6.0 to 1.23 & is 0.192. The agreement between th.e observed and calculated structure factors
as a function .of resolution is shown in Figure II1.3. Curves representing the theoretical |
dependence of R factor on data resolution, assuming various values for the I.m.s. error in a set of
atomic coordinates (Luzzati 1952), are also drawn in Figure IIL.3. Thrs analysis gives an estimate
of 0.18 & for the IL.m.s. error in atomic posrtions in the reﬁned structure of iso—-1-cytochrome c.
This value. should. be regarded as an over-estimate of the error, as it assumes that discrepancies _
betWeen observed and calculated struc_ture factors are due entirely to errors in the coordinate set,
and neglects considerations such as errors in intensity measurements and the omission of the
solvent continuum (Chambers and Stroud, 1979). The error in atomic positions is‘ likely much
lower than 0.18 A for well— defined portions of the structure, but undoubtedly much- higher for
mobile surface side chams | |

A separate estimate of the atomic coordinate error can be obtained from an unrestrained
refinement of the final model (Read et al., 1983). For yeast iso- 1—cytochrome ¢, this analysis was
carried out v_vithout hydrogen atoms present and resulted in a lowering of the R-factor from 0.202
to 0.184‘ in three cycles. Atomic positions were found to deviate b)r an overall r.ms. value of

0.12 A from those of the final restrained model.
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Table 1114 Agreement with 1deal stereochemlstry in the final refined model of w11d—type yeast -
iso~ 1-cytochrome c at 123 & resolutron

Class of restraint - o . R.m.s. deviation
: from ideality
1-2 bond distance | 0.026 &
" 1-3 angle distance . 0.050 A
" 1-4 planar distance 0.062 &
1-2 bond involving hydrogen atom 0011 &
1-3 bond involving hydrogen atom : 0.021 &~
- Planar _ : 0.024 A
Chiral centre - 0.179 A®
 Non-bonded contact® ‘
single torsion 0173 &
multiple torsion ’ 0.185 &
possible hydrogen bond ' : 0261 A
Staggered (+60°, 180°) torsion angle 19.3°
Planar torsion angle (0 or 180°) - ' 4.3°
- Temperature factor
1-2 bond (main chain) . 17 A?
1-3 angle (main chain) .23 A?
1-2 bond (side chain) 29 A?
1-3 angle (side chain)- ~ 44 R?
1-2 bond involving hydrogen atom » 20 A?
1-3 bond involving hydrogen atom 29 &:

8The r.m.s. deviations from ideality for this class of restraint incorporate a reduction of
0.1 A from the radius of each atom involved in a contact.

, Figure II1.4 shows the high quality of the electron density. maps for iso-1-cytochrome c.
In the electron density ‘map of the heme group, dimples are apparent in the centres of the
ﬁve—membered pyrrole rings and smali butges of eleg:tron density belonging te the hydrogen atoms
~ of the methine and side chain methyl carbons are visible. Figure IIL4b showé that a c.limple' is
aiso present in the centre of the pyrrolidine ring of Pro7l1, and that electron density can be seen
for hydrogen atoms of the side chains of Tyr67 and Leu68. The high quality of such electrqn
dens‘it)r .m.aps is also evident in tne observation that for atoms with temperature factors lower than

about -20‘13&, carbon, -nitrogen and oxygen atoms can be readily distinguished from each other by
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Figure ITL4. Sterco diagrams of portions of the electron density map calculated for the final model
of yeast iso-1-cytochrome ¢. The regions of the molecule shown are (top) the heme group, and
(bottom) the polypeptide chain from residues 67 to 7). These maps were calculated with coeffi-
cients of the type 2F0¥-FC, a. and have been contoured at an electron density level of 0.5 e/R3.

the height of the electron density peak centred on each atom.

5. Effect of the inclusion of hydrogen atoms
An analysis of the effects of including hydrogen atoms in the refinement process was made
by deleting these atoms from the final atomic model and running 6 further refinement cycles.

The most notable trend indicated was a downward shift in the temperature factors of atoms having
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one of more hydrogen atoms borlded to them (Table _III.S).' This suggests that for_ prbtein
structures reﬁued without ‘the inclusion of hydrogen atoms, temperature factors of ,norl_-hydrogen
atoms will..tend'to be ‘systematically too low due to their compensating 'for electron density
belonging to the nrissing hyurcgen atom(s). The effect of inclusion of hydrogens on the agreement
between calculated and observed structure factors is a decrease of 1 O% m the overall R-factor for
‘data to 1.23 R. The most 51gn1ﬁcant improvement occurs at low to moderate resolution
> 20 K), as. expected since hydrogen atoms make little conlrrbution to the high angle scattering
(Stout and Jensen, 1968). | | |

At the completicn of refinement of the structure  of yeast iso- l—cytochrome ¢, an
assessment was made of the valtdity of including hydrogen atoms. ‘The majority of ttle h_ydrogen
atoms were found to be well-behaved, as they clearly reside in small lobes Qf electron density (see
~ Figure 1I1.4) and possess temperature factors siruilar to those of their parent heavy atoms..
Furthermore,‘ as Table ‘III.4 shcws, deviations of hydrogen atoms from their ideal ppsitioris with

'respect to their parent atoms is negligible. Problems that were apparent arise at heavy atoms

Table IIL5. Effect of inclusion of hydrogen atoms on refined atomic temperature factors

Atom type . Average shrft in temperature factor (in K’) for atoms “having the indicated
number of bonded hydrogens
0o | 1 2 3
N 40424 ~0.72 (104) . -
CA , B -0.58 (96) - =109 (12)
C _ ~0.12 (108) . ' :
0 +0.14 (109) _ ' - ‘
_side chain C . +0.65 (76) ~0.21 (111) ~0.22 (165) ~0.27 ( 65)

Each entry represents the average shift in temperature factor, after removal of hydrogen
atoms and refinement for an additional 6 cycles. Atoms have been grouped according to atom “type
- and the number of bonded hydrogen atoms, with the number of atoms in each subclass ngen in

parentheses. The C type refers to carbonyl. carbons :
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whose electron density peaks are elongated in shape, due to either thermal motion or static
disorder. At these sites, hydrogen atoms residing in the electron density smears had refined
temperature factors that were much lower than would be expected. In addition, in cases where a
_hydrogen atom was free to rotate about its heavy atom (e.g. hydroxyls and primary amines), it
sometimes refined into these smears of electron density rather than into apparently obvious

hydrogen bonding positions.

B. Description of the conformation of the iso—-1-cytochrome ¢ molecule
1. Overall conformation

The yeast iso— 1-_cytochrome ¢ molecule has fhe typical cytochrome ¢ fold, with the
polypeptide chain organized into a series of a-helices and fairly extended loop structures. The
protein folding serves to envelop the heme prosthetic group within a hydrophobic pocket formed
- by a shell of polypeptide chain one to two residues thick. The polypeptide chain backbone, heme

group and heme ligands of yeast iso-l-cytochrome ¢ are shown in Figure IILS.

Figure ITLS. Stereo .diagram of the polypeptide chain backbone and heme group of yeast
iso~1-cytochrome c¢. Main chain atoms are represented as thin lines and the heme group as thick
lines. The heme thioether linkages formed by the side chains of Cysl4 and Cysl7, and the heme
ligands formed by the side chains of Hisl8 and Met80 are also shown. The a-carbons of every
Sth residue, in addition to those of the N- and C-terminal residues, are labelled with their
three-letter amino acid names and sequence numbers. The molecule is shown here in its standard
orientation (see legend to Figure 1.2). The heme group is seen edge-on, and that portion of the
molecule containing the exposed heme edge directly faces the viewer.
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2. Main chain torsion angles

A plot of all main chain torsion angles (¢ and V) fbr iso—-1-cytochrome ¢ is shown in
Figure III.6. Evident in this plot is the preponderence of residues with the a-helical conformation
(-60°, -40°), and of glycines that belong to type II S-turns (85°, 5°). All non-glycine residues
fall within or near allowed regions, except for Lys27 (-121°, -127°). Lys27 is the first residue
in a tight turn that has the conformation of a disthted Teverse y—tum (Milner-White et al., 1988;

Nemethy and Printz, 1972; Bandekar and Krimm, 1985), in which the amide group of residue i
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Figure IIL6. Ramachandran plot for wild-type yeast iso-1-cytochrome ¢. The main chain ¢ and
Y dihedral torsion angles of glycine residues are denoted by the symbol 1; those of all other
residues are denoted by a +. Main chain conformations for an alanyl residue (having an
N-CA-C angle, 7, of 112°) in poly(L~alanine) that are fully allowed, and allowed assuming
shortened permissible minimum interatomic contact distances (Ramakrishnan and Ramachandran,
1965) are enclosed by solid and dashed lines, respectively.
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(Lys27) hydrogen bonds the carbonyl group of residue i+2 (Gly29) (see Figure IIL.7). The
additional hydrogen bonds i)resent, Gly29 N to Cysl7 O and Lys27 NZ to LeulS O, may serve to
stabilize this strained conformation. Of note is the lowered stability of variant iso— l—proteins'
which possess side chains (Leu, Gln, Trp and Tyr) at position 27 (Hickey et al., 1988) which are
unable to form the latter interaction. The conformation observed for Asn56 (42°, 47°) is unusual

in that both ¢ and Y have values greater than 0°, but is not uncommon for asparagine residues

(Matthews, 1977).

3. Secondary structure in yeast iso~1-cytochrome ¢

The secondary structural elements, assigned on the basis of the observed hydrogen-bonding
panefns and main chain ¢ and ‘n,b angles, present in yeast iso—1-cytochrome ¢ are detailed in
Table II.6. The average main chain torsion émgles for zﬂl residues having an a-helical
conformation are in good agreement with those observed in other highly refined protein structures
(Sheﬁff et al., 1987, McGregor et al., 1987). However, as described below some distortions from
ideal a-helical geometry do occur. |

The N-terminal a-helix contains a kink at Ala7 and Thr8, with both the Ala7 O - Lysll

N and Thr8 N - Lys4 O hydrogen bonds being long. This distortion accommodates hydrogen

Figure IL.7. Stereo diagram of the distorted y~turn at residues 27 to 29 in yeast
iso—-1-cytochrome c¢. The polypeptide main chain is shown in thick lines, and side chains in thin
lines. Hydrogen bonds occurring between Lys27 N and Gly29 O, Cysl7 O and Gly29 N, and
Lys27 NZ and LeulS O are shown as broken lines, and their corresponding hydrogen bond lengths
(in X) are indicated.
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Table IIL.6. Secondary structurai elements present in yeast iso—1-cytochrome ¢ _

Secondary Residues Main chain
structural element involved torsion angles? (°)
a-helix 3-12 - (-64.7, -40.8)
B-turn (type II) 21 - 24 (=65, 128), (84, 8)
distorted y-turn ' 27 - 29 (<123, -128), (=57, -49),
' : (103, 165)
‘B-turn (type II) 32 - 35 (=55, 138), (66, 19)
B~turn (type II) 35 - 38 (=64, 126), (86, -11)
B-turn (type II)P 43 - 46 (82, 147), (87, 9)
a-helix » 50 - 55 © (=655, -37.8)
a-helix 61 - 69 (-63.6, —38.6)
a-helix 71 - 74 (-66.3, -40.0)
B-turn (type ‘1I) 75 - 78 - (=66, 128), (99, 0)
a-helix : 88 ~ 101 (-63.5, -42.2)
~ a-helix '43 residues (-64.3, -403) .
B~turn (type II) 5 turns  (-66.4, 133.4), (84.4, 50)

_ * 2The main chain torsion' angles listed refer to the average (¢, ¥) angles for residues in
each a-helical segment, to (¢, V), and (¢, ¥); for residues in each type II B-turn, and to (¢,
Y, (¢, ¥),, and (¢, ¥); for residues in the distorted y—turn. Overall averages for the former
two classes are also listed. :

®Mediated through a water molecule.

bondmg by the side’ chains of two nearby threonine residues to the carbonyl group of residues 1n |
the precedmg turn of the helix (Thr8 OG1 - LysS O, and Thrl2 OGl ~ Thi8 Q). The
C-terminal end of this helix also possesses an unusual distortion in which the carbonyl groups“ of
“residues 12, 13 and 14 are directed markedly aWayl from the helix axis, and the carbonyl groupl of
_ I‘esidue: 10 accepts a hydrogen bond from the amide groups of both .residues 14 @d 15.' This
distortion abpears to occur in order to accommodate the formation of a fhioether bond from Cysl4
to the heme group. |

The helix encompassmg re51dues 61 to 69 is dlstorted towards a 3;, hehx at both its N-

and C- terminal ends. The carbonyl group of the first resxdue of this helix is involved in -
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- hydrogen bonding with the {+3 and i+4 main cﬁain amidés (Asp60 O to Asn63 N and Met64 |
N). The last turn of this helix also assumes a 3,,~helix hydrogen bonding_ péttern (Thr69 N
- hydrogen bonds }G1u66 O, and Asn70 N hydrogen bonds Tyr67 0). This latter distortion may be
| caused by ’Ihr69, whose OGl. afom forms a hydrogen bond with Ser65 O.‘ Also, in the middle bf
this helix, Glu66 N énd Asn62 O do not form the expected hydrogen bond, whereas Asn63 O
hydrogen bon_ds both Giu66 N and Tyr67 N. |
A threbnine residue also appéaxs'-to cause a ‘di.stortion .in thé C-terminal a-helix (residﬁes

88 to 101), which is kinked at Thr96 to allow the side chain OG1 atom of this residue to
hydrogen' bbnd the caxbdnyl group of resiv‘due 92. This résults in thevamide nitrogens of both
"residues 96 and 97 being involved in bifurcated hydfogen bonds with the carbonyl groups of
residues 92 and 93, and with those of residues 93 and 94 respectively. Beginning at residue 99,
the C-terminal helix adopts main chain torsion angies characteristic of a 3;, helix. In-this aCl
distortion (Baker and Hubbard, 1984), Lysl00 N hydrc_)gen. bonds the carbonyl grdup of residue 97,
and Alal0l N forms al bifuréated hydfogeri bond to the carbonyl groups of :residu‘es 97 and 98.
This éllows ‘the side chain of Lys99 to hydrogen bond to the carbonyl group of residue 96, and
also facilitates thé hydrogen-bonded interaction of the two most C-terminal residues with the rest
of the moiecule (Cyleé O hydrogen bonds Gly34 N, and the C—ferminal carboxylate group of
residue 103 for_mé a salt bridge tb His33 NEZ);

) Th_e. 6£hér two helices present in yeast iso-1-cytochrome ¢ (residues 50 to 55, and 71 to
74; sée Table IIL6) are éhort and thus contain only one or two main cha_in hydrogen box_lds' bf the
type - that characterize an a-helix. Overali, the a—heliéeé in iso-1-cytochrome c are typical of
those found in other high résolution protein structures, in thaf their cohfénnations do not strictly
adhere to that of the idealized a~helix (Amott and Dover, 1967), Partiéularly notable in the
presént siudy.is that the occurrence of threonines. within a helix causes substantial diStortion of
regular a-helical geométry, and in two of the helices, marks the end of these secondary structures.
~ The propensity for threonine to caﬁise distortions in a-helices has also been observed in 6ther, :

‘protein structures (McGregor et al 1987; Poulos et al., 1987a).
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Aside from the helical segments described, little other regular secondary structure occurs in
the iso-1-cytochrome ¢ molecule. Residues 37 to»40 and 57 to 59 form a very short
two-stranded anti-parallel $-sheet (Figure III.8). This secondary structure element contains only
three inter-strand main chain hydrogen bonds. There are five turns of the f§ type II class, which
possess average main chain torsion angles typical of this class of secondary structure (see Table
IIL6; Richardson, 1981). The B-turn occurring at residues 43 to 46 is distorted, in that Alad3 O
forms a hydrogen bond with a water molecule instead of with Tyr46 N as would be expected in a
regular type II B—twrmn. This distortion is likely due to local interactions formed in the final
folded state of the protein (Richardson, 1981), as it facilitates the hydrogen bonding of Glu44 O to
His26 NE2, as well as the packihg of the side chain of Tyrd6 against the'pyrrolidine ring of

Pro30. The remaining regions (;f the polypeptide chain form irregular loop structures.

Figure IIL8. Stereo diagram of the short segment of antiparalle]l §-sheet in yeast
iso~1-cytochrome ¢. The two strands are formed by residues 37 to 40, and 57 to 59. The
polypeptide main chain is shown as thick lines, and side chains as thin lines. The four interstrand
hydrogen bonds that occur (Gly37 N - TrpS59 O, Arg38 O - Trp59 N, Serd0 N - Val57 O, and
Val57 N - Serd0 OG) are shown as thin, dashed lines and the bond distances (in X) involved
have been indicated.
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4. Conformation of side chains

The positioning of all the side chains of yeast iso—1-cytochrome c is shown in Figure
II1.9. Figure IIL10 shows the distribution of values for side chain dihedral torsion angles for those
cases where a staggered conformation is expected (i.e. at sp* carbons; X values of +60°, 180°).
The relatively low value of 19.2° for the overall r.m.s. deviation of these torsion angles from their
optimal staggered conformations is typical of well-refined protein structures. Yeast
iso~1-cytochrome ¢ has 16 lysine residues, some of which have poorly defined electron density for
portions of their side chains. Excluding 29 torsion angle values (from 13 lysine residues) judged
to -be uncertain beczuée they are determined by the positions of atoms beyond the last
well-defined side chain atom (usually CD ér CE), the r.m.s. deviation falls to 16.5°.°

Several analyses of the 'preferred values for side chain dihedral angles in proteins have
been recently published (Ponder and Richards, 1987; Summers et al., 1987A; McGregor et al.,, 1987).
The side chain conformationg observed in iso-1-cytochrome ¢ show similar trends to those noted

in these studies. As Figure iII.lO shows, the g~ conformation (+ 60°) at X1 is strongly avoided,

Figure II1.9. Stereo diagram illustrating the positioning of side chains in yeast iso-1l-cytochrome c.
Drawn with thin lines are side chain groups; drawn with thick lines are the polypeptide chain
backbone and also the heme group. Every 5th a-carbon has been labelled with its three-letter
amino acid designation and sequence number. The orientation of view is the same as that in
Figure IILS.
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Figure I1.10. Distribution of side chain dihedral torsion angles in yeast iso-1-cytochrome c. Only
those angles for which a staggered conformation is expected to be most favored have been
included (168 angles in total). The distribution of only the X1 torsion angles, excluding those
belonging to proline residues, (85 angles in total) is shown by the shaded bars.

accounting for only 12 of 85 X1 angles present. For residues within a-helices, this avoidance is
absolute except fbr Thr8 and Thrl2 in the N-terminal a-helix, whose confbnnations are
influenced by side chain hydrogen bonding interactions as described above. In general, threonine
and serine are residues for which the g conformation is not disfavored with respect to g* and t
(McGregor et al., 1987). Six of the 12 side chains in iso~1-cytochrome ¢ that have the g
 conformation at X1 are threonines or serines. The remaining six side chains are all from
glutamates and lysines. For these residues, X2.usua11y strongly favors the t conformation if X1 is
g (McGregor et al 1987; Ponder and Richards, 1987), and this is the case in four of the six
side chains in iso—1l-cytochrome ¢. The X1 torsion angles of aromatic residues are clustered
closely about preferred values: 180° (r.m.s. A = 10°) for all but 2 phenylalanines and tyrosines;

and -60° (r.m.s. A = 4.6°) for 3 of 4 histidines and the single typtophan present. In 5 out of

360
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-7 occurrences, -isoleucines and valines have the most preferred conformation with the lone hydrogen
~atom of the CB carbon being gauche t0 both the main chain N and C atoms. Of the
sulfur-containing side chains, all three cystemes are g*'; and the two methionines, Met64 in an

. a—hehx and Met80 which’ forms a heme ligand, are tg'g and ttt, respectrvely Overall, the
.co'nformatrons of the majority of the side chains in iso-1-cytochrome c are consistent‘ with
established torsional angle preferrences, and are in agreement with side chainv rotamer templates

compiled in other studies (Ponder and Richards, 1987; McGregor et al., 1987).,

5. Side chains with mtrltiple conformations

‘Five side chains of yeast iso- l-cytochrome‘ c are indicated by their appearance in electron
density nraps to exist in multiple conformations. The residues involved, and their alternative
conformations and interactions are detailed }in Table IIL.7. In the current structural determination,
these side chains have ‘been refined in only .thev conformation judged to have the greateSt
occtxpancy | | -

Ser47, Glu88 and Glul03 are on the surface of the protem molecule. The alternative
conformations adopted by both Serd47 and Glu103, are fixed by interactions made to water
molecules which are (more strongly) ‘bound to neighboring protein rholec'ules in the crystal lattice.
Glu88 alternatrvely makes mtramolecular interactions, through bridging water molecules with one of
two basic side chains: with Lys4 NZ v1a Wat221 and wrth Arg91 NHI via Wat214

Leu9 is partially buried, and in one of its conformations makes van der Waals contacts
with another'partially ‘buried leucine (Leuss). The electron density belonging to Leu85 is
‘ .’sugg'estive that this side chain also. undergoes dynamic movement, which may be associated with
the alternative conformatrons adopted by Leu9. LeuS8 is in a flexible region of the molecule and

can 1nteract with an adjacent molecule in the crystal lattlce

6. Poorly ordered reglons of the iso~ 1—cytochrome c molecule
Presumably due to their hlgh mobllrty several - regrons of the iso- 1—cytochrome ¢ structure

are poorly defined in electron densny maps (see Table III.8). All such regions are on the surface
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Table IIL.7. Side Chains with multiple COnfdrmations in yeast iso-1-cytochrome ¢

Residue Atoms Conformation/ Torsion Interactions made®
affected  Estimated occupancy?  angles® (°) -

-141, 67 CD2 contacts I1e95 O

Lev9 - CG, CD1, r/ 07 _
: CD2 a/03 =111, 123 CD2 contacts Leu85 CD1
Serd7 = OG r/ 08 176 OG Hbond to Sul 02, Watll2
a/ 02 =57 - OG Hbond to Sul Ol1, Wat210 -
Leu58 CG, CDh1, . r/ 05 -169, -78 ‘CD2 contacts Gly37 O
. - CD2 . a /.05 =177, 93 CD1 contacts His# 39 nng,

CD2 contacts Asp#60 CB
. =172, =171, -21  OE2 Hbonds Wat221
: OEl, OE2 ~166, 167, 57 OE2 Hbonds Watl42 and Wat214
Glul03 CG, CD, -163, 53, =133 CG contacts Lys#86 CB;
‘ OEl, OE2 _ OE2 Hbonds Lys#87 NZ
‘ a/ 05 : -95,-58,-57 - OE2 Hbonds Watl3l and Watl82

Glus8  CG, CD,

-
~ N~
coo
wnp o

4The ’r’ designation refers to the conformation in which the side chain was refined and
~ the ’a’ to the alternate conformation as manually positioned in electron density maps. The
occupancies of the two conformations have been estimated from the magmtudes of the respective
" electron density peaks.

PThe torsion angles refer to X1, X2 and X3 as apphcable for each conformation of the
~ side cham

CWhere a’#’ precedes a residue number, that residue belongs to a symmetry-related

molecule in the crystal lattice. Note that ’contacts’ refers to a van der Waal contact and that
hydrogen bond has been abbreviated as Hbond.

of the molecule, have a hlgh degree of solvent access1b1hty, and form no strong interactions with
other protem groups The accuracy of the coordmates of the affected atoms should be considered

correspondingly low.

7. H_eirie conformation -ahd .iﬁteractions _ |

. The protoporphyrin IX heme prosthetic -group of yeast iso-1-cytochrome c is buned within
a hydrophobic pocket formed by the polypeptide chain. Only five atoms of the heme (CMC,
CBC, CAC, CHD and CMD) Wthh are posmoned at the front. edge of this group, are exposed to

* external solvent_ The solvent-access1ble area of the heme group is 48. 8 K’ wh1ch Tepresents Just
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Table IIL8. Disordered regions of the yeast iso-1-cytochrome ¢ structure

Residue Appearance in electron density maps

Thr-5 to " Main and side chain atoms: weak and fragmented
Glu-4 : :

Phe-3 Main chain: weak

Lysd , CE onward: noisy

Argl3 CD.onward: weak

Glu2l - CG, CD: very weak.

Lys22- - . = NZ: weak .

Glu¢4 CG onward: very noisy and diffuse

Lys34 to Main chain: weak. Lys54 side -chain weak.’
Lys55 ‘

Asp60 v Main chain: weak and fragmented

Glu6l - CG onward: noisy and diffuse.

Glu66 * Side chain carboxyl: weak

Leu85 : CG, CD1, CD2: fairly strong, but density spread out

Lys86 - - CG onward: very weak

Lys100 CG onward: fragmented and diffuse '_

9.6% of the total surface area of this‘ grouﬁ (508 K’) and less than 1% of the total sﬁrface area of
| the _cytochfome ¢ molecule (4930 -X’). The heme group is covalently attached to the ‘polypeptide‘
chain via two thioether bonds to the side chains of Cysl4 and Cysl7. The bond geoméUy of
these thioether linkages is typical for carbon-sulfur single bonds, with the ax)erage bond ‘distance
" being 1.79 &, and the average CB-SG-Cy.,. angle being 101.2°. |

| The heme group itself. is not absohitely planar, but is distorted into a saddle éhape with
the front and rear edges of the heme deviating vto‘ward the right, and the top and bottom edges
toWérd' the left of the mdiecule. Deviaﬁons of the plaﬁeé of individualv pyrrole rings witb Tespect
1o the plane of the pomhyﬁn ring as a whole, and with tespect to the plane of the
‘ Fe—coordination pyrrolé nitrogen plaﬁe are detailed in Table IIL9. All four rings show‘ similar
angular dev1at10ns with respect to the Fe—coordmatxon sphere (i.e. the plane defined by the pyrrole

nitrogen atoms) although the d1stomon is not one of a dormng or rufﬂmg of the porphyrm Ting
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Table IIL9. Heme conformation, interactions and ligahd geometry in wild-type
_ yeast iso~1~-cytochrome ¢

1. Angular deviations between both the plane normals of individual pyrrole rings and the .
heme coordinate bonds, and both the pyrrole nitrogen plane and the porphyrin ring planeva

. , : _ Pyrrole N plane Porphyrin ring plane
“a. Pyrrole ring: - . ’
A - 94° 6.7°
B : D O b 11.9°
c ' - 8.8° 98°
D : 82° . 6.0°
b. Heme coordinate bond:
Fe - Hisl8 NE2 bond 21 3.3°
Fe - Met80 SD bond , 4.9° ' 7.5°

2. Heme iron cobrdinatioh bond distances (/?&)

~ Hisl8 NE2 _ ' 1.99

Met80 SD ' 2.35
Hem NA ' 1.97
Hem NB 2.00
Hem NC ) ' ' 1.99
Hem ND ' ' 2.00

3. Hydrogen bond interactions formed by heme propioriic acid groups

Heme atom Hydrogen bond partners and distances
olA Tyr480H (2.83 &), Watl2]l (2.81 R), Watl68 (285 R)
02A . Gly4IN (321 R), Asn52ND2 (3.34 A), TrpSINE2 (3.09 &) .
OlD Thr490G1 (2.64 R), Thr780G1 (2.90 &), Lys79N (3.17 &)
02D Thr49N (2.94 &) : .

4Fach pyrrole ring plane is defined by nine atoms, which include the five ring atoms plus’
the first carbon atom bonded to each ring carbon. The porphyrin ring plane is defined by the five .
atoms in each of the four pyrrole rings, the four bridging methine carbons, the first carbon atom
of each of the eight side chains and the heme iron (33 atoms in total). The pyrrole N plane is

deﬁneg by only the 4 pyrrole nitrogens. These two latter planes differ in orientation by an angle
of 2.6 : : v _

(Scheidt, 1979). Pyrrole rings B and C are both involved in thioether linkages to the polypeptide

chain, and show the greatest, deviations with respect to the pbrphyn‘n ring plane as a whole.



101

These 'results suggest that the covalent bonds attaching the: heme to_ the polypeptide .chain are
" important factors in estabhshtng the observed heme conformation. This is consistent with the'
atoms of pyrrole rings B and C having lower temperature factors (3.7 and 3.8 K’ on average,
respectively) than atoms of pyrrole Tings A and D (5.6 and 4.8 &7 on average, respectively)
| . The heme iron coordinate bond distances are also listed in Table IIL9 and are typlcal of
those found in small-molecule six-coordinate_, iron—porphyrin complexes (Scheidt, 1979). The
out-of-plane coordinate bonds involving the_ His18 and Met80 ligands show only slight deviations
from being perpendicular to the pyrrole nitrogen plane. The heme iron atom is found to be
displaced very slightly (by 003 &) from this plane, in a direction toward the Met80 SD ligand
atom. The imidazole ring of His18 lies almost perpendicular (99'°) to the pyrrole nitrogen_plane
of the heme. Its ‘orientation, in which a 46.5° angle is made between the imidazole ring and a
‘vector'joining the NA and NC pyrrole nitrogen atoms, is such that the CD2 and CEl atoms make
minimal contacts with the heme pyrrole nitrogens. As predicted by nuclear magn_etic resonance
ahd circular dichroism. spectroscopies (Senn er al., 1983), the ligation of the Met80 side chain- to
~ the heme iron has R chirality. |

The two heme propionic acid groups are buried within the protein matrix, where they form
-a number of hydrogen bonds to internal polar groups of the protein (Figure 111 11 and Table
11.9). Thus while mtemally posmoned these propionic acid groups occupy a local envrronment
which is clearly hydrophihc in character. In addmon to the hydrogen bonds listed in Table III9
- an ionic interaction mediated by two bridging water molecules is formed between the carboxylate

atom OlA of the heme propionate and the guanidinium group of Arg38

C. Hydrogen bonding

| The positions of hydrogen atoms in the structure of iso~- l—cytochrome c were reﬁned
_-assuming shortened (X~-ray) bond distances between the hydrogen atoms and their respective parent
heavy atoms. However, for the analysis of hydrogen bonding, hydrogen atoms belonging to
nitrogen or Oxygen atoms were re—introduced with regular bond lengths to their parent atoms. A

summary of all intramolecular hydrogen bonding interactiOns occurring in the structure of yeast
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Figure IIL11. Interactions formed by the heme propionic acid groups in wild-type yeast
iso-1-cytochrome c¢. Shown are the local environment and hydrogen bonding interactions observed
for the heme propionic acid group attached to (fop) pyrrole ring A and to (bottom) pyrrole ring
D. The heme and propionic acid groups are drawn with thick lines and the surrounding
polypeptide chain residues with thinner lines. Hydrogen bonds are illustrated with thin dashed
lines. Groups involved in forming hydrogen bonds to the heme propionyl carboxyl oxygen atoms,
along with the hydrogen bond lengths observed, are detailed in Table IIL9.

iso—-1-cytochrome ¢ is given in Table IIL.10, in which hydrogen bonds have been classified in
terms of involvement of ohly main chain atoms, both main chain and side chain atoms, and only
side chain atoms. The average geometrical parameters observed for these three classes of hydrogen
bonds in the iso-1-cytochrome ¢ structure are in excellent agreement with results obtained by

Baker and Hubbard (1984) in their extensive analysis of hydrogen bonding in proteins.
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Table IIL10. Intramolecular hydrogen bonds? occurring in wildftype yeast iso-1-cytochrome <

1. Hydrogen bonds involving only main chain atoms

Gly6 N - Ser2 O
Ala7 N - Ala3 O
Thr8 N ~ Lys4 O

- Leu9 N - Lys5 O
.-Phel0 N - Gly6 O -
Lysll N - Ala7 O
Thrl2 N - Thr8 O

. Argl3 N - Leu9 O
Cysl4 N - Phel0 O
Leul5 N - Phel0 O
Cysl7 N - Cysl4 O
Hisl8 N - Cysl4 O
Gly24d N - Glu2l O
Lys27 N - Gly29 O
Gly29 N - Cys17 O
Leu32 N - Thrl9 O
Gly34 N - Cysl02 O

- Averages: 212 (0.24) &

2. Hydrogen bonds involving main chain and side chain atoms

Phe-3 N - Thr-5 OGl

Glyl N - Thr9 OG1

Ser2 N - Asp93 OD1
Lys5 N = Ser2 OG
Thr§ OG1 - Lys5 O

Thrl2 OGl - Thi8 O

Hisl8 ND1 - Pro30 O
Val20 N - Glu2l OEl
Glu2l N - Glu2l OEl
His26 ND1 - Asn3l N
His26 NE2 - Glu44 O
Lys27 NZ - 1euls5 O

Asn3l ND2 - Glu2l O

 Averages: 2.08 (0.27) & |

293 (025) &

Ile35 N - Leu32 O
Gly37 N - Tmp59 O
Arg38 N - I1e35 O
Serd0 N - Val57 O
Tle53 N = Thr49- O -
‘Lys54 N - AspS0 O
Lys55 N - Asn52 O
- Tmp59 N - Arg38 O
Met64d N - Asp60 O
Ser65 N - Glu6l -O
Tyr67 N = Asn63 O
. .Leu68 N - Met64 O
Thr69 N -~ Ser65 O
" Thr69 N ~ Glu66 O
Asn70 N - Ty167 O
Tyr74 N - Asn70 O

299 (022) A 1550 (12.8)°

His33 N - Asn3l OD1-
His33 ND1 - Val20 O -
His33 NE2 - Glul03 OXT
Arg38 NH1 - His33 O
Arg38 NH2 - His33 O
Gly4l N - Heml04 O2A
Alad3 N - Tyr48 OH
‘Tyrd6 OH - Val28 O
‘Thr49 N - Heml04 O2D
Asn52 N - Thr49 OGl
Lys55 NZ - Ty174 O
Val57 N = Serd0 OG

"~ Asn62 N - Asp60 OD1

1508 (15.7)°

- 3. Hydrogen bonds involving side chain atoms only

Asn52 ND2 - Heml04 O2A
Trp39 NEI - Heml0O4 O2A
Asn63 ND2 - Asp60 OD2

Thr-5 OGl - Asn62 OD1
Asn3l ND2 - Thrl9 OGl
Tyrd48 OH - Heml04 OlA
Thr49 OGl - Heml04 O1D

Averages: 2.15 (0.21) & 3.00 (0.26) & 152.6 (16.4)°

115.6 (18.8)°

Ile75 N - Pro71 O
Thr78 N - 11e75 O
Phe82 N - Met80 O
Leu85 N - Leu68 O
Arg9l N - Lys87 O
Asn92 N - Glug8 O
Asp93 N -~ Lys§9 O
Leu94 N - Asp90 O
Ile95 N - Argdl O
Thr96 N - Asn92 O
Tyr97 N - Asp93 O
Teu98 N - Leu94 O

Lys99 N - I1e95 O

Lysl00 N - Thr9% O
Alal0l N - Tyr97 O
Cysl02 N - Leu98 O

146.7 (16.1)° 142.(_5 (16.4)°

Asn63 N - Asp60 ODI1

- Thr69 OG1 - Ser65 O

Lys73 N - Asn70 OD1
Lys79 N - Heml04 O1D
Lys79 NZ - Serd7 O
Met80 N - Thr78 OGl
Lys86 NZ - Thr69 O
Arg9]l NH2 - Leu85 O

-Arg91 NH2 - Lys86 O

Thr9% OGl - Asn92 O
Cys102 SG - Leu32 O -
Cys102 SG - Leu98 O

133.6 (19.6)° 1315 (20.0)°

Tyr67 OH - Met80 SD
Thr78 OG1 - Heml04 O1D
Arg91 NE - Ser65 OG

114.2 (21.2)°
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Table 110 (continued) -

4For each potentral hydrogen bond, the donor of the hydrogen atom is hsted on the left,
and the acceptor on the right.

The averages listed refer to H..A and D..A drstances, and D-H..A, C-A..D and C-A..H
angles respectively, where H denotes the hydrogen atom involved in the hydrogen bond, and A
and D designate the acceptor and donor atoms. Standard deviations are .given in parentheses.

- Note that interactions were accepted as hydrogen bonds only 1f they met all of the

followmg criteria: a H..A distance < 2.6 A, a D-H..A angle > 120°, and a C-A..H angle >
90 ’ :

A‘ considerable portion of 'the hydrogen honding obseryed in iso~ lecytochrome ¢ occurs
within secondary structures. Of. the 49 hydrogen bonds in which ‘both partners are main chain
-atoms, only 7 (14.3%) are not part of secondary structural elements. Also, 9 of 36 hydrogen bonds
formed between main chain and side charn atoms are directly involved in secondétry structures:
four are made by intrahelical threonine side chains (discussed above), one is made by. a serine in
a fB-sheet (Flgure I11.8), and four make capping 1nteract10ns (Richardson and Richardson, 1988) at
the N-termini of a- hehces

Of the 213 ‘main chain groups that could potentjally forrrl hydrogen .bon.ds, 96 mat'ke.
hydrogen bonds to other mein chain' atoms in the rnolecule. An additional 33 main chain' groupé
make intramolecular hydrogen bonds to side chain atoms. In total, 61% of._main chain atoms' form
intramolecular hydrogen' bonds, and 'in' only 23 of the 108 residues does‘ a main- chain atom not.
- directly form such a hydrogen bond. In addition, 31 carbonyl oxygen atoms and 9 amide nitrogen
atoms etre each involved in two hydrogen bond interactions. Only 24 (11% of the total) main
chain groups (10 amide nitrogens, and 14 carbonyl oxygens) do not form hydrogen bonds.to other
protein atoms or to solvent molecules. | |

The extent of hydrogen bonding involving side charn atoms is even greater. Yeast
iso-1-cytochrome ¢ possesses 62 polar side chains, which bear 91 atoms capable of partrcrpatmg in
hydrogen bonding. Hydrogen bond interactjons are not observed for only 2 side chains, and for
only 6 polar atoms. The two amino aci.d residues found not to be involved in hydrogen bonding
are both surface lysmes (resxdues 4 and 100) whose side chains are directed into the solvent

medium. Fallure 10 observe hydrogen bondlng in these cases 1s likely due to the substantial
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mobility of these .lysines (see Table III.S) and of their associated solvent molecules as well.
Considering that side. chain oxygen atoms are capable of participating in two (carboxyl and amide) ,
or th.ree_ (hydroxyl) hydrogen bonds each, and that many side chain nitrogen atoms can act as
hydro'gen bond donors to two (Gln NE2; AsnND2; and ArgNHl,Z) or three (Lys'NZ) acceptors,
yeast iso- 1—cytochrorne ¢ contains a total of 197 slde chain hydrogen bonding functionalities. Of '
these, 131 (67%) are observed to participate in hydrogen bonding. Of the 119 hydrogen bonds
formed by side chain atoms, 45 are intramolecular, with the remainder involving solvent molecules
or other _protein molecules in the crystal lattice.

Overall, 90.1% of all main chain and srde chain polar groups form well-defined hydrogen
bond interactions. The saturation of hydrogen bonding potential considering all possible hydrogen
bonding functionahtres is 69.4% (360 of 519). This hrgh degree of hydrogen bonding present in
iso- 1-cytochrome ¢ is typtcal of that found in- other carefully reﬂned protein structures (Baker and
' Hubbard, 1984), and undoubtedly contributes srgmﬁcantly to the stability of the folded state of thls
protein. The lack of fulﬁllment of hydrogen bonding potenual that is present in the
iso— 1—cytochrome ¢ structure is due in most cases (partrcularly for main chain atoms) to the fold

of the protein rendering some potential sites maccessxble to favorable hydrogen bonding interactions.

D. Solvent structure
1. The complement of solvent molecules associated wrth 1so— l-cytochrome c

The volume occupied by one molecule of iso- l—cytochrome ¢ is estimated, by the method
of Connolly (1983), to be 14610 &3, Therefore, ~8130 & of space (35.8% of the total) is left ‘
unoccupied in the asymmetric unit of the crystallographic unit cell. Assuming that this vacaht
space is occupied by water molecules, and that the density of the solvent medium is thus 1.0
g/cm3, one would estimate that ~272 water molecules also occur in the asymmetn'c unit. During
the structural reﬁnement of yeast' iso-1-cytochrome ¢, a total of 116 water molecules and .1 sulfate
ion were identified. - Of these, 6 water molecules occupy sites that are inaccessible to the probe
sphere used to- delimit the envelope enclosing the volume of the protein molecule (four of these

six are buried in the protein interior, whereas two occupy depressions in the protein surface). The
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remaining 110 waters and 1 sulfate ion represent 41% of the theoretical maximum calculated above,
a percentage comparable to that found in other protein structures determined using crystals having
a low solvent content (James and Sielecki, 1983; Blake et al., 1983; Frey et al., 1987; Morize et
al., 1987).

The unique complement of water molecules and sulfate anions associated with -one molecuie
of iso-1-cytochrome c is illustrated in Figure IH.12. The temperature factors of the water
molecules range from 10.1 to 62.2 Kz, with a mean of 37.1 &2 The majority of the water
molecules populate the first solvation layer of the protein molecule: 93% are within 4 & of the
prowein surface, and the overall av_erégé distance from each water molecule to the nearest protein

atom is 3.1 A.

Figure IIL12. Stereo diagram of the solvent molecules associated with a single molecule of
wild-type iso~1~-cytochrome c. Shown are 131 water molecules {crosses) and 3 sulfate anions
(tetrahedrons). The asymmetric unit of the crystallographic unit cell contains only 116 water
molecules and 1 sulfate ion, but an additional 15 water molecules and 2 sulfate ions that are
involved in contacts with two (or more) symmetry-related protein molecules have also been
included in this drawing. The sulfate anions (SUL), and the 9 conserved water molecules between
yeast iso-1-, tuna and rice cytochromes ¢ (see Table IV.6) have been labelled. The course of the
polypeptide chain of the protein is drawn using only main chain atoms (thin lines).
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2 Hydrogen bondmg mteractrons

Solvation of polar protein groups plays an 1mportant role in stabilizing the folded
conformation of a protein molecule (Edsall and McKenzie, 1983; Peters and Peters, 1985). As
: summarized ‘in Table III.ll, .most .of the vcjharacteristics of the ‘hydrogen bonds made between'
protein atoms of iso- 1-cytochrome ¢ and the ordered solyent are typical of those found in other
high resolution protein structures (Baker and Hubbard, 1984). In total, 265 hydrogen honds are
. .made by the 116 water molecules and one sulfate anion (2.>3 per solvent molecule on average).
Of the 116 water molecules, 76 (65.5%) interact drrectly with the protem molecule; through a total
of 134 hydrogen bonds, or 1.76 hydrogen bonds each on average. Of the hydrogen bonds formed,
54% are to main chain atoms of the protein and 46% to side chain atoms. One anomaly ‘in bthe

pattern of hydrogen bonding interactions made by water molecules to yeast iso-1-cytochrome c¢

Table IIL 11 Summary of hydrogen bonds made by water molecules in the structure of wrld—type
. . iso~1-cytochrome ¢ -

Hydrogen .Number of Average Number of atoms involved® Types of side
bonding H bonds distance? .- chains involved .
partner , (X) Protein Water
Main chain N 25 307 (0 24) 25 21 -
Main chain O 46 2.88 (0.22) 37 31 ' -
Side chain N . 29 . 2.89 (0.32) 24 26 . 8Lys, 3Arg, 2His

, ' _ . _ 4Asn, 2Gin B
Side chain O 34 - 2.84 (0.31) 25 28 - 2Thr, 3Ser, 2Tyr, 3Asp,

_ 5Glu, 3Asn, 2Gin
Water molecule . 71  2.76 (0.33) - _ 81 S -

3The standard deviation from the mean is glven in parentheses.

. “bpor each class of hydrogen bonding between water and protein (except for main chain N),
the number of atoms of both water and protein involved will be smalier than the total number of
hydrogen bonds. This is because some water molecules make hydrogen bonds to more than one
protein atom- of a given type, and some protein atoms of each type (except for marn chain N)

~ make hydrogen bonds to more than one water molecule.
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relates to the preference for water molecules to interact -with oxygen, as opposed to nitrogen, atoms

of the protein. For the 13 protein' structures considered by Baker and Hubbard (1984), the ratio

. of hydrogen bonds made to oxygen atoms versus to nitrogen atoms averaged 31 consrdermg marn

cham atoms only, and 2.6:1 overall: The same ratios found for yeast iso-1-cytochrome ¢ are
1.84:1 and 1.49:1, -respectively, This can be accounted for ‘partially by the large nurhber of basic
side chains present in iso~ l—cytochrome ¢ (the ratio of side chain O to N hydrogen bonding sites
¥ is only 1.1:1). However, this does not account for the observed increased partrcrpatron of main
chain amide‘_mtrogens in actmg as donors of hydrogen bonds to water molecules.

Previous structural studies of proteins have shown the associated water molecules are
‘organized into vnetworks (Teeter, 1984; Wright, 1987). If a ‘water network is deﬁned'as a group of
atoms, including at l.east two water molecules, that interact_ with each other*througha continuous
array of hydrogen bonds, most of the water molecuies (73 of 116) associated with yeast
‘ iso— 1—cytochrome c are observed to participate in formlng 11 distinct netyvorks (see- Table 111.12)
_that 'coyer large sectors of the protein surface. On average, eachl of _these networks is anchored to .
~ the ‘prote'in surface by 5 hydrogen bonds. The largest network contains 18 water molecules .and'
forms 14 hydrogen bonds to protein atoms. A further six small netvl/orks contain only w}o water
molecules each an.d make zero to two hydrogen bonds to protein atoms. Overall, only six water
' molecules are neither directly'_hydrogen bonded to the protein,l nor part of hydrogen ‘bonding .
N networks anchored to the protein molecule 4 of these make no contacts with any other atom).
One instance of ‘an ordering of water molecules into a pentagonal cluster (Teeter, 1984) ls
observed, and involves 4 water molecules and the ‘OD1 atom of Asn31

of note is the fairly large number (35, or 30 2%) of water molecules found to make no
hydrogen bonds to other water molecules Drsregardmg the 4 that are completely internal, the
remarnder are of two main classes. The first form only one hydrogen bond to the protein
. molecule, and thus are only loosely held in position“themselves and therefore unlikely to be able
~ to order other solvent molecules around them The second form several hydrogen bonds and are

1nvolved in bridging polar _protem groups. For these water molecules the hydrogen bondmg
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Table m.12. Orgamzatmn of water molecules into networks assoc1ated with
yeast 1so— 1-cytochrome c.

‘Net- Number of water

Water molecules

_ " Protein atoms forming hydrogen bonds

2

work? molecules (and of present
hydrogen bonds
made to protein)
1 6 4) 105 132 ‘158 159 183 Argl3 NHI Lys86 N Lys87 N
. 203 Asp90 OD1 ’
2 2 (1) 106 157 , Gly37'0 '
3 18 (14) 107 113 115 123 126 Lysll O Thrl12 O (2) - Leul5 N
: 128 143 156 165 167 Ginlé N GInlé OEl Lys#27 O
181 186 188 189 198 Gly#45 O (2) = Ser#47 N  Lys#79 NZ
o 210 212 220 Gly83 N Gly84 N Glyg4 O
4 6 (7) . 108 133 174 191 194 Gln#16 NE2 Gly23 N Gly24 O
211 ' Asn3l OD1 (2) Arg3® NH2 Glu44 N
5 5 Q) 109 130 141 187 200 GInd2 O (2) o
6 4 (4) 111 131 163 182 Gly34 O Phe36. O (2) Arg38 N
7 3 QD) 114 116 148 Tyr97 OH o :
8 10 (10) Sul 127 140 149 153 Gly4l O Alad3 O Tyrd6 O (2)
: 164 169 170 185 207 Tyrd8 N Glu#66 O Asn#70 O
o ' ‘ Lys#73 O Lys#73 NZ (2)
9 34 119 195 218 Val20 N Glu2l OE1 =~ Glu2l OE2
B ' B . Lys27 NZ :
10 12 (10) 120 150 161 173 177 Glu-4 O Glu-4 OE2 Glu-4 OE2
: 178 179 202 205 208 Ser65 OG (2) = Glu66 OE1 : '
: v 209 214 - Glu66 OE2 Arg91 NH1 (2) Asn92 OD1
11 22 124 #124 Tmps9 O Trp#59 0.
12 2 (0) 137 190 - o . '
13 3 (3 138 139 219 - AspS0 N ‘Lys#99 NZ Asp50 OD1
14 2 (2 146 193 ' Thrl2 OGl Lys#89 NZ -
.15 2 (0) 151 #151 . -
16 4 (2) 155 175 176 213 Gin42 NE2  Ala#51 N
17 2 217 #217 Asp#90 OD2

Asp90 OD2

. aWater networks have been arbltranly ordered according to the water molecule in each
network having the lowest sequence number. : »

bGroups having numbers preceded by a °#’ belong to an asymmetric unit other than the
one containing the remainder of the water molecules and protein atoms present in the network.

potential is saturated by protein groups, or the protein itself occludes interaction with additional

water molecules.
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A vtrend clearly evident from Table-III.13-is that the water molecules forming the greatest
number of hydrogen bonds have the. smallest mean-square positional displacements, as measured by
observed atomic temperature factors. [It should also be’noted that Sinee occupancy and temperature
factor are hrghly correlated (Edsall and McKenzie, 1983), these results must also be considered to
be consistent with a greater occupancy at solvent sites at whrch there is the potenual for the
formation of a larger number of hydrogen bonds] These data also show that the most tightly
~ bound water molecules are 'those that interact directly with the protein molecule and in' general,
this is partrcularly true when the interactions made are with main chain atoms. This is
characteristic of the solvent structures of many other proteins (Blake et al., 1983; Karnphuls et al., '.
1984). The eight most tightly bound water molecules have an average B—factor of 13.3 _/?r’ (a
value lower than the overall a\?erage B-factor of protein atoms) and form an average of 3.6
hydrogen bonds each to the yeast ‘iso— l—cytochrome c molecule. As illustrated in Figure HI.13,

~ the two water molecules observed to make 4 hydrogen bonds to main chain atoms have a

Table II.13. Temperature factors of water molecules bound to yeast
iso-1~cytochrome ¢ as a function of the number of hydrogen bonds made

Hydrogen bonds made : Average temperature factor of water molecules making the indicated

specifically to: - o - number of such hydrogen bonds (in .X‘)
| | 0 1 ) -3 4 or more

Any atoms (protein 465 415 388 359 278
and solvent) o 4) (29). (37 (27) - (19)
Any protein atom . 44.8 36.1 353 270 16.4
o : : (40) (46) (15) ® (6)
Main chain atoms =~ = 412 335 31.2 238 129
: o @9 ©)] NG 2

Each entry in this table refers to the average temperature factor for the water molecules
making the specified number -of hydrogen bonds to atoms of the type given in the column at the
left. The number of water molecules in each groupmg is grven in parentheses below the average
~ temperature factor entry. :
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Figure II1.13. Stereo diagrams of the local environments of the two water molecules forming four
hydrogen bonds to main chain atoms of iso~1~cytochrome c¢. (Top) Watll0 is positioned within a
loop of the polypeptide chain, and makes hydrogen bonds (dashed lines) to Thrl9 N, Pro25 O,
Lys27 N and Gly29 O. (Bottom) Watl67 sits in a small depression on the protein surface, and
forms hydrogen bonds to Lysll O, Leul5 N, Ginl6 N, Gly#45 O and Watl28. (Residues
belonging to symmetry-related molecules in the crystal lattice are labelled with a #.)

tetrahedral coordination sphere.

3. Internal water molecules

In total, there are 4 water molecules completely buried within the interior of yeast
iso-1-cytochrome ¢. One of these, Watll0, is positioned adjacent to the Hisl8 ligand and forms
the hydrogen bonding interactions illustrated in Figure IIl.13a. The other three internal water

molecules are in close proximity to the heme group. As shown in Figure IIL.11b, Watl66 is
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hyd'rogen: bonded to: atoms Belonging to three buried side chains (Asn52 ND2, Tyr67 OH, and
Thr78 0OGl). Watl2l and Watl68 togetﬁer act as a bridge between the heme propionié acid
oxygen OlA émd the gua_nidinium group of Arg38 (see Figure III.ila). "These water molecﬁles also
forrﬂ hydrogen bonds to other internal mainvchain atomé (His39 O and GInd2 N with Watl2l;
and Asn3l O with Watl68). | | -

4. 'Anion bir>1<Aiing>>site

One well—ordefed solvenf moleculé, which appeared in electron density maps as a iaeak
‘having an unusually large volume and bearing tetrahedrally arranged lobes, and when refined as a -
water molecule had a temperature factor that fell to a value of 2.0 &2, Was modelled as a sulfaté
ion. Al_though an ion undoubtedly lies at this position, its p;ecise identity is somewhat uncerté_in.v
The crystallization solution contained both sulfate and phosphate ions, although the sulfate
concentration was 40 times greater. At pH 6.2,"a phosphate would be expected to exist as H,PO,-
’_ or HPO,*, and thus_ikwould have differeni hydrogen bonding preferences from that of SO,*.
- However, me ‘néture of the hydrogen b_ondé made by the anion in this case does not allow
.distinguishing betwéen sulfate and phosphate based on these consideratidhs; Dunng refinement, the
behavior of the sulfate atoms was reasonable, with no siéniﬁcaht deviations from restraint bond
distances énd with the sulfur: and four okygen atoms all having similar temperéturev factors ranging
from 335 to 35.0 R S . |

“The élecuon density attributed to this éulfate ion and also the residues with "which the -
bsulfate jon forms hydrogen bond interactions are illusuéted in Figure II1.14. The sulfate‘ is located
at the. N—tefminal' end of an a-hélical segment of polypeptide chain (residues 3 td 12}), a common
-. site 'for anion binding (Hol et al A1§85). _Thrée of the oXygén atoms of the suifate are oriented
so as to individually hydrogen bond to Ser2 OG, Ala3 N, and Lys4 N. Iﬁterestingly, -this system
of hydrdgen bonds is identical to those occurring at the N-termini of helices that have key roles
in bindihg sulfate ‘in sulfate~binding protein (Pﬂugrath and Quiocho, 1985) and in binding
phosphate in flavodoxin (W.W. Smith et al., 1977). The sulfate ion in yeast iso-1-cytochrome ¢

| is further held in place by hydrogen .bonds from the side chains of Serd7 and Lys73, residues
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4WAT 164 SWAT 164
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; s ~ ;o .

L i
Figure III.14. Stereo -diagram of the electron density and hydrogen bonding interactions of the
sulfate ion bound to iso-1-cytochrome c¢. Electron density, from a map calculated with coefficients
of the type 2F ~F_, a . belonging to the sulfate ion is represented by the solid wire envelopes.
The hydrogen bon S (tﬁm dashed lines) formed by the sulfate ion are Sul Ol - Ser2 OG, Sul
02 - Ala3 N, Sul O3 - Lys4 N, Sul O3 - Watlé4; and involving adjacent protein molecules, Sul
02 - Lys#73 NZ, Sul 02 - Ser#47 OG and Sul O3 - Lys#73 NZ. Amino acid residues
originating from adjacent molecules in the crvstal lattice have been drawn using thick dashed lines,
and have residue-number labels preceded by a ’#°.

which are from adjacent‘ protein molecules in the crystal lattice.

Cytochrome ¢ has been shown to possess an anion binding site, which when occupied
affects the rate at which cytochrome ¢ carries out electron transfer reactions with both small
molecule redox reagents (e.g. dithionife and ferricyanide) and cytochrome oxidase (reviewed in
Ferguson-Miller et al., 1979; Pettigtew and Moore, 1987). Considering that it is chemical
modification of those lysines located at the front of the cytochrome ¢ molecule that has the
greatest effect on these reactions, electron transfer is thought to occur via the front, exposed edge
of the heme (Ferguson-Miller et al., 1979). Because the site at which the sulfate ion is most
strongly bound in yeast iso-1-cytochrome ¢ occurs near the rear of the molecule (Figure I11.12), it

would seem unlikely that this site would directly influence these electron transfer reactions.
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E. Polypeptide chain mobility and internal cavities

The average B-factors of main chain and side chain atoms of each residue in
iso—-1-cytochrome ¢ are shown in Figure II1.15. The overall average B for all non—-hydrogen '
atoms is 16.5 A2 Refined érystallographic temperature factors can be used as a measure of the
relative flexibility of different regions of a protein molecule (Ringe and Petsko, 1985). For yeast

iso- 1-cytochrome ¢, they clearly demonstrate the dominating influence of the heme group on
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Figure III.15. Average temperature factors of the main chain and side chain atoms of each amino
acid residue in wild-type yeast iso-1-cytochrome c. Values for the polypeptide chain backbone are
represented as (B—=#), and for side chain groups as (3--A). The amino acid sequence of the
protein is shown using the one-letter code above the axis indicating residue numbering. Note that
the average temperature factors for the two N-terminal residues [Thr(-5): 53.6 R? for main chain,
and 54.7 A? for side chain atoms; and Glu(~4) 47.9 A* and 50.8 A?] are not shown. A further
horizontal line defines the average B value (16.5 Xi) of all protein atoms. The average closest
distance to the porphyrin ring (for.-definition, see legend to Table IIL9) of atoms belonging to the
main chain (3—#) and side chain (A--A) of each residue is shown at the top of the Figure,
according to the axis scale at the top right

Ave. dist. (R)
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internal dynamics. | The heme itself is tightly held within the molecule, having an average B-factor
» -of ‘5.3 A2 for the 43 non—hydrogen atoms. The regions of the pol&peptide chain backbone |
observed to have the | greatest rigidity are those involved in forming the heme pocket ‘These
" include the heme—bindlrig segment (Cyslfl-LemS—GlnIG—CysN—HislS),' the right wall of the heme
pocket (residues 28 to 32), the floor of the heme pocket (46 to 49), and the left wall containing
the Met80 ligand (78 to 82) The three a- hehcal regrons containing more than two turns
(residues 3 to 12, 61 to 69 and 88 to 101) also’ have lowered mobrhty, and segments- of these
three ‘helices also form part of the heme pocket. Localized maxima in molecular flexibility occur
at segrrients of the polypeptide chain that are looped away from the heme and occupy surface
positions._' These include the N-terminal reglon at the rear (residues -5 to ~1), a. B—turn at the
right penphery (21 to 25), another ﬁ turn at the bottom rear (36 to 39), the left rear wall of the’
| molecule between two a- hehces (54 to 58), the extreme left periphery (73 to 75), and the
C-terminus of the molecule (residue 103). For several residues, side chain atoms possess lower
B-factors than main chain atoms. These residues either form covalent or coordin'ate‘ ‘bonds to the
heme Y(Cys.l4, HislS' and Met80), or are directed into the interior of | the molecule and form part
of the herne pocket (Leu32, Tyrd6, T)d48, AsnS52, Trp59 and Leu68). Figure IIL15 shows that for
both main chain and side chain atoms of iso~ l—cytochrome c, there-is a strong v_correlation between
’ close posrttomng to the heme group and low observed B-factors.

Other tIends relatmg to the temperature factors of iso- l—cytochrome ¢ are evident. For
side chains of iso~ l—cytochrome c, there is a strong positive correlation between solvent
éccessibility and B-factor. This consideration is also related to proxmuty to the heme group, as
those side chains which are close to this buned morety will have a low. degree of solvent
: accessrbthty. The side chains with the highest B~factors, relatrve to the main chain atoms.of the
same resldue, are all hydrophilic and are directed into the solvent medium. These include Lys4,
Lys5,_ Argl3, Glu2l, Lys22, Gln42, Glud4, Lys54, Glu66, Asn70, Lys86,v Lys87, Lys99 and Lysl00.
In addi_tion,' the greater overallv st:ructural rigidity of the right side (residues 1 to 48, and 91 to the

C-terrrtinus) as compared‘ to the left side (residues 49 to 90) of the molecule is apparent from
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Frgure 111.15. ‘

One further point of note is that the variation of B-factors al‘ongvthe polypeptide chain |
determined for iso-1-cytochrome ¢ at 1.23 A .resohition is very similar to that at a lower
resolution of 2.'8' & (Louie‘et al. i988a). : Th1s indicates. that refinement of B—factcrs gives
meaningful results even when only data of moderate resolution is available. However, at 2.8 R
resoluticn, the overall average B of protein atoms in the yeast iso- l—cytochrcme ¢ structure was
lower, 13.8 A, Temperature factors refined against Xéray data of 'mo_d,erate resolution tend to be
systematically low, due to the absence of the influence of weak, high resolution structure factors
(Ringe and Petsko, 1985), and to the effect of disordered solvent on low angle X-ray scatiering’

_ (Stuart and Phillips, 1986). An additipnal factor is likely the absence of hydrogen atoms in the
28 & model. - |

An assessment of the internal mobility of the yeast iso—- 1—cytochrome ¢ molecule obtamed
crystallographlcally can be compared with that obtained using NMR spectroscopy (Williams, 1988;

' _ Pielak et al., 1988_b; Williams et al., 1985c). Dynamic informationz derived from NMR data

_confirm the lack of atcmic mobilrty in the interior of the cytochrome ¢ molecule. The large .

| chemical shift differences in the CD1 and CD2 methyl groups of those leucine side chains that are
internally positioned are reflected in the well—deﬁned appearance on electron density maps and the
low temperature factors of these side chains. Particularly interesting is the mtlch lo_wer temperature
factoré' for the side chains of arcmaﬁc residues in yeast iso- 1'—cytochrome ¢ observed ‘to have slowv
flip rates (Phel0, Tyrd6, Tyr48, Trp59, Tyr67 and Tyr97; average }factor, 117 K’) as compared
to those for aromatic ﬁngs that undergo .rapid flipping (Phe-3, Phe36, Tyr74 and Phe82; _average
B~factor, 23.5 &2). | o o

Correlated with the observed low mobility of internal' groups in 'yeast"iso— 1-cytochrome c.
is a particularly high' packing efficiency. Of ‘893‘ noh—hydrogen atoms, 307 could be considered to
be part cf vits central core, if this is deﬁned as being within half of the molecular radius (7 K)
from the heme group. In totai these intemai atoms make 640 inter—residue van der Waals

contacts (centre—cem:re dlstance 4.0 K) or on average 2.1 contacts per atom. An assessment of
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the number and size of internal cavities, using the method of Connolly (1983), reveals only one
internal cavity large enough to accommodate a probe sphere 1.4 A& in radius. Groups enclosing
this internal cavity include the non—-polar side chains of Leu32, Met64 and Leu98, as well as the

CHB atom of the heme.

F. ‘Crystal packing

The packing observed in crystals of yeast iso~Il-cytochrome ¢ (see Figure II1.16) can best
be described as an interleaving along the crystallographic ¢ axis of sheets of protein molecules,
with each of the rﬁoleculés centred near (< 5 R from) a 4, screw axis. Each sheet has a
thickness of 1/8 of the ¢ axis and alternate sheets have the cytochrome ¢ molecules close to either
the 4, axis in the middle o{ -the a or the b crystallographic cell edge. Individual molecules make
packing contacts not with oth’e‘r mblécules in the same sheet, but with molecules in shéets above

and below their own: in one direction in ¢, intermolecular contacts are generated by the diagonal

b
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Figure ITIL16. Stereo drawing of the packing of molecules in crystals of yeast iso-1-cytochrome c.
The closest neighboring molecules to the origin molecule (thick lines) are shown. The iron atoms
of each of the heme groups of the molecules shown have been labelled. Overlaid are the
boundaries of the crystallographic unit cell about the origin molecule. In total a portion of four
sheets of molecules, which run parallel to the ab plane, are shown. Only one molecule in the
second sheet (the origin molecule) and in the topmost sheet are presented. For clarity, the
rearmost molecule belonging to the first sheet, and the front most molecule of the third sheet are
not drawn. The origin molecule as pictured interacts with the sheet below through contacts
generated by the diagonal two-fold, and with the sheet above through contacts generated by the 2,
axis parallel to a
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two?fold operation, and _in the other' dlrection, by_the 2, screw axes parallel to a or .. Only a o
small number of contacts is made between molecules related by the 4, screw axis, 'i.e. between
every second sheet of molecules. Therefore, packing parallel to the ¢ axis has the ,appearance of
columns of cytochrome' ¢ molecules stacked very loosely end-to- end, with adjacent columns being
antiparallel and displaced by 1/8 ¢. In total, three symmetry operations are t"ound' to generate all :
packing contacts and Table. III. 14 lists the intermolecular hydrogen bond and van der Waals
contacts formed Two adjacent protem molecules in the crystal lattice are joined by an addtttonal
29 hydrogen bonds formed through direct bndgmg interactions made by 16 water molecules The
high proteln cont_ent of crystals of yeast iso~1-cytochrome c (estimated to be ~64%, see Section
IlI.Dtl) is consistent with the observed relatively tight packing of the protein molecules. The
largest solvent channels present in the crystals are narrow columns‘ that run parallel to the
crystallographic ¢ axis and alongside the loose stacks of cytochrome ¢ molecules described above. :
.Interestingly, the heme plane almost exactly bise_cts the angle between the a and b crystallographic
axes, and is nearly parallel to the c¢ axis (the porphyrin heme plane no‘rmal‘makes an angle of
41.5° with g, and 3.6° with c). .Therefore, with the crystallographic symmetry elements present,
each heme group in the. crystal is either perpendicular to or parallel to every other heme group.'v

| Crystals of yeast iso~ 1—'cytochro_me ¢ have the shape .of a tetragonal .bipyramid, with the
shortest dimension being along the crystallographic ¢ axis (which also corresponds to the longest_
unit cell axis length). The equ.atorialvedges of the bipyramid parallel the nb diagonals of .the unit
cell. Thus, the external morphology of the crystals suggests that the fastest crystal growth occurs
along the ab diagonals, Whlch is in agreement with the tightest intermolecular contacts being made
by molecules -related by the diagonal tWo— fold symmetry operations (Table IIL 14) It is therefore'
temptmg to speculate that crystal formation mvolves ﬁrst, the mteractlon of two ‘molecules of
cytochrome c as a dlmer and then the association of such dlmers to form two—layered sheets.

The slowness of crystal growth in the ¢ dtrectton»would be due to the weaker associations between
sheets whose molecules interact through operat10n of the 2, screw axes parallel to the a and b

crystallographlc axes. -
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- Table IIL.14. Intermolecular packing contacts occurring in crystals of yeast iso-1-cytochrome ¢

- 1. Symmetry element: 4; screw axis

a. 1/2-y, 1/2+x, 1=1/4 ' b. y=1/2, 1/2-x, 1/4+z

Lys-2 CD - Lys79 O A V) vdW Ser47 OG - Sul 02 . 2.88 Hb
Ala-1 O - Lys79 NZ 3.53 Hb .

-Glyl O - Serd7 OG 3.06 Hb

2. Symmetry element: diagonal 2-fold axis

b. y=1, x+1, -z

a. 'y, X, =2 . .

Thr-5 N - Asn56 O 291 Hb Thr8 CG2 - Lys9 O , 3.32 vdW

Thr-5 CG2 - His39 CD2 3.18 . vdW Lys5 CE - Leu9 CDI1 3.59 vdW

His39 NE2 - Glu6l OEl 277 Hb - Thr8 OGl ~ Thr§ OGl - 3.32 vdWw
- His39 NE2 - Glu6l OE2 3.21 Hb Thr§ CG2 - Thr§ CG2 3.32 vdW

Leu58 CD1 - Asp60 CB 3.69 vdW ~ Lys87 CE - Lys87 CE 3.01 vdW

3. Symmetry element: diagonal 2, screw axis

a. y-1, x, -z ‘ ' b. vy, x+1, -z

Lys=2 NZ -~ Lys22 O 355 Hb Lys22 N - Glu88 OF1 = 3.11 Hb
Lys73 NZ - -Sul O4 33 Hb.  ~  His33 CEl - Glu88 OEl © 2,66 vdW
Lys73 NZ - Sul O2 . 319 Hb : : :

Lys86 O - Glul03 CB . 3.26 vdW

Lys87 CA - Glul03 O 349 vdW

Gly88 N - Glul03 OXT 3.04 Hb

4. Symmetry element: 2, screw axis || a

a. 1/2+x, 1/2-y, 1/4-z - - b x=172, 3/2-y, 1/4-z : ‘
GIn42 OF1 - Gly77 N 331 Hb . GInl6 OEl - His26 N ' 3.20 Hb
Glnd2 NE2 - Pro76 O 3.28 Hb - GInl6 NE2 - Gly24 O - 2.50 Hb
- Tyr48 O - Lys73 NZ 292 Hb Lys27 NZ - Glu44 OEl 3.25 Hb

AspS0 OD1 - Asn70 ND2 - 2.94 Hb Lys27 NZ - Glu44 OE2 ’ 347 Hb
Asp50 OD2 - Asn70 ND2 3.37 Hb : : ' ' '
Nes3 €G2 - Tmi72 O 3.39 vdW. R _

- IeS3 CD1 - Lys73 CD - 3.32 vdW Coc 172+4x, 3/2-y, 1/4-2 :

- Lys54 NZ - Asn70 OD1 = 3.34 Hb : Pro25 CB - Ala8l O -3.25 vdW

Lys54 NZ - Gly83 O ~ 220 Hb Pro25 CG - Ala8l O 3.29 vdwW

The symineﬁy operations listed are those which when applied to the origin molecule
generate ‘the. symmetry equivalent neighboring molecule. Following each contact is the length -
- (in K) of the interaction, and whether .a hydrogen bond (Hb) or van der Waals contact (vdW) is
- made. ' , ' S : :
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Yeast iso-,l-cy‘to.chrome cvis known to dimerizev in solution (Bryant. et al., 1985), through -
the formation of an intermolecular disulfide bond inuoluin_g Cys102. Since it was considered likely
that the strongest ‘intermolecular interactions occurring during the process of crystal nucleation |
in\rolved two iso-1-cytochrome ¢ molecules associating as a dimer, it was of interest to 'determine
if these dimer interactions could promote the covalent dimerization of iso-1-cytochrome ¢, or if
this process could actually occur wrthm dimers present in crystals of this proteln As shown in
Table 11114, d1mer contacts made by a pair of iso~1-cytochrome ¢ molecules in the crystal lattice
are of two types. Those generated by the symmetry operation (y-1, x+l, z) involve the .

_ antiparallel association .of ‘the N-terminal helices of two adjacent molecules, whereas those
generated by (v, x, —2) involve the packing of the rear, lower left of two rnolecules. However,

.neither .dimer interaction observed in 'th_e crystal lattice of yeast cytochrome ¢ appears to be relat.ed‘

.to the interaction between two iso- 1-cytochrome ¢ molecules 'whieh would be required for

. mtermolecular drsulﬂde bond formation to occur; two Cysl02 res1dues of d1mer—assoc1ated

molecules are no closer than 17 K in both forms of dimers.

G. Distinctive features of the yeast iso—1-cytochrome ¢ molecule -
In this section, several distinctive features of the yeast iso-1-cytochrome ¢ molecule are

described, in terms of their. structures and their intramolecular interactions formed.

1. N-terminus

Typlcal of fungal cytochromes ¢, yeast iso— 1-cytochrome ¢ has an extension, 5 aminov acid
residues in length, at its N—'terminus Residues -4 10 -1 have o, nl/ values characteristic of an' .
extended conformation (Schulz and Schirmer, 1979). Glyl, the residue precedmg the start of the
N-terminal a hel1x adopts an unusual conformation (¢ = -132°, t[/ = -146°; acces51ble only to
: glyeine residues), causing the polypeptide chain to undergo a bend at this position. Thus, the
N—tenninal vsegment in yeast iso~ l—cytochrome ¢ is projected parallel to .the rear surface of the
. molecule (see Figure 'III.»S), malcing feuv interactions with the Abody of the molecule. .‘ The most '

prominent contacts are made by the side chain of Phe(% 3),' which occupies a small, Surface pocket
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formed by m}e atoms Glu6l CG and CD, Asn92 CA, and T1e95 CB and CG2. The lack of
inttamolecular inte_ractions formed by the N-terminal segrhent is reflected in the high teniperature.
- factors of iesidues '-5 to -1 (see Figure IIL1S). | | |
Cytochrome ¢ can be reversxbly unfolded by a varlety of treatments (extIemes in pH, heat,
* the presence of urea or guanidine hydrochloride) (Salgo et al., 1986; Bryant et al 1985)

Comparative studies on the denaturation of homologous cytochromes ¢ have shown that there is a
good correlation betWeen the relative suSceptibilities of at giveri cytochrome ¢ to each den'aturantv
(Osheroff et al., 1980; Salgo et al., 1986; Bryant et al 1985). The high 'ﬂexibility of the
N—terrmnal extensmn m yeast iso— l—cytochrome ¢, and thus presumably the ease with Wthh this
‘region can be unfolded, may contribute to the lower stability under denatunng conditions of -
“cytochromes ¢ p_ossessing this extension (Saigo, 1986; Margoliash and ‘Schej'ter, 1966; Ochi et al.,
1983).. An intere‘sting. point ‘relating to the unfc)ld'int-c,7 of cytochrome c is the specific stabilizing

effect of certain anions (e g. phosphate) (Oshereff et al., 1980) In yeast iso- 1—cytochrome c, the

, occupation of the amon binding site- (see Section I1L.D.4 and Figure III 14) may a factor in

stabilizing the folded state of the N-terminal region of the molecule.

2. Arginine 13

In-all knewn primary - sequences of eukaryoticb cytdchrofnes 2 'the side chain of residue 13
ie besic.  This residue 'hds ) heen propesed to play a role in etabilizing the heme crevice 'through |
forining a salt bridge to the acidic side chain (ueually glutamic ecid) of residue 90 on the opt)osite ‘
side of the crevice (Osheroff et al., 1980). In yeast ise- 1-cytochrome ¢, despite the occimence of
“an apparently compensatmg substitution of an aspartate at position. 90, Wthh could serve to
maintain an appropriate distance between the two groups involved in the ionic interaction (Osheroff g
et al., 1980), a salt bridge is not formed. Apparently, because the aspartate side chain is branched
__at the CG atom, it is prevented from adopting a 'conf_ormatitm directing it toward the side chein _
of Argl3 by steric conflicts with the intervening - Leu9 and Leus8s. Alnstead, the Argl3 side chainA is |
,directed more into the solvent medium; the guanidinium grdup is pdsitioned directly above' the side

'chain of Phe82, and forms hydrogen bonds toi a number of water molecules. The absence of .an
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intramolecular salt bridge between rc_sidnes 13 and 90 may bc an. additional factor in the increased
susceptibility of -yeast iso-1-cytochrome ¢ to alkaline iéomerization and denaturation by guanidine'
hydrochloride (Saigo, 1986; Osheroff et al., 1980). Based on the structure .of yeast |
“iso~1-cytochrome ¢, two other roles ‘for residue 13 can be suggested. These are the occlusion, by .
the. aliphatic portion of tIie side chain, _of solvent from the top of the heme crevice, coupiccl with
the participation of the positively charged side chain group in' interinolecular interactions with redox
partners (Poulos and Finz.el, 1984; Ferguson-jMiller et al., 1978). Notably, ‘ooth Falk er al. (1981)

and Satterlee et al. (198_7) have previously observed from NMR studies that residue 13 inﬂuenceé-

~ the character of the heme environment of cytochrome c.

3. e-N- Trimeihyl lysine 72

The cytochromes ¢ of fungi and plants are tri-methylated at the epcilon nitrogen of lysine
72 (Paik et al., 1989). This residue is specifically-modified by the enzyme S-adenosylmethionine:
protein—lysine N—méthyltransferacc (DiMaria et al 1979). Various roles, generally relating to
. inVolv’ement in forming intefmolecular inteiacﬁons, have been proposed for the tli—mvethylated
.lysine' residue. Polastro éi al. (1978) have shown that the methylated iso~ i-,cytochrome ¢ species
binds  more tightly to mitochondria than cloes the unmethylatcd species, pdssibly throngh an
increased affinity for thochrome ¢ oxidase (Holzschu et aAl.,‘ 1987). Farooqui et ’al."(1981) havc
found thai'methylated iso- l—cytochrome' cis degradcd intracellularly at a decreaced rate, li_kcly as
a result of the indirect protection from proteolytic attack effected by increased binding to‘
miiochondiia. Methylation of lysine 72 has been vsuggested to be required for transport of newly
) synthesized cytochrome ¢ from the cytoplasm to the inner fnitochondrial membrane (DiMaria et al.,
1979; Paik et dl., 1980). Finally, the presence of Tmi72 has been shown to result in an increased
.binding afﬁnity‘ of iso— 1—cytochroine ¢ for 'cytochrome b, (Holischu et al., 1987). De'spite-thvese'
| _ ﬁndings, Holzschu et al (1987) have shown that replacement of Tmi72 by an arginine residue has
only. minor- effects on the propertiés of yéast iso—-1-cytochrome c. Thus the functional signiﬁcance

_ of trimethylation of the 'lysine at position 72 is not yet firmly established.
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The electron density and environment of Tmi72 in yeast iso~1-cytochrome ¢ is shown in
Figure II1.17. The side chain of Tml72 has essentially a fully extended conformation, and projects
directly toward the front of the molecule. The bulky and aliphatic trimethylated amine is
"positioned at the front face of iso-1-cytochrome ¢, and has one of its methyl groups packed
against Ala8l. Relative to other lysine side chains in iso—1-cytochrome ¢, the side chain of
Tml72 is fairly rigidly p_ositioned (average B-factor 20.7 R’), despite forming only the single
intramolecular interaction.

The structural determination of yeast iso~1-cytochrome ¢ coupled with other functional
studies indiéte two possible roles for trimethylation of lysine 72. First, the aliphatic portion of
the side chain of Tml72, in occupying a position adjacent to the Met80 ligand, may contribute to
maintaining the integrity of the heme poék'et. This would be consistent with the lowered stability
of a variant iso-1-cytochrome ¢ in which _t_l_imethyllysine 72 is replaéed b§ an arginine (Holzschu
et al., 1987). The less hydrophobic side chain of the latter residue would be unlikely to pack

against residue 81 or to adopt the same rigid conformation observed for Tml72. Secondly, the

Figure ITL.17. Stereo diagram of the local environment of Tml72 in yeast iso-1-cytochrome c.
Representative electron density (dashed line envelopes) in this region of the molecule is shown
from a 2F,-F. a. map. The direction of view is from the top of the molecule. The quaternary
ammonium group of Tml72 occurs at the front face of the iso-1-cytochrome ¢ molecule, which is
located at the lower edge of this diagram.
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trimethylated amine group may provide a hydrophobic patéh for interaction with othér prppeins.
-Holzschu et al. .(1'987) have shown that the Arg72 variant of iso~ 1-cytochrome' ¢ has an ~4-fold .
higher Km for binding' to cytochrome b,. Additional evidencé- is pfovided by NMR studies of ﬁle
interaction betwe'en‘ cytochrome b .and cytochrome ¢ from the yeast .Ca‘ndida kruséi, which_ ‘sthv h
that the linewidth of the trimethyl group of Tml72 is considerably broadened upon bimolecular
vcomplexau'on (Eley and AMdore, 1983). The indicated deqrease in mobility of Tml72. suggests that
this residue forms paft of the protein—protein iﬁterface. The hydrophobic pat'ch‘ alsé appears to be
conserved in rice and tuna cytochréme_s c. in rice cytbchrdme ¢, the conformation of Tml72 is -
similar to that in yeast; and in tuna cytochrorhe ¢, Lys72 is not methylated, but the occurrence of
an isoleucine at position 81 (Ala in yéast, Val in rice) places a hydrophobic group at the =
‘corresponding spaﬁal position. From an analysis of the i)rimary sequences of eukaryotic‘
c.ytochrom’es ¢, it is notable that whereas plant and. fungal cytochromes ¢ have a small_side chain
(Val or Ala) at r'esidue_él, animal cytochrémes ¢, which are not methylated, have a conserved_ -.
isoleucine Lres_idue at this position.  In ’addiﬁdn, amino acid replacemems»(byv Ala and Val) at

. position 81 of .h.orse. cytochrome ¢, generated using serﬁi;synthesis; have been shown to affect the
binding affinity of the variant bfoteins td cytochrome ¢ oxidase (Boots and Tesser, 1>987; see Table

12).

4. Cysteine 102

In th_é strﬁcturé of yéast iso— l-cytoch;omé c, CyleZ is positioned on the inward-facing

side of the C-terminal _a-helix. The sulfthydryl group of Cysl02 is inaccessible to solvent, and

occupies a predominantly hydrophobic pocket formed by the sicie_chains qf Va}20, Leu32, lie3s, - |
Phe36 and Leu98. The X1 torsion angle of -55° places the SG ator_h in a position where it can
potentially form é hydrogen bond to the carbbnyl :group of Leu98 or Leu32 (see Figure III.18).V

Because the side chain of Cysl102 is nbnhally directed_into the interiof of the molecule,
covalent dimerizati_oﬁ of iso~1-cytochrome ¢ Via_ intermolecﬁlar disulfide _bond formation (Bryant et
al., 1985) would require at least a partial unfolding of the C—térrninal h'elices“of the two molecules

involved. Since the C-terminal helix is an important structural component of the heme pocket, . -
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Figure IIL18. Stereo diagram of the local environment of Cysl02 in yeast iso-1-cytochrome c.
Representative electron density (dashed line envelopes) in this region of the molecule is shown
from a 2F ~F_ a. map. Cysl02 occurs in the C-terminal a-helix, which is partially shown
oriented vernmlly at the left of the diagram. The internal face of this helix faces the right in this

diagram. Possible hydrogen bonds mvolvmg the sulhydryl group of Cy5102 are indicated as thick
dashed lmes

dimerization would be expected to déstai)ilize the overall fold of the protein. These cox-isideraﬁons‘
are thus consistent with experiments which show that dimerization increéses the susceptibility of
iso;-l-cytocl.uome c to the followihg: denaturation by heat, gﬁanidine ‘hydrochlon'de, urea, and acid
(Bryaht et al., 1985); alkaline isomerization, and imidazole ahd azide binding to the heme iron
(Sa_igo, 1986); and digestion by proteases (Motonaga et al., 1965). From measurements of the
same susceptibilities, Bryant et al. (1985) and Motonaga et al. (1965) have founq that reaction of
Cysl02 with iodoacetate or thiosulfite also causes destabilization of iso-1-cytochrome c¢. Inspection
of the structure of yeast iso-1-cytochrome c indicates that the pocket occupied by the SG atom of
Cysl02 is not large enough to accommodate many additional atoms, and thus derivitization of the
suifhydryl group with bulky substituents would likely perturb the native conformation of (at least)
this region of the molecule. It is also ‘notable that Moench and Satterlee (1989) have shown using
NMR techniques that both dimerization and modification with 5,5°-dithiobis(2-nitrobenzoate) cause
significant structural changes in the iso-1-cytochrome ¢ molecule, which in turn perturb the heme

environment.
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H. Amino acid residues at which site-specific replacements have been made

Much of this dissertation describes structural studies on variant iso—1-cytochromes ¢ in
which the naturally occurring amino acid residues (Phe82, Arg38 and Cysl02) have been
specifically replaced. This section details the conformations and local environments of Phe82 ~and

Arg38. Cysl02 was discussed above,

1. Phenylalanine 82

Phe82 is part of the fairly extended 80’s region of polypeptide chain which sweeps across
the upper left face of the heme group. The side chain of Phe82 adopts a nearly ideal
conformati;m, with torsion angles X1 = 172° and X2 = -104°. The pheny] ring is packed -
against the heme group, and occupies a hydrophobic pocket that is located just below the surface
of the protein mole_cule (Figure I11.19). This pocket is formed by the upper edge of the heme
group, the side chains of Lci'l68,;Pro71,‘ Met80 and Leu85, and the backbone of residues 83 and

84. The plane of the phenyl ring is nearly parallel to that of the heme group. The interplanar

Figure I1L.19. Stereo diagram of the local environment of Phe82 in yeast iso-1-cytochrome c.
Representative electron density (dashed line envelopes) in this region of the molecule is shown
from a 2F-F. a. map. The direction of view is from the upper front of the molecule.
Indicated as thick dashed lines are hvdrogen bonds between Watl72 and the main chain amide
nitrogen of residue 72 and the carbonyl groups of Phe82 and Gly83.
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: distance and angle are ~5 & and ~23‘°',. respectively.. Vau der Weals contacts that are forxued by
- the phenylvring within the hydrophobic pocket (CEl - Gly84 CA: 3.4 R; Ccz - Hem CBB:
33 R) likely promote the parallelism of the phenyl and heme grOups. It is notable that it is the
extended"confonnation of residues 83 and 84, in which the invariant Gilyg4 adopts a conformation
inaccessible to residues having a side chain, whiclr permits the close packing interactions made by
" the left face of the -phenyl ring.. The packing_of the side chain of Phe82_ adjacent and
E approximetely parallel to the heme group is consistent with the proposed _interaction of the
w-electron systems of 'these two groups (Pielak et al., 1986; Poulos and Kraut, 1981). '
A notable feature of the local env_ironment of the sid'ev‘chain of Phe82 is the absolute

, exclusion of polar groups. The pheuyl ring itself is positioned to occlude the access of solvent to
the heme crevice. . The orientation of ‘the peptide bond planes in the adjacent segment of
polypepude chain backbone (resrdues 81 through 84) is such that the carbonyl groups are drrected_
away from the heme group. . Thus, Phe82 clearly plays a structural role in mamtarmng the

non-polarity of the upper 1eft portion of the heme pocket.

2. Arginine 38.

| Arg38 occurs in a ﬂcxiblc, external loop positioned at the rear right of the floor of the
heme pocket. Its side chain adopts .a. fairly extended conformation, such that the guanidinium
group océupies a position where it can interact with the buried propionic acid group of heme
pyrrole ring A. This interaction is mediated by two internal water molecules,. which form bri.dging
hydrogeu bonds betWeen the NH1 and NE atoms of Arg38, and the OlA atom of the propionic
acid (see Figure IIL20). The position of the guénidinium group is furrher fixed by hydrogen
bonds between both the NHI1 and NH2 atoms and the carbonyl group of His33. '.On the solvent.v
‘exposed edge of the guanidinium group, NH2 forms' a qumgeh bond to an external water
~ molecule (Wat108)._ The exteusive network of hydrogen bonds formed by this guanidinium group
prompted Wallace to suggest that .the function of Arg38 is to stabilize the conformation of the

bottom loop of the protein molecule (sec Table L2 and references listed therein).
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Figure ITL20. Stereo diagram of the local environment of Arg38 in yeast iso-1-cytochrome c.
Representative electron density (dashed line envelopes) in this region of the molecule has been
shown from a 2F,~F_ a. map. The direction of view is from the solvent medium and toward
the Hisl8 face of the heme group. ‘The hydrogen bonding network involving the guanidinium

group of Arg38 and the internal water molecules Watl2]l and Watl68 is represented as thick
dashed lines. . :
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IV. STRUCTURAL COMPARISON OF YEAST ISO-1-, TUNA AND RICE CYTOCHROMES ¢

The availabiiity of well-refined strnctures for yeast‘ iso-1-, tuna and rice. cytochromes ¢
permits a comparison of the structnral features of three members of the cytochrome ic family
which have ~40% amino sequence divergence, and which'A .have been determined by independent |
workers, in different crystal space groups. Key details of .the structure determinations of these
: cytochromes ¢ are hsted in Table IV. 1 An amino acid sequence alignment of these three proteins
- is shown in Figure IV 1 The numbers of amino acid sequence 1dentmes between pairs. of these

three c_ytochromes ¢ are presented in Table IV.2.

Table IV.1. Details of the structui‘e' determinations of the various cytochromes c¢

- Property : , -~ Yeast Tuna Tuna ‘Rice
- iso—1- (reduced) (oxidized)

: -Space group - ' P4,2,2 P2,2,2 . P4, "P6,
No. of molecules per asymmetnc unit : 1 - 1 2 1
"Unit cell dimensions (A) , ' : : , v o -

a ‘ ' 3646 - 37.33 74.42 43.78
b o 36.46 87.10 74.42 43.78
c o 136.86 34.44 36.30 110.05
Resolution (8) 1.23 1.50 1.80 | 1.5%

- No. of reflections -~ ‘ 12513 - 13840 16831

- Method of refinement?” - HK JL - IL HK.
R~ factor 0.192 0.173 . 0.208 0.200
Estimated coordinate accuracy (K) 0.18 0.15 0.20 ns.
R.m.s. deviations from ideal

stereochemistry® : ' '
bond distances (/?x) 0.026 0.020 0.021 0.018
‘angle distances (X.) ~0.050 0.048 0.036 0.040
w torsion angles (*) 3.6 : 7.1 44 3.6

No. of solvent molecules - 1T - 53 49 46

A K.: stereochemically restrained 1east—squares (Hendrickson and Konnert, 1981).
J.L.: simultaneous energy minimization and reciprocal space refinement (Jack and Levitt, 1978).
,' bys: not specified by briginal authors.

" CAll deviations from ideality are with respect to the dxcnonary of ideal distances used in
the refinement of yeast iso- 1—cytochrome c. '
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Table IV.2. Matrix of structural equivalence and amino acid sequence identity for yeast iso—-1-,
tuna and rice cytochromes ¢

Yeast iso—-1- Tuna Tuna Rice
(reduced) (oxidized)
Yeast iso-1- 108 66 (64%) 66 (64%) 64 (59%)
Tuna (reduced) 0.54 103 103 (100%) 65 (63%)
Tuna (oxidized) 0.55 042 103 i 65 (63%)

Rice (oxidized) =~ 0.51 062 0.59 111

The number of amino acid residues in each protein is given along the diagonal of the
matrix. The upper triangular portion of the matrix indicates the number of identical residues found
in common between each pair of proteins, as aligned in Figure IV.l. The number of identical
residues as a percentage of the total number-in the smaller protein is given in parentheses.

The lower triangular portion of the matrix indicates for each pair of proteins, the overall
r.ms. deviation (in X) in the positions of corresponding main chain atoms of residues 1 to 103.
Values for oxidized tuna cytochrome c¢ are averages for the inner and outer molecules in the
crystallographic asymmetric unit.

10 15 20 25 30

] -8-7-6-5-4-3-2-1 1 5

Yeast iso-1 TEF KA|G|S A KK ATLIFIK T RICILIQ CH T V|E K|G|G PJH K|VIG P N L

Tuna Glo V A K K K TIF|V Q KICJAJQ C H T V|E NIGJG K|H K|jVIG P N L

Rice ASFSEAPPIGINP KA E K IIFIK T KICIAJO CH T VID K|G|A G|H K{QJG P N L
as 40 45 S0 55 60 65 70

. Yeast iso-1 H I|F G RIH S QAEIGY SY|TD NIKKNVL DENNMSE|Y LITIN PJJ

Tuna w LIF G RIK T QAE|IGY S YITD NKSKGIV NNDTLME|Y LIEIN PIK

Rice N LIF G R|Q S TTP|IGY S YI|ST ODKNMAVI EENTLYDIY LILIN PlJ
75 80 85 S0 95 100

Yeast iso-1 KYI1IPGTKMAIF|G|G]IL K EKD NJD LI T]Y L K|K CE

Tuna KYIPGTKMIIFIA]GIT K K G E QiD L]V A}Y L K|S TS

Rice KYIPGTKMVIFIPIG|IL J P QE AID LI S|Y L K]E TS

Figure IV.1. Primary sequence alignment of yeast iso-1-, tuna and rice cytochromes ¢. The amino
acid sequences of yeast iso-1- (Smith et al., 1979), tuna (Kreil, 1963, 1965), and rice (Mori and
Morita, 1980) cytochromes ¢ are shown aligned so as to maximize the sequence homology. Amino
acid residues which occur identically in all three protein sequences are enclosed by boxes.
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A. Overall structural conservation

1. Polypeptide backbone conformation

A comparison of the polypeptide backbone conformation of yeast iso-1-cytochrome ¢ with
those of tuna and rice cytochromes ¢, in terms of the average positional differences between main
chain atoms of corresponding residues, is shown in Figure IV.2. Also, summarized in Table IV.2
are the overall r.m.s. differences in positions of common mam chain atoms between individual pairs
of cytochromes ¢. These data indicate that amongst these cytochromes ¢, there is a high degree
of structural similarity. The overall main chain r.m.s. deviation betweeﬁ individual determinations

of tuna ferricytochrome ¢ (0.27 X; Takano and Dickerson, 1981b) provides a bascline against which
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Figure IV.2. Comparison of the polypeptide backbone conformations of yeast iso~1-, tuna and rice
cytochromes c¢. The plotted lines indicate the average deviations observed between the positions of
main chain atoms in corresponding residues of yeast and tuna (#—=#), and yeast and rice (A--4A)
cytochromes c¢. Differences in the positions of residues =5 to —1 in yeast and rice cytochromes ¢ -
exceed 3 A, and have been illustrated on the separate, inset scale. ’
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the magnitude of differences between other pairs of cytochromes ¢ can be assessed. Comparison
of different species of cytochromes c¢ yields values which are not greatly larger. The similarity in
overall folding of yeast iso-1-, tuna and rice cytochromes ¢ is also evident from a comparison- of
main chein dihedral torsion angles. Disregarding those phi and psi values affected by large
localized differences in conformation (as discussed below), the overall r.m.s. difference between
corresponding phi and psi angles are 9.9° and 9.4° respectively, between yeast and tuna, and
10.2° and 9.3° between yeast and rice cytochromes c.

Comparisons of several members of a single protein family (e.g. the serine proteases and
the globins) 'have established that tertiary structure can be highly conserved despite the presence of
only moderate amiﬁo acid sequence homology (Creighton, 1984). This is clearly the case for. yeast
'is041-, tuna and rice cytochromes c¢. For these three proteins, this result is particularly
uﬁéurprising, since residues whose side chains are directed into the solvent medium account for the

vast majority of sites at which variability in amino acid sequence occurs (Figure IV.3). Amino

Figure IV.3. Stereo drawing showing the sites of variability in amino acid identity between yeast
iso-1-, tuna and rice cytochromes c¢. The positions of the CB side chain carbons are shown for
those amino acid residues whose identities vary between the three cytochromes c¢. This figure
serves to indicate the orientation of the variant side chains with respect to the polypeptide
backbone of the cytochrome ¢ molecule, which is represented here as an a-carbon backbone.
Internally directed variant side chains that cause conformational differences between the three
proteins (see text for discussion) have been labelled.
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A --acid substitutions’ \&hich reSult in substahtial- di_fféreﬁces in polypeptide chain conformation are v
described in Section IV.BY.‘ |

Chothia and Lesk (1985) h_ave determined that six regions Qf the ‘cytochrofne "¢ molecule
have an 'equivalent folding pattern in tuna cytochfome ¢, R. rubrum cytochrome c,, P. denitrificans
cytochrofné cgso, and P. aeruginosa cytochrome cm'.. These six segments of polypeptide éhain
(residues‘, 5t 11, 14 to '20, 27 to 33, .60 to 71, and 90 t6 101) form the core structure of thé
cytochromes ¢, and all are involved in creé’ting the heme pocket. It is not}lblé that Between yeast -
iso—-1-, tuna and -rice cytochromes ¢, the same six regions consﬁfufe the fnost spatiallyi conserved
segments. of main chain (see Figure IV.2); In contrast, those regioﬁs of the polypeptidé chain
looped away from the heme group ac'countv.for the majority of vin.stances' of localized conformational

differences betvs./eenv the three proteins (see Figures HIL.15 and IV.2).

. 2. Side chain conformations
Between yeast iso-1-, tuna and rice cytochromes c, the agreement between side chain
dihedral la'ngles’-of corrés_pdnding tesidues is also very high. Table IV.3 shows a compari’sbn of

side chain conformations in these three cytochromes c, in terms of both the overall average

- differences in X values and the distribution of difference values, for several subgroups of side

‘c_hains‘. Between corresponding residues of Both yeast iso-1- and tuné, and yeast _iso— 1- and rice
.cyvtochro.mes ¢, approximately 70% of all cémparéble side chain dihed‘ra-lb angles are equivalént [two |
side chain dihedral angies are considered. équivalent if they differ by less .than 40° (Summers et
al., 1987; Kamphuis et al., 1985)]. Thé_re'sults for the correspondence of comj)arable X1 angles
'éhown in Table IV.3 can be directly compared with tesults compiled by Summers et al. (1987) in

~ their analysis of “seven pa_iré of protei_ns haﬁng various degrees of ainino acid sequence horhology. -
Thé fairly high sequence homoloéy between these three cy'tochrom:es‘ c, about. 60% amino acid
identity ’bet_ween yeast iso~-1- and both tuna and rice cytd_chromes ¢, gives rise to jusf over 70% _
equivalence in X1 angles, which agrees well with the data presented in Table 5 of Summers et
al. (1987). Although the dvérall mean valugs' for ahgular déviations presénted in Table IV.3

obscure the details of differences in the orientations of i_ndividual side chains, they also point out
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Table 1V. 3 Companson of side chain torsion angles in yeast iso~1-cytochrome c¢ w1th those found

in the tuna (T) and rice (R) proteins

Number of angles

Side chain Protein Mean
_ dihedral and no. . angular
angles’ of deviation? Total Having deviations?
considered residues )
' ' ’ 0-10 10-20 20-30 -30-40 >40°
a) All T 103 37.4 155 66 28 6 T 48
comparable® : - 0.43 0.18 0.04 0.05 0.31
' - R 103 36.9 159 48 4 16 9 46
‘ 0.30 0.25 0.10 0.06 0.29
b) Comparable® T70 37.6 70 36 8 o2 -3 21
X1 ' 0.51 0.11 0.03 0.04 0.30
R 72 33.2 72 32 15 6 ~2 17
0.44 0.21 008 003 0.24
c) Identical T 62 - 29.2 119 60 25 4 3 27
residues : o 0.50 0.21 0.03 0.03 0.23
R 60 30.7 . 118 41 34 9 7 27
: ' 0.35 0.29 0.08 0.06 0.23
d) Conserved T 49 238 89 - 50 119 2 3 15
~ residues ' o o 056 0.21 002 -~ 003 0.17
in all R 49 28.9 89 34 29 6 2 18
threed 0.38 0.33 0.07 0.02 0.20
_e) Invariant T 21 19.7 45 26 11 1 1 6
residues in A 0.58 - 0.24 0.02. 0.02 0.13
eukaryotic R 21 25.3 45 17 14 5 1 8
cyt. ¢© : 038 031 01l - 002 - 018
f) Residues . T 18 9.1 35 28 -5 0 0 2
that form _ - 0.78 0.17 00 . 00 0.06
heme " R 18 17.3 35 18 11 -2 0 4
pocket : 0.50 0.33 0.06 0.0 0.11

AThis value refers to the mean of the absolute values of the individual angular deviations.

bListed_ on the second line is the proportion of angles having deviations in each range.

CIndividual Xn (n=1,2,3,4 or 5) torsion angles in two given side chains were -considered
comparable if an equivalent pattern of branchmg is present beyond the third atom defining the

torsion angle (e.g. Lysxl £ Valxl Lysx2 # AspX2; but Aspxz

PheX 2).

d1dentical re51dues between yeast and tuna, or yeast and rice cytochromes ¢ are those for
which the amino acid residue present in the tuna or rice sequence is the same as that found at
the corresponding position in the yeast sequence. The conserved residues in these -three proteins
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" Table IV.3 (continued) '
have the same 1dentity in the sequences of all of yeast 1so— 1-, tuna and rice cytochromes c (see
Flgure IV. 1) .

©The invariant tesidues in the primary structures of eukaryotic cytochrome ¢ are listed in
Table L1. , _

the high degree of similarity in nositioning of side chains.. Considering all pairs of comparable
side chain torsion angles between both yeast iso~1- and tuna and yeast 1so— 1— and rice
cytochromes ¢, the overall average difference in conformau_on is approxrmately 37°.

As was the case in the four pairs of related proteins having greater than 40% sequence
homology consideredv by Summers et al. (1987), in yeast iso-1-, tuna and rice cytochromes .¢ the
" side chains of residues whose identities show conservatism in the primary structure have a
particularly h_igh degree .of conservation of conformation. Both the overall average deviations in
side ‘chain‘ torsion angles, and the propt)rtions of side chain angles showing only a small .difference
in cnnforrnation (Table IY.3)_ demonstrate that amino acid residues whose identities are the sarne in
" all three cytochromes ¢ have more similar side chain conformations than those .whose identities are
the same in just'yeast iso— 1- and one of tuna or tice cytochrome ¢. Likewise, those residues
which are invariant in the eukaryotic cytdchrnmes ¢ possess the greatest degree of conservation of
side chain conformation. For these invariant residues (Arg38, Lys73 and Arg9l are"excluded; see
discussion below) the largest individual difference in the value of a side chain torsion angle is 'only
20°. | |

As Figure IV.4 illustrates, the heme groups of all three cytochromes c have very similar

cenformations, with comparable degrees of distortion from planarity, ‘and essentially identical

conformations of both propionic acid and vinyl side groups. Amino acid residues that interact
closely with the heme greup ‘are highly conserved (18 of 23 are identical) and ‘vals‘o display a high
~ degree of structural conservation. Cdnsidering 31 side chain torsion angles in these 18 i_dentical
residues (these of Arg38 in all molecules, and of Leu94 in rice cytochrome c¢ are excluded), the

largest torsion angle difference that occurs between yeast iso-1-,. and both rice and tuna
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Figure IV.4. Conformations of the heme groups and of the side chains of conserved residues in
the heme pockets of yeast iso-1- (thick lines), tuna (medium lines) and rice (thin lines)
‘cytochromes ¢. Distinctly different conformations are observed only for Arg38 (all three proteins)
and Leu9%4 (rice cytochrome c).

cytochromes ¢ is only 17° (Table I1V.3). Thus oonservau:on of bothb the identity and oon_formation'
Qf side chains in the heme pbcket, coupled with the similarity in folding of the polypeptide chain
in the vicinity of the heme group v»(see discussion above), results in .nearly identical heme
environments in these three cytochromes ¢. Shellnut er al. (1981, 1979) have shown that the
near-heme residues stongly influence the electronic distribution within the w-orbitals of the heme
group. Thus it is likely that the highly conserved packing of protein groups within the heme

crevice is an important determinant of the functional properties of the heme in cytochrome c.

3. Intramolecular hydrogen bonding ‘

As would be expected froﬁ the strong similarity in b_oth main chain and side chéin
conformations of yeast iso—1-, tuna and rice cytochromes c, intramolecular hydrogen bonding
interactions are also-highly conserved between these proteins. Among the three cytochromes c, the
only deviau‘ons in the pattern of main chain hydrogen bonding from that occurring in the yeast
protein (see Table IIL.10) are listed in Table IV.4. The most notable differences arise from unique

conformations adopted by the polypeptide chain of tuna cytochrome ¢ (more fully detailed in
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Table IV 4. Differences between yeast iso-1-, tuna and rice cytochromes ¢ in main cham hydrogen
bonding :

Hydrogen bond ‘ - Species of o ' AOccurrence
o cytochrome ¢

290 © wma _ absent

2T N -
28 N - 17 O tuna : present
40N-570 A o tuna absent
33 N-500 ‘ Tice . . present
55 N-51.0 ' rice - absent
55N-520 rice present
56 N - 530 ' , Tice present
66 N - 620 ' .tuna,rice - present
69 N- 650 ' ~ tuna,rice absent
74 N-710 ~ rice ' present
100 N - 96 O rice absent
101 N~-98 0O , tuna present

103 N -100 O rice : present

The differences listed are with respect to the hydrogen bonding observed in yeast
iso~1~cytochrome ¢, Table II1.10. Only the main chain hydrogen bonding involving residues
common to all three cytochromes ¢ (resrdues 1 to '103) has been considered.

Section .IvV.B.l). The absence of the 27 N - 29 O hydrogen bond, and the occurrence instead vof
a28N-170 hydrogen bond, are associated with the absence of _the 'yj-tnm at residues 27 to
29. The lack of an antiparallel S—sheet interaction between residues 37 to 40 and 57j to 59
precludes the occurrence of the 40 N - 57 O hydrogen bond. The other variations in the pattem
of hydrogen bondmg are all minor, and arise from small drstomons from regular hydrogen bonding
'Wlthln a-helical segments of polypeptrde chain. These Tesults further demonstrate that the
conformation of an ‘a-helix can be subtly influenced by its local enyi_ronrnent_in the protein ‘
molecule (see Section IILB.3).

A nnmber of intramolecular hydrogen bonds involving both a main-chain andda side chain
: atorn are ;also conseryed in all three; cytochrome C molecules. tsee Table IV.>5.); Additionally, the .

eight hydrogen bond inter_actions formed between the propionic acid oxygens of the heme group
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Table IV.5. Conserved hydrogen bonds involving side chains in yeast 1so— 1-, tuna and rice
cytochromes A

2N - Asp93 OD1 . . Tyr46 OH .- 28 O

Hisl8 ND1 - Pro30 O : 52 N - Ser49 OG or Thr49 OGl
Asn3l ND2 - 210" ' Tyr67 OH ~ Met80 SD
His26 NE2 - 44 O - Lys79 NZ - Serd7 O

His33 N - Asn3l OD1 : Met80 N - Thr78 OGl
43 N - Tyr48 OH - - ,

‘8For those residues designated only by residue numbers, the identity.of the amino acid is
not conserved in all of yeast iso-1-, tuna and rice cytochromes c.

and protem atoms of the cytochrome ¢ molecule (see Table IIL.9) are conserved in yeast iso—-1-,
tuna and rice cytochromes c However two notable differences in the interaction of the propionic ,
acid groups do occur. In tuna cytochrome ¢, the side chain of Arg38 forms a direct hydrogen

” bond with the Vpropionic acid group lof oyrrole ring A (see Section IVBl) In rice cytochrome c,

~ residue 52 is an aspartic ac1d rather than an asparagme as m yeast iso-1- and tuna

cytochromes ¢, and thus the hydrogen bond" 1nteractron must mvo]ve an acrdrc proton rather than
the hydrogen atom of an amide mtrog‘en. In addition, the hydrogen bonding atom of the AspS52

side chain is the lower, rather than the upper atom.

- B.. Large conformational differences hetween yeast iso-1~, rice and tuna cytochromes ¢
1. Polypeptide chain backbone
" Despite a high degree of structural similarity between these three t)roteins, the main chain

" - conformation of yeast 1so— 1-cytochrome c¢ differs substantially from 'those of rice and tuna '

cytochromes c at a number of locations (see Figure IV‘2)‘ In the majonty of these mstances the
vdifferences observed are locahzed at srtes of amino acid substitutions.

The surface g-turn that includes Gly23 has a distinct posrtlomng in rice cytochrome ¢ (see .

' Frgure IV.5). Thrs apparently tesults from the substrtutron at tesidue 24 of an alamne for the

- glycine ‘present in both the yeast »and tuna protems. A CB atom on residue 24 in yeast
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Figure IV.S. Differences in conformation between yeast iso-1- (thick lines) and rice (thin lines)
cytochromes ¢ at residues 20 to 25. A loop structure is formed by residues 18 through 27 in both
proteins, and the hydrogen bonds (dashed lines) joining the two arms of the loop (24 N to 21 O,
and Thrl9 OGI1 to 25 O) are conserved. However, the peptide bond linking residues 24 and 25 is
of opposite orientation in the two proteins. Also, occurring only within the loop of the yeast
protein is Watll0, which forms a hydrogen bond to the carbonyl group of Pro2s.

cytochrome ¢ would be pdsiﬁdned within 2..9 & of both Glu2l O and Thrl9 OGl. Thus fhe
presence of Ala24 in rice cytochrome c¢ éppears to cause the ‘B-tum to have a more open
confdnnaﬁon, with the length of th¢ hydrogen bond between 24 N and 21 O being 3.14 X.,‘ as
'oompaied to 2.86 & in yeast cytochrome.c. Consequently, residues 24 to 26 aséume a compl_efely _
different conformation in the rice protein to allow the ‘polypepu'de‘ chain beyond residue 26 to
maintain close packing interactions with the rest of the molecule. These conformational changes
are mediated by the ¢ angle of Ala24 having a value ~180° ‘different from that in the yeast and
tuna proteins, as well as the presence of a glycine at position 25 (Pro in yeast; Lys in tuna)‘
which adopts a conformation inaccessible to residues with a side chain.

Another example of a localized conformational difference is observed in the region of
residue 56, which is displaced further into solvent in tuna cytochrome c¢ (see Figure IV.6). This
appears to arise from the replacement of two small side chains, Ser40 and Val57 in both yeast and
rice cytochromes ¢, with bulkier ones, Thr40 and Ile57 in tuna cytochrome c¢. In the yeast
protein, residues 37 to 40 interact closely with residues 57 to 59 in an antiparailel §-sheet type
structure (Figure IIL.8). Consequently, if a threonine side chain were to occur at position 40, its

CG2 atom would conflict sterically with the side chain of residue 57. In addition, the CD1 atom
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Figure IV.6. Differences in conformation between yeast iso-1- (thick lines) and tuna (thin lines)
cytochromes ¢ at residues 55 to 57. Residues 38 through 41, and 54 through 60 are shown for
both proteins. Hydrogen bonds formed between these adjacent strands of polypeptide chain in the
vicinity of residues 40 and 57 are shown as dashed lines. Note that the bridging Watl48 occurs
only in the tuna protein.

of an Ile57 side chain would be positioned within 3.0 A of the TrpS9 indole ring. Thus, in tuna
cytochrome ¢, the hydrogen bonds Ser40 N - Val57 O and Val57 N - Serd0 'OG present in yeast.
cytochrome ¢ cannot be formed, and instead Ile57 interacts with Thr40 through hydrogen bonds
made via a bridging water molecule. Beyond this region, the conformation of the polypeptide
chain is restored to that present in yeast and rice cytochromes c. This is made possible by GlyS6
(asparagine and alanine in the yeasi and rice proteins, respectively) adopting a conformation
pemﬁﬁed only for glycine residues. The maintenance in all three proteins of an interaction
between the side chain hydroxyl group of residue 40 and the main chain amide nitrogen of
residue 57 is notéble. Proudfoot et al. (1989) have shown that replacements of Lys, Val or Phe at
position 40 destabilize horse cytochrome c, and suggest that a hydrogen bond formed by residue 40
is essential for maintaining the integrity of the bottom §2-loop of the molecule.

The conformational differences observed about residues 23 to 25, and 56 to 57 emphasize
the importance of glycines in providing to the polypeptide chain the necessary flexibility to
accommodate the substitution of Bulky 'side chains elsewhere in the cytochrome ¢ molecule. This

point is further emphasized by patterns of conservation of amino acid sequence in eukaryotic
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Cytochromes c¢. In the ~90 known 'prirnary sequences, where a residue with a side chain ‘(usually
alanine) occurs at position 24, it is almost always ‘accompanied by a glycine at ‘posit.io'n 25; and
where a threonine (instead of serine) occurs at position 40, and/or a residue larger than_ valine
(most frequently 1soleuc1ne) occurs at position 57 a glycme is present at posmon 56.

Substantial differences in conformation are also observed at the polypeptide chain termini
of yeast, tuna and rice cytochromes c. In all three ,cytochromes ¢, the N-terminus is only loosely
associated with the rest of the ’molecule, and each N-terminal region has a unique conformation
(Figure IV.2). The N-terminal extension characteristicvof fungal and plant cytochromes c is
positioned differently in yeast as compared to rice cytochrome c¢. In yeast'cytochrome ¢, bulkier
side chains at three positions (Phe vs. Ala-3, Glu vs. Pro88, and Asn vs. Ala92) result in the
N-terminus being displaced further into the solvent medium, whereas in the rice_pr.otein this
Tegion is packed against the surface of the body of the molecule. As_Figure IV.2 shows, the
polypeptide chain conformations. of the three proteins become equivalent only after residue 3. The
C—termmus of tuna cytochrome c has a unique conformation due to the occurrence of a
tryptophan residue at position 33. In yeast iso- l—cytochrome ¢, Glul03 OXT is hydrogen bonded
to His33 NE2, whereas in tuna, the bulky Trp indole ring causes ‘the’ C-terminal carboxylate to be
rotated away from this side chain That the N- and C~termini of” these three cytochromes c
differ greatly in conformation 1s mdicative of their relatively unconstrained positioning on the
surface of these molecules |

The unigue conformation observed for tuna. ferrocytochrome ¢ at Lys27 is more difficult to
rationalize. There are no‘amino acid substitutions in this region of the polypeptide chain with
Tespect to»the yeast protein, and in addition, in tuna }ferricytochrome v‘c, residue 27 has the same
conformation as that in yeast iso— l—cytochronie c¢. It may be .that whereas in the yeast orotein,'
ithe‘ strained conformation of residue 27 is stabilized by a Lys27 NZ - LeulS O intramolecular
| hydrogen bondv (see Figure Ill.l), in tuna ferrocytochrome ¢, a hydroge_nhond between‘the side
chain of Lys27 'and an adjacent molecule in the crystal lattice serves to relieve this strainec_l

conformation. 1t should be noted that the occurrence of the _'sarne,conformation of Lys27 in both



142

reduced (yeast iso~1-) and oxidized (tuna and rice) forms of cytochrome ¢ brings into question
_the proposal of Racl(ovsky and Goldstein (1984) that this residue plays a role in redox-state

dependent conformational switching.

2. Conserved amino acid side chains with variant conformations

Cytochrome ¢ contains a large number of fairly conservative lysine Tesidues. bf the 16
" lysine residues present in yeast iso— l—eytochrome e, all but 4 alsooccur in at least one of tuna or
Tice cytoehrornes c. With the exception of Lys’l9, Whose 'side chain is involved in forming a |
‘conserved hydrogen bond interaction between the left and vright halves of the molecule (see Figure‘
lII.9), the side .chains of the majoritytOf these residues are not positioned- similarly. The large :
average deviation (50.5°) ln side chain torsion angles of the lysine. side ch_ains that are in common
between yeast iso-1- and tuna or rice cytochrome c¢ is not surprising, as' these lysines are located
on the. surface of the molecule. Their mobility and lack of intramolecular hydrogen bond
formatjon are eonsistent ’wit_:h their nroposed role in the interaction with negatively' charged groups -
of redox partners (Ferguson-Miller “er al., 1978).

- Arg38 is invariant in the prirnary sequences of eukaryotic cytochromes ¢ and is thought to
act in stabilizing the buried, propioriic acid group of pyrrole ring A. However, as Figure IV.7
- shows, in each of yeast iso-1-, nce and tuna cytochromes ¢, the side chain of Arg38 has a
drsnnct conformatron and thus there exists a correspondmgly dlfferent mode of interaction between
the guanidinium group and the heme propionic acid. In yeast, the NH1 and NE atoms form
hydrogen bonds to two water molecules that are in turn hydrogen bonded to the heme proplonyl
OlA atom (see Frgure M1.11a). In rice, the guanidinium group of Arg38 mteracts end-on with the:
two bridging water molecules w1th NH1 and NH2 donatmg hydrogen bonds In tuna ’
cytochrome c, Arg38 NE hydrogen bonds a lone bndgmg water molecule while NHl forms a
direct hydrogen bond to the OlA heme atom. These differences appear to be due to _a_rmno acid
substitutions in the local environment of Arg38 in the three cytochromes c. In yeast” .
iso~- l-cytochrome ¢, steric conﬂlcts between the NHI1 atom and the CGl atom of Ile3s, wh1ch

replaces Leu3s occurnng in tuna, prevent the guamdrmum group of Arg38 from dxrectly A
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Figure IV.7. Comparison of the conformations of the Arg38 side chains in yeast iso-1- (top), tuna
(middle) and rice (bottom) cytochromes ¢. Shown for each of the three protein molecules are
Arg38, other protein groups in its direct vicinity, associated internal water molecules, and the
hydrogen bonding network (dashed lines) involving its guanidinium group.
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approaching the buried propionic acid group of the heme. In rice cytochrome ¢, the even more
external positioning of the guanidinium group of Arg38 seems to be due to the unique hydrogen
bonds formed between Arg38 NH2 and the OGl atoms of two nearby surface residues, Thr42 and
Thr43 (Gin42 and Ala43 in both yeast and tuna cytochromes c).

In the case of the side chain of invariant Arg9l, the guanidinium group occupies a similar
position in all three protein molecules, but the alkyl portion takes distinct paths (see Figure IV.8).
Takano aﬁd Dickerson (1981a) have suggested that the role of vArg91 is to hydrogen bond and
thereby stabilize the conformation of the fairly extended 80’s region of the polypeptide chain.
However, the different orientations of the Arg9l guanidinium group require this t be gooomplished
by different means in each molecule: in tuna cytochrome ¢, hydrogen bonds are formed between
NE and Ile85 O, and NH2 and. Lys86 O;" in yeast.between NH2 and both Leu85 O and Lys86 0;
and in rice between NH1 and Lys86 O only. The conformation of the Arg9l side chain is
influenced by nearby amino acid residues, particularly residue -65 (Met in tuna): in yeast, the NE
atom is hydrogen'bbnded to Ser65 OG; and in rice cytochrome ¢, the guanidinium gmﬁp is

stacked' against the aromatic ring of Tyr65. In addition, in tuna . cytochrome c¢ the side chain of

Figure IV.8. Comparison of the conformations of the Arg91 side chains in yeast iso-1- (thick
lines), tuna (medium lines) and rice (thin lines) cytochromes c¢. Arg9l, along with the polypeptide
backbone in its direct vicinity and the amino acid side chains that appear to influence its
conformation are shown for each molecule. Hydrogen bonds formed by the guanidinium group of
Arg91 are shown as dashed lines.
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Arg9l appears to be stacked against the side chain carboyxlate group of Glu69 (Thr and Leu in
yeast iso~1- | and. rice cytochromes ¢, respectively). It may be of signiﬂcance in rice cytochrome c;
in which Arg9l forms only one hydrogen bond to the 80’s region, that the presence of prolines at
residues 83 ‘and 88 could pr'ovide. additiona! structural rigidity to ‘t_he 80’s loop. Interestingly; '
replacement of AlaiB _by Pro in horse cytochrome ¢ stabilizes the protein against both alkaline and
thermal denaturation (Wallace et al., 1989). -

The conformation of the highly conserved residue Leu94 differs in therice protein from
that in yeast and tuna cytochrome ¢ by a 120° rotation in the‘ X2 side‘. chain torsion angle. | In all
_three proteins, Leu94 is packed in the hydrophobic heme pocket, making close contacts with the
- side chains of residues>9, 68,. 85 and 98 (all leucines in yeast iso-1-cytochrome ¢). The two
* conformations »obseryed‘for Leu%94 likely represent alternate means of a'chieving‘ maximal packing
efficiency. In yeast cytochrome ¢, both CD atoms of Leu94 are directed toward the CB carbon
atom of Leu9. A similar conformation is observed in the tuna protein, in which the side chain of
Leu9 is replaced by the CGl atom of the shorter threonine side chainQ, However, in the Tice
- protein, steric constraints arising from the replacement of Leu9 by an isoleucine results in an
alternate conformation for Leu94, in which the CD2 srde cham atom is packed agamst Leu98.

These results demonstrate that conserved or invariant residues do not necessarily carry out
their role in an identical manner in different members of a protein fami_ly, and that there is
flexibility in the formation of their intramolecular interactions. In addition, the ’intricate interplay
between the conserved residue and ‘compensatory changes nearby in the. protein environment make
difficult the assrgnment of deﬁmtwe roles to conserved residues based on the inspection of _]ust one
member of the protein family. - Nonetheless the different modes by which a conserved residue can

carry out its role provides clues as to the specific function of that residue.

C. Oxidation-state dependent conformational differences
With the completion of the high resolution structure of reduced yeast iso-1-cytochrome c,
there are now avatlable accurate structural data for two cytochromes ¢ in the reduced state (yeast,

tuna) and two in the omdized state (tuna, rice). The conformational differences between tuna
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ferro- and ferricytochromes ¢ have been documented by Takano and Dickerson (1981a,b). The
availability of the yeast and rice structures allows for a further assessment of oﬁdaﬁon—smte
dependent structural changes in cytochrome c.

. Comparison of the superpdsed sﬁuctures of all four proteins shows that the pattern of
differences between the reduced and oxidized cytochromes ¢ are similar”tb those observed
considering ;)my the two redox forms of tuna cytochrome c¢. Overall, the oxidation-state
dependent structural changes are very small, with no significant alterations in main chain
conformation. As obseﬁed by Tak;no and Dickerson (1981b), the largest changes occur at the
lower left of the heme pocket (see Figure IV.9). These changes appear to be centred around an
internal water molecule conserved in yeast, tuna and rice cytochromes ¢ (.Wat166 in yeast

iso-1-cytochrome c; see Figure IIL11 and Table IV.7). In the reduced yeast iso-1- and tuna

Figure IV.9. Oxidation-state dependent structural differences in cytochrome c¢. Comparison of the
structures of reduced yeast iso-1- and tuna cytochromes ¢ (thick lines) with those of oxidized rice
and tuna cytochromes ¢ (thin lines) shows that the most substantial structural changes
accompanying oxidation/reduction occur in the vicinity of the buried water molecule located below
Met80 in the heme crevice. Significant shifts also occur in the positions of two of the side chains,
Tyr67 and AsnS2 (Asp in rice cytochrome c), to which this water molecule is hydrogen bonded;
and in the position of the side chain of Trp59.
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cyrochrome ¢ structures, this water molecuie is positioned ~6.5 & from the heme iron atom. In
the oxidired forms of tuna .and rice cytochrornes’ ¢, this water molecule has undergone a mcvement
of about 0.9 & and is positioned ~0.6 & closer to the herne iron. The side chain of Asn52 ‘(Asp |
in Tice), which is hydrdgen bonded tc this water molecule, moves by almost 1 A. 'the side chains
of Tyr67 and Trp59 shift toward the rear. of the molecuie (by about 0.4 X).A This seriesof
conformational changes likely occurs in response to, or alternatively in order ‘to‘ stabilize, the

' increased positive charge centred at the heme iron in the oxidized form of the cytcchrcme c
molecule (Takano and Dickerson, 1981b; and see le.ter discussions).

Other ,smaller shifts observed by “Takano and Dickerson (1981b) are not unequivocally
evident when the four cytochromes ¢ are considered. At this point, it cannot_be established
whether such small conforrnational changes are less evident. when ‘yeast and rice cytochrornes ¢ are
included in rhe comparisons, due to the greater overall structural dissimilarity arising from amino
acid sequence differences; or the differences as observed berween the two redox forms of tuna
‘cytochrome c are larger than real, as a ‘result of limitations in the accuracy of the structure
determinations and refinement procedures. Work in progress on the high “resolution structure of
the oxidized form of yeast isc- 1-cytochrome -¢, which crystal_liz’es isomorphously‘ with the reduced

» form, will provide additional insight on oxidation-state dependent conformational changes.

D. Crystal packing

| Since those eu_karyotic ‘cytochromes ¢ whose structures have been determined are structurally
similar and all have been crystallized frem concentrated ammonium sulfate solutions, the various
crystal forms might be expected to exhibit related crystal packingl This has been shown to be the
case for the oxidized forms of tuna and horse cytochromes c¢ (Swanson et al 1977), which have
82% sequence identity. - However, between cytochromes c possessmg -greater sequence dlvergence
the nature of the intermolecular contacts occurring in the c’rystalline forms are generally not
conserved. A likely explanation for ﬂlis 'poor conserVaﬁon is that the precise packing ccntacts are
in most cases made by the s1de chains of surface residues, whxch are frequently variant in both

‘ amino acid identity and spanal posmomng One notable aspect of crystal packing 1nteractrons that
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does tend to be cohserved in the _v'arious crystal forms isv the specific regions on the sur‘facev of the
cytochrome ¢ molecule that participate in 'forrning intermolecular contacts. In all crystal forms of
cytochrorhe ¢, the segment of 'polypepﬁde chain from residues 54 to 60 is involved in tight _

‘ intemioleculatr contacts, although_ the iegioh of the symmetry—related ‘molecule with ’Which it
interacts varies. Other regions of the cytochrome ¢ molecule commonly involveci in crystal contacts |

- are centred at residues 8, 26 and 45.

E. Internal mobility

| Crystallographio temperature factors can be used to compare'the internal mobility- of the
yeast iso~ l—cytochrome c molecule thh that of tuna and rice cytochromes c. 'Fi'gure IV.10 shows
for each of the three cytochromes ¢ the extent to which the B—factors of md1v1dua1 residues - along
the polypepude chain differ from the overall average B of the protein molecule. Several
observations can be made from a comparison of the three proﬁles.‘ .First, there is good agreeinent
among the three cytochromes ¢ of those regions of the polypeptide .cha.in’possessing markedly
lower or higher flexibility than that of the adjacent polypeptide chain. The mo'st. rigid regions in
rice and tuna cytochromes ¢ are identical to those described above for yeast cyto‘chrome. ¢ (see
_ Sevction‘ IILE). In addition,' the three molecules have in commoh several regions of polypeptide
chain, centred at .residties 23, 38, 43, 55, 73, 83 and 103, which have a high degree of mobility.
Nonetheless, differertces in flexibility between"the three cytochromes ¢ are appa_rent at a number of
locations in the polypeptide backboheL The most signiﬁcant_ of these and possible explanations are
surriman'zed in Table IV.6.. ' Localized differences in r_nolecular.'ﬂexibility between -the three
cytochromes ¢ appear to be caused by two factors: the effects of amino acid substitutions and
differences in crystatl packing interactions. A comparison of Figures 1V.10 andA iV.2 .also shoirvs that
the regions of the polypeptide chain at which the flexibility of yezist iso=1-cytochrome ¢ differs
from that of tuna or rice cytochrome ¢ correspond to the regions at which- yeast
iso-1-cytochrome ¢ differs in confonhation from these other proteins. This result indicates_that |
~ conserved intramolecul_ar interactions are responsible for the obsert'ed similarities in molecular -

-~ flexibility between the three cytochromes c. |
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‘Figure IV.10. Comparison of the polypeptide backbone flexibilities of yeast iso~1- (——), tuna

149

3.0 ALl L L L L L g
. i
. i
2.5 i
- i
a it
3 i i
2.0 T ] ¢ &
] oo LI
Anon g
3 "'.;“- " ! f 'E' i
1.5 o 4 i H it
3 LIS L i
- HE L " Ha i N F
- HER [ oA vy I
- R I Nt l HR Pt
1.0 4 ¢ 4 A HET RS 1 I ! 1 I i
) oA A ‘ o 'y [
iy {‘ ":zl‘l ' 1] [ i ; H [ i '
[RTE N HER P { H / l AV b
3 BT EE R ! N ifa NAGY P
054 AN AP RN ; A1y, it N A A P
-t (WA [ . t AN Pan My ! H VoA ! H
u 1 [ . ) v g H [} ot 13 i, i
. Vo it bo i RV R RN A : i
] ; i : ¥ AV V] ! fii ¥ AN R . i
N H iyt H i AR TR SR T AN iy :\';, HOETLI T i
0.0 ' i Tl ' g AR T SR AL i w N4 Y
- v ! i [ 4 Y ' YAl IR Y AP b % TN Y R H [
[ : i ! LU LY A RN H Aow kNl ¥ g i’
- W s i ! vl H A Y IR L ] {0 ‘ 1 ' !
. AT T A R U ARV FE R AR EE A A I R P
n HETE LN * AR IR H NS AR ER ) A
-0.5 YIRS P TR ' IS NS VAR T ' i v
— el oy ey it A Vs ! ‘e a Nie o f 1" H [} H
. AN W EL ] I i \ Vi rer ¢ 1 i 3
] sty v oa e [ o [ H
. RVARAIAY H P R v '
. v (L H H
1.0 u A I AWAd I N A A\
3 A IR AR Y \/Y
n i ! i S 1Y
-~ i ’ ij Vi »’
-1.54 j ¥
-2'0— LR RRAPSARRARANRRPAREARER] LLARARRAAREREDARREVALRES AR IR RS BARRY RER LA IARERAI I
A AL SV AR L S LA AL LD LD * LAt S A R A AR AL AL RRL" RRL* "L VS LN

Residue number

.

(=---) and rice (=-=--— ) cytochromes ¢. The plots represent comparisons of the crystallographic
temperature factors observed for common residues (1 to 103) in the three proteins. To facilitate
comparisons, each protein was treated in the following manner: first, the overall mean, and
standard deviation from the mean, of the temperature factors of all main chain atoms were
determined; then, the overall mean value was subtracted from the average temperature factor of
the main chain atoms of each residue, and these resultant values were divided by the standard
deviation. The objective of this analysis is to correct for differences between the three
cytochrome c¢ structures in the degree of lattice disorder (Ringe and Petsko, 1985), as well as in
the degree of variation in the temperature factor values in each structure, which may be affected
by the tightness of restraints used during the respective refinements. The overall means and
standard deviations for the main chain temperature factors of yeast iso-1-, tuna, and rice
cytochromes ¢ are 134 * 53, 153 '+ 3.9, and 9.6 + 2.4, respectively.

Considering the good agreement between the temperature factor proﬁles determined for
yeast iso—-1-, tuna and rice :cytochromes c, it is thus also of note that the results pertaining to the
internal mobility of the cytochrome ¢ molecule obtained crystallographically are consistent with
those obtained using the methods of NMR (see previous discussio@ Section IILE) and molecular

dynamics. As discussed by Northrup et al. (1980, 1981), the r.m.s. atomic fluctuations of individual
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Table 1V.6. leferences in moblhty between the polypeptlde backbones of -yeast iso~1-, tuna and
rice cytochromes c

Mole-  Residues Diff- Possible explanation
cule ' erence : .
Rice 5-13  high Lacks lattice Contaets, centred at residues 5 and 8, present in both

yeast iso~1- and tuna cytochromes c. Also, hydrophilic side chains
at Glu7 and Lys8 induce greater main chain mobility (Karplus and
Schulz, 1985). In yeast iso~1-cytochrome c, rigidity of this helical
segment may be further increased by the presence of two intra-
: helical hydrogen bonds formed by side chains of threonine residues.
Yeast 23-27  low Pro25 adds rigidity. Also, lattice contact centred at residue 25 present.

Tuna’ 26-28  high Altered conformation of this region of main chain, which makes few
' hydrogen bond interactions with rest of molecule.

Rice 34-39 low  Stabilized by crystal lattice contacts centred at residues 37 to 39.

Rice . 42-44  low Pro44 adds rigidity.

Tuna 50-53 low Stabilized by crystal lattice contacts. cemIed at res1due 50.

- Yeast =~ 55-63 high Flexibility induced by two pairs of adjacent residues with hydrophilic
' side chains (Lys54-Lys55, and Asp60-Glu6l). Also lacks threonine
side chain at position 63, which in tuna and rice cytochromes c,
stabilizes the conformation of the start of an a-helix by forming

: an intrahelical hydrogen bond to the carbonyl group of residue 60.
~ Rice 64-67 low - Forms intramolecular interactions with extension at N-terminus of

A . _ the polypeptide chain.

Rice ~ = 88-89 low Pro88 adds rigidity.

Tuna ~ ~ 89-90 high Lys88 and Gly89 induce increased main chain mobility.

Yeast 100-103  low Position of C-terminus fixed by intramolecular salt bndge to His33 -

imidazole, and by crystal lattice interactions.

residues indicated by molecular dynamics calculations are in gdod'agreement with X-ray diffraction
results. _Considering that the folds of yeast iso-1-, tuna and rice cytochromes c are very similar,
it can be concluded, that these results as a whole confirm that the dynamics of internal movements

of cytochrome ¢ are inherent in the overall three-dimensional structure of this protein molecule.

- F. Internal packing efficiency
A structurél feature notably conserved in yeast iso~1-, tuna and rice -cytochrdmes cis a

" high packing efficiency in the heme pocket. Between these three cytochromes c, a number of
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exaxﬁples are dbserved iri_ Which compefxsatihg .changes. occur at a site spatially vadjacen't to the ‘site‘
‘ of thev introduction of a small side chain, Thése changes involve the substitution of a large side

chain, or alternatively the altered conformation of a' side chain. In the yeast protein, the shorter

Ile35 side »chain_ (leucine in tuna and rice) is éompensated for by the lbnger side chain of Met64 |
(Leu64 in tuna and rice cyto_chrome c).. In the tuna protein, neighboring the small side chain of

Val9s is thé interhally oriented, hydrophobic side chain of Met65. In contrast, the side chains of
Ser65 in yeaSt iso~1- ‘and Tyr6S in rice cytochromé c éré directed more into the external solvent
medium; ‘in order tb accommodate an iéoleucine residue at position 95. Two other exémples,

involving Arg38 and Leu94, were described earlier.

G. Solvent structure
.1. Bound water molecules

A stﬁdy was made to determine if the high dggree of homology observed between the
terﬁary structures of yeast iso-1-, tuna and 'rice cytochromes c is reflected in a correspondingly
high degree Qf homolbgy'betWeen their respective solvent structures.. Of the water molecules
located in the 'pre.:s‘ént structure determination of yéast 1so— l—cytochiome c, 28 ‘were found to.have'
counterparts in tuna cytochrome ¢ and 25 in rice cytochrome c. However, only niné Qater
molecules were found to occﬁp’y sites common to all three struétures. Table v.7 listé thes‘e"
conserved water molecules and thé hydrogen bonding interactions formed by each. Table IV.7 also
shows that '.'the .B~factors of the conserved water molecules are lower than average, ‘undoubtedly
reflecting the fact that thesé water molecules form a. gfeater than. average number of hydrogen
bonds to the protein, These water moiecules afe likely to be of particula; ‘importan'ce iﬁ
| vstabili.zi_ng,the folded state of the cytochrome ¢ molecule. | ‘

| The unexpectedly poor o_yerall homology in the water structures of yeést isof 1-, tuna and
Tice cytochrqmes ¢ prompted an inspection, in each individual protéin'molecule, of the: sites |
-cor_fesponding to those occupied by a water molecule in one or both of the other protein
molecules. ‘Particul‘ar attention was paid to sites at which a watér molecule is hydrogen bonded to

" a large number of main chain or invariant side chain groups, and to sites occupied by a water
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Table IV.7. Conserved water molecules in yeast iso-1~, tuna and rice cytochromes c »

Water B~factor (3.’)’ Protein atoms involved in hydrogen bonding

113 217 . Serd7 N

S121 17.2 39 O, 42 N, Hem OIlA, Arg38 guanidino
122 111 , Lys79 O, 81 N ‘

126 . 328 ' Ginl6 OEl

160 - 243 v Asp93 OD2

166 12.2 Asn(Asp)52 ND2(OD2), Tyr67 OH, Thr78 OGl
172 ' 284 ~ - Asn70 ODI, Lys(Tml)72 N, Phe82 O

185 299 Tyrd6 O, Tyr48 N

196 25.3 ‘ Phe36 N, 102 O

The water molecule designations and the temperature factors listed refer to the yeast
iso-1-cytochrome ¢ structure. The hydrogen bond interactions listed are those found to be
homologous in all three cytochromes c¢. (For those residues designated only by residue numbers,
the identity of the amino acid is not conserved in all of yeast iso-1-, tuna and rice
cytochromes c.) The overall average B factor for these water molecules is 22.6 A2,

molecule in two of ‘the ﬂlréo cytochromes ¢. It was found that in the majority of cases, ‘the
- absence of a wafer molecule could be attributed to the occlusion of the binding site_ by eivther't»he’
altered conformation of an adjécent homologous amino acid side chain, or a substitution at a
"nearby residue in the protcin molecule. Only in a few cases was the absence or presence of a
water molecule influenced by packing intefactions in the ci'ystal lattice. An additvional. consideration | .
in the low overall homology in solvent structure ‘is the lesser extent to which the solvent structures
~of funa‘and ﬁce cytochromes ¢ were oharacterized (see Table »IV.l).

Qf the four completely in;emal water molecules present in y_eaSt iso-1-cytochrome c (see
Section IILD.3), only Watl21 and 166 have oounteroarts in both tuna and Tice cytochromes ¢ In
'the rice protein, Watll0 is absent becauSe the 'altered conformation of the nearby f-turn affects
the position of the caibonyl, group of residue 25, which participates in coordinatihg this water
' moleculé in yoast and tuna cytochromes ¢ (see Figure IV.5). ’_In'tuna oytochrome ¢, because Arg38
interacts directly with the heme propionic acid group, the bridging Watl68 (see Fi.g'ure' ‘IV.7) is

absent. The overall average positional deviation of the two homologous internal water molecules is
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0.49 K.

2. Anion biﬁding sitev |
Yeast iso- I—, rice and tuna cy_tochromes ¢ were all crystallized from _»concemrated

ammonium sulfate solutions, and the start of the N-terminal a-helix in the latter two proteins has
| a conformation similar to that in yeast iso-1-cytochrome c¢. Nonetheless, ﬁhé sulfate binding site
observed in yeast iso- 1-cytochrome ¢ (see Section IIL.D.4) is riot occupied by a sulfafe ion in
either the tuna or fice proteins'.‘ _Structural explana;ions for this difference may be the replacément
of Ser2 by a ﬁegatively charged aspartate in tuna cytochrome c and the occurrence of é proline at
residue 3 in'rice ‘cyiochrome. ¢ which precludés the participation of the afnide. group of this
residue in hydrogen bonding. A further éonsideration is _that hydrogen bonding interactions to the‘
fourth éulfafe oxygen atom, which are pfdvided through pécking contacts in yeast

“iso—-1~cytochrome ¢, may be required to sequester a sulfate ion. '
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V. SERINE 82 VARIANT OF YEAST ISO-1-CYTOCHROME c

A. Deuails of the structure ‘determination
1. X-ray diffraction data . |

Diffraction data to 2.8 A resolution, 2959 reflections in total, fof the Ser82 variant of
iso-1~cytochrome ¢ were collected -from a single crystal. Individual backgrounds were used in the
processing of diffractjon intensities. For this set of measured structure factors, a scale factor of
38.2 was indicated 'by a linear rescaie against all common structure factors from the data set for
wild-type iso-1-cytochrome ¢. The R~factor between the two data sets, [:?1 | Fo(wild-type) -
F,(Ser82)]] / z iFo(wild—type), was 0.286.
2. Difference map

A difference map (Figure V.1) was calculated using the coefficients F (wild-type) -
F,(Ser82), and phases derived from a wild-type iso- l—cytochiome ¢ atomic model which had been

refined at 2.0 & resolution to an R-factor of 0.199. This difference map confirmed the

Figure V.1. Stereo drawing of the F (wild-type) ~ Fo(Ser82) difference map in the vicinity of
residue 82. The atomic skeleton of wild-type iso-1l-cytochrome ¢ determined at 2.0 & resolution
is superimposed on the difference electron density envelopes. Positive density (solid lines) has been
contoured at two levels, and negative density (dashed lines) at a single level.
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feplat:ement of Phe82, as only one large peak was observed, corresponding to a volume of positive
density enveloping the position occﬁpied by the phenyl ring of Phe82 in the wild-type molecule.
Smaller positive peaks located adjacent to the polypeptjde' backbone of residues 81 to 84v indicated
that in the Ser82 variant, small vconformati’onalz r_earrangéménts may occur in the vicinity of the

substitution site. No other signiﬁca’nt positive or negative peaks were evident.

3. Refinement of the structure of the Ser8? variani

- ‘Since the differ.f;ncéA map indicated that cqnformational rearrangements were small and
localized td a few spéciﬁc Tegions .of the iso— I—cytochrome‘ ¢ molecule, an inin'al model for the
Ser82 variant was constructed from the 2.0 & resolution wild-type structure. The phenylalanine

side chain at position 82 was replaced with a serine side chain having the same X1 torsion angle.

Table V.1. Agreement with ideal stereochemistry in the final refined model of the Serd2 variant of
yeast iso—1-cytochrome ¢ at 2.8 & resolution

Class of restraint = ’ R.ms. deviation
’ from ideality

1-2 bond distance ' _ 0.014 &

1-3 angle distance _ , 0.036 &
1-4 planar distance ' 0043 &
Planar Co 0.014 &
* Chiral centre 0.160 A®
Non-bonded contact? _ . _
single torsion , ‘ - 0.216 A
multiple torsion : 0.217 K
possible hydrogen bond . 0231 &
Staggered (+60°, 180°) torsion angle - 28.8°
Planar torsion -angle (0 or 180°) 28°
Temperature factor : S
1-2 bond (main chain) ' 05 A
1-3 angle (main chain) : : 0.8 A?
1-2 bond (side chain) 04 A2

1-3 angle (side chain) : , 0.8 A?

aThe r.m.s. deviations from ideality for this class of restraint incorporate a reduction -of
01 A from the radius of each atom involved in a contact »
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Thé bﬁginal jv.v’ild—type iso- l-cytochrbme c model ’included 62 water molecules, which weré
in_cérporated into .the initial reﬁnemeni'mode] for the S'er82 varianf.

The Ser82 variant was refined against diffraction data with F 2> 20 in the rgsolﬁtion
- raﬁge 5.5 to 2}..8 K (1645 réﬂections in total, repfesenting 75% of the available data). ‘The course
of 'reﬁnement included two rounds of manual adjustments to the atomic model, the identiﬁcéﬁon of
an additional 10 water molecuies, and 30 cycles of least-squares refinement. The manual
adjuétments Tequired were rm'hor. For the final refined structure of thé Ser82 variant of
iso~ 1—cytochrome c,. the R-factor is 0.170, and the.' agreement wifh ideal stereochemistry is as .

shown in Table V.1

B. »Descﬁpﬁon of suuctu_ral changes

The substiuition of a serine at posiﬁoh 82 is'.accommodated without any -gross
conformaﬁonal Tearrangements in the natlve iso— l-cytochrorne ¢ fold. Figure V2 shows a
comparison of the Ser82 variant and the wﬂd—type protein in terms of the average posmonal
difference ,between main cham atoms and the differences in conformational torsion angles of
corresponding residues. The overall i.m.s. difference between corresponding main chain atoms is
0.28. R; the overall r.‘m‘.s. differences between phi and psi angles are 8.1° and 9_.2°, respectively.
The heme groups of the Ser82 variant and wild-type iso— l—cytochromes ¢ do not differ
.S1gmﬁcantly in elther overall posmomng or conformatlon thh the mean difference in atomic
positions of the 43 heme atoms being 0.17 A. |

Figure V.2 shows that Signiﬁcant structural perturbations do occur in the direct vicinity of
the amino acid substitutio‘n_.' In addition, the occurrence of a serine residue at _bosition 82 gives

rise to subtle conformational changes remote from the substitution site.

- 1. Vicinity of the substitution site
The conformational differences between the wild-type and Ser82 variant
iso- 1-cytochromes ¢ occurring in the direct vicinity of the substitution site are shown in Figure

V3. The replacement of the large bulky phenylalanine side chain with a smaller serine side chain
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Figure V.2. Comparison of the polypeptide backbone conformations of the Ser82 variant and

wild-type iso-1-cytochromes c¢. The lower plot indicates the average deviation observed between
the positions of main chain atoms in corresponding residues of the two proteins. The upper plot
indicates the deviations in the main chain conformational torsion angles ¢ (—) and ¢ (---) of

- corresponding residues.

results in the polypeptide chain at residues 83 and 84, formerly packed against the left face of the
phenyl group of Phe82, shifting downward and toward the pocket occupied by this group in the |
wild-type protein. 'I'tﬁs shift is médiated‘largely by alterations of +21° and —266 in the ¥
angles of Ala81 and Glys4, resﬁectivély.

The position of Fhe side chain of Argl3 also differs in the twd proteins. In wild-type
iso—-1-cytochrome ¢, the alkyl portion of this side chain packs against the external edge of the

phenyl ring of Phe82, and the guanidinium group is hydrogen bonded to water molecules. In the
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Figure V.3. Stereo drawing of the region around residue 82 in the Ser82 variant (thick lines) and
wild-type (thin lines) iso—1l-cytochromes ¢. The heme groups and the polypeptide chain of
residues 13 through 14, 68 through 71, and 79 through 85 of the two proteins are shown
superimposed. Two unique structural features in the Ser82 variant, the water molecule 167
hydrogen bonded to Ser82 OG, and the hydrogen bond between Argl3 NH1 and Gly84 O (dashed
line), are also shown. : : '

SérSZ -variant, the guanidinium group of Argl3 is oriehted.to form a hydrogen bond with the
carbonyl group pf residue 84. This interaction is made possible by two factors. First, the smaller
side chain 6f Ser82 allows the side chain of Argl3 to adopt a conformation which in the
wild-type protein would generate prohibitive steric conflicts with the phenyl ring of Phe82.
Second, the inward movement of residues 83 and 84 places fhe 84 O atom closer to Argl3.
Indeed, it is possible that the observed shift in position of GlyS4 is due in part to the hydrogen
bond interaction formed with Argl3. That the side chain of. Argl3 in the Ser82 variant forms an
intramolecular interaction is reflected in its better defined appearance in electron density maps, and
significantly lower atomic temperature factors (average 18 &2, as compared to 25 A in the

wild-type protein).
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2. Solvent accessibility to the heme crevice |

In the wild-type protein, the ‘phonyl ring of Phe82 plays an important structural role in
excluding solvent _from the heme pocket. Thus, in the Ser82 variant, the occurrénc_:e of the smaller
.serin-e side chain has created a channel éllowirig accoss of solvent down into the héme pocket
(Figure V.4). The mouth of the channoi‘ is forined by the hydroxy‘ll group of Ser82, the main
chain of residues 83 and 84, the side chain of Leu85, and the ‘CBB atom of the heme group,
| whoreas the floor is formed by the side chain of Leu68 and the CE atom of the Met80 heme
ligand. Although one water molecule (Watl67), hydrogen bondéd to Ser82v 0G, is oositioned at
the entrance to fh_e channel, none are observod within the channel. This is consistent with the
“apolarity of the groups lining the internal portion of the channel. The exposure of the heme to
the solvent medium is greaﬂy ‘increased in the Ser82‘ variant, with the total surface are'a‘ directly
accessible to solvent being 70.0 A2, as compared to 48.8 A? in wild-type iso-1-cytochrome c.

In the Ser82 variant, the presence’ of the solvent channel exposes to solvént the CBB atom_
of the heme, and the side chains of Leu68 apd Met80, three groups which'are completely
'inacccssible_to solvent in v‘vil.d—type iso-1-cytochrome ¢. It is notable that in the Ser82 variant,

: these‘ hydrophobic groups have shifted positionally, apparently in order to minimize their contact.
with solvent_ The .CBB heme atom has moved 0.8 A& toward a non-polar region at the rear of
the moleoule. ﬂ’I»'his movement represents the only -signiﬁcant difference between atomic positions of
the hemé groups of thé Ser82 variant and wild—type iso— 1—cytochromes ¢, and is facilitateo
primarilyA by an adjustment in the cohformatiori of the adjacent thioether Vlinkz.lge t.o' Cysl4. At the
_ floor of the solvent‘.channel, the Leu68 CD1 and CD2, and Met80 CE methyll groups have

| ondergone shifté of 0.7, 1.2 and 0.7 &, respectively, further down toward»thé..interior of the_
iso-l-c_ytochrome ¢ molecule. The exposure of these normally buried groups also further
demonstrates the marked increase in solvent accessibility to the heme oockef that has occurred in

the Ser82 variant.
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|

Figure V.4. Comparison of the molecular surface in the region of residue 82 in wild-type (top)
and Ser82 variant (bottom) iso-1-cytochromes c¢. The dots outline those regions of the surface of
the protein molecules which are accessible to solvent, and were calculated (Connolly, 1983) using a
probe sphere of radius 1.4 K. The directions of view are oblique to the Met80 face of the heme
groups. In the Ser82 variant, a channel extends from the surface of the protein, immediately
behind the main chain of residues Gly83 and Gly84, down to the side chains of Leu68 and
Met80.

3. Remote from the substitution site
A number of conformational differences between the Ser82 variant and wild-type

1so-1-cytochromes ¢ occur around TrpS9 and Watl66. These groups have positions near the
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‘propionyl éérboXyl_ group >o‘f the heme pyndle ring A." This carboxyl group is} located at the
bottom .of the heme pocket, and ~13 A frvom>the side chain of Ser82. The hydrogeﬁ bond
interactions formed. by this group in wild—tyiae iso- 1—cytochrofne ¢ are detailed in Figure III.ll.

~The pdsitjon of the Trp59 side chain in the Ser82 variant differs witﬁ respéct to tﬁat in
the wild-type molecule by 0.75 & overall, with shifts greater ‘than 1R occurring for the CZ2,
CZ3 and CH2 atoms (sec Figure V.5). This difference is particularly notable consi‘de:ing the
- well-defined electron density for the aromatic ringé in" both structures, and the rélatjvely‘ smali

overall averﬁge shift (0.2 K) observed for the side chain atoms of the other: five aromatic residues
‘ occurring in the heme pocket. The movement of the Trp59 indole ring arises primarily fr_om a -
~15° rotation in ‘the X1 torsion éngle of this side chain, and results in the lossb of the hydrogen
bond between' the NE1 atom and the O2A i)ropionic édd oxygen (the O2A-Tp59 NE1 diétarice is
increased from 3.0 A& in the wild-type protein t0 37 & in th'e 'Ser82 variant). The propionic acid
group of heme pyrrole ring A is otherwise unaffected by the shift in Trp59 and fetains the |
'Ap'ositioning and hydrogen‘bonding _interacﬁons occurring in wild-type iso- 1—‘cytochrorhev c¢. The -
movement of T1p59 also appears to induce the concerted movement of two ’adjac_:ent side chains;

’Thevside chain of Met64, which is packed closely against the indole ring of Trp59, is displaced by> '
~07 A. And the phenyl ring of Phe36, which is in turn packed adjacent to the side chain of
~ Met64, undergoes a shift of ~0.5 K; It is 'notablé .ﬂiat‘_a'pe‘nurbation near 280 nm ih the UV
absbrption spectrum of the éer82 vafiant also suggcsts-that frpS9 differs in conformation between
the wild-type and Ser82 ivariant iso—l—cytoéhromes ¢ (Pielak et al., 1985, 1986). .

The '.intemal' water molecule Watl66 and the side chain of Asn52, bbsiﬁoned on the
frontwa;d—fac»ingA side of the pfopionic acid group of i)ynble ring A, are also iﬁvolved in a series
of concerted moirements (Figure‘_V.S). In thg Sér82 variaﬁt, Wat166 moves 1.4 K'in a direction -

, almést directly toward the heme iron atom, thus decreasing the disﬁmce between these groups from
 6.4 to 5.2 A. Occurring in concerf wifh this positional shift is the loss of the hydrogen bond
between Watl66 and AsnS2 ND2, and thé movement of th¢ side 'chain of Asn52 closer to thel

" OlA atom of the heme propionic acid. The overall shift observed for the side chain atoms of
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| SN 52

LY 41

 Figure V.5, Stereo drawing showing the structural differences between the Ser82 variant (thick
lines) and wild-type (thin lines) iso-1-cytochromes ¢ in the region around the heme propionic
acid group of pyrrole ring A. The heme groups, the internal water molecule Watl66, and residues
36, 41, 52, 59, 64, and 80 through 83 of the two proteins are shown superimposed. Those
hydrogen bonds which differ between the two proteins in this region of the molecule have been
shown as dashed lines. :

Asn52 is ~0.5 . In wild-type iso-1-cytochrome ¢, Watl66 forms additional hydrogen bonds to
the side chains of Tyr67 and Thr78 (see Figure IIL11). In the Ser82 variant, these hydrogen

bonds are retained, and positional shifts are not observed for either of these latter residues.

C. Correlation of structural changes with diffefences in functional properties
1. Solvent accessibility to the heme pocket and polaﬁty of the heme environment
a. Reduction potential |

The reduction potential of the Ser82 variant of iso-1-cytochrome ¢ is observed to be 255
mV, whereas that of the wild-type protein is 290 mV (Rafferty et al., 1990). Suuctural
differences between these proteins provide an explanation for the observed ~40 mV decrease in
reduction potential of the Ser82 variant. The presence of »the solvent channel in the Ser82 variant
substantially increases the direct exposure of the heme group to solvent. In addition, the polarity
of the heme environment of the Ser82 variant would be expected to be significantly increased by

the acéessibility of solvent to the heme pocket, the presence of a hydrophilic side chain at position
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82, and the ’loss of the insulating phenyl group, which in the’wild—type molecule shields th_e heme »
‘group from both the guanidinium group of Argl3 and._the exterhal solvent medium. Both
inaccessibility .of ‘the heme group to solveht (Stellwagen, 1978), and non-polarity of the heme
environment (Kassner, 1972) ‘ha‘_ve‘ been proposed to play signiﬁcant roles -in establishing a high
reduction potential in cytochrome ¢. These tesults clearly demonstrate that Phe82 plays a rrlajor
Tole in fo_nning the .heme environment of cytochrome ¢. Furthermore, they emphasize the }

‘ ‘signiﬁcant inﬂuence of the polarity of the heme environment on the reduction potential of

cytochrome c.

b. Reactivity of iso— 1-cytochrome ¢ with small molecule electron transfer reagents
Numerous small molecule redox reagents are able to carry out electron transfer -reactions

~with cytochrome c. | Experimental evidence indicates that these reactions occur via an outer sphere
_mechanism, and involve electton transfer occurring ‘directl.y through the exposed edge of the herne
group (reviewed in Ferguson-Miller et al., 1979). Experiments measuring the 1ate of reaction of
_variants vofb iso— 1-cytochrome ¢ with the'small molecule reductant Fe(EDTA)*- have showh that the
Ser82 variant is reduced about ‘twice as fast as the wrld—type protem (148 X 10% vs. 72 X 10¢

M g1 (Rafferty et al., 1990) These results are consistent with the 1ncreased exposure to the

solvent medium observed for the _heme group “of the Ser82 variant.

2. - Stability of the herne crevice

At alkaline pH, cytochrome ¢ is known to undergo a conformational change in :which
coordination of Met80 to the heme iron is lost (Pearce et al., 1989). The pH at which this
unfoldmg occurs provrdes a measure of the stability of the heme crevice (Osheroff et al., 1980)
-'The pK observed for the Ser82 variant (7.7) is 51gmﬁcanﬂy lower than that observed for the-
wild-type protein (8.5) (Pearce et al., 1989), indicating that the stabrhty of the heme crevrce is
decreased in the Ser82 variant A decreased stability in the conformation of the polypeptide chain ‘
surrounding the heme is also inferred from the tsimi‘liarity between the Soret CD spectrum of the

Ser82 variant and that of oxidized iso—l—cytochrorne ¢ in which the integrity of the heme
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environment has been disrupted by high temperature (Pielak er al, 1986). - |
| Pearce et rzl. (1989) have shown that of the two factors which determine the pK, for the -

.alkalirre transition, it is the dissociation constant of the (unidentiﬁed) ionizing group that is most
o greatly affected by substitutions at Phe82. Somewhat unexpectedly, the equilibrium constant for the
- conformational' rearrangement is little affected,, and actually lowered in the case of the Ser82

~variant. However, it is conceivable that an intramolecular'interactio.n occurring in the native fold
vof the: iso- 1-cytochrome c molecule acts to maintain the pK, of the 1omzmg group. In this case,
factors whrch lower the stability of the native conformation could cause the observed Shlft in pK
of the sensitive group. In‘ the Ser82 variant, several structural perturbations occur that may effect
“such a lowering in stability. The replacement of the phenyl ring, which in the ‘wild-type molecule
is tightly packed within-a hydrophobic pocket (see Section IILH.1), with a solvent channel gives
Tise to two destabilii_ihg effects: a decrease in packing efficiency, and a disruptjon of the van der
‘Waals forces maintaining the native conformation of the left wall of ‘the heme pocket. In
addition, both the exposure. to solvent of nc')rmallly buried, non-polar groups, and the i‘ntrodu_ctjonv
-of the polar hydroxyl group of Ser8.2 into a hydrophobic environment would also be expecte'd o
destabilize the Ser82 variant It ie notable that these perturbations occur vin a regiort of the
molecule that has been proposed to play"a role in stabilizing the heme crevice (Osheroff et al., ’

1980).

3. Electron transfer activity

Phe82 has been proposed to play a direct role in the electron transfer reaction between
. yeast cytochrome ¢ and yeast cytochrome ¢ peroxidase. Liang et al. (1987 1988) have determined
that in the complex between iso- 1—cytochrome ¢ and zmo—substrtuted cytochrome c peroxrdase the
rate of reduction of Zn*—cytochrome C peroxrdase by cytochrome ¢ is 10* times slower for the
‘Ser82 vanant ‘than for the wrld—type protein. '

These authors have attributed this lower - electron transfer rateuto the lack of an aromatic -
side chain at position 82. ‘Interactions between the 1r.—e_lectron sy_stem of the aromatic group» at

this site and that of the heme group are proposed to account for the enhancement of electron
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transfer occurring in the wild=-type molecule. This interpretation is‘supported hy the structural
analysis of the Ser8_2v variant, which shows that structural _perturbation at the putative electron
transfer site is essentially restricted to a simple replacement of an aromatic group wrth a solvent
channel. It is clear that in travelling from cytochrome cto cytochrome c peroxidase, an electron
which might normally encounter the phenyl ring of Phe82 would encounter va'substantiélly. different
rnedium in the Ser82 variant, where the intervening 'space would consist of a polar' hydroxyl group,
'a solvent channel, and likely one or more entrapped solvent molecules (see Figure V.3). Indeed, it
is possrble that in the Ser82 vanant, the altered character of this pathway results in electron
transfer occurring via an entrrely drfferent mechanism (Marcus and Sutin, 1985; Liang et al., 1987).
Although the lack of the optimal medium for electron movement would appear to be the most
'obVious explanation for the impeired -electron wansfer activity of the 'Ser82 variant, it must also be
considered that the other observed conformational differences or a pertnrbed electron distribution in
the delocalized m—-electron system of the heme (see discussion below) may contribute to the ‘
lowered abrlrty of this protein to donate an electron to Zn*- cytochrome c peroxrdase An ..
addrtronal note is that the absence of gross conformational differences hetween the wrld-‘type and
‘Ser82 variant iso~ l—cytochromes ¢ in the region of the molecule thought to interface with CCP
suggests these two proteins can form a similar complex with CCP (Liang et al., 1987,-_ 1988). This
- "is consistent with the similar rates observed for the photofinitiated. electron transfer from
3Zn~cytochrome ¢ peroxidase to iso- l-cytochrome ¢ for both the Ser82 v_nriant and the wild-type

protein (Liang et al., 1987, 1988).

D - Possible explanation for remote conformational changes

In compnrison to wild-type iso- l1-cytochrome ¢, the Ser82'variant has a S_OmV lesser
reduction potential, which correlates with this protein’s increased solvent accessibility to' the heme
and increased polarity in heme environment. The lower reduction potential indicates that the
Ser82v variant has a decreased ability to stabilize the reduced state of the heme iron (i.e. a net
neutral charge at the heme centre). Th_is would be expected to create in the Ser82 véﬁnnt an

increased electro~positive character at the heme iron, which rnay in turn be responsible for the -
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_ conformational c_hanges'occurring remote from the- substitution site in this protein. Thus, the shifts'
observed at the internal water molecule Wat166 and at Asn52 may result.from the attraction of
Wat166 to the increased poeitive charge at the heme iron. The positiom'ng of Trp59 may be

_. affected by the electrostatic interaction between the heme iron and the propionic acid grotrp“ of
heme pyrr_ole ring A . (Moore, 1983). In the Ser82 variant, the strengthened interaction between the
electronegative carboxyl group and the increased electropositive charge on the .heme iron may
‘Tender tlre carboxyl group less able to act as an electron donor in a‘ hydrogen boncl with “Trp59
NEl. The proposal that the conformational shifts observed in the Ser82 'varia_nt occnr in response .
to increased electropositivity at. the heme iron is supported by their strong similiarityv to shifts |
observed between tuna ferri- _'and ferrocytochrome ¢ (see Section IV.C). It can thus also be
reasoned that the structural differences between ‘th_e Ser§2 varlant and wild-type

~iso- l-cytochromes ¢ represent the initial conformational changes occurring as reduced

iso- 1—cytochrome c is oxidized during an electron—transfer event. | _

An altematrve explanatron for the observed shift m posrtlon of Trp59 in the Ser82 variant
anses from the proposal of Satterlee et al. (1987) that the effects of conformatronal changes
occurnng in cytochrome c in the vicinity of Phe82 can be transmrtted, via a molecular orbital of '_
the heme group, to the propionic acid group of pyrrole ring A. Shellnutt et al. (1979) have also
emphasized the aromatlc and electronegatlve groups occurring in the neighborhood of the heme are
important determrnants of the drsmbutron of electron density within the heme - orbltals Thus in
the Ser82‘ variant, it can be argued that the increased solvent accessibility and polarity occurring at
the top of the heme pocket leads to a redistribution of electrons withinl the delo'calized m—electron
system of the heme. If t.his redistribution were to lower the electronegativity of the propionic acid
-group of pyrrole ring A, in a manner similar to that described above it may result in the loss or :
lengthening of the hydrogen bond to'Trp59.>. | |

Considering that the propionic acid group of pyrrole ring A appears to be central to the
conformatronal shrfts occurnng between the Ser82 variant and wrld—type iso— l—cytochromes ¢, and

that these shifts may represent the initial movements occurnng dunng the oxrdauon of the
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iso-1-cytochrome ¢ molecule, it is pairticularly notable that Moore (1983) has proposed that .this
propionic acid group, through . electrostatic interacﬁons with the héme iron, is involved in mediating

the oxidation-state dependent conformational changes‘ in- cytochrome c.
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VL GLYCINE 82 VARIANT OF YEAST ISO-1-CYTOCHROME ¢

'Two proteins containing a glycine at position 82 in iso- 1—cytochrorne ¢ were studied. In
one, the naturally occurring Cys102 was present, whereas in the other this residue was replaced by
-a threonine. The two variants w111 be referred to as Gly82(Cy5102) and Gly82(Thrl02). Of
'.particular significance is that the structure determinations were of the Gly82(Cys102) variant in its

" reduced state, and of the Gly82(Thrl02) variant in its oxidized state.

A. Details of the structure determination

1. - X~ray diffraction data
" a. Gly82(Cysl02) variant

| . For the Gly82(Cys102) variant of iso-1-cytochrome ¢, diffraction data to 2.6 & resolution
(3305 reﬂections in total) were collected from a single crystal. Indivi(iual backgrounds were used
in thev bprocessing of diffraction intensities. The scale factor for the resultant set of structure
" factors was determined to be 44.6, using a linear rescale against all common structure factors from
the data set for wild~type iso~ 1-cytochrome c. The R~ factor betwéen the two data se'ts was

0.415.

b. Gly82(Thrl02) variant
: Diffraction data for the G1y82(Thr102)v va'riant. were measured from two crystals, with one

'_ crystal (B, 8587 reﬂections) covering the resolution range mi‘-to 20 & and the other (C,v.1'0733
reflections) « to 1.76 A. Individual backgrounds were used in the processing of both sets of
diffractjon intensities The scale factors for the two sets of structure factors were determrned
using the method of Thiessen and Levy (1973), to be 202 for B and 170 for C. The R—factor |
for structure factors in common between the data set for wild-type 1so— l—cytochrome ¢ and sets B
: and C of the Gly82(Thrl02) variant were (.27 and 0.28, respectively.

A cornplete data set to. L 76 .K resolution was obtained by merging the two independent
sets of structure factors. The merging R-factor for the 6822 replicately measured reflections in the

‘ resolutlon range o t0 2.0 & was 0.105.
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2. Difference maps

For each of the Gly82 variants, difference maps (Figure VI.1) were calculated using the
coefficients F (wild-type) ~ F(Gly82), and phases derived from a wild-type iso- 1-cytochrome ¢
atomic model which had been refined at 1.7 & resolution to an R-factor of 0.197. The features
in the two maps were similar but not identical. Interpreted with respect 1o the superimposed

structure of wild-type iso~1-cytochrome ¢, both maps showed numerous significant electron density

Figure VL1. Stereo drawings of the F (wild-type) - F (Gly82) difference maps in the vicinity of
residue 82 for the Gly82(Cysl02) (top) and Gly82(I'hr182) (bottom) variants of iso~1-cytochrome c.
The atomic skeleton of wild-type iso-1-cytochrome ¢ determined at 1.7 & resolution is
superimposed on the difference elecron density envelopes. Positive density has been contoured with
solid lines, and negative density with dashed lines.
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peaks located around residues 82 through: 84, in the direct vicinity of the substitution site.

~a. Gly82(Cysl02) variant ‘

In the difference map ‘for the Gly82(Cys102) variant, most of the phenyl ring of Phe82

. was enveloped in positive density, as expected. However, positive density also _occurr.ed' at the
main chain of residues 82, 83 and 84, and there was significant negative density located between
the ‘phenyl ring of Phe82 and the backbone of residues 83 and 84. In addition, the Phe82 atoms |
CB and CG, as well as CD1 and CEl of the inner edge of the phenyl ring, were associated wit_h
neither negative nor positive 'de_nsity. The difference map thus indicated that a conformational
Tearrangement of residues 82 to 84 occurs in the Gly82(Cys102) variant, but was not sufﬁciently '

clear to allow a refitting of this segment of polypeptide chain.

b. G1y82(Thr102) variant

' The difference ‘map for the Gly82(Thrl02) variant very clearly indicated a perturbanon in
the conformatron of resrdues 82 to 84. Enveloped in posmve density were the upper portion of
the phenyl ring of Phe82 as well as almost the ent1re stretch of polypeptide backbone from Ala8l
O through Gly84 O. Note that a break at the CA atom of Gly83 is consistent with the later
* determination of a water molecule occurring at this. site in the Gly82(Thr102) variant (se¢ below).
_Strong peaks of negative density occurred adjacent to the carbonyl group of Alagl, directly above
CAi and CB of Phe82, and alongside the main chain of glycines 83 and 84. Consistent with the
replacement of Cysl02 by Thr102 the difference map also showed a strong positive peak at the
SG atom of Cysl02, and an adjacent negative peak.

The high quahty of the difference map suggested that a-2F (Gly82) - F, ' map may be
sufficiently clear to deﬁne the altered conformatron of residues 82 to 84 in the Gly82(Thr102)
variant. The calculated structure factor magmtudes and phases for this map excluded the
contribution of residues 81 through 85, and of several water molecules located in the vicinity of
the substitution site. The resultant map was found to'be very similar in appearance to both

2F, - F. and F, ~ Fc’ maps calculated later during the ‘course of refinement of the
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‘Gly82(Thrl02) variant, and allowed.the unambiguous refitting of the polypeptide chain from
residues 81 through 84. In the refitting process, the main chain torsion angles of Met80 through

Leu85 were adjusted. A 2F, ~ F. map was also used to position the side chain of Thrl02.

'3, Refinement of the structures of the Gly82 variants

a. GlySZ(CySIOZ) variant | |

“The initial model used in the refinement of the G1y82(Cys102) variant wars derived from a

1.7 X resolution wild—t}tpe iso-1~cytochrome ¢ structure, which included 98 water molecules and 1
sulfate ion. The atoms of the phenylalanine 82 side chain were deleted, but no other adjustments
- were made. The initial model was refined against diffraction deta for the Gly82(Cys102) variant
consisting of the 1581 structure factors with F 2 20p in the resolution range 6.0 10 26 & |
(corresponding to 55% of the available reflections). Nine cycles of reﬁnernent reduced tne .
R-factor from a starting value of 0.283 to 0.206. At this point, the mean shift of all protein
atoms from their posmons in the initial model was 0.23 K Although structural reﬁnement did not
_srgmﬁcantly alter the posmons of Tesidues 82 to 84 a 2F, - F_ map calculated at thls stage
~ showed that these residues d1d not reside in elecu'on densrty The presence of significant positive
electron density located between the heme group and the position then occupied by residues 82 to
84 indicated a possible alternative path for this segment of the polypeptide chain. A
‘residue-deleted E, - F }map,"where F. were calculated with residues 81 through 86 removed
from the model, was consulted in making adjustments to the conforrnations of residues 81 through
85. Some minor manual adjustments were also made, through inspection of 2Fj - F. maps, to
the poruon of the atomic model outsrde of the substitution site. Twelve cycles of reﬁnement wrth
the revised Gly82(Cys102) vanant model then reduced the R—factor to-0.184. At this pomt, the fit
of the refolded segment of polypeptrde chain and the solven_t structure in the vicinity of the
substitution site were further evdluated using another 2F, - F. map. This led to the deletion of
two water m_olecules hydrogen bonded to main chain atoms of residues 81 to 84 in their original
conformations, and the addition of two water molecules which formed hydrogen bonds to these

residues in their altered confcrmétion. A final 18 cycles of refinement resulted in a further
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reduction in R-factor to 0.158. As shown in_ Table VL1, the ﬁnal"fat_omic mo‘d'eli has excellent

agreemen_t' with ideal stereochemistry.

b, Gly8X(Thrl02) variant | |

- The initial model used in the refinement of me'GlySZ(ThrlOZ) 'variant was also derieed
from a 1.7 A resolution wild-type iso- l—cytechrorﬁe 'c structure. * In this vcase, the preliminary
f_nodel __incorporat'ed ‘a n_uinber of .adjust-ments made through inspection of 2F, - FC maps as
described above. These included a refitting of the segment of polypeptide chain Ala81—Giy82'—
Gly83-GlyB84—Leu8S, the placement of a threonine side chain at residue 102, and the deletion of

several water molecules which occurred in the vicinity of the -substitution site and which lacked

Table VLI. Agreement with ideal stereochemistry in the ﬁnal refined models of the Gly82 variants
, : . of yeast iso—1-cytochrome ¢

Class of restraint .~ . : R.m.s. deviation from ideality
Gly82(Cys102) - Gly82(Thrl02)
1-2 bond distance 0.011 R 0.024 &
1-3 angle distance 0.028 & 0.044 A
~ 1-4 planar distance 0.033 & 0.060 &
'Planar - ' 0.013 A 0.020 &
Chiral centre 0.155 A3 0.198 A3
Non-bonded contacta , '
“single - torsion 0.206 A 0217 R
multiple torsion 0.207 A 0221 R
possible hydrogen bond 0.239 & 0.244 R
- Staggered (+60°, 180°) torsion angle 23.2° 20.8°
. Planar torsion angle (0 or 180° ) - 24° 3.4°
Temperature factor - K
‘ 1-2 bond (main chain) 0.5 A? 1.5 A?
1-3 angle (main chain) 0.8 A* 21 A?
1-2 bond (side chain) 0.3 A 18 A:
1-3 angle (side chain) 0.6 A? 2.7 &?

aThe I.m.s. devxatmns from 1dea11ty for this class of restraint incorporate a reducnon of

0.1 A from the radlus of each atom involved in a contact.
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sufficient electron density. The course of refinement ef the structure of the Gly82(Thrl02) variant
‘is summarized in- Table VL2. In general, the manual adjustments required were small, and were
'restIic.ted tc the side chains of amino acid residues. Further substantial manual adjustment .to the
conformation of the polypeptide chain in the vicinity of the substitution site was not require’d.
The locations of four new water molecules occurring in this region of the molecule were
deterrmned For the final refined structure of the Gly82(Thrl02) variant of iso-1-cytochrome c,
the R-factor is 0199 for diffraction data in the resolunon range 6.0-1.76 /?& and there is good |

" agreement with ideal stereochem1sz (see Table V1L.1).

B. Description of structural changes
The replacement of phenylalamne at resuiue ‘82 with a glycine residue causes a substantial,

“but locahzed refoldmg of the polypepude chain. In both the Gly82(Cys102) and Gly82(Thr102)

Table VI.2. Course of refinement of the structure of the G1y82(Thr102) variant of yeast
, 1so—- 1=cytochrome c

kR W

Resclution Sigma Number of Refinement Ré factor Inspection of
Tange (/?\) cutoff - reflections cycles Initial Final atomic model
1 60-20 30. 519 13 0262 0214 ‘Agamst 2F,~F, map and
: ' : ’ -F_~ map for region near
- - o | - G?ysz |
6.0 - 20 3.0 - 5199 6 0.217 0.205 =-- :
6.0 - 176 3.0 - 6176 o1l 0221 0209 Against 2F ~F_ map
6.0 - 1.76 3.0 6176 on 0.216 0.203 --
6.0 - 2.0 2.0 6618 8 0.215 0.210 Against 2F ~F. map
- 60 - 176 30 o S . -
6 60~ 20 20 - 6618 10 0.214 0.204 . Against 2F~F. map and
60 - 176 3.0 , ' G? -F_' map for reglon ‘near
. _ ‘ V82
7.60-20 20 66182 8 0206 0199

- 6.0 - 176 3.0

: aThe 6618 reflections used in the ﬁnal reﬁnement represents 69% of the avaulable data in
) the resolution range 60—1 76 X



174

variants, the segment of polypepﬁde chain whose confonnaﬁon is most greatly perturbed spans
residues 81 through 85. However, the ‘conformatjons of these residues in the two Gly82 variants
differ largely not only from ihat in wild-tjvpe iso-1-cytochrome ¢, but also from each other.
The highly localized nature .of the conformational rearrangement that occurs in the Gly82
variants is evident in Figure VL2, which shows a comparison of the main chain conformations of

the two Gly82 variants with that of wild—type iso-1-cytochrome ¢. Outside of the immediate
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Figure VL2. Comparison of the polypeptide backbone conformations of the Gly82 variant and
wild-type iso~1-cytochromes c. Wild-type iso-1-cytochrome ¢ is compared with the
Gly82(Cys102) variant in the panel above, and with the Gly82(Thrl02) variant on the panel on the
following page. In each panel, the lower plot indicates the average deviation observed between the
positions of main chain atoms in corresponding residues of the Gly82 variant and wild-type
iso-1-cytochromes c. And the upper plot indicates the deviations in the main chain conformational
torsion angles ¢ (—) and ¥ (---) of corresponding residues of the two proteins.
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Figure ) VL2 (continued).

vicinity of the substitution site, the main chain conformations of both Gly82 variants do not
significantly differ from that of the wild-type protein. For the comparison of residues -5 to 80
and 86 to 103 of the wild-type protein with those of the Gly82(Cysl02) variant, the overall

r.m.s. positional difference for main chain atoms is 0.29 & and the overall r.m.s. differences for
phi and psi angles are 8.6° and 9.8°, respectively. The corresponding values for the comparison
between the wild-type and Gly82(Thrl02) variant iso~1-cytochromes ¢ are 0.28 &, 6.9°, and 6.9°,

respectively.
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1. Polypeptide chain refolding in the vicinity of Gly82
a. Gly82(Cysl02) variant

In the refolding of the polypeptide chain in the Gly82(Cysl02) variant (see Figure VI.3),
Gly82, Gly83 and Gly84 are the residues most affected, with the main chain atoms of these
residues shifting on average 2.7, 4.8 and 1.8 R, respectively, with respect to their positions in the
wild-type iso-1-cytochrome ¢ molecule. On either side of the affected region, the large inward
movement of residues 82 to 84 is accommodated by adjustments in only a single main chain
torsion angle: ¢ of Ala8l by -78°, and ¢ of Leu85 by -45°. It is notable that residues 82 to
84 do not undergo just aA simple translational displacement, as the main chain torsion angles of
these residues di}fferI substantially from those in the wild-type protein (see Table VL3).

The effect of the refolding is to pack the apolar portion of the mainv chain of residues 82

to 83 agéinst the upper left face of the heme group. Van der Waals contacts made between this

Figure VL3. Stereo drawing of the region around residue 82 in the Gly82(Cysl102) variant (thick
lines) and wild-type (thin lines) iso-1-cytochromes ¢. The heme groups, the polypeptide chain of
residues 13 through 14, 68 through 72, and 79 through 85, and neighboring water molecules of the
two proteins are shown superimposed. Hydrogen bonds are represented as dashed lines, and have
been labelled according to their occurrence in the wild-type ('f') or Gly82(Cysl02) variant (’g’)
proteins. ' ‘
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- Table VL3. Comparison of blmain chain torsion angles? in the vicinity of residue 82 in wild-type -
: ' - and Gly82 variant iso-1-cytochromes ¢ '

~ Residue and Wild- G1y82(Cys102) . Gly82(Thrl02)

main chain type -
torsion angle Value Difference  Value Difference
Met80 ¢ =75 =56 - +19 -75 0
V¥ 106 - 116 +10 125 . +19
Ala8l ¢ - =82 -96 -14 -107 =25
_ v - 69 -9 -78 . 137 ~ +68
Phe82 ¢ =136 -105 +31 57 —167
(G1y82) ¢ 125 -170 +65 16 -109
Gly83 ¢ -61 81 +142 -93 -32
/3 ~45 179 136 43 +88
Glyg4 ¢ 136 110 =26 -107 +117
Y 166 120 -46 153 =13
Leug5 ¢ -113 -158 -45 = =144 =31
V. 99 111 +12 105 +6

2All torsion angles have units of degrees.

segment of polyﬁepﬁde chain and thé carbon atoms of the heme group include Gly8‘2 CA fo Hef_n
C2C and CMC 3.2 ,&) and Gly83 CA to Hem CBB (3.5 X); Iﬁteresﬁngly, the carbonyl groups -
~ of residues 82, 83 and 84,'the most polar groups (Burley and Petsko, 19865 in this Asegm,ent of
polypeptide' chain, retain orientations similar to thoée ‘occurring in the wild—typé molecule, as they
are all directed away from the heme group. - It is notable thét atoms of residues 82 through 84
‘ héve shifted from being over 6 to 8 & removéd from atoms of .the heme gioup, to their |
positioning adjacent to the heme in the G}1y82(Cys‘102) variant. In Wild—tYpe iso— l—cytochrbmé ¢
the phenylAring‘ of Phe82 has a similaf placement with respect to the heme group. In the }
Gly82(CyleZ) variant, the position of the polypeptide backbone at about Gly83 C coincides with
| ﬂlat of the lower portion (étoms CDI and CEl) of the Phe82 phenyl ring in tvhe‘wild—type”. |
protein. It should also be nofed ‘that the large shift of the polypeptide chain in the |
Gly82(Cys102) variant at residues 82 to 84, and the positidning of theée residues with respect 0 -

the position of thé_’ phenyl ring of Phe82 in the Wild-type"molecme are in good agreement withb :
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the the initial F (wild-type) - F(Gly82) difference map.

b. Gly82(Thrl02) variant

In the Gly82(Thrl02) variant, refoiding of the polypeptide chain most greatly affects the
positions of Ala81 through Gly84 (see Figure V1.4). For residues 81, 82, 83 and 84, the average
positional differences between corresponding main chain atoms of the Gly82(Thrl02) variant and
wild-type iso-1-cytochromes ¢ are 0.9, 2.5, 4.7 and 1.3 K. respectively. As in the Gly82(Cys102)
variant, the large conformational rearrangement of residues in the vicinity of the substitution site
perturbs on either side of the affected region only a single main chain torsion angle: ¥ of Met80
by +19° and ¢ of Leués by -31° (see Table VL3).

Similar to the situation in the G1y82(Cys102) variant, refolding in the Gly82(Thrl02) variant
positions the mam chain of residues 82 to 83 in the volume of space occupied by the phenyl ring
of Phe82 in wild-type iso-1-cytochrome c. The posiﬁons of the Gly83 N, CA and C atoms in
the Gly82(’1"hr102) variant coincide cldsely with those of Phe82 CG, CD1 and CEl in the

wild-type molecule. In ifs position adjacent to the heme gi'oup, the polypeptide chain at residues

Figure VL4. Stereo drawing of the region around residue 82 in the Gly82(Thrl02) variant (thick
lines) and wild-type (thin lines) iso-1-cytochromes ¢. The heme groups, the polypeptide chain of
residues 13 through 14, 68 through 72, and 79 through 85, and neighboring water molecules in the
two proteins are shown superimposed. Hydrogen bonds are represented as dashed lines, and have
been labelled according to their occurrence in the wild-type (’f) or Gly82(Thrl02) variant (’g’)
proteins,
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81 't.hrough 83 makes several van der Waals contacts with' atoms at the upper edge of this group.
These contacts include- Ala81 O to HemCBC (3.4 &), Gly83 CA to HemCHC (3.5 R), and Gly83
CA to HemCBB (32 R). |

‘2. Solvent structure in the vicinity of the substitution site
In the direct vieinity of the substitution site of both Gly82 variants, -changes in the
posrtromng of polar atoms of the polypeptrde backbone cause -the nearby solvent structure to ‘be

| substantrally altered from that in the wild-type protem

a. Gly82(Cy3102) variant

A water molecule (Watl72) which in the wrld—type structure is hydrogen bonded to the
carbonyl oxygens of both residues 82 and 83, as well as to the backbone amide mtrogen of
residue 72, is absent in _the G1y82(0y5102) variant_‘ Refolding of the polypeptide chain at the ‘
substitutjon site places both carbonyl groups too distant from 72 N to partieipate with this_‘atom in
coordinating a water molecule. A water molecule (Wat165) hydrogen bonded to the amide _
. nirrogen of Gly83 in the wild-type ’rnolecule is also absent, since Gly83 N in the Gly82(Cys102)' -
variant is directed inwards into the henre pocket, rather: than upward -toward the extemal. solvent.
The carbonyl groups of residues 81 and 83 at their._altered positions in the Gly82(CysiO2) variant
hydrogen bond two wdter molecules (Watl05 and Watl23) which have no counterparts in

wild-type iso- l—eytOChrome c. -

b. G1y82(Thr102) variant
A number of ‘water molecules bound to residues 81 to 84 in their refolded 'eonformation in
the Gly82(Th1102) v'ariant‘ are unique to this protein. ‘Wat108 forms hydrogen bonds with. both
| tbe carbonyl group of Met80 and the amide nitrogen of _Gly83, and is notable in thar it is
. positioned Widlin 3.5 R of the Met80 side chain,” which ligands the heme iron. WatléO is
FA hydrogen bonded to the amide .nitrogen of Gly84. A further unique water molecule (Watl27) is _
hydrogen bonded ‘to Wat120. In addition, the inward shift of the carbonyl group of Gly84 in the

.Gly82(Thrl02) variant causes a corresponding positional shift in _Wat107, which is hydrogen. bonded
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s

to this carbonyl group. _ Interestingly, Watl72 which is absent in the-Gly82(Cys102) variant does
occur in the Gly82(Thr102) variant, In the latter protein, Watl20 partimpates with the amide

mtrogen of residue 72 in coordinating Wat172

3. Other structural differences
a. Gly82(Cys102) variant

Occufring nearby to ttie s_ite of the amino acid substitution' in the Gly82(Cys102) variant
are slightialterations in the- conformatidris of the side 'chain of arginine 13 and of the thioether
bridge between Cysl4 and the heme group. A reorientation of the guanidinium group of Arg13
coupled thh the more mward positioning of the carbonyl group of Gly84, results in the formation
of a hydrogen bond between these two groups. In the wild-type molecule, van der Waals contacts
, between the phenyl ring ‘of Phe82 and the aliphatic portion of the side chain of Arg13‘ prevent the
guanidinium group from approaching 84 O closely enough to form a hydrogen bond The CBB
‘methyl group, Wthh is part of the heme vmyl side - cham forming a thioether bond to Cysl4, is
packed agamst the phenyl ring of Phe82 in wild-type iso—l—cytochrome c. In the G1_y82(Cys102)>
variant, movement of tius group by 0.8 A further into the mtenor of the heme pocket occurs to
accdmmodate the ‘positioning of Gly83 adjacent to the heme group (the CBB - Gly83 CA distance
is 3.5 &), | | | |

Overall, the heme conformations in the Gly82(Cys102) gariant and wild-type |
iso~ lecytochromes ¢ are similar, with the mean difference in the positions of all heme atoms
being 0.26 . Aside from the CBB atom, the only other signiﬁcant positional difference eccurs at
the aliphatic portion of the propiomc acid group of pyrrole ring A. The largest posmonal shift of
1] K occurs at the CBA carbon atom, and is assoc1ated With a smaller shift (average 0.4 K) in
vthe carboxyl group of this propiomc acid.

Fmally, a posmonal shift is observed in the Gly82(Cy5102) variant at an internal water
melecule (Watl66) located ‘within the lower left of the heme pocket (Figure VI.S). In wild-type
iso— 1-cytoct1rome c, Wa_t166 forms hydrogen bends to the side chains of Asn52, _Tyr67 and Th178.

_The 'po_sition of this water molecule in the Giy82(Cys102) variant. differs by' 12 K from that in
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Figure VLS. Stereo drawing showing structural differences between the Gly82(Cysl02) variant (thick
lines) and wild-type (thin lines) iso-1-cytochromes ¢ in the region around the internal water
molecule Watl66. The heme groups, the internal water molecule Watl66, and residues 52, 67, 78
and 79 through 85 of the two proteins are shown superimposed. Hydrogen bonds involving Watl66 .
are shown as dashed lines, with the Watl66—-Asn52 hydrogen bond present only in the wild-type
molecule labelled °f.

the wild-type protein. In the Gly82(Cysl02) variant, Watl66 is positioned 0.8 & closer to the
heme iron (5.6 R vs. 64 & in the wild-type structure) and no longer forms a hydrogen bond to

AsnS2.

b. Gly82(Thrl02) variant ,

Apart from the refolding of thé polybeptide chain about Gly82, remarkably little‘
dissimilarity exists between the structures of the Gly82(Thrl02) variant and wild-type
iso-1-cytochromes ¢. The heme groups in these two proteins have essentially identical
conformations and positioning, with the mean deviation in the positions of all heme atoms being

only 0.15 .
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i Vicinity‘>vof the substitution site
As in the Gly82(Cysl02) variant, a slight adjustment in the conformation of the side chain
of Argl3 occurs m the Gly82(Thrl(Q2) variant, allowmg the guamdlmum group of Argl3 to form a

hydrogen bond to the carbonyl group of Gly8§4.

ii. Oxidation—-state dependent ‘su'u.ctural changes |

Structural differences between the wild—type and G1y82(Thr102) variant iso-1-cytochromes ¢
may result.from ‘two factors: the phenylala_nine to glycine amino acid substitution, and the |
difference in oxidarion stétes of the two proteins.. Due to their sirong similarity to differences that
occur between the two redox forms of cytochreme ¢ (see Section IV.C), the differences described
in this section have been coneidered_ tol be dependerit on the oxidation state of the
iso~ l—eytochrome c vmelecule. However, it has already been demonstrated that conformational
shifts that have occurred Temote fromv the substitution site in the Teduced form of the Ser82
variant resemble those expeeted as iso— l—cyrochrome ¢ is oxidized during an electron transfer event
(see Schon V.D). Thus, in mterpretmg structural drfferences between the wild-type and
Gly82(Thr102) vanant iso~ l-cytochromes ¢, the two above—mentroned effects are particularly
. difficult to differentiate. In the present case, it would seem most hkely that botlr ‘factors
.,contr'ibute to the observed differences. |

The most subsrantial positional shifts occur at Wat166, and at the side chain of Asn52 (see
. Figure'VI_.G). Irr the Gly82(Thrl02) varian_t, Watlé6 is displaced by 0.6 R _with respect to its
position in wild-type iso-1-cytochrome c. This displacerrlent decreases the distance between
Watl66 and the heme iron from 6.4 A to 5.9 K and also appears to mduce the upward shift
{average deviation 0.8 K) of the s1de cham of Asn52 to which Watl66 1s hydrogen bonded. The
Watl66-Asn52 ND2 hydrogen bond distances in the two structures are snmlar_ [2.9 & in the
Gly82(Thr102) variant, and 3.1 R in Wild—_type iso- l—eytochrome d. Signiﬁcaht conformational
differences betweerrthe G1y82(Thr102) ‘variant and wild—type iso~ l—cytochromes ¢ are also
observed at th other side chains. In the Gly82(Thrl02) variant, the aromatic rings of Trp59 and

Tyr67 have shifted approximately 0.5 & and 03 &, respectively, in a direction toward the rear of
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Figure VL6. Oxidation-state dependent structural differences between the oxidized Gly82(Thrl02)
variant (thick lines) and reduced wild-type (thin lines) iso-1-cytochromes ¢. The heme groups, the .
internal water molecule Watl66, and residues 52 through 59, 67 through 71, and 75 through 84 of
the two proteins are shown superimposed. Oxidation—state dependent changes are restsicted to the
side chains of TrpS9, Asn52 and Tyr67 and the water molecule Watl66. Note the stromg
resemblance -to conformational differences observed between reduced yeast and tuna, and oxidized
tuna and rice cytochromes ¢ (see Figure IV.9). Hydrogen bonds involving groups whose positions
are sensitive to the oxidation state have been drawn as dashed lines. The large rearrangement
occurring in the vicinity of the Gly82 substitution site can also be seen in this figure.

the iso—1-cytochrome ¢ molecule.

iii. Threonine 102

In the 61y82(Thr102) variant, the replacefnem of the naturally occurring cysteine at residue
102 with a threonine causes no significant structural perturbation (see Figure VL2b). The side
chain of this threonine residue adopts a g conformation (X1=71°), which is the same as that
adopted by ThinZ in both tuna and rice cytochromés c. In iso-1-cytochrome ¢, the Thrl02 OGl
atom forms a hydrogen bond to the cﬁrbonyl group of Leu98. A homologous hvdrogen bond
(Cysl02 SG - Leu98 O) occurs in the wild-type protein, but it is notable that the Cysl02 SG
and Thrl02 OGI1 atoms do not occupy the same position. Instead, the position of the CG2 atom

of the Thrl02 side chain in the Gly82(Thrl02) variant coincides with that of the SG atom of
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Cysl02 in the wild-type protein, which is consistent with the non-polarity of the pocket occupied
by these two atoms (see Section IIL.G.4). It is also of note that the close proximity (~4.3 X) of
the methyl groups of Thrl02 CG2 and Val20 CGl is consistent with NMR studies (Pielak et al.,

1988b), which show a strong NOE between protons of these two groups.

4. . Compan'sen of the refolded confonnations in the Gly82(Cys102) and G1y82(Thr102) variants

'I'he refolding occurring in both the Gly82(Cys102) and Gly82(Thrl02) variants results ‘.in a
final conformation of the polypeptide chain which differs between the two proteins (see Figure
VL7). The most notable conformational differences are the opposite orientations of the peptide
bonds between residues 81 and 82, and residues 83 and 84. The largest positional discrepancy
between the two G1y82 variants occurs at Gly82. In the Gly82(Cysl02) variant, Gly82 is
positioned deeper in the heme pocket,_ and is packed closer to the heme plane; in the

Gly82(Thrl02) variant Gly82 has a more external positioning.

Figure VL7. Comparison of the conformations of the polypeptide chain around residue 82 in the
Gly82(Cys102) (thin lines) and Gly82(Thrl02) (thick lines) variant iso—-1-cytochromes c¢. The heme
groups and the polypeptide chain of residues 13 through 14, 67 through 71, and 79 through 85 of
the two proteins are shown superimposed.
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© Unclear are the 'causes of the 'diffen'ng conformation of the polypeptide chain at residues
81 to 84 in thetv-le Gly82 variants. 'Ter obvious differences betweeﬁ these proteins are their
oxidation states _ahd the identity of lfesidue 102.  However, it would eeem unlikely that these
. factors are of primary importance. In gehe;al, redox—state dependent coﬁformational changes }in ‘
cytochrome c a.fe observedvto be small, and appear to be lecalized to the lower left of the heme
pocket.»(see Sections 1LB4 and IVC). - In addiﬁon, a 'preli_rninary difference map for the reduced
_Gly82(ThﬂOZ) variant indicates that the conformation of residues’-_Sl to 84 in this pfetein
resembles ‘that in ‘the oxidized Gly82(Thr102) variant. The cysteine .to threonine replacement at
position 102 has not signiﬁcanﬁy affected the conformation of the polypeptide chain local to this
substitution site, and ;esidue 102 is 18 K reméved from the region of the polypeptide chain
areund zesidue 82. Ii méy be that the observed conformations for residues 81 to 84 simply '
Tepresent two relatively stable members of a population of existent conformations.

It should. be emphasized that desp_ite the differences in the conformation of residues 81
through 84, the two Gly_SZ variants are eimilar in that thls Segment of polypeptide chain has '
undergone a lérge inward shift with respect to its position in the wild-type pfoteiﬁ. The resulf is
that the degree of exclusion of solvent from the heme pocket is about the sa.me in the tv;/o
proteins. Also eimilar is the number of polar groups from the polypeptide chain which are
int:roduced into the heme ‘pocket. Therefore, in much of the subsequent discussions, interpretetions
of a_itered functional properties of the _G1y82 variant in terms of structural ehanges apply equally to

both the Gly82(Cys102) and Gly82(Thrl02) variants.

C. .Correlation of structural changes with differences in functional properties
’ >1. Accessibility of the heme pocket to solvent | -

The important role played by the phenyl ring of .Phe82 in forrrﬁng the upper left wall of
the heme pocket and in excluding solvent from the heme pocket has Beeri 'discussed earlier (see
_Sections' IILH.1 aﬁd V.é.l). The modelled stfucmre of iso~ 1—cytocﬁrome ¢ in which the side
chain of residue 82  is; removed, ‘but the néthe conformation of the polypeptide backbone is

retained, shows that the absence of the bulky phenyl ring causes a large part of the upper left
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face. of the hetne group as well as several hydrophobic‘groups forrrling the heme pocket (including ’
. the Met80 ligand) to become exposed to solventv |
| However, - in the G1y82‘ variants, the repositioning of the _rnain cttain of residues 82 to 83
‘into the space normally occupi‘edAvby the phenyl "ring of Phe82 results iﬁv the heme gtoups having a -
degree of solvent accessibility Vappr’oximately the same as that of the heme group in wild-type .
isoél—cytochfome c (see. Figure VL8). The solyent accéssibilities of the heme group in both the
. Gly82(Cys102) and Gly82(Thrl02) variants (444 R? and 445 &?, respectively) are actually slightly
lower th‘an. that in wild-jtype iso- 1-cytochrome ¢ (48.8 K’).’ That the Gly82 variant maintains a
high degree of exclusion of solvent from the heme crevice is in contrast to the situatjon observed
in the Ser82. variant In that variant, no refolding of the polypeptide chain occurs, and the
preeence of the smaller serine . side ehain results in the creation of a channe! extending down.‘into
 the heme pocket (see Section V.C.1) and consequently -in a greaﬂy increased .solvent accessibility to
the heme group (700 X’) | |

The Gly82 vanant reacts with the reductant Fe(EDTA)2 at twiee the rate a_s' does
‘wild-type 1so—1-cytochrome ¢ (137 X 10° vs. 7.2 X 10* M's!). The Ser82 variant shares a
similai two‘-'foldvirvlctease in reactivity (14.8 X .104 M-s1), which can be correlated with the N
Substantially increased exposure to the solvent medium of the heme 'group in this protein. A |
rsin_lple structural explanatiqn is not apparent for the Gly82 variant, in which heme solvent |
accessibility is .about the eame as that in the wild-type protein. It.rnay be that the inward folding |
of tesidues 81 to 84 permits the closer approach of the Fe(ED‘TA‘)" .reactant to the heme group
of ' cytochrorhe c, ot that the flexibility of this’ segment of polypeptide chain (see below) permits

tIanSient‘ unfolding of this region and thus transiently increased heme exposure.

.2. A Reduction 'ﬁotential and the polarity of the heme environment

The reduction potenUal of the Gly82 variant is measured to be 247 mV whereas that of
the w1ld—type protein is 290 mV (Rafferty et al 1990) The ~50 mV decrease in reduction
potenUal observed for this variant is similar to that qbserved for the Ser82 variant. For the Ser82‘

variant, the lowering in reduction potential .can be largely attributed to the increased polarity of
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Figure VL.8. Molecular surface in the region of residue 82 in the Gly82(Cysl102) (top) and
Gly82(Thr102) (bottom) variant iso—l-cytochromes c¢. The dot surfaces represent the regions of the
two protein molecules which are accessible to solvent, and were calculated (Connolly, 1983) using a
probe sphere of radius 1.4 &. The directions of view are identical to that in Figure V.4, and thus
the illustrated regions of the surfaces of the two Gly82 variants can be directly compared with that
of the wild-type iso-1-cytochrome ¢ molecule presented in the earlier figure.

the heme pocket arising from the increased accessibility of solvent (see Section V.C.l.a). For the
Gly82 variant, the exposure of the heme group does not differ greatly from that in the wild-type

protein, but a different mechanism may effect a similar increase in the polarity of the heme
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environment: refoiding of residues 81 vthrou'gh, 84 plaées a number of polar groups from the
polypeptide chain adjaéent to the heme group. In the Gly82(Cys102) variant, the émide nitrogens
- of residues 81 thrqugh‘ 83 and the carbonyl group of residue 82 are directed vinto the heme pocket.
In the Gly82(Thr102) variant, thé_carbony] groupé of} residues 81 and >83 and the amide nitrogen
of residue 83 are directéd into the heme pocket. It is notable that in the wild-type
iso~1~cytochrome ¢ molecule, these groups are well removed from the heme and interact with
solvent molecules, and that the corresponding regibn of the heme pocket is occupied by the .
’non-polar phenyl group of Phe82. An additional factor is that despite the similarity in the degree.
. of exposure to solilent of the heme groups of the Gly82 variant and wild-type
iso~ 1—cytochr6mes bc, the thickness of the protein layer separating the heme from bulk solvent is
, deéreased in the 'GIY82 variant. Thé inward folding of the main chain of residues 82 through 84
~ has removed a outward bulge .at the "sﬁoulder" of the molecule, and has‘ instéad created a |
depression in the moleculér surface to the immediate left of the Met80 ligand (see Figure VL8).
The result is that components of the hy’drophobic_heme pocket normally buried 6 & below the
éurface of the molecule have become exposéd to the external solveﬁt medium.” In 'particular,
Wat108 in the Gly82(Thrl02) variéni, hydrogen bonded to MétSO O and Gly83v‘ N, is positioned
within van der Waals contact of the Met80 ligand (see Figure VL4). Thus, fbr the ‘G1y82v variant,
the decreésed_ reduction potential would '_appear to arise from the increased polarity of the heme
envifonmeht dug to the presence of polar protein atoms in the immediate vicinity of &e heme
group, and from 1_:hé closér proximity 6f the external solvent medium.

In cqmpaxison to its position in wild=type iso~1-cytochrome ¢, Watl66 in both the Ser82
“-and Gly82 vaﬁénts has a pqsitjon ~0.6 K closer to the heme iron. As discussed in Section V.D
for the Ser82 variant, the shift of Wat166 appar_eﬁtly occurs in response to an increaséd
electropositivity of the heme iron, which is in turn associated wif.hv the loWer reduction potential of
this protein. A similar effecf may be responsible for the movement of Watl66 in the Gly82
variant, which also shows an_~50 mV decrease in reductjdn potential. In. fact, that the same shift

of the internal water molecule occurs in two proteins in which structural differences are otherwise
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disparate supports the proposal that the electropositivity at the heme iron affects the positiom'ng of

Watlé6.

3. Stablhty of the heme crevice

The pK for the alkahne isomerization of the Gly82 variant is observed to be 7.7, 0.8 pH
units below that of wild-type iso—l-cytochrome ¢. As discussed for the Ser82 va.riant, the
decreased pK, 1nd1cates that the stability of the heme crevice is reduced in the Gly82 variant.
Several structural properties of the Gly82 variant may contribute to this lowering in stability. The
presence in the Gly82 variants of a number of polar groups (amide mtrogens and carbonyl groups)
Wthh are directed into the non-polar heme pocket gives rise to a destabrhzmg effect in itself, and
in addition generates a number of unsatisfied hydrogen bonding groups. vIn addition, the refolding
of the polypeptide chain in the vicinity of the substitution site disrupts a network of hydrogen
bonds which .involves the water molecule Watl72 and which may have a role in stabilizing the
native conformation of this region of the iso~ 1—cytochrorhe ¢ molecule. It is notable that Watl72
is conserved ‘in four cyrtochrome. ¢ structures (yeast, rice and both reduced and oxidized tuna), and .'
can thus be considered an mtegral part of the cytochrome ¢ molecule (see Section 1V.G.1).
Another factor of likely 1mportance is the parucularly high conformattonal entropy (Matthews.et
al., 1987) of the unfolded state of the Gly82 variant. The occurrence of three consecutive glycine
residues at positions 82 through 84 provide this reglon of the polypepude chain considerable
flexibility, which would be lost if a single fixed conformation were to be adopted. In fact, that -
two distinct conformations are observed for this segment of polypeptide ’charn can be. takeh as e

direct indication of the flexibility of this region of the Gly82 variant molecule.

4. Electron transfer activity

In comparison to wild-type iso-1-cytochrome c, the Gly82 variant hés a considerably
reduced ability to carry out electron transfer with cytochrome ¢ peroxidase. For the Gly82 variant,
the steady state activity for oxidation by cytochrome ¢ peroxidase is. only 20% that for the '

‘wild-type protein (Pielék et al., 1985). Furthermore, in the complex between iso-1¥cytochrome c
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and iinchshbsﬁmted cytochrome ¢ peroxidase, the rate of reducdoh of Zn*-cytochrome c
peroxidase by cytochrome ¢ is 10* times s_lower for the Gly82 variant than for. the wild-type
protein. A similar decrease in activity with Zn'-cytochrome ¢ peroxidase is observed for the Ser82
variant. -For thie' latfer variant, because no subsfantied conformational rearrahgerhents occur in the
vicihity of the subStifhtioﬁ site; the cause of the lower reaction rate appears to be the altered
hature of the mediurn .encountered- by the electron_ being transferred, and in particular the lack of
a ﬂ-electron system 'coopled to that of the heme (see Section V.C.3). For the Gly82 variant, a
similar explanation elso seems appropriate. In this vériant, the volume of space corresponding to
that occupied by the arorhatic side chain of Phe82 in the wild-type molecule is filled by the rhore
-polar atoms of the main chain of residues 82 and 83. The po}ypeptide_chain backbone would lack
the ability to interact directly with the 1r-_electron syétem of the heme grohp, and may also result.
in .the inclusion of bound water molecules at the interface between the cytochrome ¢ and
cytochrome ¢ perOxidase molecule_s. The altered character of the polypeptide chain groups in _
contact with the heme group would also be expected to affect the distribution’ of electrons within‘
the m-orbitals of the hemme (Shellnutt er i, 1981, 1979),

In the series of position 82 variants, the Gly82 variant is anorhalc)us in having a very low
reduction rate in the photo-initiated electron transfer from 3Zn—cytochrome c peroxxdase to .
iso- l—cytochrome ¢ (13 s as compared to ~200 S'1 for the wild-type proteln) (anng et al., 1987,
1988) Since this rate is dependent on the dlstance separatmg ‘the redox centres, Liang et al. have
mferred that the G1y82 variant forms a perturbed complex . thh zmc—substrtuted cytochrome c
peroxxd_ase. That_ a large conformational Tearrangement in the vicinity of the substitution site
: occurs in .this variant provides. support for this interpretation. Modelling of the cornplex between
cytochrome ¢ and cytochrome c peroxidaee (Poulos and Kraut, 1981; Lum et al., 1987) indicates
that the region of me iso~ lfcytochrome ¢ molecule ahout Phe§2 partieipates in forming the
interprotein contact interface. Comparison of the structures of the Gly82 variant and wild-type
" iso-1-cytochromes ¢ in the vicinity of residue 82 .indicates at least two ways by Which polypeptide

chain refolding in this region of the protein could affect complexation interactions with
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cytochrome ¢ peroxi‘&ase. ' First, there is an alteted disposition of non—polar 'and polar groups, with
the non-polar phenyl ring of Phe82 being‘ replaced by more polar atoms of the polypeptide chain .
backbone (seeb Figures VL3 and VL.4). Secondly, the invta.rd movement of residues 82 throiigh 84
changes the topography' of the surface of the cytochrome c'molecule, and in particular reduces the
surt"ace area zlvailable to interface the .cytochrome c peroxidase molecule (Figures .VI'.8 and V.5).
" The end result of these changes is an interaction surface that is likely to be less compatible with
the eomplementary surface of cytochiome c peioxidase.

The proposal that for the Gly82 ‘variaitt, these conformational rearrangements are
responsible for the perturbed complex formed with cytochrome c peroltidase is supported by the
‘ structural analysis of the Ser82 variant. This p'rotein-also has a small side chain at position 82,.
but undergoes no substantial polypeptide chain rearrangerrients. For' the Ser82 variant,‘ reduction by
3Zn—cytochrome ¢ peroxidase occurs at a near normal rate. The extreme sensitivityv of the.' rate of
.reaeti’on between» 3Zn—cytochtome c}peroxid.ase and ferricytochrome ¢ to optimal complex formatioti
is turther indicated by stu‘dies usingv horse and tuna cytochfome' C. These proteins are highly
homologous to yeast iso- 1-cytochrome ¢, but have va lower affinity for yeast cytochrome ¢
peroiddasle (Kéng et al., 1977). Compared to yeast iso—1-cytochrome ¢, both horse and tiina
cytochromes c ate reduced by *Zn-cytochrome ¢ peroxidase at a decreased rate (Ho et al., 1985;
Liang et al., 1986) which is similar' to thttt observed for the reduction of the Gly82 variant. Thus
it WOllld -appear that for the Gly82 variant, the abberant eleetitoii transfer properties obserVed can
be explained by structural chenges which occur aoout the substitution site ,arld Which in turn lead

to non-optimal complexation with cytochrome ‘¢ ‘peroxidase.

D; " Discussion of the polypeptide chain refolding

It is well established that due to hydrophobic interactions, globular proteins have a _native
fold in which non-polar groups are positioned in the interior of the protein molecule, sequestered
from contact with the solvent medium (Schulz and Schirmer, 1979). As described earlier if .
removal of the phenyl ring of Phe82 were to occur unaccompanied by ‘adjustment of the

conformanon_of the main.cham in thls region of the molecule, several hydrophobic groups internal
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to the heme pocket would becorde ‘ex‘pc')sed' to tlle solvent. Exposufe of these non-polar groups
would be energetically unfavorable. . It is. notable that in both Gly82 variants, a high degree of
“exclusion of solvent from the heme crevice is maintained. It would thus seem likely that in the
-Gly82 varianl, polypeptide chain'- refolding occurs in order to bury that portion of the hydrophobic
helne pocket which would otherwise be rendered accessible to solvent.

In comparisdn to amino acids having a §-carbon, glycln'e-is considerably' less restricted in
~ the baekbone conformations which it can adopt (Richardson, 1981). In the Gly82 variant, the
introductioh of Gly82 creates a sequence which contains three consecutive glycine fesidues. lelus,
clearly a‘ faetor in' the substantial refolding that occurs apout. residues 82 to 84 is the high'

flexibility of this region of the polypeptide chain. In the G1y82(Cys102)' variant, both Gly83
" (¢=81°, y=179°) and Glys4 (¢=l10°, ¥=120°) adopt main chain  conformational torsion angles
that are disallowed for residues bearing a.side chain. The same is true for Gly82 (¢ =57°,
\,l/='16°)' in the Gly82(Thrl02) variant. The occurrenee of three consecutive glycine residues
facilitates in an additional _marlner the polypeptide chain refolding which packe residues 82 to 83
against tlle heme group. -For the polypeptide chain cenformatiori observed in both Gly82 varlants,
a CB carbon atem- -on either residue 82 or 83 would project directly inte the herpe pocket and
form prohibitive_ steric conﬂiets with atoms of the heme and of the Met80 ligapd. These .
obsel'vations euggest that replaeements at residue 82 with amine acids oﬂler than' gly'cine would
reeult in overall retention of t_he native confofmation of the polypeptide chain about this site. As
discussed above and also later, this is supported by the observed structures of the ‘Ser82, Tyr82,
and Ile82 varia_nt proteins. |

The Gly82 variant of iso- l-eytochrorlle c demonstrates that a single amlx‘lo acid

* replacement can lead to a substantial refolding of the polypeptide chain. Structural studies of
- other mutated proteins have shown that invgeneral single—site amirlo acid repla_icements are
accommodated without gross feafrangements from the native conformetion (Alber et al., 1987 1988;
Howell et al 1986) Clearly replacement of an amino ac1d residue with a glycme residue effects

fa1r1y drast1c steric and entroplc changes, as a voxd is created at the site of the original 31de cham
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and anincrease in ﬂexibility of the polypeptide backbone isinduced. Nonetheless; with two
glycine substitutions in T4 lysozyme, only slight changes in polypeptide chain conformation have
been obseryed' to. occur at the substitution site. In a proline to glycine substitution occurring
within an a-helix, ‘the space originally occupied by the proline side chain is filled by adjacent
groups of thev protein molecule which have undergone slight positional shifts (Alber et al., 1988).
In a threonine to glycine sul)stitution within a surface loop of the protein, the vacated space is
filled by a water molecule (Alber er al, 1987). | |

In iso-1-cytochrome ¢, the environment of residue 82 which ballows the substantial
refolding to occur is unique in several respects.  Because of the large volume of the phenylalanine
side chain, a glycine substitution createa a particularly sizeable vvoid. _Also, since the phenyl ring of '
Phe82 occupies a non-polar pocket in the surface of the molecule, adjacent to the rigid planar -
heme group (see‘ ‘S‘ection IILH.1), two means used in T4 lysozyme to fill vacated space are |
unavailable. The apolarity of the surrounding protein atoms is unfavorable for binding solvent
molecules and there are no other protein groups which can adjust their conformations to fill the
vacated space.. In addition, two factors provrde the polypeptide chain around the substltutron srte
considerable flexibility. ‘The first is, as described above, the occutrence of three consecutive glycme
residues. Second, this strand of polypeptide chain has an extended conformation, and thus there
»are no intrastrand hydrogen bonds to confer rigidity. In summary, . the ability of the segment of
polypeptide chain spanning residues 81 to 84 to access a large number " of cohformatidns, coupled
with the inavailability of alternative means of filling the space vacated by the Phe82 phenyl Ting,
hkely accounts for the substantial refolding that is observed in the Gly82 variant. |

The occurrence of substantial refolding of the polypeptide cham of the Gly82 vanant
suggests an interesting speculatron regardrng the protein-folding pathway of cytochrome c. If
folding occurs via a unique pathway (see Kim and Baldwih, 1982), then either Phe82 is not
important as a‘ determinant of the overall conformation, or the conformation of Phe82 is fixed late
- in the folding process. The latter supposition is éupponed by experimental data from tWo SouICes.

First, ligation of the nearby Met80 .to t_he-heme iron has been shown to occur during the final
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stage‘ of protein }folding (Ridge et al., 1981). Second, a qualitative description of the folding '
pathway of cytochrome ¢ has been obtained using Ahydrog'en exchange labelling in combination. with
NMR spectroscopy (Roder er al., 1988). The indicated pathway shows that the N- and

C-terminal a-helices form early during protein folding, whereas the 60’\s and 70’s helices at the '

Met80 side of the molecule are formed later.
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VIL. TYROSINE 82 VARIANT OF YEAST ISO-1-CYTOCHROME ¢

A. Details of the structure determination
1.'. X-_-ray diffraction data

Diffraction data to 1.97 &, 7319 reflections in total, for the Tyr82 variant of
iso-1-cytochrome ¢ were collected from a single crystal. Background averaging was used in the
processing of diffraction intensities, For the resultant set of structure factors, a scale factor of 23.2
was indicated by a linear rescale against common reflections in the resolution range « to 2.2 &
from the data set for wild-type iso-1-cytochrome ¢. The R-factor between the two data sets,

considering all common structure factors, was 0.25.

2. Difference maps
A difference map (Figure VII.1) was calculated- using the coefficients Fo(T yr82) -
FO(Wild—type), and phases derived from a wild-type iso-l-cytochrome ¢ atomic model which had

been refined at 1.7 & reéolution 0 an R-factor of 0.197. Consistent with the presence of an

Figure VIL1. Stereo drawing of the F(Tyr82) - F(wild-type) difference map in the vicinity of
residue 82. The atomic skeleton of wi?d—type; iso~1~cytochrome -¢ determined at 1.7 A resolution
is superimposed on the difference electron density envelopes. Positive density (solid lines) has been
contoured at two levels, and negative density (dashed lines) at a single level.
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extra .hydroxsll group on the phenolic riné of residue 82 in the Tyr82 variant, the difference map
showed a significant peak of pbsitive ’electIon Adensity adjacent to the position occupied by the CZ
atom of Phe8.2 in the wild-type molec_ule. However, neg.ative _densify enveloping the lower portion
of the phenyl! ring, and édditjonal positive density adjécent to the upper edge indicated that,. this

- 1ing occupies a more external positioning in the Tyr82 vaﬁ'iént than in the wiid—type protein. In

" addition, a series of pai}red positive. and negative peaks occurrihg adjacent to the main chain of

. tesidues 82 to 85 indicated that these residues in the Tyr82 vﬁﬁant have undergone a slight ihward
and ﬁpward shift in position. Also, thé replacemeﬂt of Cysl02 by Thrl02 was indicated 'by. a
strong negative peak at the SG atom of Cysl02, and an adjacent pbsitive peak. A 2F0(Tyr82) -
FC’ map, in which the calculated structure factor magnitudes and phavs‘es excluded the contribution
of residues 81 through 85, was consulted. in positioning the side ;hajn Qf Tyr82, and in adjusting
slightly the poiypeptide backbone conformation of residues 81 through 851 A 2F, = ¥. map Was

also used to position the side chain of Thrl02.

3. Refinement of the structure 6f the Tyr82 variant

i‘he initial model used in the refinement of the Tyr82 vﬁn’aﬁt waé derived from a 1.7 &
resolution wild—t_ype iso— 1—cytochroine c structuré; which' included 98 water moleculesv and 1 sulfate
ion. Th¢ preliminary model -incorporafed adjustrhents mﬁde through inspe_c:ﬁon of 2F, - F_. maps,
“as described above. _The.amount' of diffraction data included in fhe refinement 'w'as_ ,Aincreased. in
three stages. Initially, 14 cycles of refinement against data with F > 3‘oF in the resolution range
60 - 21 & (3466 reﬂections). yielded a reduction in R-factor from 0.230 to 0.187. Next, 4057
_reﬂecﬁons with F > 30 in the resolution range 6.0 = 197 & Were included, and 4 cycles of
refinement resulted in an atomic. model with an R-factor of 0;176. In the final phése,bvl,AS
refinement cycles were carried out, using data with F 2> 20p in’th-e resolutidn ‘range 60 - 197 &
(4546 reflections, corresponding to 70% of the available reflections). At various intervals, the
atomic model was adjusted agéinst 2F, - | F, or Fo - Fc’ elcctron'denéity 'maps. The manual
-adjustments required were small, and were restricted tb the side chains of amino acid residues.

An additional 21 water fnoleculeé ;Were- incorpbrated into the atomic model. For the final refined
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~ Table VII.l. Agreement with 'ideal ‘stereochemistry in the final refined model" of the Tyr82 variant
' of yeast»iso— 1-cytochrome ¢ at 1.97 & resolution :

Class of restraint ‘ ' Rums. deviation
: : from ideality

1-2 bond distance . . 0018 A
1-3 angle distance 0037 R
1-4 planar distance , : 0.047 A
Planar 0.016 R
Chiral centre , . 0.184 A3
- Non-bonded contact® - A
single torsion - 0.209 &
multiple torsion ' 0193 &
- possible hydrogen bond o o 0233 &
Staggered (+60°, 180°) torsion angle _ 21.4°
Planar torsion angle (0 or 180°) - , 2.9°
Temperature factor
' 1-2 bond (main chain) o ' .10 A:
1-3 angle (main chain) : 16
1-2 bond (side chain) : 13 &

1-3 angle (side chain) 21 A

'2The 1.m.s. deviations from 1dea11ty for th1s class of restraint 1ncorporate a reduction of
0.1 A from the radius of each atom mvolved in a contact. : '

structure ‘of the Tyr82 variant of iso—1-cytochrome ¢, the R- factor is 0.183 and the 'agreement

with ideal stereochemisn'y is very good (see 4Table VII.l_).

B. Strucunal diffe_rences between the Tﬁ82 vnriant and wild-type isd— 1-cytochrome ¢ molecules
The replacement of the phenylalanine at position 82 with a fyrosine has little effect on the
chformnﬁon of the iso-1-cytochrome ¢ molecule. Figure VIL2 shows a comnarison of the Tyr82
variant and the wild-type protein in terms of the average positional difference between main chain
atoms, and the differences in confonnational torsion angles of corresponding residues. The overall
r.ms. difference between posmons of correspondmg main chain atoms is 0.19 &, and the overall

... dlfferences between ph1 and ps1 angles are 6.2° and 6.3°, respchvely. - The heme groups of
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Figure VIL2.. Comparison of the polypeptide backbone conformations of the Tyr82 variant and

wild-type iso~1-cytochromes c. The lower plot indicates the average deviations observed between

the positions of main chain atoms in corresponding residues of the two proteins. The upper plot

indicates the deviations in the main chain conformational torsion angles ¢ (—) and ¥ (--—) of
corresponding residues.

the Tyr82 variant and wild-type iso-1-cytochromes ¢ do not differ significantly in either oireral]
positioning or conformatibn, as the mean difference in atomic positions of the 43 heme atoms is
only 0.13 &.

The side chain of Tyr82 adopts a conformation (X1=164°, X2=~107°) very similar to
that of Phe82 in the wild-type iso-1-cytochrome ¢ molecule (X1=174°, X2=-110°; see Section
IILH.1). However, the phenolic ring of the Tyr82 side chain is positioned ~0.7 R further out of

the heme pocket than the phenyl ring of Phe82 (see Figure VIL3). The shift of the phenyl ring
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toward the surface of the molecule in the Tyr82 variant is likely the result of two factors. First,

the additional hydroxyl group cannot be accommodated with the positioning of the phenyl ring

present in the wild—type protein, as it would sterically conflict With the side chain of Leu8s.

Secondly, the positioning observed for the side chain of Tyr82 directs the hydroxyl group toward

the external solvent medium, and allows this group to form a hydrogen bond with the nearby

guanidinium group of Argl3.

It is notable that in adopting a more external positioning, the

phenolic ring of Tyr82 is also able to pack against the heme group with a greater degree of

parallelism (the interplanar angle is 8°,

iso-1-cytochrome c).

as compared to 23° for Phe82 in wild-type

Significant differenccs between the Tyr82 variant and wild-type iso- 1—.cytochromes ¢ do

occur in the conformation of the polypeptide backbone of residues 82 through 85. The set of

shifts observed apparently serves to accommodate the -moie external positioning of the side chain

of Tyr82.

upward direction (0.34 A at the a-carbon). However, dué to a 16°

The atoms of the main chain of residue 82 have shifted on average 0.27 R in an

rotation in the ¢ main chain

torsion angle of the preceding residue (Ala8l), the upwaid shift in the position of the side chain
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Stereo drawing of the region around residue 82 in the Tyr82 variant (thick lines)

and wild-type (thin lines) iso-1-cytochromes c¢. The heme groups and the polypeptide chain of
residues 13 through 14, 68 through 71, and 79 through 85 of the two proteins are shown
superimposed. Hydrogen bonds between the side chain of Argl3 and the hydroxyl group of the
Tyr82 tyrosyl ring are shown as thin dashed lines.



200 -

CB atom of Tyr82 is 0.68 R, about the same as that of the phenolic ring overall. Also observed
are the main chain movements, primarily in an inward direction, of Gly83, Gly84, and Leu85 by
0.31, 0.36, and ‘0.26 & (on nverage), Tespectively. The positional shifts of residues 81 through 84
are accommodated by small adJustments in the mam chain torsion angles within this regron most
notably ¢ of Ala8l by 16°, and ¢y of Gly84 by -12°. The positioning of the side chain of
.Argl3 and of Wat107, which are both located in the vicinity of the substitution_ site, are also
-_'perturbed in the Tyr82 variant. The more exte.mal positioning of the side chain of TYr82 causes
~ an upward shift of the alkyl portion of the Argl3 side chain. In addition, an adjustment in 'the
orientation of the guanidinium group of Argl3 allows the NH1 and NE atoms to form hydrogen '
bond interactions with the hydroxyl group of Tyr82. .The inward shift of the main chain atoms of
- Gly84 app_ears to induce a similar._ shift in Wat107,_which' is hydrogen bonded to the carbonyl
group of Gly84. ‘No other. signiﬁcant differences are observed between the 'Tyr82 variant and
wild-type iso- l—cytochromes c in the positions of either protein groups or bound solvent
molecules. » - | .‘ ‘ | ,

, Pielak et al. (1988a) have studied using NMR spectroscopy the structural differences.
between the Tyr82 variant and wild=-type iso— l—cytochrornes ¢. They have shown that in the
Tyr82 variant, changes in chemical shifts occur only at groups located within ~5 K of the site of
the amino acid substttutron This result is consistent with the absence of s1gmﬁcant differences
~ between the crystal structures of the two proteins, aside from the more external positioning of the
Tyr82 side chain. However the NMR and crystallographrc studies do not agree on the detaﬂs of
the minor conformational rearrangements occurring in the vicinity of Tyr82. Both the magmtude
of the heme—mduced dmmagnetrc shifts expenenced by the protons of the aromatic side chain of
residue 82, and the strength of the NOE’s between these protons and protons of adJacent internal
groups (Leu68 CD1 and CD2 Met80 CE; and Hem CMC and CBB) are similar in the two
protelns. Thus, Pielak et al. infer that the side chains of Tyr82 and Phe82 occupy identical
positions in their respective proteins, and attribute the observed changes in the chemical shifts of

proton resonances of groups in the vicinity of Tyr82 to the decreased ring current shift factor of
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the phenolic side chain. Between the Tyr82 variant and wild—type iso~ l—cytochromgs ¢, the most
significant differences in the NOE’s involving residuev82 occur for the side chain of Leu85, which
is thus inferred to adopt' a substantially different conformation in the Tyi82 variant. These
‘interpretationé are not supported by the crystéllographic re_sults.- CompaﬁSon of the crystal
stl;uctures of the Tyr82 variant and wild—type proteins shdws that the positioning' of the Tyr82 and
| Phe82 aromatic rings differ significantly, whereas the conformation of the Leu85.side_¢hain is very
similar in the two proteins -'[(x1, X2) are (-98°, -70°) and (-99°, -81°), resfaéctively]. The
origin of the discrepancy between the resulfs from. the two methods is unciear. It should be
noted, however, that the crystallographically observed structural chénges give rise to only very small
differences in intcratomic distances between Tyr82 CDI1,CEl and édjace’np internal methyl groups -
(of Met80 CE, Hem CBB and CMC, and Leu 68 CDl),‘ for which the corresponding NOE’s have
been observed to be little affected. In addition, that the conformation of the Leu85 side chain
“differs in the two proteins is inconsistent with the absencé of significant perturbatioris both in the
» _cherrﬁcal shifts of the protons of this groﬁp, and in the NOE’s between this group ’and adjacent

groups in the heme pocket other than the side chain of residue 82 (Pielak et al., 1988a). -

C. Correlation of structural changes with differences in functional properties

1. Ac’;essibility of the_heme.crevice and .polarity of the heme envirohment
| Despite the -more extefnal positioning and ‘slighﬂy aiteréd orientation of 'Ythe' TyT82 phenolic
ring with respéct to the plane of the heme group, the degree of exclusion of solvent from the
upper left portidn of the heme crevice in the Tyr82 variant differs little from that in wild-type
iso—l—cytochror_r_le ¢ (see Figure VIL4). The solvent accessibility of the henie group in the Tyr_82_
| variant (46.8 X’) 1s actually decreased slightly from‘that in the ‘v‘/ild-ty'pev brotein '(48;8 K’). These
results are consistent with the slightly r_educed reactivity of the Tyr82 variarit with Fe(EDTA)*- (6.2
X 10* M-is7! as cofnpar‘ed to 7.2 X 10* M-'s* for wild=type iso-1-cytochrome c). | |

| A comparison of the heme pockets of the Tyr82 variant aﬁd wild-type
iso—_l—cytochromés ¢ shows fhat the most notable differeﬁce is the preseﬁce Qf a polar hydroxyl

group on the side chain of Tyr82. The reduction potential of thé Tyr82 varia‘ni: is obser_ved to be
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Figure VIL4. Molecular surface in the region of residue 82 in the Tvr82 variant
iso—-1-cytochrome c. The dot surface represents the region of the protein molecule which is
accessible to solvent, and was calculated (Connolly, 1983) using a probe sphere of radius 1.4 L.
The direction of view is identical to that in Figure V.4, and thus the illustrated region of the
surface of Tyr82 variant can be directly compared with that of the wild-type iso-1-cytochrome ¢
molecule presented in the earlier figure.

slightly lower than that of wild-type iso-1-cytochrome c (280 mV vs. 290 mV). The 10 mV drop
is the smallest perturbation in reduction potential observed for any of the position 82 variants |
studied thus far, and is in agreement with the similarity in the heme environments of the Tyr82
variapt and wild-type iso-1-cytochromes ¢. The small drop in reduction potential may arise from
the slight increase in fhe polarity of the heme pocket effectéd by the Tyr82 hydroxyl group.
Notably, Watl66, whose positioning appears to be affected by the reduction potential of the
iso-1-cytochrome ¢ protein, occupies a position in the Tyr82 variant not significantly different
from that of Watl66 in the wild~type molecule. In contrast, in the Ser82 and Gly82 variants,
which have reduction potentials ~S0mV below that of wild-type iso-1-cytochrome ¢, Watl66 has

undergone a signiﬁcapt shift toward the heme iron (see Sections V.B.J and VILB.3).

2. Stability of the heme crevice
»The pK, fqr the alkaline isomerization of the Tyr82 variant is observed to be 8.4, only 0.1

pH units below that of wild-type iso-1-cytochrome ¢. Thus, it can be inferred that the stability
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" of the heme crevice of the Tyr82 variant is not significantly different from that of the wild-type
prbtein. Nonetheless, comparison of the structures -of the Tyr82 variant and wild-type |

~ iso~1-cytochromes ¢ in the vicinity of residue 82 does suggést at least two structural features

- which ‘would be expected to destabilize the folded state of the Tyr82 variant. ~ First, the more
'éxtemal positioning of the phenolic ring of Tyr82 would be expected to perturb the packing E _
interactions Ifor_rnéd between the side chain of residue 82 and the silrrounding hydrophobic groups
of the heme crevice'(see .Sectioh III.H.i) and to lower the packing efficiency in this region of the
iso—-1~cytochrome ¢ molecule. Secondly, in the conformation adopted by the side chain of Tyr82,
the polér hydroxy] group makes a repulsive yém der Waals contact with the side éhain of .Leﬁ85
(the Tyr82 OH - Leu85 CG distance is 3.01 X). A comparison of atomic temperature facto;s

~ does give a direct indication‘ of greater mobility (dnd ‘thus by inference, a less sta_ble conforrh'ation)r
of this region of the Tyr82 variant. The average B-factor for the pheny1 ﬁng 6f Phe82 in the

wild-type molecule is 15.1 A?, whereas that for the phenolic ting of Tyr82 is 18.5 &A%

3 Eléctroﬁ transfér activity .

of ,t'he‘posiu'on 82 variants sﬁxdied thus faf, the Tyr82 variant is ‘the only one that is
dxidized by Zn'-cytochrome ¢ peroxidase in. the preformed complex between these two proteins at
a"_rate comparable vto that dbserved for wild-type iso~1~-cytochrome ¢ (1.5 X» 10* s* vs. 1.9 X 10
ER respectivgly) (Liang et al., 1987, 1988). The iniemreﬁﬁon of thése results is th'at. within the
cytochrome ¢ molecuie,’ coupling of the m-electron systems of an aromatic group at posiﬁon 82 V
‘and the heme group functions to facilitate electrén transfer between Zn*?cytochrome ¢ peroxidase
and iso-1-cytochrome ¢ (Liang et al., 1987,: 1988). This broposal is supported by _stnictural
comparison of the Tyr82 variant and wild-typé iso— 1—.cytochromes ¢, which _shows that the
phendlic ring .of Tyr82 and the phenyl ring of Phe82 have an analogous positioﬁing parallel to the
| heme group of the iso~1-cytochrome ¢ molecule. o

Although the Tyr82 variant has a normal reactivity with both *Zn- and Zn*-c_ytochrbme c
- peroxidase, 1ts steady state activity with native cytochrome ¢ petoxidase is decreased to 30% of thaf

observed for wild~type iso-1l-cytochrome c. Because the' capacity of the Tyr82 variant to transfer
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an clectronto cytochrom-e c peroxidase' is apparently nornial,‘ the decreased steady state activity
wouid appear to result from an alteration in scme other aspect (_)f' the bimolecular reaction.

One possibility is p'erturbed complexaticn. In the modelled complex between cytochrome c¢ |
and cytochrome ¢ peroxidase, the side chain of Phe82 forms important .hydrophobic interactions at
the interface between the two protein molecules, and the sicie chain of Argl3 is involved in an
intermolecular salt. bridge with an aspartate side chain (Lum et al., 1987; Poulos and» Kraut, V1981).
Consideration of the proposed model suggests two factois which may inhibit the optimal assoCiation_ |
of the Tyr82 variant with cytochrome c peroxidase.. First, the more external positioning‘ of the
side chain of Tyr82 may interfere sterically with complex formation. Secondly, beca}ise the side
chain of Argl3 is involved in intramolecular hydrogen bonding with the‘side chain of Tyr82, it
wonld bé less a\tailabie for participation in an intermolecular salt bricige. 1t should be noted that
the rate of electron transfer from 3‘Zn—cytochrome c peroxiciasé to iso- 1—cytochrome ¢, -‘which is
affected by the distance separating the‘ redox centres, is normal for the Tyr82 variant. Thic
suggests ‘that the iron-zinc distance in the prefonned cornplex between the Tyr82 variant and
Zn—cytochroine c peroxiciase is not greatly pertnrbed. Therefore, if the ‘structural differences
between the Tyr82 variant and wild—_type iso-1-cytochrome ¢ are responsible for the ‘obcerved
»decrease in steady state activity of the Tyt82 variant in rcducing cytochrome c peioxidase, their
effects are in slowing the rate of complex formation, or alternatively in inhibitin_g-confor'mational
rearrangemcnts that occur in the thoch.rorne ¢ molecule after the electron transfer has taken place

(Liang et al, 1987, 1988; Hoffman and Ratner, 1987),
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VIII. ISOLEUCINE 82 VARIANT OF YEAST ISO-1-CYTOCHROME ¢

A. Deuails of the structure determination
1. X-ray diffraction data

The set of diffraction intensities to 2.3 & resolution, 4375 reflections in total, for the Ile82
variant of iso— 1—;:ytochrome ¢ was measured from a single crystal, and was obtained from
Dr. W. Hutcheon. Background averaging was used in the processing of the diffraction data. For
the resultant set of structure factors, a scale factor of 38.2 was indicated by a linear rescale against
common structure factors in the resolution range « to 2.6 & from the data set for wild—-type
iso-1-cytochrome ¢. The R-factor between the two data sets was 0.256 (considering only the

reflections included in the linear rescaling).

2. Difference maps
A difference map (Figure VIIL1) was calculated using the coefficients F(wild-type) -

F,(l1e82), and phases derived from a wild-type iso-1-cytochrome ¢ atomic model which had been

Figure VIIL1. Stereo drawing of the F (wild~type) - F(Ile82) difference map in the vicinity of
residue 82. The atomic skeleton of iso~1-cytochrome ¢ determined at 1.23 & resolution is
superimposed on the difference electron density envelopes. Positive density (solid lines) has been
contoured at two levels, and negative density (dashed lines) at a single level.
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refined at 1.23 & resolution to' an R-factor of 0.192 (see Section II). The most signiﬁcant
features of this inap, ns interpreted with respect to the snperimposed structure of the wild~type
protein, occurred‘in the vicinity of | Phe82 and Cysl02. Positive densityl enveloped the upj)er edge
of ‘vthe'phenyl ring of Phe82 and also p‘ortions of the main chain atoms of residues 82 through 84.
A diffuse negative peak occurred adjacent to Phe82 CB. The difference electron. density peaks
near Phe82 thus confirmed the arnino acid replacement at'this site, but couid not clearly define

. the positioning of -the substituted isoleucine side chain. This was more clearly indicated by a

2F (11e82) - F_. map, for .which the calculated structure factors excluded the centribution of
'resiciues 81 through 85 of the wild-type protein. This mnp was also consulted in‘adjusting slightly
the confcrmation of the polypeptide backbone at residues 81 through 85. ‘The positive difference
electron density peak centred at the position of Cysl02 SG and an adjacent negative peak were

identical to ‘those -observed in difference maps fpr the Thr102—connaining Gly82 and Tyr82 variants.

3. Refinement of the structure of the Ile82 variant

| The initial ‘rnodel used in the refinement of the Ile82 variant was derived from the 1.23 &
- resolution wild-type iso; lécytochrome ¢ structure. It incorporated adjustments to residues 81
through 85 based on the difference maps discussed above, as well as the sulfate ion and 73 water
molecules having temperature factors less than 40 A? from the wild—type model.: The amount of
.diffraction data included in the reﬁnemeni was increased in three stages. Imitially, 5 cyc'le.svof.
refinement against data with F 2’ 3&F in the resolution range 6.0 - 2.6 A (1600 reflections)
yielded a reduction in R-factor from 0.211 to 0.163. Next, 1848 reflections with F > 30p in the
resolution _range 60 - 23 & _Were- included, and 11 cycles of reﬁnenient resulted in an atomic |
model with an R-factor of 0.162. In the final stage, 4 refinement cycles were carried out, using
data with F 2> 20 in the resolution range 6.0 - 23 A (2460 reflections, corresnonding to 58% of
the avaiilable _reﬂe_cti_ons). At various intervals, minor manual adjustments to the atomic model
were made through inspection of 2F, - F, or F, - 'FC’ difference electron_ density maps. The
final refined structure of the Ile82 variant of iso—1-cytochrome ¢ hes an R-factor cf 0.182 and

has very good agreement with ideal stereochemistry :(see Table VIiI.l).
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Table VIIL1. Agreement with ideal stereochemlstry in the final refined model of the Ile82 variant
of yeast iso-1-cytochrome c at 2.3 /?\ resolution .

Class of restraint o R.m.s. deviation
' ' from ideality

1-2 bond distance . : 0012 &
1-3 angle distance 0.028 &
1-4 planar dlstance 0.034 R
Planar | : 0.012 &
“Chiral centre o - 0.151 A:
Non-bonded contact?
single torsion : 00203 A
. multiple torsion 0.167 &
possible hydrogen bond : 0.211
Staggered (+60°, 180°) torsion angle - 20.6°
- Planar torsion angle (0 or 180°) : 2.3°
Temperature factor , _
1-2 bond (main chain) _ 1.0 A2
" 1-3 angle (main chain) , 1.6 A2
1-2 bond (side chain) 1.8 A?
1-3 angle (side chain) ' 30 A®

3The r.m.s. deviations from ideality for this class of restramt incorporate a reducnon of
0.1 A from the radius of each atom involved. in a contact.-

B. Sﬁuctural compaﬁson of tﬁe Iie82 variant and wild-type iso- 1_—cytochromes c

| The replacement of Phe82 by isoleucine causes a slight rearrangement in the conformation
of the polypeptide backbone at residues 81 through‘ 85. However, the overall conformation of the
iso— 1—cytochreme ¢ molecule is little affected. A iesidue—byfresidue comparison of the main
chain a;bmic ‘positions and of conformatjohal' iorsion angles in the Ile82 variant and wild-type
iso~ l-cytochromes ¢ is shown in Figure VIIL.2. The overall rms difference between positions of
correspondmg main cham atoms is 0. 20 1?\ and the overall I.ms. dlfferences between phi and psx
angles are ‘7.3 and 6.5°, respectlvely The heme groups of the Ile82 variant and w11d—type
iso~ 1-cﬁochxohes ¢ do not differ significantly in either overall positioning or conformation, as the

mean difference in atomic positions of the 43 heme atoms is only 0.15 A. The side chain of
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Figure VIIL2. Comparison of the polypeptide backbone conformations of the Ile82 variant and

wild-type iso-1-cytochromes ¢. The lower plot indicates the average deviations observed between

the positions of main chain atoms in corresponding residues of the two proteins. The upper plot

indicates the deviations in the main chain conformational torsion angles ¢ (—) and ¥ (---) of
corresponding residues. '

Ile82 adopts a tg* conformation (X1=169°, X2=-97°) such that the smaller of the two branches
emanating from CB is directed downward toward the Met80 ligand. The CG2 atom (see Figure
VIIL3) makes van der Waals contacts with both the Met80 CG (interatomic distance 3.2 K) and
CE (33 X) carbon atoms. The observed adjustments in the conformation of the polypeptide
backbone in the vicinity of Ile82 likelyv occur in order to relieve these steric conflicts. In the Ile82
variant, the main chain of residue 82 has shifted ~0.6 & upward with respect to its position in the

wild-type molecule. Accompanying shifts of Gly83 and Gly84 by 0.4 X also occur. These




209

Figure VIIL3. Sterco drawing of the region around residue 82 in the Ile82 variant (thick lines) and
wild-type (thin lines) iso~1-cytochromes ¢. The heme groups and the polypeptide chain of -
residues 13 through 14, 68 through 71 and 79 through 85 of the two proteins are shown
superimposed.

movements are accommodated by small adjustments in main chain torsion angles within this region,
most notably ¢ of Ala8l by -21°, and ¢ of Leus5 by -21°. |

With the observed positioniﬁg of the lle82 side chain, the positions of the CGl and CD1
atoms coincide roughly with those of the Phe82 CD2 and CEl atoms in the wild-type molecule.
The vacated space formerly occupied by CE2 and CZ of Phe82 dllows the side chain of Argl3 to
adopt a positioning closer to _thé body of the molecule and to form a hydrogen bond to the
carbonyl group of Glyg4. | |

The occurrence at residue 82 of a side chain branched at the f-carbon appears to induce
considerable steric strain. As described above, the conformation adopted by the He82 side chain
projects the CG2 atom directly at the Met80 ligand. However, a search for other possible
orientations for the Ile82 side chain related by a rotation about the CA-CB bond <clearly
demonstrates that only the average conformation observed in the final refined atomic model is
sterically permissible.' Due to its branching at the CB atom, an isoleucine side chain typically
strongly prefers a conformation which places its CG atoms gauche to both the N and C main

chain atoms (McGregor et al., 1987). Adoption of the g conformation would rotate the longer
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arm ef the ile82 side chain doanard into the heme pockeﬂ and is thus prohibited by close
contacts between the CD1 atom and t_he‘MetSO side chain. Rotation in the opposite direction
(toward the exierior of the molecule) would generete the most commonly favored g* conformation
for an Ile side chain, but is prevented by conflicts between the CGl atom' and the carbonyl groupj
| of Ala8l. Thus the environment of Ile8‘2v requires that this side chain adopt the least preferred t
conformation [observed‘ in less than 15% of isoleucines surveyed in ‘various protein structures
(McGregor et al., 1987; Ponder and Richards, 1987)].> However, some disorder in the positioning
of the I]e82 side ehain is apparent from the diffuse electron density observed for this groﬁp in.
electron density maps.- |

It is notable that despite the poor accdmmodation of the Ile82 side chain, no substaﬁtiel
refolding ‘of the polypeptide backbone occurs, thus indicating that the main chain of residues 81
. throu_gh ‘85 may be constrained ,to' adopt a native-like conformation. As discussed earlier, an
important determinant of this conformation in the wild-type molecule‘_appears to be favorable
packing interactions formed by the pheﬁy] ring of Phe82. As these interactions are clearly
disrupted in the I1e82 variant. it seems. likely that in the Ile82 veriant the presence of a‘ side chain
at residue 82 limits -the conformational flexibility of the adjacent region of 'polypeptide chain.
(Recall that in the Gly82 vvaria'nt, it is the adoption by Gly82 of conformational torsiqn angles
permissible only ferv a residue without a side chain that allows the substantial loc_alized_ refolding.)
In addition, restrictions on the conformations accessible to the main chain ebout residue 82 may be
imposed by the requirement to exclude polar protein gfoups aﬁd solvent from the hydrophobic
pdcket located below the side chain of residue '82, or- by stabiliziﬁg hydrogen bond interactions
’ foﬁned between polar main chain groups and ‘water moiecules (in ‘particular Watl72, see Section

VL.C.3).

C. Correlation of structural changes with differences in functional properties .
1. Accessibility of the heme crevice and polarity of the heme environment
~The reduction potential of the Ile82 variant is ~20 mV lower than that of ‘wild-'t.ype_

iso-1-cytochrome ¢ (273 mV vs. 290 mV). A structural explanation. for this drop in reduction
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potential is not readily apparent. The side chain of Ile82 in the Ile82 variant occupies the same
hydrophobic cavity in the heme pocket as the phenyl ring of Phe82 in the wild-type protein,
although the smaller volume and shorter length of the isoleucine side chain means that this cavity
is less completely filled in the former protein. This results in a small indentaton in the surface
of the Ile82 variant molecule, located between the I1e82 CD1 and Leu85 CG atoms (see Figure
VIII.4). However, because this perturbation in packing occurs directly below the aliphatic portion
of the side chain of Argl3, the heme group of the lle82 variant. is not rendered more accessible
to solvent (the total solvent accessibility is 466 &2, as compared to 48.8 A7 in the wild-type
protein). The polarity of the heme pocket in the Ile82 variant would also not be expected to
altered greatly by the occurrence of the non-polar isoleucine side chain.

Considering the absence of obvious differences between the Ile82 variant and wild-type

iso-1-cytochromes ¢ in heme pocket polarity and solvent acessibility, one can speculate on the

Figure VIIL4. Molecular surface in the region of residue 82 in the Ile82 varian:
iso-1~cytochrome ¢. The dot surface represents the region of the protein molecule which is
accessible to a probe sphere of radius 1.4 A (Connolly, 1983). Note the occurrence of a cavity
beneath the external (solvent accessible) surface of the Ile82 variant molecule. This cavity is
formed by the side chains of Leu68, Iie82 and Leu85, and the main chain of residues Gly83 and
Gly84. The direction of view is identical to that in Figure V.4, and thus the iliustrated region of
the surface of Ile82 variant can be directly compared with that of the wild-type
iso—-1-cytochrome ¢ molecule presented in the earlier figure.
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cause of the decreased reduction 'potential of the Ile82 variant One possible explanation is that
the phenyl groﬁp of the Phe82 exerts a specific inductive effect on the m-electron system of the
heme group. . Wallace er al. (1989) have proposed that su;h an effect accounts for the dfop in
 reduction potential arising from a Phe substituﬁon at Tyr67. An alternative eiplvéna'tion is tﬁat
steric contacts involving the le82 side chaiﬁ may destabilize the conformation of the polypeptide
backbone about residue 82, and thus cause traﬁsient uqfolding of this segment of the polypeptide
.chain. Such transig:nt unfolding may .be reflected in the diffuse electron density .apparent for the
main chain of residues 82 and 83, and also in the decreased stability of the heme crevice in the
Iie82 variant (see belo‘w), énd would be expected to. increase the effective accessibility of solvent to
' thek heme grbup in this protein. This proposal may also explaiﬁ the increased exposure of the
heme group as indicated by the slightly elevated reactivity of the Ile82 variant with Fe(EDTA)*-
.(9.4 X iO“ M-1g! as compared to 7.2 x .10“ M"é“ for wild-type iso~1-cytochrome c). .

As previously discussed, the position of the buried water molecule Wat 166 ét the lower
left Qf the heme crevice appears to be sensitive to the reduction potentia_lv of the heme iron.
Interestingly, the positi‘on_of_ Wat166 in the Ile§2 Qariant is intermediat¢ to those occurring in the
Tyr82 variant or wild—tyj)e prbtein (which have normal reduction potentials) and the Ser82 or
Gly82 variants (which have 50mV .lpwer reduction potenﬁa]s)., Thus, in this series of position 82
- variants, the magnitude of the positional shift of Watl66 appears to be correlated with the size of

the drop in reduction potential.

2. Stability V(I>f the heme crevice

Of the position 82 variants studied thus far, the Ile8'2k variant has the rhost _greatly
pertufbed pK.a for alkalihe isoﬁlerization, 7.2 as compared to 8.5 for wild-type iso- l—cytoéhrome c.
The deérease in pKa indicates that the stability of the heme crevice is considerably reduced in this
vériant. The most important factor in the reduced stability is likely the deétabilization of the
native ccv)nformation'vof the polypeptide backbone abdut Ile§2- in.du_ced» by steric contacts bétween the
I1e82 side‘ chain and adjaceht groups in the heme ‘crevic’e. As shown in Figure VIIL4, a sﬁall

void is created in the heme crevice adjacent to the Ile82 side éhain. Tﬁus, a disruption of ‘the
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packing interactions normally forrﬁed by the phenyl ring within its"hydrophobic cavity may also

contribute to the lowered stability of the Ile82 variant

3. Flectron transfer activity

The Ser82,'Gly82 and 11e82 variants all §how a decrease by a factor.of ~10* in reaction
rate with Zn*-cytochrome c peroxidase. As discussed earlier, this decreased reactivity is attributed
to the iack_ of ari aromatic side chain at position 82, which apparently functions to facilitate
électron tIahsfér by intéracting With the‘ m—electron system of the heme group.- Consistent with
this proposal is that in the Ile82 variant protein, the volume of épace filled by thé pheny! ring of
Phe82 in the wild-type protein is now occuﬁied by the aliphatic side chain of Ile82 .,a_nd empty
space. | | |

The Ile8.2 variant also has a sighiﬁcantly 'lowered reduction tate for the photo~initiated
electron transfer from- 3Zﬁ—cytoc.hr'ome c peroxidase. This result indicates that the Ile82 variant

may interact with ‘Zn—cytochrome ¢ peroxidase to fbrm a perturbed'complex, in Which the distance

| separating the redox centres is longér than normal. Such a permbdn‘on may be caused by the
- fairly substanr.iél ~0.7 K) displacement, in an upv?grd direction, of the polypeptide béckboné in the

 vicinity of Te82.
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IX. ALANINE 38 VARIANT OF YEAST ISO-1-CYTOCHROME ¢

A. Details of the structure determination
1. X-ray diffraction data

Diffraction data to 2.0 A (7050 reflections in total), for the Ala38 variant of
iso~-1-cytochrome ¢ were oollected from a single crystal. Background averaging was used in the
processing of diffraction intensities. For the resultant set of struc_turé factors, a scale factor of 43.6
was indicated by a linear rescale against common stfucture factors in the resolution raﬁge @ {0
26 R from the data set for wild-type iso-1-cytochrome c¢. The R-factor between the two data

sets was 0.27 (for the reflections included in scaling).

2. Difference map _
A difference map (Figure IX.1) was calculated using the coefficients Fo(wild-type) -
F(Ala38), and phases derived from a wild-type iso-1-cytochrome c atomic model which had been

refined at 1.7 A resolution to an R-factor of 0.197. This map was interpreted with respect to the

Figure IX.1. Stereo drawing of the Fo(wild—type) - F(Ala38) difference map in the vicinity of
residue 38. The atomic skeleton of iso~1-cytochrome ¢ determined at 1.7 & resolution is
superimposed on the difference electron density envelopes. Positive density (solid lines) has been
contoured at two levels, and negative density (dashed lines) at a single level.
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superimposed structure” of the Wild—type ;lrotein, and confirmed the replacement of Arg38. Positive
electron density enveloped the entire Arg38 side chain, with the excepticn of the CB atom. No
other significant positive or negative peaks Were observed in the vicinity .of the errlinb acid
subsﬁ'tution site. The replacenlent of Cysl02 by Thrl02 m the Ala38 variant was eviclenced by a o

strong positive peak at the SG atom of Cysl02, and an adjacent negative peak. |

3. Reﬁnement of the structure of the Ala38 variant
| The diffe.rence map indicated that structural changes occurring in the Ala38 variant were

essentially hmlted t0 a delet10n of the terrmnal 6 atoms (CG onwards) of the Arg38 side chain.
Therefore, an 1m11al model for the Ala38 variant was constructed from the 1.7 A resolutlon
wild-type iso-1-cytochrome ¢ structure. For residue 38, only the CB carbon atom was retained;
axld for residue 102, ‘a. threonine side chain having a g~ conformation [as observed in the strllctures _
of the Gly82(Thr102) ancl Tyr82 variants] was appended to the a-carbon. Of the 98'water
'»molecules and 1 sulfate ion present in the original wild-type iso— 1—cytochrome c model all were
retained except for three water molecules (Wat108 121 and 168) wh1ch form hydrogen bonds to
the guar_udlmum group of Arg3s..

| The amount of diffraction data included in the refinement of the Ala38 variant was
increased in thre_e‘ stages. The initlal model was refined against data with F > 250 in the
‘resolutior.l range 60 - 2.5‘ R (1664 reflections). Nine cycles lowered the R-factor fronl' 0.226 1o |
0.167. Next, 2083 reflections w1th F 2 250 in the fesolution range 6.0 - 2.0 R were included,
and 4 cycles of refinement resulted in an atomic model with an R-factor of 0.198. In the final
stage,‘ 11 reﬁnelnent cycles were cmied out, using data with F > 20 in the resolution range 6.0 ‘
-25R% and F .Z ‘2."5'0F in the rénge 25 - 20 /?l (2356 reflections in total, corresponding to 36%
of the’ available reflections in the 6.0-2.0 A range). At varioﬁs intervals, the atomic model was
" inspected against 2Fo — F, or Fo‘ - Fc’ electron density maps. Slight adjustments to the
conformation of the polypeptide, chain of residues 35 through 40 were made after the first stage of
refinement.  No other substantial mariual adjustments - to the protein molecule were required.

However, a number of changes were made to the solvent structure in the Vicinity of the
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‘Table IX.1. ‘Agreement with ideal stereochemistry in the final refined model of the Ala38 variant
of yeast iso— l-cytoch;ome cat20 A

resolution

Class of restraint

R.m.s. deviation -
from ideality

1-2 bond distance
1-3 angle distance
1-4 planar dlstance
Planar -

Chiral centre

‘Non-bonded contact?

single torsion -
multiple torsion
possible hydrogen bond

Staggered (£60°, 180°) torsion angle

Planar torsion angle (0 or 180°)
Temperature factor

1-2 bond (main chain)

1-3 angle (main chain)

1-2 bond (side chain)

1-3 angle (side chain)

0012 &
0.028 A
0.033 &
0.012 &
0.147 - &*

0.201 A
0.189 A
0203 &
23.7°

- 23°%

0.6 A2
1.0 A?
0.5 A?
0.9 A2

aThe rms devxanons from 1deahty for this class of restramt mcorporate a reducnon of
O 1 R from the radius of each atom involved in a contact.’ :

substitution site, including the reincorpbration of Watl2l and Watl68 (see below). The final

refined structure of the Ala38 variant of iso-1-cytochrome ¢ has an R-factor of 0.187 and good

agreement §vith_ ideal stereochemistry (see Table IX.1).

B. Structural ’éomparison of the Ala38 variant and wild-type iso~1-cytochromes c

1.

Polypeptide chain conformation

The replacefnent of an arginine residue at position 38 with an alanine has very little effect

“on the overall conformation of the iso-1-cytochrome ¢ molecule. Figure IX.2 shows a comparison

of the Ala38 variant and the wild~type protein in terms of the average positional difference

between main chain atoms and the differences in conformational torsion angles of corresponding
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Figure IX.2. Comparison of the polypeptide backbone conformations of the Ala38 variant and
wild-type iso-1-cytochromes ¢. The lower plot indicates the average deviations observed between
the positions of main chain atoms in corresponding residues of the wild—type and Ala38 variant
iso-1-cytochromes c¢. The upper plot indicates the deviations in the main chain conformational
torsion angles ¢ (—) or ¥ (---) of corresponding residues of the two proteins.

residues. The overall r.ms. difference between positions of corresponding main chain atoms is
0.20 &, and the overall r.ms. differences between phi and psi angles are 6.2° and 7.2°,
Tespectively.

The most notable positional shifts observed in the vicinity of the substitution site are
associated with rearrangements within the network of hydrogen bonds formed by the surrounding
polypeptide chain (see Figure IX.3). Wat 121, an internal water molecule formerly hydrogen

bonded- to the guandinium group of Arg38, and the side chain of Tyr48 shift closer together to
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Figure IX.3. Stereo drawing of the region around residue 38 in the Ala38 variant (thick lines) and
wild-type (thin lines) iso-1-cytochromes ¢. The heme groups and the polypeptide chain of
residues 30 through 48 and 56 through 59 of the two proteins are shown superimposed. Also
shown are the water molecules Watl2]l and 168 in both proteins; and Watl64 and 199 in the
Ala38 variant, which fill the space vacated by the side chain of Arg38. Hydrogen bond interactions
are shown as thin dashed lines, with those umque to either the Ala38 variant (’a’) or the
wild-type protein (’r’) labelled.

ailow the formation of a Tyr48 OH-Watl2l hydrogen bond. ‘An adjustment in the gcomeuy of
thé nearby B-turn (residues 43 to 46) is also observed. In the wild~type molecule, this turn is
distbrted_ as a bﬁdging water molecules mediates the interaction between Alad43 N and Tyrd6 O,
whereas a direct ‘hydrogen bond between thésé groups occurs in the Ala38 variant. It was
' proposed earlier that packing of the side chain of Tyr46 against Pro30 is partly responsible for the
distortion of this f—twrn in the wild-type protein (see Section I_II».B.3)._ 'fhe observation of Moore
and Williams (1980b) that the spatially adjacent aromatic rings of ‘Ty1'46 and Tyr48 interact
conformationally suggests that the adjustment in the -ﬁ-tum is brought about by the movement of
thé tyrosyl ring of Tyr48, which in turn influences the conformation of Tyr46. The observed
adjustments in the hydrogen bonding pattern suggest that there is significant flexibility in the
formation of the hydrogen bonding interactions within the bottom loop of the molecule. This
flexibility is also evident in the variations in lconformation observed for the side chain of Arg38
itself in yeast iso-1-, tuna and rice cytochromes ¢ (see Section IV.B.2 and Figure IV.7).

Wallace’s group (Proudfoot er al,, 1986; also see Table 1.2) has shown that amino acid

replacements at Arg38 lower the overall stability of the cytochrome ¢ molecule. Based on the
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observetien thaf the side chain of Arg38 extends upward from the bottom.loqp ef the polypeptide
chain to form hydrogen bonds with‘groups in the main body of the molecule, Proudfoot and |
Wallace (1987) have sugg'ested that the role of this residue is in confonnatienal stabilization_ of this
bottom loop. .Replace'ment of Arg38 might therefore be expected to perturb the structure of this |
loop (residues 36 to 59). However, apart from bthe localized deviations described above, the overall
folding of these residues does not differ significantly between the Ala38 variant ahd wild-type
iso—l—cytochfomes ¢ (see Figure VIX.2‘). Nor is there any substantial dissimilarity between the two
proteins in the flexibility of thié loop of polypeptide chain (as assessed by atomic temperature -
factors). Thus comparison of the crystal structures of the Ala38 variant and Wild— type

iso— i—cytoehromes ¢ gives no obvious indication that Arg38 directly inﬂuences‘ the conformational
properties of the 'bottofn loop. It_should be noted, however, that struc_tural destabilization effected
by replécement of Arg38 may arise from an increased frequency of transient unfolding. This
possibility cannot be assessed in a crystallographic study, which cannot provide informaﬁon on such

" high fiequency processes (Ringe and Petsko, 1985).

2. Propionic acid groﬁp of heme pyrrole ring A

‘The heme groups of the Ala38 vaﬁani ‘and wild~-type iso-1l-cytochromes ¢ do not differ
signiﬁcantly in either overall positjohing or conformation. The mean difference in position of the
43 heme atoms is only 0.18 A, andvof the 5‘atoms_ of the rear prepionic acid .g'roup'is 0.26 A.
Thus, the positioning of this propionic acid group of the heme is not siém‘ﬁdmtly affected by the
absence of the interaction between this group and the guanidinium group of Arg38. This result is
in agreement with NMR studies Which show that there are no differences between the Ala38
* variant and w‘ild-type iso~ 1—cytochromes' ¢ in NOF’s inyolving this propionic. acid group (Cutler et
al., 1989). The hydrogen bonding interactions formed by this propionic acid in the Ala38 variant '

are identical to those occurririg in the 'wil.cl-typemole'cule (Figure‘III.ll).
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3. Solvent structure in the vicinity of the substitution site

The replacement of Arg38 by an alanine residue has a marked effect on the solvent
structure in the vicinity of the substitution site (see Figure IX.3). Most notably, the loss of the
bulky arginyl side chain renders the adjacent propionic acid group of the heme accessible to the
external solvent medium (Figure IX.4). In addition, several other groups normally buried in the
interior of the protein molecule become exposed to solvent, including the side chains of He35 and
Tyr48. Not unexpectedly, the number of bound water molecules occurring in this region of the
molecule is increased in the Ala38 variant. The depression within the molecular surface formerly
occupied by the Arg38 side chain is filled by two water molecules, Watl64 and Watl99, which are
hydrogen bonded to each other. The two (formerly) internal water molecules (Watl2l and
Watl68) which in the wild~type structure form hydrogen bonds to both the rear propionic acid
oxygen OlA and the Arg38 guanidinium group are retained in the Ala38 .strucu_ue. Watl2] and
Watl68 form the same hvdrogen bonds to protein gréups in both the Ala38 variant and wﬂd—type

molecules, with the exception of those to Arg38. In ._the absence of these latter hydrogen bonds,

Figure IX.4. Molecular surface in the region of residue 38 in the Ala38 variant

iso-1-cytochrome c. The dot surface represents the region of the protein molecule which is
accessible to solvent, and was calculated (Connolly, 1983) using a probe sphere of radius 1.4 A.
Note the cavity occupied by the water molecules Watl21, 164, 168 and 199. The inner surface at
the base of this cavity belongs to the OlA atom of the rear propionic acid group of the heme. In
the wild-type protein, the cavity is largely filled by the side chain of Arg38.
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Watl68 shifts closer to one of its hydrogen bonding 'partners Asn3l ‘0, and Watl2l undergoes’ a
* slight movement to enable it to hydrogen bond to Tyr48 OH. Watl68 also forms an additional
hydrogen bond to Watl64, whose position coincides approximately with that of Arg38 NHI in the A

wild~type protein.

- C 'Inﬁuence of Arg38 on reduction potential

The various position 38 variants' of iso-1-cytochrome ¢ all have lowered reduction
poténtials (see Section 1.G), thus indiéating that Arg38 has an impbrtant» role>in establishing a high
reduction potential in cytochrome c¢. Cutler er al. (1989) have noted that for the individuai ’
variants, the decrease in reduction potential correlates with the decrease in the electron-withdrawing
capacity (or basicity) of the side chain group introduced at position 38. This result indicates that
the 'prima’ry inechanism by whjch Arg38 controls the reduction potential is electrostatic: the
guanidinium group of this residue places a positive charge ~12 A from the heme irdn, thereby
destabilizing the positive charge resident dn a ferric heme iron and favoring the reduced state of
the'prqtein. This is uﬁlikely' to be the only mechanisr'n,v as evidenced by the .differi»ng reduction
potentials of the Arg38 and Lys38 proteins, in which the side chains of residue 38 would be
, positively charged, as well as of the Leu38 and Ala38 proteins, in which the sidé chains are
uncharged. It 1s notable that as an approximation, the reduction potential of iso- l—éytochrome c
* decreases as the volume of the side chain at position 38 decreases.

Proudfoot and 'Wéllace (1987) have proposed that the extensive network of hydrogen_
bonding involving the side chain of Arg38 serves to stabi_li'ze the conformation of the bottom loop
of the cytochrome ¢ molecﬁle, and consequently to induce a coopgrative tightening of the global
structﬁre. They sﬁggest that amino acid substitutions at residue 38, through. disruption of the
global structural integrity of the molecule, may directly effect an increase in the overall solvent
accessibility to the heme, and thus in the overall polarity of the heme énvirbhfrwnt Their
proposal is in agreemeht with the observed pattern of decrease in reduction potential in the series
of position 38 variants. The decrease is largest for those \)ariants in which the side chain at

position 38 lacks the capacity to form hydrogen bonds homologous to those formed by the Arg38
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side chain. In additibn,_ as discussed above loss of the bulky argihyi side chain créates a iarge
-void in the surface of the protein molecule, which would likely be structurally destabilizing. ’fhe‘
degree of destabilization would be expected to be correlated with the size‘ of the cavity created.
These considérations are consistent with the reduction ﬁotenu'al decreasing'l as the volimie' of the
side chain at position 38 .decreases; |
The intricaté hydrogen bonding network formed by the side chain of Arg38 ,méy function

in an additional, préviously imemphasized, manner to effect a high reduction po;enﬁal in
cytochrome ¢. The network may serve to.delocalize th_é negative charge on the ionized 'heme
.propionafe group oﬁto _the resonance-stabilized guanidinium group of Arg38. Lowered
electronegativity of the heme prqpionate would favor the réduced state of tﬁe heme iron. These
"consideraﬁons rhay explaiﬁ the preference for an aIgini;ie at position 38, .'The groups within the
network are held in a fixed orientaﬁon, and thus may be particularly suited to this role (Barlow.
 and Thomnton, 1983; Singh et al, 1987). | |

‘ As discuésed eaﬂier, the posiﬁoning of the infernal water fnolecul_e Watl66 at the lower left
of the hefne crevice is responsi'veﬁto an electropositive chaige at the‘ heme iron. Consisteht with
the ~50mV drop in reducﬁon potential of the Ala38‘varia_mt, the positional 'shifi of Watl66 'in' tﬁis
protein is very | similar to that obSer\}ed in the Gly82 and Ser82 variants, which also have reduction
potentials ~50mV lower than normal. Watl66 in the A1a38 variant has moved 0.8 & with respect
to its position in _the wild—vtype protein, thereby decreasing the distancé between it and the heme

iron atom from 6.4 to 5.8 A.
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X. SUMMARY

" The three-dimensional atornic structure of yeast (Saccharomyces cerevisiae)
iso~ l—cytochrome ¢ has been defermined through niolecnlar replacement techniques.' This structure
* has been reﬁned aga.inst X~ray diffraction data with F 2 2-30 in the resolution iange
6.0-123 R (12513 reflections in total). The crystallographic R-factor is 0.192 and the coordinate
accuracy is estimated tovbe hetter than 0.18 A. The atomic model includes. 1 sulfate ion and 116
water molecules, 4 of \ivhich are buried in the .interior of the pioiein molecule. Yeast
iso- 1-cytochrome ¢ has the typical cytochrome c fold, with the polypeptide chain organized into
five a~helical segments and a series of loop structures which serve to enclose almost completely
‘the heme .prosthetic group within a hydrophobic pocket The conformational torsion angles .
occurring nvitliin secondary structural elements, the good agreement with ideality in conformations
adopted by side chains, the high degree of saturation of hydrogen bondingv groups, and the degree
* of solvation of the molecular surface by water molecules are all consistent with patierns observed
in other high resolution protein structures. Notable structural featuies of yeast‘ iso~1-cytochrome ¢
are the localized distortion of . secondary structural elements by intramolecular mteractions occurring
thhm the final folded state of the protein molecule, and the structural rigidity of the 1ntenor of-
the molecule. The accurate structural determination for yeast iso-1-cytochrome ¢ prov1des a firm
basis for' both the analysis of struCtural perturbations and the internretation of alteredv functional
properties of the numerous variant proteins available. .

The structure of yeast iso~ 1—cytochroine ¢ has been compared in detail with the high
resolution structures of the related tuna and rice cytochromes c. Although localized conformational
differences caused by amino acid i'eplacements do occur, the fold of the polypeptide backbone, |
innalnolecular hydrogen bonding, and» the conformation of side chains are fonnd to be i'ery similar
in the three proteins. The strongly conserved packing of polypeptide chain gronps against the
heme moiety is. particularly striking and is consistent with an important role of lhe heme in
determining the foldv of the snrrounding polypeptide -chain. This packing of protein grouns, in

establishing the identity of the heme environment, is also likely a determinant of the functional =
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properties of the heme moie.ty.

| X-t_ay crystallogrnphic techniques have also been used to determine the structures of
sevetal variant iso-1~cytochromes c¢ bearing single-site aminoacid substitutions at Phe82 and
"Arg38.  Structural differences between the variant and wild-type proteins were identified initially
from .differen'ce_Fourier maps. The structures of the various variant iso- 1-cytochromes ¢ were
. subsequently refined at norntnal resolutions‘ in the range 2.8 to 1.76 &, with R- factors in the Tange
- 0.15 10 0.20. Comparison of the structure of wild-type iso~1-cytochrome ¢ with those of the
position 82 variant proteins shows that substitutions of serine, glycine, tyrosine or isoleucine for
Phe82 are accommodated by slight alterations in the conformation of the polypeptide chain, but
cause no gross rearrangements in the overall conformation of the cytochrome c rn_olecule. These
results are consistent with the similarity in intrinsic CD specira of the wild-type and vaIiant'
', protetns, which indicates that the global-secondary structure in the variant proteins is unaltered,
and also with NMR studies of the variants, which show that chemical shifts occur only for protetn
gtoups in- the direct vicinity of the substitution .site. ’Nonetheless, conspicuous structural
perturbations in the neighborhood of the substituted side chain ate evident in all of the variant
proteins. In wild-type iso-1-cytochrome c, the‘phenyl ring of Phe82 is positioned- adjacent and
approximately par::tllel to the heme group, and occupies a hydrophobic cavity within the heme
- crevice. In the Ser82 variant, a solvent channel is created which extends from the surface of the
molecule down into the heme c'revi_ce. In the Gly82 variant, the polypeptide backbone refolds into
the epaCe formerly occupied by the phenyl ring of Phe82. The phenolic ring of Tyr82 cannot be
entirely accommodated within the pocket normally occupied by a phenyl ring, and thus is displaced
further toward the exterior of the tn_olecu‘le.. In the Ile82 wvariant, branchi.ng at the B-carbon of
: residue : 82 generates steric contacts between the isoleucine side chain and adjacent groups in the
heme crevice In wild=type iso- l—cytochrome c, the side chain of Arg38 is involved in a network
of hydrogen bondmg through Wthh it interacts with one of the buned propxomc ac1d groups of
_ the heme In the Ala38 variant, the propionic acid group is no longer occluded from extemal

solvent, and a slight reorgamzatlon of the hydrogen bonding network occurs.
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Comparison of the structures of Teduced .yeast'iso— 1- and tuna cytochromes ¢ with those
of oxidized tuna and rice cytochromes ¢ shows that signiﬁcant oxidation-state dependent
conformatlonal changes occur only in the vicinity of an mternal water molecule located within the
heme crevice below the Met80 ligand. Thesé results are in agreement with those of Takano and
" Dickerson (1981b), who considered only the two redox forms of tuna cytochrome c. The same
conformational char_lges' are also ohserved upon structural comparison of the wild-type reduced
iso~ 1-cytochrome ¢ with the Gly82(Thrl02) variant, whose structure was determined in the
oxidized form. It is notable, however, that the positioning of the sensitive water molecule (Wat166‘
in the iso-1-cytochrome ¢ structures) varies not only dwith oxidation "state, but also with reduction
potential. Within the series of position 82 variants whose structures have been determined in the
,reduced state, a decrease in reduction potenna] is correlated with the closer proximity of Wat166 to
the heme iron. - The movement of Watl66 is mterpreted as arising from an attraction to an
increased electropositive charge residing on the heme iron.

The altered functional properties of the position 82 variant proteins have heen_ interpreted
with respect to the structural perturbations caused by the amino acid_ substitutions. The drop in
reduction potential, most notably for the Ser82 .and Gly82 variahts, can be expiajned by an
" increased polarity of heme environment. This increase in polarity can be attributed to the'
daccessibility of the heme pochet to either solvent v(in the Ser82 veriant)or polar éroups‘ of the
polypeptide backbone (in the Gly82 variant). These resuhs thus confirm that residue 82 directly
influences the characteristics of ‘the heme environment, and also that the dielectric constant of the
"heme environment is an important determinant of the heme redﬁction potential. _The decreased
structural stability of the position 82 variants is indicated by their susceptibility to denaturation
durihg crystallization trials, by their lowered pK,’s toward alkaline isomerization, and by the
~resemb1ance of their CD spectra to spectra of thermally denatured wild-‘type protein. That amino
acid substitutions at Phe82 decrease the stability of the cytochrome ¢ molecule is typical of
numerous other substitutions at other conservative residues. These results indicate that the forces

maintaining the tertiary structure of the cytochrome ¢ molecule are highly cooperative and finely
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tuned, with many amino acid residues contributing to stabilization of the native conformation of
the protetn.» For the position 82 variants, the reduced stability of the heme crevice is likely due
to the disruption of ‘stabilizing packing forces formed by the Phe82 phenyl ring within its
'hydrophohic cavity. The lowered activity, in comparison to the wild-type protein- and the.Tyr82
_ variant, for electron transfer with +Zn—cytochrome ¢ peroxidase is attributed to the loss of an
'aromatjc’ group positioned adjacent to the heme group. The coupled m—electron systems of theSe_
two groups may serve as a direct condurt for movement of the transferred electron.  Alternatively,
the presence of an aromatic group at residue 82 may induce an electronic distribution within the
w-orbitals of the heme whrch is particularly favorable for the electron transfer reaction. The
electron transfer reaction between iso- l-cytochrome ¢ and cytochrome c peroxrdase may be further
inhibited by the altered surface topography of the variant proteins (particularly the Gly82, Tyr82
and Ile82 variants_), which - hinders forma_tion of a productive electron transfer complex.

In conclusion, these results suggest that the invariant Phe82 contributes in at least three
- ways 1o the proper functioning of cytochrome ¢. It has an important structural role in maintaining
the integrity of the heme crev'ice, in preventing the intrusion of polar groups into the heme
pocket, and in establishing the appropriate heme environment The aromaticity of the phenyl ring
of vPhe82 is important for efficient movement of an electron to and from the heme of |

cytochrome c. Fmally, Phe82 may have a role in formmg the approprrate mtermolecular

- interactions with enzymic redox partners of cytochrome ¢. A phenylalamne at position 82 1s

-clearly optrmally surted for these roles in terms of its steric size and [its aromatic and non—polar

chemical nature.
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