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ABSTRACT

7

The.protein,'triose phosphate isomerase (TIM) has been
isolated from fresh chicken breast nuscle and'purifiad by an-
ion exchange chromatography on DEAE Sephadex A50.column. Fur-

- ther purification proceeded via Blogel A DEAE resin. The TINM
fractions of both chromatographies were contained in two adja-
cent protein peaks, A and B.

The separation of thé two péaks was fouﬁd to be based upoh
isozymic differences in the TIM active protein. Isoelectric
focusing, both column and gel, showed one lsozyme 1in the Peak A
proteid with pI=7.65 while Peak B protein contalned two 1so-
zymes of pI,?.56land 7.49. Focusing of old Peak’B'profein
yiélded a fourth isozyme with pI=7.62. No isozymic separation
was observed with disc gel electrophoresis at'pH 8.5. Amino
acid analysis which was carried out on purified Peak A protein
showed substantial deviations from literature values.

The Péak A isozyme was modified via the reaction of the
fhiol of cysteine with the maleimlde N-ethylmalelmide (NEM),
or trifluoro N-ethylmaleimide (FEM), as well as with the disul-
fides 4,4~ dithibpyridine (4-PDS) or 5,5"-dithiobis(2-nitroben-~
zoic acid) (DTNB): Two equivalents of reagent per molecule re-
acted but a kinetic hon-eqiivalence.of the two sltes to modification

19F NMR of the FEM labeled protein was performed.

was observed.
The final chapter of this thesis.deals with the kinetic
analysis at several temperatﬁres of the modification of TIM by

L-pPD3 and DTNB both in the presence and in the absence of sub-



1i1.

strate glyceraldehyde 3-phosphate. Blphasic Arrhenius plots
with a break at approximately 25°C'Were observed for the 4-
PDS modification: In the presence of substrate, the activation
energy for T>25°C was 7.2 k@al/mole'while for m<25°C 1tvwas
50.0 kcal/mole. In the absence of substrate, the activation
energy for T 25°C was 4.4 kecal/mole while for T<25°C, it was
39.9 kcal/mole. | R

Lastly, a segment dlscusgsing the impbrtanoe of the results
descfibed in this thesis, in terms of the current TIM léterature}

- is included.
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CHAPTER I
GENERBAL INTRODUCTION

The purpose of fhis introduction is tc provide, 1) the 1lit-
erature basis for the present-ﬁnderstanding*of the presence’of multi-
enzyme forms of triosephosphate lsomerase (TIM) from different
sources, 2) the mechanism of the catalytic process, and 3) some
chemical and structural aspects of’thevenzyme. The TIM used for :
the work presented in this thesis was isolated from chicken breast
muscle; however much of the early investigations have involved
enzyme Trom rabbit muécle (4) and yeast (5). In addition defini-
tive studies have been preformed on both human . (6) and bacterial
(7) triose phosphate isomerase. These studies from the various
sources, formed the background for the isolation and purificatlon
of the proteiln, as well as the characterization and the chemlcal mod-
1ficét16ns which were performed and reported in this thesls.

The enzyme, triose phosphate isomerase (TIM) plays a cen-
tral role in glycolysis; as well as in glucneogeneslis and has one
of the highest’catalytic“raieS‘of all the glycolytic enymes. It
catélyzes the reverse aldoseketose isomerization of glyceralde-
hyde 3-phosphate (G3P) and dihydroxyacetone phosphate (DHAP).
This bifunctional protein has been considered to te an unlikeiy
point for metabollc regulation since 1ts its high cétalytic turnover
rate abllity and in vivo concentration has led to the concept
that it is not metabolically rate 1limiting. However, theré is
evidence (1, 2) of genetically transmitted isomerase deficlencles

in humans which leads to 5-20% the normal levels and can result
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in é severe metabolic biock,‘even though the antlclpated levels
of TIM would suggest that it st111 should not be rate limiting.
The 1somerase has been‘shown-by various groups to be composed
of several isozymes (3). A few examples (6) of the TIM isozymic

content of various species ars:

Specles ' Number of Isozymes

Human
Erythrocytes
Skeletal muscle
Brain
Liver
Cardlac muscle .
Spleen

- Rhesus

-Bovine

Porclne

Dove '

Turtle

Frog

Catfish
Muscle
Liver
Kidney
Brain
Heart

.Crab

Lobster

Shrimp

Beetle

Cricket .

Grasshopper

Clam

Snall

Squid

Ascaris suum

Sea Anemonas

Buglena gracllls

Escherichia colil

Bacillus sulltills

Pseudomanas asruginos

Staphylococcusaursus

PFREPEPHEFPBRPEHERERERPENNNDWWWWY WWWWWWWLWWWWW




1.1 Purification and Characterizatlon

‘In recent years interest has centered on the TIM obtained
from rabbit muscle and chicken muscle. Preparation procedures
for the rabbit muscle enzyme have been described (9,10) as well
as for the chicken TIM (11). Considerable evidence has been pre-~
. sented to show that the native enzyme is composed of two subunits
'_(9-16). Values for the native dimer molecular weight of rabbit
TIM obtalned prior tb 1970, range from 4300vu-buuvyu (summarized by
Nofton et al (3)) although later molecular weights were calculated
to be approximately 53,000 (3,11). Chicken muscle TIM was found
to be 48,400 (11) but more recent amino acid sequence and x-ray.’
crystallographic results place it nearer to that of the rabbit
muscle with a molecular welght of 54,400 (17,18). It has been
deﬁonstrated that thére are no disulfide bridges linking the two
subunits, or within & single subunit (5).

The heterogeneity of trlose phosphate isomerase has been
reported for a wide varlety of animal (19,20) and human tissues
(3,4). Suggestions for the multiple nature of the enzyme have
included 1t being the result of an artefact of the isolation pro-
cedure (23),.the presence of confdrmational isoenzymes (13) or
the existence of non-identical subunits (5,24). The isozymes to
date have been 1dentified through polyacrylamide (5,25) and
starch gel electrdﬁgbresis (5,20).

In eddition, a chromatographlc separation for the isozymes
of rabbiﬁ muscle TIM has been reported by Krietsch et al (16).

A rechromatography of purified rabblt muscle TIM by a DEAE-cellu-

lose column eluted by a very shallow gradient succeeded in sep~
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arating the material into three major formss 3, p, and'X (97%)
and two minor components, d and & .(342). Hybridization studies
‘showed the o and ¥ isozymes to be homodimers AA end BB respect-
ively and p the heterodimer AB. The hetercgeneity of rabblt
TIM was therefore.found to be largely due to the combination of
two chemically non-identical subunits A and B. Hybridization of
'the d and E forms Was'more oomplek with feassooietioh'fesﬁiting
in the formation of all five bands as Weil as two (in'the case
of‘é') or four (in the case of € ) additional more electrophor-
etically mobile bands. Amino scid analyses of the threes major .
ieozymes were able fo reveal small differences but the titra-
tion of thlols with 5,5"-dithiobis-(2-nitrobenzoate) (DTNR)
gave ldentical numbers fcr the number of sulfhydryl (cysteine)
resldues. |

Avdegree of ambigulty concerning TIM lsozymes has existed
1h the literature for some time. For example Lee and Snyder
sepafated commercial rabbit TIM into'five bands in acrylamide
- electrophoresis (26) with a pattern of relative actlivities and
" protein concentrations of 7(ct) 2 15(?): 6(¥): 2(4)s 1(€) with
90% of ﬁhe activity and protein in the first 3 bands d,(3,‘ and
X; however Burton and Waley (23) found only the three 4, ﬁ ané
¥ bands with 85% activity in the slower migrating  band and.15%
in the second (?) and third ({) faster migrating forms, but
Coulson and Knowles (25) could detect just one sharp zone in the
polyacrylamide electrophoresis of commercial enzyme. The exper-

imental conditions of electrophoresis, most notably pH, were



probably the controlling factors since Krietsch (16) obsérved
that in polyacrylamide electrophoresis with a 7.5% gel at pH 9.5
in the presence of mercaptoethanol TIM migrates as one single
band, while at pH 6.6 the proteln showed the same heterogeneity
pattern as 1in starch gel electrophoresis.

Scopes (20) observed a similar phenomenon with chicken mus-
cle TIM, namely a single band resulted upon acrylamide electro-
phoresis (pH 8.5) while a Minor contaminating band was seen to
separate out on starch gel electrophoresis. These results hav?
encouraged the belief that the protelin from chicken is relatively
free from isczymes. Thus, much of the most recent work, most
notably x-ray crystal structure studies, has centeredioﬁ'the .

- chicken muscle enzyme. The lmplicatlons bf this 1h light of the
observaetions reported in this theslis; will be dlscussed in the
. main body of this work. |

A third source of TIM for which the enzyme.heterogeneity
has been characterized 1s human erythrocytes (6). Three isozymes
have been found to exist for the human TIM as a result of an AA,
AB and BB distribution of dimers. Amino acid analyses and pep-
tide fingerﬁrints have been able to indlcate that the tﬁo types
of subunits are very similar but contain several differences 1in
thelr primary structures. They show similar catalytic propertiss

and are found in all human tissues..

l.2 Enzymatic Inhibition and the Catalytic Proceqs of TIM

Characterization of an enzyme's active site ray be alded by

chemical modificatlion if the reagent's specificity allows inter-
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pretation with respécﬁ to the féactibh specificiﬁy (amino acid
modified) and topographical specificlty. The problem of reac-
tion specificity may be solved by taking advantage of known re-
action types while the problem of topographical specificlity may
‘be resolved by the procedure of Paffinity labeling® in which a
protelin reagent 1s designed to resembie the substrate and thus
have an affinity for.the substrate binding site. The inactiva-
tion of triose phosphate‘isomerase has been achleved by haloacetal
phosphates and.epoxides (glycldol phosphate) (25,27) which are
reactive analogs of the substrate dihydroxyacetone phosphate and
have been proven to be a successful'éxamplé'bf affinity labeling.

_A highly selective modification of only one residue was ob-
served with loss of activity proceeding pseudo first order upon
addition of high reaéent to enzyme molar ratios. It has been
found that s#-glycerophosphate, a competitive inhibitor of TIM,
protects the enzyme against lnactivation which suggests a compet-
ition of haloacetol phosphates and glycerophosphate for the same
active site. o

The 1nactivated enzyme was found to contain 1 mole of co;-
valently bound reagent'per mole of catalytic subunit (15). There-~
-fore it was possible for the first time to determine with some
certainty the presence of 2 active sites (one/monomer) for TIM.

The 1nlitial modification of the peptide chains was found to
proceed via an esterification of glutamic acid. A hexaﬁeptide
containing the haloacetal phosphate has been isolated from both
chlcken_(28) and rabbit muscle (52) with the sequences

Ala-Tyr-Glu#-Pro-val-Trp
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TIM from a wide variety of specles has been found to be inacti-
vated by haioacetol phosphates, which increases the likelihood
‘that a common essential region 1s the site of modification. If
the glutamyl carboxylate is functional in catalysis, 1t may be
expected to be an invariant feature améng triose phosphate iso-
merases. Tne above mentloned hexapeptide was found to be.éone
served during evolution (30) and is therefore probably critical
to function. A comparison of yeast and rabbit muscle TIM was
chosen as an indicatlion of the constancy of the active site glu-~
tamyl residue (and adjacent amino acid sequence) since there is
a wide evolutidnary separation between the two organisms. The
hexapeptide containing the active site giutamic acid was found -to
be identical in both species. _ |

The problem exists as to whether the enzymatic inactivation
results from modifying a catalytically functional residue or
merely from preventing substrate binding. However, several oB-
servations suggest that the glutamyl residue 1s functional in
~catalysis. For example, the only functional group in model com-
pounds for'proteins which reacts with haloacetolkphosphates is the
sulfhydryl functionality (27), but the group in TIM that reacts
is a carboxyl. The rate of esterificétion is rapid. 1In addition,
if the esterifiéd glutamyl residue of rabbit TIM is not cataiyt—
lcally essential but merely located in the area of the active
slte, 1t would be expected that in some species, residues not
susceptible to esterification would occupy the corresponding pos-

ition. However, the findings that TIM from evolutionarily di-



verse speclies are inactivated by haloacetol phosphates with in-
activation proceeding at similar,rates, is consistent with mod--
1f1¢at16n of a catalytically functional, invarlant residue.

The possibility of the catalytlcally important residue be-
ing a glutamate fitted well with previous mechanism which were
postulated as the chemical pathway for the aldol-keto isomerism.
The mechanlsm which was first Tormulated by Rose (31,32) involved |
the abstraction of & proton from C-3 bf dihydfoxyacetone phosphate
to give an enediolate anion which is able to pick up a proton at

C-2 to yleld glyceraldehyde-3 phosphate:

H ¢
H | OH" H, YOH H o
B~A ¢ a7 B~ ¢’
M o4 == BHPA|
C=0 <l:——o H— c!:— OH
CH,0 (® CH,0 (P CH,0 (B

Any conjugate base, lncluding a glutamyl s-carboxylate, could
function in this proton transfer. It has been es%ablished.that
carboxylates can promote enolizatibn via general base cataiysis,
similar to the mechanism above (33). From the pH dependence of
the rate of ilnactivation of yeést TIM, the apparent pKa of the ac-
tive~site carboxyl group vas estimated by Hartman to be 3.910.1
(34). |

"Affinity labeling of TIM was carried'out.further‘by the prep-
aration of a reagent designed to mimic the cis-enediol which is
the postulated intermediate in the reactlon cataslyzed by triose

phosphate isomerase. This reagent is glycidol phosphate (2,3~
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epoxypropanol) which was found to label the glutamyl group in
the isolated hexapeptide: Ala-Tyr-Glu*-Pro-Val-Trp (35). This is
the same residue that was labeled by fhe haloacetol phosphates.
The labeling of TIM by this feageht Stfongly supports the single
general base mechanism as proposed for the aldose-ketose lsomer-
ization of TIN (36). |

The most powerful compétitive inhibitor of TIM is Zéphos-
phoglycollate whose structure is given belows

0

|
c

7\

¢E, O

:

i _
The inhibitor's structural similairity to the ene-dlol and 1its
anionic centre is important for transition state binding. The
ultraviolet spectrum of TIM in the 280nm region may be changed.
by Binding of 2-phosphoglycollate and Z-glycerophosphaté (another
reagent which inhibits due to its ability to bind to the active
slte) but not by the anionic inhibiltors sulfate or inorganic
phosphate (37). The shift, which was most marked in the 280nm
reglon which corresponded to tyrosine and tryptophan absong}lons.
was related to the presence of each of these amino acids in the
hexapeptide which was found to be esterlified upon inactivation
of TIM by glycidol phosphate (37). In addition to the change in
the U,V. spectrum, there was obsérved to be a change in the crys-

tal structure of the enzyme upon binding of glycidol phosphate
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. which was able to suggest that there,are,two,of_mpre 1mportant“
sltes of binding. The binding of»the-inhibitor and transition
State_analogue 2-phosphoglycollate to the rabbit muscle enzyme
was éble to effect a similar sort of change as observed by the
4% contraction in the crystal structure. At the same time, ag)
6% contraction has been noted for binding of elther triose sub-
strate to rabbit or chicken muscle TIM (37,38). It appears like-
ly then that the magnitude of the change ﬁpon binding of inhib-
itor, represents a structural change in the protein conformation
which mimics the conformatlonal change which occurs upon binding
of the two substrates dihydroxyacetone phosphate and glyceralde-
hyde 3-phosphate. The catalytid role of this substrate-induced
conformation change 1s unknown and our understanding of this'
phenomdnen i1s a long term goal of this 1abbratofy§

The dependence of the rate of enzyme-cataiyzed reactions‘on
PH 1s an important parameter that must be accommodated by any coum-
plete proposal of mechanism. There is fundamental information to
be gained from a knowledge of the pH-dependence of the individual
kinetic parameters. They must be consistent with the mechanistic
prdposals and be interpretéble with respect to the knowledge of
the three-dimensional structure of the enzyme and the’functional
catalytic residues. |

The most comprehensive serles of pH rate studles were per~
formed by Plaut and Knowles (39). One of the most useful studies
was the determination ol the sfabllity of the chicken muscle en-

zyme as a functlion of pH. Incubation of enzyme in buffers of
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rvérioué pH's was carried out at 38°C for 6 hours before determin-
ation of the enzymatic activity. The results showed a plateau
(100% activity) between pH 6.5 and 7.5 with a fairly rapid de-
crease in stability at lower or higher pH's. An interesting
contrast to this was observed in the TIM isolated from a psychro-
philic organism (optimum growth beiow 20°¢c), clostridia, in which
a 70% reductidn in enzyme activity with a half hour heat treat-
ment of cell-free extracts at 32°C was seen (pH 7.3) (40). This
can probably be explained by the evolutionary adaptation of this
microorganism. | |

Other pH studies showed a pH dependence of kcat/Km which
allowed calculation of the pKa of two kinétically important func-
“tionalities: values of 6.05 and 9.05 were derived with dihydroxy-
acetone phosphate (DHAP) as substrate and 6.0 and 9.2 when glyc-
eraldehyde 3-phosphate (G3P) was used. The apparent pKé values
in kcat/Km may relate to ionizations in the free enzyme or in the:
free substrate. Under the experimental conditions; the pKa val-
ues of substrate alone are 6.0 for DHAP and 6.3 for G3P. There-
fore, there is a possibility that the lower observed pKa's of
the kcaﬁle proflles have arlsen from ionization of substrates.
The upper pKa value of about 9 cannot be readlily assigned but
possibllities are lysine or arginine residues. .On the other hand,
there 1s the poésibility~that the ionization at PH 9 governs a
large~scale conformation change resulting in loss of enzyme ac-
tivity owing to a loss of the structural integrity or the active
site (39).
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1.3 Structural Aspects

A.‘ The Subunit Monouwer

e S

When studying the relationshlp between the quaternary struc-.. .

ture of a multi-subunit enzyme and 1ts ébtivit&, 1t is often of ..~ -~
interest to know the enzymatic activity of the monomer, if in-

deed association of the subunits is not necessary for catalytic
ability. A useful‘approach is to attach the enzyme to a solid
Support vie a single subunit, and to remove the other(s) so that

the properties of the isolated subunit may be studied under con-
ditlons where reassoclation 1s not possible.

Such a procedure was performed recently by Fell and White
(43). They found that the kinetlc properties of chicken TIM were
altered by immobilization on Sepharose. The activity, which rep-
resented that of the bound monomer gave a Ky of 1l.7mM while that.
of the soluble enzyme was reported to be 0.35mM. Upon denatur-
.ing with guanldine hydrochloride and subsequent rehybridization
with rabbit muscle enzyme, an active hybrid of chicken and rabbit
muscle enzyme could be formed. It is therefore possible to dem-
onstrate that the 32 differences in amino amino acld sequence be-
tween these two enzymes (86% homology) has not significantly al-
tered the subunit interface region (44).

- It 1sg important t§ exercise cautlon when evaluating evidence
obtained in such experiments. For example, a contrasting report
of the possibility of directly linking TIM to an agarose support
(1e. no spacer arm between enzyme and agarose was_inserted) via

one subunit was reported by Sawyer and Gracy (45) when they ob-



. served that both subunits of human TIM were linked to the matrix
and that the double 11nkgge was preventing dissociation. In con-
trast, the protein bound to the.agarose via an acetamidoethyl
linkage had kinetlc as well as stability properties closer to

the native enzyme. This data challenges ﬁhe validity of the ex-
periments of Fell and Whlte who used direct linkage of the protein
“to the support.

The possibilit& that the monomer of TIM is inactive haslbeen
suggested by Waley (46) who.performed experiments in which rabbit
or chicken muscle TIM was denatured by guanidiniium hydrochloride
and then fqllowed fhe kinetics of the renaturation. His scheme
involved first of all the refolding of monomser and then the as-
soclation of the two folded monomers to form 2 dimer. At low
concentrations dimerization was a rate~determining step (kinetics
found to be second order at low enzyme concentrations) and since
the reappearance of dimers was foilowed by the increase in act-
ivity, this was taken to indicate thaﬁ the monomers showed little
or no activity. If this indeed is true, it would mean that the
active site enzyme conformation induced by the subunit associlation
1s.essent1a1 for the catalytlc activity of TIM.

It is clear therefore that this issue is still unresolved and
any probe of the inter-subunit interface when related to enzymatic
activity will be of considerable value.

B. Protein Modifications

There exists very little information sbout the particular

amino acid residues, other than the catalytic site hexapeptide,
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which are most intimately involved in the TIM active site and
therefore essential to enzymatic cafalysis. However, recent
studles have investigated the role of the sulfhydryl zroups and
there are conflicting'reports in the literature concerning the
effect of thiol-specific reagent on eniymatic adtivity (23,29).
One ofvthé more comprehensive surveys of thidl reactivity

was presented by Davis et al (47). Investigationoof SH reactivity
by reaction with maleimides resulted in a threefold greater Mich-
aelis constant for the modified rabbit enzyme. Three thiols/
mole énzyme reacted. However, mercuriels were found'to cause
a greater change in K, and reacted with 6 SE's/mole fabbit en-
zyme,

| It was reported that the rabbit muscle and liver enZyma ap-
pear to have similar properties but that the chicken muscle enzyme
‘18 less reactive (47). The yeast enzymé does not become inact-
ivated upon sulfhydryl mddification. Thé enzyme from chicken
muscle has been found (48) to contain one thiol group per subunit
that is more reactive than the others to the reagent 5,5'-dithio-
bis-(2-nitrobenzoic acid) (DTNB). It was observed that the ac-
cessible thiol group was unnecessary to the catalytic activity
of the enzyme (48) ﬁhich is in direct contrast to results reporté
ed in this thesis. However, 1t has been suggesﬁéd that for the
rabbit muscle protein, one thiol per dimer can be modified by
DTNB with a 50% loss of activity and that a second essential SH
grdup which corresponds to the other active site 1s still frac-

tionally intact but 1is inaccessible'through thevassociatioﬁ of
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the two subunits (16). However, there is a real deficliency of
knowledge regarding the reactivity of the thiols of TIM and 1t 1is
in this area that the results of this thesis attempt to expand the

knowledge of the modified protein.

C. Amino Acid Sequence and X-Ray Crystal Structure of TIM

The amino acid sequence of the rabblt muscle enzyme was
first reported by Corran and Waley (49) who found the polypeptide
chain had 248 amino acid residues and that the molecular weight
of the dimer was 53,257. The tryptic peptides of the rabbit mus-
cle TIil was compared with that cf chicken (51). Each chain of
the chicken has 24? amino acld resldues and there 1s one deletlon
in each chain. Apart from these gaps, there are 32 differences
(86% homology). 22 of the 32 interchanges are consistent with
a change of one nucleotide in the DNA codon. In addition, the
~amino aoid sequence of the 15 residue tryptic peptide thet con-
tains the active-éite glutamyl residue as determined by Corran
and Waley (53) was found to be different than the analogous rab-
bit peptide reported by Hartman (52) in that valine in chicken
- wWas substituted for tryptophan in rabbit.

The amino acid sequence data for the chicken breast muscle
was published in 1975 (54). The sequence data facilitated the
determination of the 2.5 A resolutlon crystal structure which was
reported in the same paper. It was found that.each subunit of
the chicken muscle TIM 1s composed of alternate segments of poly-'
peptide chain in the &~ and g—conformations that are arranged to

form an inner cylinder of parallel-pleated sheet and a largely
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~ helical outer shell. They were also able to indicate the resi-
dues particlipating in the subunit interface as well as those
making up the active site. The two subunits were related by a
- two fold axls. Interaction between the subunits involves, in
| part, the loops 70-801Whlch form hydrophoblc pockets around ths
Met 14 residue from adjacent subunits. = The ﬁockets lie on the
edges of the interface. .The'active sites of the protein conslsts
of residues from ﬁoﬁh subﬁhits és has beeh found for another
glycolytic enzymne, G3PD (89)e This finding 1is particularily in-
teresting in light of the previoﬁsiy menticned observatlion that
the monomer of TIM is inactive,
| The x-ray structure as reported by Banner et al is particu-
larily interesfing in light of the striking resemblance which it
has to other glycolytic énzymes which aré composed largely of
alternating segments of d- and @-structure which are folded sim-
ilarily. There is the suggestion by Rao and Rossman that similar
super-secondary structures may be fouhd in many protein molecules
with widely different amino acid sequence as a result of converg-
ent evolution-(55).
| The gap between crystallography and kinetics can often, in:
part at least, be bridged by spectroscopic studies which make use
of techniques such as NMR. NMR has the particular advaentage 6f
belng able to observe individual residues; also changes in con-
formation can often be observed and characterized in detail.
A paper published by Browne et al in 1976 (56) has made con-
slderable progress towards assigning the histidine resonances in

rabbit and chicken TIM to individual residues and towards char-
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~acterising the change in conformatién when ligands bind. This
work, which was made possible thfough knowledge of the X-ray
structﬁre of Banner 9t al (75), was able to observe the proton
resonances of five histidines in the chicken muscle enzyme and
one histidine in the rabbit enzyme which were observed to titrate
in the pH 5.4 to 9 range.

The extreme sensitivity of NMR techniques as observed by -
Browne et al (56) is supported by the preliminary F19 NMR exper-
iments presented in this thesis. We have been able tc collabor-
ate the ablility of magnetic resonance to detect changes in the
environment of the observed nucleus 19F when the two most reac-
tive cysteines of chicken TIM were modified by = trifluro N-ethyl-
maleimlde label (FEM) and compareéd to a model compound consisting
of the addition product of FEM and N-acetyl cystein. Clues to
the position of the site of modification of the chicken TIM by
FEM are given by examination of the crystal structure of Banner
et al (55).

The x-ray structure places the two most reactive cysteines,
to 2-chlormercuri-4 nitrophenol, at residue 217 which would-thefe-
fore be a likely site for the FEM modification of TIM. Cys 217
1s sltuated on the outer surface of the enzyme as part of the
mainly helical segments of polypeptide chain which ferm the cyl-
indrical outer surface of each subunit. It is 5 amino acid res-

- 1dues away from the active site Val 212 and thus is about 1.4
complete turns of the d-helix away from the active site. There-

fore Cys 217 1s not in the intersubunit area of contact nor in
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the immedlately adjacent actlive site area. However, Cys 21? is
close enough to the active site that 1t is possible.to envision
the posslibllity of 1ts chemical modification affecting the cat-
alytic ability of the active site if a conformetional change oc¢-
curs upon reaction of the thiol. However, since Banner et al
also obsérved medification of a second less readlily accessible
pair of»thiols at Cys 41 when using the smaller and more hydro-
phobic ethyl mercury phosphate, 1t cannot bé assumed with cer-
tainty that FEM modification of chicken TIM.proceeds at Cys 217.
Cys 41 1is located on the surface of the inner cylindrical B-pleated
sheet structure’which is not adjaceﬁt to elther abtivé-éite or
intersubunit contact areas. It 1s fairly clear that studies on
the actual FEM labeled protein must be carried out before any
concrete assumptions may be made concerning the actual site of

" FEM modification.
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CEAPTER II.

ISOLATION AND PURIFICATION

2.1 Materials

The extrecting buffer made use of ethylenediamlnetetra-
acetate, disodium salt (EDTA-ZNa+)-from Fisher Scientific Com- -
pany, certifled ACS grade, and 2-mercaptoethahol from Mathesdn,
Coleman and Bell. Buffers contained Trisia Base from»Sigma,
Reagent Grade, and sodium chloride, BDH.Analar grédé} Special
Enzyme Grade (ultfa pure) ammonium'sulfaté ﬂrom Schwarz/Mann
was used in the precipitations.

DEAE S8ephadex A50 from Pharmacia Fine Chemicals and DE52
and Bilogel A DEAE from Bio-Rad were the resins used in the chronm-
atography experiments. _

The assay made use of the diethylacetal barium salt of DL~
Glyceraldehyde 3= Phosphate, glycerol 3 phoophate dehydrogenase,i
Dowex-;O Hydrogen Form Resin, and nicatinamideadeninedinucleo-

tide, reduced form (NADH) from the Sigma Chemical Compeany.
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2.2 Methods

A. Extraction and Isoiation

A typical protein preparation used 500 gms of huscle dissect-
éd from the breasts of four chickens. The fresh muscle was ob- |
tained either firom a local butcher shop or from freshly killed
chickens (Department of Eoult;y Sc;enca, UBC) . Ali procedures
were carried out at hoc or on ice (unless otherwise noted) us-
ing a modified procedure of Mcvittie's (11).

The defatted breast muscie was ﬁinced in a wéring blender
for 1 minute with an extraction buffer—whiphvconéisted of 0.2%,,
mercaptoethanol and 1.5mM ethylenediaminetetraacetic acid (to
PH 7.0 at 22°C with NaOH) using 1 ml of cold buffer per gram of
muscle. The homogenate was centrifuged in the GSA roﬁor of a
Sorvall RC-2B Centrifuge at 1200Xg for 45 minutes. The pellet
was resuspended in 0.5 ml of extraction buffer per gram of mu-
scle used, stirred for 30 minutes and recentrifuged as above.

- The combined supernatants were filtered througn cheese cloth
three times, and brdught to 65% saturation with solid (NHY4 ) 550.
436.& grams of (NH4)2804 per liter of supernatant (65%) were
added slowlj with gentle stirring, all the while the extraction
buffer being packed in ice. After standing in the cold for at
least 18 hours, the 65% (NH4)2804 saturated solution was centri-
fuged at 5500Xg for 75 minutes: The pellet was discarded and
the supernatant brought to 907 (NH),S0, (182:5 gm/liter) sat-
uration. Upon standing for about 24 hours, the protein precip-
itate was spun down and then dissolved in a minimum amount of

20mM TrissHCl buffer, pH 7.2. (All buffers were adjusted to pH
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at 22°C and then stored at 4°C.) The solution was dialyzed a-
gainst the Tris buffer with at least 8 changes over'3 days _and
ﬁhen aﬁplied to a DEAE Sephadex A50 colﬁmﬁ (5X7OVém).pre¥equli-
ibrated with the dlalysis buffer. The column was eluted with a
4 1liter linear gradient (i1e. 2 1 of low salt and 2 1 of high
salt buffer) of 20 tb 110mM Tris pH7.2 at a flow_raﬁe of not
more than 20 ml per hour. Fractions were collscted on a LKB-.
Produkter fraction collector and the absorbance at 280 nm.detef—
mined on a Zeiss PNMQ II UV-Visible spectrophotqmeter. Initially,
activity asSays were performed on dentér protein fractions from
each eluted pesaki Activity assays were then performed at 2 or

3 fraction intervals across those protein peaks found to have

triose phosphate isomerase activity.

B. Rechromatography

The first rebhromatography experiments were performed with
" DEAE Sephadex A50s Initially, the first TIM peak off the column
(Peak A) was rechromatographed using a 3 liter 60 to 90 mM Tris
PH 7.2 gradient on a 110X2.5 cm column with a flow rate of less
than 20 ml/hour;' The eluted protein was assayed, pooled and pre-
cipitated for storage as before. The 'B' TIM peak was rechrom-
atographed using a 3 liter 50 to 70 mM PH 7.2 Tris gradieht 6n
8 2.5X92 cm column, flbw rate less than 20 ml/hour. Treatment
of eluted proteiln was as befora;

The isolated A and B peaks from a different protéin‘prep-
aration were pooled together and rechromatographed, this time by

- means of a gradlent of 0 to 35mM NaCl in SmM Tris pH 7.2 over
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L liters on a é:SX?O cm column, flow rate less than 20 ml/hour.
| The considerable shrinkage of the gel over thls salt concentra~-
tion range‘necessitated the interruptlion of the gradlent period-
ically, in order to allow the buffer to go down to the top of
the bed, followed by resumption of the gradlent.

Tha rechromatographonf still another protein preparation

utilized DE52 cellulose resin) The pooled A and B peaks were -~ =

reseparated with & 0-30mM NaCl gradient in 5mM“Tris’pH 7.8 over
3¢5 iiters; on a 2.5X60 cm column with a flow rate 6f.1eés than
18 ml/hour. DE52 cellulose had the advantage of not shrinking
'with an iﬁcréaSe in the salt concentration of the buffer. How-
ever, its protein.bindlng capaclty 1s lower than the Sephadex
anion exchanger; A fairly high (7.8) pH was required to rake
rthé triose phosphate lsomerase adhere to the column. Plaut and
Knowles (39) have demonstrated a decrease in TiM's stability in
buffers of pH greater than pH 7.5 with the trend increasing e-
ven more sharply after pH 8.0;

With these factors in mind, & third resin, Biogel A DEAE,
was utilized in the rechromatography\experiments. Thls gel has
the advantaée of the high capaclity of the Sephadex resin but
doés nofishrink‘or eipand Withisélt éoncéntratidh chahges. 'The
PH at which the resin could be used for the rechromatography
(7.5) also makes 1t a better choice than the DE52 cellulose.

The pooled A peak was rechromatographed using & 3 1. 0 to
20mM NaCl gradient in 5mM Tris pH 7.5 on a 2.5X30 cm column,
and flow rate of about 18 ml/hour. The B peak was similarily re-

chromatographed.
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C. Assay

The trlose phosphate isomerase assay, which was used in the
work deécribed in this theslis, is based upon a coupled enzyme
system. A substrate of triose rhosphate isomerass, glyceraide-
hyde-3 phosphate (G3P) is first converted to dihy- ‘
droxyacetone phosphate (DHAP) by TIM; DHAP 1s next enzymatlcally
reduced by A -glycerol phosphate dehydrogenase (GPD) to glycerocl
l-phosphate. The boupled enzyme reaction of GPD proceeds via a
nicotinamide adenine dlnucleotide coenzyme oxidation (NADH-BNAD+)
with cohcomitantvdecrease in A340, ‘A Simiiar asséy:to the G3P/GPD
system 1s cohversion of the substrate dihydroxyacetone phosphate}
by TIM to G3P, followed by the enzymatlc oxidation of G3P by the
" NAD requiring enzyme glyceraldehyde-3 phosphgterdehydrogenase |
(G3PD). The G3PD oxidation of G3P proceeds via the reduction of
NAD? to NADH. A schematic respresentation of the central reac-

tions in the two assays i1s as followss

NAD o | NAD .
e | M NAD
“CHO . ?HO CHZOH CH,OH
| . TIN ! .\ I
=0 Yo C0 =3 (=0 = CHOH
CE,0PO,H | CH,OPO3E CH,0P0H Cr,0P0 5~

Thus, two assay procedures are possible, the first belng the
use of G3P as substrate‘and GPD as the coupling enzyme with the
activity of TIM observable by the rate of decrease in the absorb-
ance at 340nm as NADH disappears; the'second uses DHAP as sub- -

strate, G3PD as coupling enzyme and the activity of TIM 1is fol-
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lowed by an increase in the absorbance (éﬁ 3#Onm) és the coen-
zyme NADH is formed. The spectra shown below demonstrates that
at 340nm, NADH is at its maximal absorbance while NAD' is non-
interfering. Therefore, the convenlent wavelength 340nm, mekes
it possible ﬁo follow the disappearance or appearance of NADH
and hence follow the inlitiatory triose phosphate isomerase reac-

tion.

FIGURE 1@ Ultraviolet Spectra of NAD' and NADH
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In Qrder.to accurately determine the sctivity of TIM, it is
necessary that the coupling system not be rate determining.
Plaut and Knowles (39), in an excellent series of experiments,
demonstrate the conditions underwhich the overall reaction was
limited by the triose phosphate isomerase catalysis. In order to
check the validity of the assays (l1e. that the observed rates of
production or oxidatlion of NADH represents the rate of the TINM

reaction), i1t was necessary to ensure the linear dependence of
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the observed initial rate on the concentration of.TIM under the
. highest substrate concentratidhs used (for G3P the range of 0.2-
1.0mM had been investigated, while for DHAP the range was 0.2~
2.0mM). This was accomplished by studylng the initial rate as a
function 6f lsomerase concentration (at the highest concentration
of substrate to be used). |

Variation in the rate of G3P or DHAP isomerization Was
studied as a function of coupling enzyme'concentratioh. The ex-
periments ruled out any possibility of complications arising from
enzyme-enzyme interactions and, with the evidence of the other
studles, ailoﬁed one to determine 'safe' concentrations of all
specles 1n solution. It was therefore possible to éBtabiish the
validity of the assay for the conditions used in this account.
The G3P/GPD system was used exclusively in the work presented in
this thesis. | |
Procedures

The substrate, G3P, was prepared by the hydrolysis of the
diethylacetal barium salt of DL-glyceraldehyde 3-phosphate. Man-.‘
- ufacturer's preparative instructions were followeds Dowex 50 Hy-
drogen Form Resin (1.5 gm) was suspended in water (6.0 ml); the
barium salt (100 mg) was added, mixed thoroughly,; and then the
mixture was placed into a bolling water bath for 3 mlnutes. The
G3P solutlon was chilled quickly by transferring it to an ice
bath and then it was poured through a funnel with a glass wgol
plug. The resih was washed with 2 ml aliquots of water until the
supernatant fluids meésured 17.5 ml. The resultant stock was

.12mM in substrate (100/qmoles of enzymatically active D-isomer)
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and had a pH oflz.#. Storage involved diiiding the solution in-
to_separaté 2 ml.portlons and freezing until use. The substrate
is ﬁery'stable when frozen at -20°C and couldibe kept for sev-
eral months without any loss.

The following stock assay solutions were used in g 3 ml cu~-
vettes 2.6 ml of 100mM triethanolamine pH 7;5‘bﬁffer with ad-
dition of EDTA to 5mM, 100

/
and 100/41 of d~glycerolphosphate dehydrogenase. The coupllihg

ul of 6mM NADH,_100/41 of 12mlM G3P

-enzyme was usually proteln with a specific activity of about
200 units/mg and stock solutions for the assay had concentrations
of ebout 0.5 mg protein per ml. Therefore, final concentraticns
in the 3 ml volume weres 100mM triethanolamine pH‘7.5, 5mM EDTA,
0.2mM NADH, O.4mM G3P, and 17/4g/m1 GPDs The reaction was 1n1;
tiated by addition of about 6—101ng of TIM in a 5 or 10}11 vol-
ume. The decrease in absorbance at 340nm was followed fof 1
minute and usually did not exceged 0.1 absorbance units. The
small volume 1ncréase did not significantly change absorbance so
activitles were calculated upon a 3 ml volume. At the pH used,
there 1s-nq}détectable decay of NADH over one minute so the re-
action waé usually followed without a blank.
2.3 BResults

High activity trlose phosphate isomerase was eluted from the
DEAE Sephadex A50 column in two peeks at approximately 75mM Tris
(fig. 2). The results of a typical live chicken preparation are
sumnarized in Table I. The considerable (36 X '} purification, as
determined by specific activities, canlbe malnly attributed to
the initial DEAE chromatography step.
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Initial DEAE Sephadex A50 Chromatography
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TABLE. It Determination of activity units followed throughout a typical live chicken prep=-

aration of chicken breast nuscle

For each kilo of tissuez

Fraction OD*s protein Uﬁits/OD Total units ¢ recovery Purifilcation
L. Crude extract 63,585 ‘ 1#2;2 9,041,591 100 . 0X
B. 65% ppt. 19,436 310.1 6,026,933 66.7 2.2%X
Ce 90% ppt.. 10,064 340.8 3,429,661 3749 2.4%
D. Peak A+B of initlal:s
DEAE Sephs A50 971.7 (714.5mg) 5152.9 5,006,879 554 36.2%
Peak A 898.3 (660.5mg) 5147 4,623,323
Peak B 73.4 (540,0mg) 5225

383,557

°ge
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In order to further pﬁrlfy and separate the two peaks, the
protein was rechromatographed. The results are variable but did
result in a proteln ﬁp to twlce as active. The fact that no other
proteln wds observed as separating out in subsequent steps indi-
cates that the lowering ofvspeclfic actlivity in the one time
chromatographed material is probably due to small amounts of in-
hibltory protein or other unknown contaminating substances which
have a similar effect.

The difference in specific activity between the A and B
peaks appéars to vary with individual preparations. However, thé
1ive chicken preparatlion did usually yield B protein higher in
specific.activity than that from chickens obtainsd from local
-butcher shops. The B proteih\from the latter source often yleld-
ed enzyme with specific activity considerably lower than that of
the A (fig. 2). Figure 3 shows the initlal DEAE chromatography
of a live chlcken preparationi

Since specific activity 1s calculated as thé rate of conver-

slon of substrate per unit of enzyme (usually per OD or per

280
mg), 1t 1s an indication of the efficlency of the catalytic pro-
cess. If the'protein is completely homogeneous throughout an
eluted peak, 1t is expected that a constant specific activity
would be observedl‘ The chromatographlc studles on TIM showed
changes in specific aétivity which indicated that the protein 1s
not completely homogeneous.
Contamination of the TIM peaks by protein (which can be e-

luted within the same salt concentration range as triose phosphate

isomergse) could be a factor 1n the observed specific activity



30.

FIGURE 3¢ Initial DEAE Sephadex A50 Chromatography of
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profile., If the contaminating protein(s) 1s inhlbitory (or ac-
tivating), minute amounts could produce substantial changes in
TIM's ability to catalyze the isomerization of glyceraldehyde

~ 3-phosphate and dihydroxyaootone_phosphate (and hence in the
specific activity profile).

Contaminating protain(é) which has no effect upon the en-
zymatic capabilities of TIM would have to be present in rather
Alarge amounts to producse tho profile changes observed. Evidence
to be presented ih the ﬁext section indicates that the protein 1is
homogeneous as to molecular welght. Thls would tend to rule out
the possibility of substantially contaminated protein beilng e-
luted'from the column. The only other possibility is that there
i1s an inherent molecular or conformational difference'in the tri-
ose phosphate isomerase at various points in the eluted TIM peaks.
Tne possibility_of isozymes (proteins of slightly different am-
ino acid sequence and/or conformation which catalyze the same re-
action) with differing triose phosphate lsomerase actlvity capa-
.bilities is a possibility to be discussed in the protein charac-
terlzation sectlon to follow; The varlation found in multien-
zyme forms of TINM (ie. nuﬁber of charges, shape, protein aggre-
gation,_etc,)koould bo.tho bagls for a chromatographic separation
of the various isozymes. The proéence of isozymes in the chicken
breast muscle fits well with the observed protein and specific
activity profiles of the DEAE chromafography experiments.

 The chafaoteristic speciflc activity profile was obserﬁed
throughout the vafious chromatographlies. ‘The double peak observed

for the A protein and single one for the B mlght seem to indicate
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two ehzyme fdrms in ﬁhe Avwith only ons in the B. However, as
will be shown in the characterization work to follow, this does
not seem to be the case, in fact, there 1s strong evidence to

the contrary. .The physical bésis for the cdouble activity peak

of the A protein is obscure at this point since 1n the character-
ization methods used, no similar separation occurred.

‘The fregquently incomplete separation of the A and B TIM
peaks, as weil as the observed speclfic'activity'profile,'indi-
cated that fufther purification and isolation of the possible
moleéular forms of the enéyme should be attempted. To this end,
separate rechromatography experiments were performed.

The first experlment utllizing DEAE Sephadex A50 resin re-
sulted in a single peak being elubed for the A protein (fig. 4Ai)

The peak came off very early ln the gradient -(but not with the

- void volume) and showed the characteristic specific activity pro—.i‘

file for the a protein.The early elution of the A protein indi-
cated that the rechromatography of the B protein on the DEAE
Sephadex A50 should be attempted using a2 lower salt concentration
and shallower gradient (in order to allow the protein to adhere
more strongly to the column). However, an elﬁtion of B protein
‘early in the gradient, was observed (fig. 4B). The specific ac-
tivity profile of the rechromatographed B material was similar
to that obtained in the initial chromatography.

The attempts to'rechromatograph triose phosphate isomerase
at ‘salt concentratlions in the same range (about 75mM) as that of
the initial Sephadex-DEAE chromatograﬁhy seemed to be lnadequate.

The_adherénce of the purified enzyme to the anion exchange col-



Figure 43 Rechromatography of TIM Fractions on DEAE Sephadex A50
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umn aeppeared to be different from that of the impure protein.
The interactions, which TIM has with the other proteins in the
90% (NHu)zsou saturation cut, could well arfect the manner and
strength with which TIM i1s able to adhere to the columh.

Therefore, with the considerable gradient changes (from 60—
90 and 50-70mii Tris to 5mM Tris with O-35myM NeCl) of the recom-
bined peak A and B rechromatography (fig. 5), it was found that
the protein was adhering much more strongly to the column. How=-
ever, because.of the interruptions in the gradient, the first
peak did not come off 1in a smoothly symmetrical.peak but rather
in a 'step~like' manner. The protein profile obtained (fig. 5)
1llustrates the problems attached to this kind of resin. The
'specific activity profile of fhe rechromatography of pooled A
and B (dquble peak for A and single peak for B) allowed one to
identify with some certainty, the A and,B proteins. The combin-
ing of fractions by the individual arrows of the individual
A and B peaks 1s shown in figure 5. The second activity peak of
the A protein was lower in specific activity than the first peak
in the profile. .This was unusual in terms of the profiles ob- .
served in the initial DEAE chromatogrephy but has been observed
in othef rechromatographic experiments (egt figure 7B).

The next resin to be tried, in an attempt to get over the
Sephadex shrinkage problem, was cellulose bESé (fig. 6) which,
- however, has a lower capacity. A gocd separation was observed
of recombined A and B peaks from the first DEAE Sephadex A50
chromatography alfhough the speclific activity profile did not

show its usual definition (although it was generally the same).
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FIGURE 63 Rechromatography of Peak A and Peak B TIM Fractions

on DE52 Cellulose

Absorbance
at 280nm o—o=—o

.61

A

Specific Activity
Units/mg &=-&4

6000
5000
14000
13000
| 2000

-1000

A L

80 100

Fraction Numher («»19ML)

120

-7000.

09€



37.

Lastly, an agarose based lon exchange resln, Blogel A DEAE,
was employed in the rechromatography step. The rechromatcgraphy
of peak A fractions (fig. 7A) resulted in elution of a single
protein peak (well into the gradient) with the characteristic
double peak specific activity profile. The slightly assymmetri-
cal nature of the eluted peak is a feature of the agarose based
DEAE resin used. The fact that‘this.resin is capable of as good
a separation.of the A and B protein peaks as that shown in the
- DEAE Sephadex A50 and cellulose DE52 chromatdgraphies of recom-
bined A and B (fig. 5; fige 6), is illustrated in figure 7B. A
good separation of residual A protein and the B protein was ob=
served. The B peak showed a single speclfic activity peak
while the A protein had two'(the second,be;ng present as a well
defined shoulder of the first). ‘The:second specific actiﬁity
peak ﬁas lower than the first as was discussed earlier.

In conclusion, 1£ might be mentioned that the Biogél A DEAE
resin appears to be the best choice féf the anion exchanger to'
be used in the rechromatography step. It combines high capacity,
no shrinkage of the resin, and the ability>to be used at a falr-
lyllow pH, with as good a separation of TIMAas has ever been ob-

served chromatographically.
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CHAPTER III

‘CHARACTEBRIZATION OF PEAK A AND PEAK B

3.1 Methods
A. B8DS Gel Electrophoresis

A s8lightly modified procedure of Fairbanks et al (57 ) was
ﬁsed. The procedure was carried out in a vertical electrophor-
~esis apparatus which contained 800 mls of buffer solution in each
electrode compartment and no more than 12 gel tubes (fig. 8).

The gels contained 1% 3SDS and 5.6% acrylamide.

To facilitate the preparation of buffers, gels, etc., con-
centrated stock solutions were first made up and subsequently
'used\to prepare the solutions whiéh wefe used in the electrophor-
esls experiment. These are listed in Table II.

Gels were made by combining in a small vacdum filter flask,
1.4 mls concentrated acrylamide end NN'-Methylenebisacrylamide
v‘(Aq big) (see Table II), 1.0 ml 10X buffer and 5.6 mls water.

' The solution was degassed for approximately.15 ﬁinutes‘and then
to it was added 0.5 ml 20%5SDS, 1 ml of ammonium persulfate

"(15 mg/ml),'and 0.5 ml of 0.5% TEMED (N,N,N',N'-tetramethylene-
diamine), This mixture was used to fill four.0.5X11 ém pyrex
tubes (previously cleaned in a concentrated HCl1 bath, coated with
Photoflo solution, and left to df&) to within 1 cm of the top of
the fube, The top of each gel was carefully covered with an
overlay solution which prevents drying out of the gel. They

were then left to stand for at least 12 hoﬁrs to ensure complete

polymerization.
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Figurc 8 | E)_éctraphoresis Apparatus
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TABLE II: Stock solutions and buffers for SDS gel electrophor-

esls

A. 8tock solutlons

1) Concentrated AcBis

40 gms acrylamide

1.5 gm N N'-methylenebisacrylamide
H,O0 to 100 mls

2
~2) 10X Buffer
| 0.4 M Tris
0.2 M sodium acetate

0.02 M EDTA ‘
= 7.4 with acetic acid

3) 204 Sp8 (W/W)

B. Electrophoresis buffer (per litre)

100 mls of 10X buffer
50 mls 20% SDS
HZO to 1 litre

C. Denaturing Solution

2 gms S8SD3

10 gms sucrose

74.5 mgs EDTA

2 mgs pyronln y

0.242 gm Tris

H,0 to 100 mls, pH 8 with HC1

D. Overlay solutioh

0.1% SD3
0.15% Ammonium persulphate
0.054 TEMED
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The proteins were prepared as follows. A small’'amount of
the denaturing solution (Téble II) was made 80mM in dithiothrei=-
tol; combined with an equal volume of profein solution and heat-
ed for 15-20 minutes at 37°C to completely denature the protein.
The molecular welght standards were prepared in the same way but
denatured at 60°C. Upon cooling, up to 1001ﬂls of protein sam-
pie was carefully applied with a micropipet to the top of the
gel (which was now cohtained in the electrophoresis apparatus
and covered with buffer solution). A maximum of 109/ug of pro-
tein was loaded onto each gel which avoided excessively broad
bands. BSamples were run in duplicate. ‘

Electrophoresis was carried out at a current of 5 mamp/gel
and required approximately 3.5 hours under these conditions. 1In
all cases, geols were.prerun for one hour prior to sample applica-
tion which ensured the removél of excess>ammonium perSulfate.

The molecular wsight markers were denatured 1ln separate test
Atubes, then combined together in one test tube and applied on
the gel togéther. The marker proteins were run in gels separate
from the sample proteins. The following proteins were used as
standardss 'bovine serum albumin (68,600), ovalbumin (45,000),
 trypsin (23,800), and myoglobin (16,900).

After removal of the gels from the tubés, the posiﬁion.of
the tracking dye was marked by notching the gels with a needle
dipped in India ink. The gels were then transferred to stopperéd
glass tubes and agltated sequentially with the following protein
staining and destalning solutionst (57)

1) 25% isopropanol, 10% acetic acid, 0.025% Coomassie .
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| blue (overnight). .
2) 10% isopropanol, 10% acetic acid, 0.025% coomas-
sle blue (6-9 hours)

3) 10% acetic acld, 0.0013% coomassie blue (overnight)

L) 104 acetic acid (overnight)

At this point, the proteins ﬁere aﬁparent as dark blue bands.
The subunit molecular welght of TIM was estimated by first plot-
ting log molecular weight against the Rf ﬁalues measured relative
to the trgcking dye. The polnts for the standard proteins fell
on a.straight line from which any unknown subunlt molecular

welight could be obtainsd by interpolation. (fiz. 9)

' B. Disc Gels e
The apparatus was as for SbS'ée1 éiectféphbfésis. A modi-
' fied method of Dietz andlLubfano was used (58). The following
stock solutions were made up to facilitate preparation of the
gels. Solutions A and B were stored in the cold, in the dark for
up to one month. Solution C was freshly made each time.
A. 36.3 gms Tris
0.23 mls TEMED
Addition HCl to pH 8.5
Héo to 100 mls
Be 6 gms acrylamide
160 mgs methylene-bis-acrylemide
HZO to 20 mls

' C. 140 mgs ammonium persulfate

H,0 to 100 mls
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FIGURE 91 SDS Gel Electrophoresis of Protein Standards
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Gel Mixtures
Four 7.5% gels were made by mixing 1.0 ml A, 2.0 mls B,
1.0 mls wéter, and 4.0 mls C. The solution was poured into
0.5X10 cm tubes which had been previously coated with Photoflo
solution. The gels were carefully‘overlaid with about 50Juls of
H20 and then left to polymerize at least 8 ﬁours or overnlight,
Dialyzed proteln was hade 204 in sucrose and a couple of
m;lligrams of bromophenol blus was added. Electrophoresis buf-
fer for the cathode éhd anode reservolirs was made by a 119 dil-
ution of a.stock 10X buffer which had been previously mades
10X buffer - 6 gms Tris |
28.8 gms glycine
Vto-pH 8.3
sz to 1 liter
The bottom reservoir was filled with 800 mls of buffer and the
- gels placed into the apparatus. The varlous protein solutions
to be run ﬁere carefully plpetted onto the top of the gels (usu:
ally about ZOJug protein in a volume less than 100juls ﬁere laid
on each gel) and then the tubes were filled with buffer. The
top reservoir was filled with buffer, the electfodes connected
end the electrophoresis begun. The experiment was performed at
4°c. The protein was concentrated down into a thin layer on topv'
of the gel at 1 mamp/tube and then the voltage was increased to
give 2 mamp/tube until the end of the experiment. _ o
 After electrophoresls, the tracking dye was notched with
India ink and the protein was fixed by agitation of the gels for

30 minutes in stoppered tubes containing 104 TCA (trichloroacetic
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acid). Stainiﬁg of the prbtein‘was accomplished by agltation in_
| 12.5% TCA with 0.05% Coomasslie Blue for 1 hour. Finally, the
color intensity was developed over a L8 hour period by agitation
in 10% TCA. The gels were scanned at 550nm using a.Gilson gel

scannere.

C. ;soélectric Focusing
Column Isoelectric Focuéing: ‘

A diegram of the 110 ml capacity LKB 8101 electrofocusing
column used in these expepiments is shown in figure 10, Detalled
vdescriptioné of the experiméntal procedure can'be found in sev-
eral references (59,60) with the procedure usged as follows:

VThe velve 12 was opened and cooling water passed through
the compartments (18 and 16) until the apparatus was equilibrated
at 4°C. The first solution to be added was the cathode solution
(0.4 mls ethylene diamine, 12.0 gms sucrose and 14.0 mls H,0).
‘It was pumped in through nipple (1) with a peristaltic pump and
filled up the bottom of the column. A dense solution, contain-
ing 3/4 of the Ampholytes diluted to 42 mls with water (and 28 gms
BuUCIOSe dissolved in it) as well as a 1igh£ solution containing
i of the Ambholytes and the dialyzed protein diluted to 60 mls
were prepared. - | 4

The range of Ampholytes availlabe from LKB includes

PH 3:5-10 -~ pH 5-8
2.5-4 6-8
3¢5-5 7-10

4-6 ‘ 8-8.5

5.7 - 9-11



FIGURE 10t A Sketch of the Isoelectric Focussing Column

Flig. 10: Electrofocussing column of 110 ml capacity. The °
outer cooling Jacket (18) has an inlet at 14; and an outlet
at 5. From the outer Jacket the water flows through a tube
into the central cooling Jacket at 4 and leaves the column
at 3. Two platinum electrodes are used, One electrode 13,
1s in contact with the plug 7, is in the upper part of the
column. The gas formed at this electrode escapes at 2.

The other is wound on a Teflon bar 11, and gas escapes at 1.
Before draining the column the central tube is closed by. -
‘1ifting the plug 12 which has a rubber gasket on the upper

surface and seals at 15. Isoelectric focussing takes place

in compartment 16, which is filled through nipple 2. At

the bottom of the column there is a plug 18, with an attach-
ment for a capilliary tube to enable the column to be .
fractlonated.

L7.
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Ampholytes were used 1nvqﬁantifies to yield elther a 1%
(2.5 mls of 40%) or a 5% (12:5 mls of 40%) 6oncentration.- In
addition to these ampnolytes, a small quantity of pH 3.5-10
range ampholytes was added to the 1% (0.2 ml of LO%) and the
5% (1;0 ml of 40%) columns in order to *protect! the ends 6f:the
pH gradient from the cathode and anode solutions. From 2-20 mgs
of protein may be in each protein zone depending upbn the range
of ampholytes used and the differences in the pI's of the pro-
teins. For the experiments described here, avout 5 mgs of pro-
teln were added, _

The déhse and light solutibns were added té the colﬁmn by
means of a LKB density gradient mixer thfough.nipple 2 with the
‘aid bf the peristaltic pump. The final solution to be added was
the anode solution which contained 100/uls concentrated H,S0) and
9.9 mls HZO; The experiment was started with a voltage ylelding
~about 2 watts of power; . |

The focusing of the carrier ampholytes and proteins was ac-
companied by a decrease 1n—the current passing through the s01-
ution. The current was checked'periodically and the voltage in-
creased (power always kept at or under 2 watts) until it had de-
'creased to a constant value (at constant voltage). At this point,

most of the carrier ampholytes should be focused at or near

thelr isoelectric points. To ensure complete focusing of the
slower travelling protein, the experiment was continued for a
further 12 hours. The entire focusing experiment'takas from 24- -
72 hours depending upon the pH range and concentration used.

Mofe concentrated and narrower range ampholyte solutions require



49

theilonger fobusing times. o | o

Upon completion ¢f the procedure, the power is turned off,
and valve 12 is closed to prevent the central elsctrode solution
from mixing with the effluent. The clamp on the capillary tube
(20), is opened and the column pumped out at a flow rate 6f A~
bout 1 ml/minute: The fractions were collacted on a Gilson frac-
tionator and their pH determined at 4°C, the temperature of the
experiment. Proteiln, if added to the ampholyte procedure ini-
tially, wes then measured by its absorbance at 280nm and TIM was
assayed for using the G3P/d-glycerolphosphatedehydrogenase pro-
_ cedure, | | |

The first lsoelectric focusing experiment performed used
PH 7-10 and pH 5-8 range‘ampholyfes (added in 111 ratio with a
total range of pH 5-10 obtaihed)'at'a”final concentration of
1%. Resolution of the Peak A and of the Peak B protein was in-
adequate so 5% runs of pH 7-10 6r pH 5-8 (without protein) were
| performed and the tubes containing carrier ampholytes in the pE
7-8 range were pooled. An appropriate amount of the pooled am-
pholytes (about 22 mls usually) was then used in an electro-
focusing experiment which included protein. The amount of su-
crose added to the dense solution was decreased to compenéate
for the sucrose present in the pooled ampholyte mixture. The
best resolution resulted when no more than 3 absorbance units
of Peak A or Peak B was used. | |
Polyacrylamide gel isoelectric focusings

The apparatus for running this experiment was the same as

that used for disc or SDS gel electrophoresis. The polyacryl-
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amide matrix of the gel served as a substitute for the sucrose
gradient of the colunn. The gels were either photopolymerized
or chemically polymerized. 'Photopolymerization'wés fné'pfe; h
ferred method in regards ﬁo times protein seldon needed to be
concentrated befére use and_the experinént was started 1 nOur af?
ter the pouring ¢f the gels. However, the propednre is suitable
only when the average pH of the ampholyte range is no greater
than 7.0-7.5 (6l). Therefore the PH 5-8 or 3.5-10 rénges were
suitable for uée but not.the PH 7-10‘range. The main disadvan-
tage of the chgmicallj:pnlymerizéd gels is the production of'art-
ifacts due to the presence of persulfate. This has been comment~
ed on by several authors (61,62,63)

ﬂElectrofobusing in gels 1is fast, requires”relatively small
amounts of proteln and uses muchlleés ahpholytes than the column
technique.. The disadvantage is that it is limited-in determin-
ing an accurate pI for a protein since the gel 1é short. Stan-
dards (ie. duplicate éels without protein) are co=run with tne
gels containing protein. The pH profile of the standard gels 1is
determined by sliningvthe gel rod, sbaking the piecesiin water
in order to elute the ampholyﬁes, and determination of the pH
of the aluent. The protein in the other gels 1s stained, thelir
position measured, and the pH at that pointbdetermined by com-
parison to the plot (of pH vé. distance) of the standard gel. .
Therefore, the accuracy of the pI dependé'upon an indirect deter-
mination of the PH at that point wnere'tne protein is focused
and upon the accuracy of slicing. | |

The method used for the preparation of the photopolymerized
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gels is given in Table III. Upon polymerization, the gels were
placéd-in the electrophdreéié apparatus with the anode (bottom)
reservoir containing 800 mls of 0.2% sulfuric acid and the cath-
ode (top) reservolr containing 800 mls O.4% diethanolamine. The
- experiment was run at 4°¢ and an initial current of 1 mamp/tube.
This was maintained by increasing the voltage until 350 volts
had been reachedé The protein and ampholytes were considered fo-
cused when a constant amperage (usually 0.5-1 mamp) at 350 volts
was observed for 1-2 hours (the IEF experimental running time
took on average 5 to 7 hours)s At this point, the refefence gels
were sliced at 5 mm intervals and placed in 1lndividual test
tubes with 1.ml of degassed water and then they were capped. The
ampholytes were allowed to elute from the gel at 4°C, the temp-~
erature of the experiment. The pH of the.gel slices could be
determined after approximately one hour! If the elution was al-
lowed to proceed overnight, nitrogén gas was bubbled into the
.tubes‘and then the tube was firmly.sealed-with Parafilm.
The gels to be stained (Vesterburg's quick staining method)
- (64) were marked with India ink at the anode end and placed in
stoppered tﬁbes; The stalning procedure includeds
a) incubation of the gelé in a 60°C water bath (in a fume
hoéd) in a staining solution (of mefhanol 75 mls, dis-
tilled water 186 mls, trichloroacetic acid 30 gms, .
sulfosalicylic acid 9 gms, and Coomassie Blue, 0.1%)
for 15 minutes
b) replacing of the stailning solution with destalning.
solution (of ethanol 250 mls, water 650 mls, glacial

acetic acid 80 mls) and agitation of the tubes
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TABLE I1Is Isoelectrlc focusing solutlions for gels

Photopolymerization— Stock solutions were kept at
4°C in the dark for about one month.

A. Catalyst

. 1.0 m1 TEMED
14 mgs riboflavin
H20 to 100 nmls

B. Acrylamide

- '36 gms écrylamidev '
0.8 gm methylene-bis-acrylanmide
H20 to 100 mls '

Gel Mixture

Mix 3.0 mls of B and 0.3 ml ampholytes (40%).
For each set of duplicate gels, take L.l ml-of the -
above "and add to it 2.75 mls H20 (containing dial-~
lzed sample if the gels are to include protein).
The mixture is poured into the 0.5X10 cm tubes (to
approximately 8 cms height) and exposed to bright
light for approximately 1 hour to complete polymer-
ization. The tubes had been previously coated with
Photoflo solution.

Chemical polymérizatibne-stéok solutions were kept at
4°C in the dark for about one month. The catalyst
solution was made fresh each time. o o

Ae Acrylamlde

3;05 gns aorylamide
Hp,0 to 10 mls

B. Bls-acryl

100 mgs methylene-bis-acrylamide
Hzo to 10 mls



Ce. Catalyst

150 mgs ammonium persulfate

H20 to 10 mls

.Gel Mixturs

Mix 1.25 mis A, 1.25 mls B, 3.30 mls H>0, and

2.0 nls pooled ampholyte mixe. Add to this sol-
ution 25 uls TEMED and 200 uls of C. The four
goels (of approximately 8 cm height) are poured
immediately into ths 0.5X10 c¢m tubes which had
been previously coated with Photoflo solution,

and allowed to polymerize for at lsast 8 hours
before use.

53.
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The destaining solution was usually replaced every 30 minutes .

for the first 2 hours and then left in a fresh solution over-

night to complete the destaining“processa"The gels-were scanned -

at 550nm when destaining was complete.

The pH range 5-8 was found to be inadequate for resolu-
tion of the prétein bands, since the pI's of the proteins in
" Peak A and B appeaf to be very similar. Therefore, a 5% column
isoelectric focusing experiment was performedlin the usual way
but with a pooling of those ampholytes in the pH 7.3-7.9 frac-
tions. The concenpration of the pooled ampholytes was such.
that 0.5 ml was required for each 1% gel. Polymerization in
this range of ampholytes was found to occur with less ease than
the pH 7-10 range émpholytes (and not at éll by'photopolymeriz-
ation) so that 50% more persulfate than the usual 14 solution
(le. a 1.5% catal&st used) was required to complete polymeriz-
~ation. The presence of sucrose from the pooled ampholytes did
' not interfere adversely with the experiment; It hés-been ob-~
served ( 66) that sucrose stabilizes the pH gradient and enables
the proteins to bé successfully focused in a lower percent acryl-
~amlde gel, ﬁith a lower voltage and 1ongér focusing time. Be-
cause of ﬁhe polymerization probléms experienced, a lower per-
cent acrylamide gel was not used but the gels were prepared as
desarlbed.in Table III. Slnce TIM is not excéssively large or
éssymmetrically shaped, 1t experlences no problems in passing
through the pores of the higher percent acrylamide gels. One of
the main advantages of the 3.5% gels described by Doerr and

Chramback (66) would be that 1arge or agsymmetrically shaped pro-



teins such as immunoglobulins could be focused.

Upon polymerization, the gels were placed in the electro-
phoresis apparatus with the anode (bottom) buffer in place. The
presence of sucrose 1n the gels makes them less ridgid and less
able to adhere to the sides of the wall of the glass'tubes when
placed in a vertical position. Therefore, small pieces of dial-
ysis tubing, héld in place by rubber bands afound the bottom of
the tube, prevented the gels from slipping out into the lower
reservolr. Protein (in a 25% sucrose solution in a volume under
109/113) was carefully laid on the top of the gel with a micro-
pipet. Neit;.loojuls of 20% sucrose was laid on top of the pro-
tein, followed by 100/Mls of 10% sucrose. The cathode buffer:
was added to f£ill the rest of the tube and then the top resérvoir
was carefully filled with buffer. The buffers, sxperimental run-
ning conditions, temperature, elution of ampholytes, and sfain-
ing of protein were as described for the photo-polymerizstion
method. The gels were allowed to focus for 13 hours rather.than
the 5-7 hours used for the photopolymerized gels. The narrower
PH range of the ampholytes used in the chemically polymerized
gels teke lohger to travel to thelr isoelectric point. The gels

were scanned at 550nm updn completion of destaining.

D. Amino Acld Analysis

The amino acid data was obtained from duplicate 24 hour hy-
drolyses of approximately 0.05/;moles 2X chromatographed Peak A.
Tryptophan was assayed for using Witkop's procedure (6) of re-

action of N-bromosuccinimide (NBS) with the indole ring of trypto-



phane to yield oxindols.

'The assay procedure was carried out in 6M urea (adjusted to
PH 4 at 22°C;w1th acetic acid) to ensure complete titration of
all tryptophan residues.  The titration proceeds by stepwise ad-
ditions of 5,U1 of 1CmM NBS to 2.0 mls of protein solution
(0Dsgp=1.5-2) contained in a 3.0 ml cuvette. The tltration pro-
ceeded with a decrease in the absorbance at 280nm. 5/u1 addi-
“tions continued until a minimum absorbtlon was reéched with cor-
rections for volume increase being made. The absorbance decrease
at 280nm may be related to the OD of tryptophan 1n the protein
sample by the empirical factor of 1.31 which allows for the ox-

-1
ldation product of oxindole. The E for tryptophan is 5500M . .

280



3.2 Results

A. Subunit Moleoular Welght

An 8D3S gel electrophoresis molecular welght determlnation
was performed using protein from the two active TIM peaks of the
initial DEAE Sephadex A50 chromatograph. fhe following gels
were run (in addition to the molecular welght markers):

A. ZO)Lgs of Peak A

" B. 20 ugs of Peak B

C. 20/ugs of Peak A plus ZO/ugs of Peak B
Proteln was taken from the center fractions of the two active
TIM peaks. 1In all cases, single bands were observed upon com=-
pletion of the eleotrophoresis experiment (with exception of gels
oontainlng marker proteins). A subunit molecular weight of
24,500 was observed for Peak A, 24,700 for Peak B, and 24,500
when cenoer fractlons of Peak A and B were co-run in the same gel.
The presence of single bands was an 1ndioation of protein homo-
geneity. - It would appear that the TIM active fractions from
both peaks have the same, or nearly the same molecular weight.
The values of 49,000-49,400 obtained for the dimeric molecular
ﬁeight are ﬁithin a reasonable deviation from the molecular weight
of 48,500 which McVittie calculated from partial specific volume
and sedimentation equilibrium measurements (1ll). SDS gel mol-
ecular welght determinations are considered accurate tc within
5-10% of the true molecular welght.

8DS gel electrophoresis performed on twice chromatographed
material gave results which were within 5% of the subunit molecu-

lar welght determlined for the once chromatographed protein.
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These second yalues were 23,300 for'pesk A, 23,100 for ?eak B,
and 23,000 for when Peak A and Peak B were co-rﬁn in the same
gel. Once again, single bands were obtailned. The protein was
found to be homogeneous by SDS gel electrophoresis.

The conclusion which may be drawn from the 8DS gel electro-
phoresis results is that the heterogenelty of the TIM active pro-
teln (as observed in the chromatographic protein and activity
profiles as well as the.isoeieotric.focusing data which follows)
is not based on molecular weight differences. Even the IX chrom-
atograthed material (with the exception of the FEM modified pro-

tein) was homogeneous by SD3 gel electrophoresis,

B. Disc Gel E]ectrophoresis

' The results of the PH 8.5 disc gel electrophoresis experi-
ment 1s shown in figure 11. The Rf values, reported for the pro-
teins, were obtalned from measurements taken from the gels.
‘There ig little signifjcant difference 1n the electrophoretic
mobllity of the various samples (4% greatest difference). Scopes
(20) reported only one band for disc gel electrophoresis of
chicken muscle TIM at pH 8.5, but he also indicated that starch
gel electrophoresis.had demonstrated the presence of a minor
component. The minor cohponent could correspond to the Peak B
protein which has been shown in this thesis to be separable chrome
etographically.

The results shown here, support Scope's observation of one
band by disc gel electrophoresis. The mixing of the protein
from the two chromatographic (TIMVactlve) peaks still results in

one proteln zone. Even the peak B protein which was one year
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FIGURE 11: Disc Gel Electrophoresis Uslng Fresh Protein from-

Peak A (A) and Peak B (B), and 014 Protein from

Peak B (B¥)
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‘0ld was homogeneous (by thie method). ”The homogeneity of TIM_'_
by‘this method and the very minor contaminent observed in the
starch gel electrophoresis has encouraged the helief in the lit-
erature that chicken muscle TIM is'relatively free fron isozyoes.

However, the isoelectrio‘foousing deta to be described in
.the followling section as well as the chromatographic eepara-
tion observed, indicates the,presence.of isozymes. The protein
in peak B comprises almost 8% of the protein found to possess
 triose phosphate isomerase activity.

The fairly lazrge degree of isozymlc contamination could af-
fect the validity of crystallographic and amino acid sequence
datsa whichAhas been recently published (18). It appears prob-
abie that both the x-ray crystal structure at 2.54 resolutioh
and the amino acld sequence were pefformed on protein which was
not pure. The implication of this (in terms of the correctness
of the published results) could be important if the l1sozymic
structural differences are significant. In the interpretation
of the electron density map, there were 23 side chains which
were e poor fit With‘the map ih regioos Wherelthe electron den-~
slty was relatively strong (1ncluding € pairs of equivalent res-
idues from the two subuniﬁs) and there was one short section of
polypeptide chailn, reeidues 168-176 in one subunit, which couid
not be followed easily in the electron density map. These prob-
1ems were partlally resolved by the authors. of the crystal
structure by cohsiderlng that they were looking at two independ-
ent images. of essentially identical structure (ie. 2 identical

subunits). However,‘if there was substantial isozymic impurity



present in the protein crystals used, ths aésumption would bs
no longer valid and ths possibility of incorrect assignuments

of amino acids exists.

C. Isoelectric Focusing

Isoelectric focusing (IEF) isva sensitive method of sep-'
arating ampholyteé9 especlally proteins, according to their isb-
electric point. Therefore, the IEF technigue, which is char-
acterized by‘véry high analytiqal resolution and by simplicity
of apparatus and method, can be used for both preparative sep-
arations of proteins as well as 1soelectric point (pI) char-
ecterization of proteins. As little as a 0.02 pI difference
in proteins may-be observed. As will be demonstrated-in this
section, it is possible.to-observe separations which cannot be
seen by disc gel slectrophoresis.,

Probably thé IEF method which has ths most potential for
sensitivity and accuracy is the columﬁ methed, zs discussed in-
the methods section. It has allowed, because of its high re-
solution and reproducibility of pIl ﬁalue, & characterizaticn of
the chromatographically separate Peaks 4 and B of TIM.

The flrst experliment to be reported hera is the column iso-
electric focusing of 6 absorhance units of rechromatographed
Peak A using the narrow range ampholytesv(pH 7-8) which had been
prepared from'a 5% ampholyte column run. The results shown in
filgure 12 indicate the presence of a major protein and a major
specific activity peak with a pI of 7.6%. The 4,,. plot showed

280
a shoulder with pI=7.57 as well as a minor peak et 7.47 which
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might have some signiflicance when compared to other runs, which
cbntain Peak B protein, which will be described shortly. There
‘was also 2 protein with pI=7.73 which haé.some TIM activify and
one with a pI=5.87 which has none. The latter was probably en-
zyme which had-been aggregeted by the pH conditions of the ex-
reriment.

In the electrocfocusing of 4.3 absorbance unlts of rechrom-
atographed Peak B(see figure 13) the minor peak at pH 7.72 re-
appeared as did the nonactive 280nm absorbing peak at pH 5.92.
However the major features were a protein peak at 7.57 and a
well defined shoulder at 7.44, Resolution of the 7.57 and 7.44
PI peaks could probably be improved by a narrower gradient or
less protein. The specific activity profilé showed two peaks
which appear to correspond to the proteins with isoelectric
points of 7.57 and 7.44. The presence of the two small peaks
at pH 7.57 and 7.47 in the protein profile of the isoelectric
focusing of Peak A (figoiz) can now be ascribed {with some de-
gree of certainty)'to the presence of Peak B contaminant. |

- Better resolution of the two proteins in Peak B is visible
1n Tflgure 14 which illustrates a column IEF experiment of re-
chromatographed Peak A and Peak B. Three major protein peaks
were eluted from the IEF column with pI's of 7.56, 7.55 and
7.46. Once again there is a minor amount of protein possessing
some TIM activity at about pH 7.7. 1In additibn, there was a
small peak of some activity at pH 7.38. Less Peak A protein
than Péak B was used in thils experiment. The specific activity

proflle showed three peaks but they only roughly corresponded
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FIGURE 14: Column IEF of Rechromatographed Peak A and Peak B
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to the three major ﬁeaks visible 5y detérmining the absorbance
of fractions at 280nm. |

The results of the column IEF indicated the presencefof
three proteins with triose phosphate isomerase activity: the
first with a pI of about 7.65 (separable chromatbgraphically
into Peak A) and the second and third with pI's of 7.56 and 7.45
respectively isolated chromatographically togethef in Peak B.
'There 1s approximately 0.1 pH unhits difference between protein. I
(pI=7.65) and protein II (pI=7.56) and between protein II and
protein III (pI=7.48). |

The separation of the three protelns was_further_demon-
strated in the.gel IEF experiment which was performed using the
narrow range ampholyteé,'specially prepared by 5% column IEF
runs. The results illustrated in the gel scans of figure 15
indicates the'focusing of.twice chromatographed Peak A into a
- single component with pI=7.64, twice chromatographed Peak B into
three components of pI's equal to 7.66, 7.56 and 7.49, and fin-
ally the focusing of Peak A and Peak B into three components
with pI's of 7.64, 7.56,7.46. The photograph of the gels (fig. 16)
démonstratés the clarity of the separation of the three proteins.
Minute traces of bands cther than the major three proteiné are -
elightly visible in the photograph but are not visible at all in
the gel scans which indicates that contamination 1s not present
to any significant extent.

‘The presence of the three trlose phosphate isomerase ac-

tive proteins as observed by the IEF‘experiments, suggests very

strongly three TIM isozymes.
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. FIGURE 163 Sample Gels of Gsl Isoelectric Focussing of

~ Peak A and Peak B
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The preéenCe ofAmore than one enzyme form for chicken

.'breast muscle TIM has an evolutlonary basis. Gracylet al has

v has published results giving the electfophdretic moiﬁlity from
starch gel electrophoresié of triose phosphate isomerases from
various tiséues. He also indicated the number of isozymes pres-
ent. All vertebrateé reported possess threé isozynmes. It was
hecessary to go to the-evolutionéry level of a crab to obsgerve

. 'two 1sozymes and of a beetle to observe one. It would there-
fore be inconsistent 1f only cne molecular form of TI¥ was found
in chicken bfeast muscle.

On the baSis_of the isozymic forms of other vertebrate
triose phosphate isomerase (egt human and rabbit), as well as
fhe pl results, it 1s possible to tentatively suggest the basis
of the chicken isozymés to be a result of two protein .chalns &t
andfe. The presence of 2 distinct chains+4 and g would give the
possibility df.3 1sozymes::¢i2,¢xﬁ, and ﬁz" Hetérogeneity of
subunits has been observed in other trlose phosphate isomerases
( 6524). The relatlive stabilities of the three forms as well
as the actual relative quantities of & and f?chains would de-
termine the.ratios of dz enzyme to dp, and to ﬁz. ‘w1th the data
available at this point a ratio of about 80:6:1 fortxzzdﬁzﬁé may
be calculated 1f the major enzyme form present in Peak A (pl=
7.64) 1is assigned the dz deéignation and the twoe miner isozymes
in the Peak B are assigned.cxﬁ(pI=7357) énd/ﬁé (§I=7-49) designa-

tions respectively.

The two protein chalns could have scme genetic origin



(ié. two separate genes) or it is possible that they arise from
 some epigenetic process (le. post translational changés in the
actual protein i1tself which may'éccur in the 'in vivo' situation).
The first possibllity would result from the presence of two dis-
tinct genes (possibly arising from mutation at one or more sites)
which code for protein chains of differing amino acid seguence.
The second possibllity of epigenetic processes would involve
some sort of chemlcal modification of the proteln occurring in
‘the cell itself. A-well known example of this is the formation
of proteolytic enzymes from pro-enzymes.

The presence of a fourth enzyme form which has no 'in vivo!'
basis was observed when another gel isoelectric focusing exper-
imenf was performed which involved the focusing of fresh twice
chromatographed Péak'A with older (about 1 year) twice chromat-
ographed Peéka (fige 17). The B protein used, still possessed
at least 50% of its initial épecific activity. The focusing of
the A prctein'was similar to that obtained in other IEF experi-
ments (fig. 15) with a pI=7.66 found for the major protein zone.
However the B proteiln was now found to contain 4 proteins of
different pis 7.66, 7.62 (not observed previously with fresh B
protein), 7.58 and 7.50. Three peaks were accounted for by com-
parison to the gel IEF runs of fresh A and fresh B proteint
protein I (pI=7.66), protein II (pI=7.58) and protein'III (pI=
’?.50). The presence of a peak with pI=7.66 in the B protein
probably indicates contamination with A protein.

The proteln with pI=?.6é (from Peak B prétein) was a new

occurrence. There was no trace of 1t when fresh B proteln was
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used (fig. 15). While the pI=7.62 protein has taken over as
the dominant protein in the B peak, the protein with pI=?.58‘
has diminished 1ﬁ guantlity relative to the other B peak pro-
telns. It would seen likely'that, with ege, there 1s a change
in the pI=7.58 proteih to glve an altered proteln with pI=7.62.

| The appearance of thé pI=7.62 protein after a considerable
1éngth of time and not in the original fresh preparation of B,
makes it clear that the 7.62 form has no genetic origin but
rather arises from a modification of existing protein. Mod-
ification of reactive carboxyl, amiﬁo, or hydroxyl groups in
the 'in vitro' as well 2s 'in vivo' situation may occur with a
concomittant chenge in pI. Some of the most likely changes
 would be loss of NHj from asparagine or glutamlne as ﬁell as
SH oxidation (of cysteiné) to -30H, -SOZH, or -SOBH. ‘Replace-
ment of even a single carboxyl group in hemoglobin has been
known to cause distinct changes in 1ts mobility (67). There 1é
also the possibility that with time, the conformation of ihe pro-
tein has changed, with a resultant alteration in the exposure of
charged amino acid side chalns and hence a change in its move=

ment in an-electric field and in 1its pI.

D. Amino Acid Analysls

The amino écid.data for 1 subunit is given below, along with

the published values (17).
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TABLE IV: Amino Acid Analysis of Peak A TIM

Amino acid 2X chromatographed Literature value
TIN-Peak A

Gys | 4.0i 4.0
arg 7.40 : 75
meth ©1.98 2.0
tyr ) 3.80 | | | 3.9
his 732 7.6
asp 1652 20.0
val 17.29 24 .4
ileu ) 14.42 16.6

v lev 16.00 - 17.0

 phe 7.00 7.8
pro 7495 ' 8.9
1ys 21.28 | 23.1
ala 25.18 28.2
gly- 4 23.90 ' 27.0

~ glu 24,90 25.8

ser - 10.94 13.5
thr 10.26 10.2
trp | 5,02 5.0
TOTAL -

(nearest whole integer).225 253

H
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A moleculér welight of 48,064 was calculated for the Peak A,
(dQ isozyme) triose phosphate isomerase. This 1s significantly
| lower than the published literature value of 54,400 obtamed
from the above (literature) amino acid data. There are signif-
lcant differences in asﬁartié acild and valine amino acid num-
bers with much smaller deviatlons apparant in 1soleucine; leugine,,
phenylalanine, proline, lysine, alanine, glycine, glutémic and
serine reslidues. The leucine, phenylalanine, proline, and glu-
tamic acid residues deviate by only 1 residue which could be
"Within the error of the experiments.

Aminé acid data from the other two lsozymes wlll be necess-

ary before any assumptions can be made concerning the amino

acid differences between the three protein forms.
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. CHAPTER IV

 PROTEIN MODIFICATIONS

4,1 Introduction

Protein modification is a stfategy used bty the blological
protein chémist to probe the structure of & protein. In the
case of enzymes, the effect of modification upon the active site,
and hence the catalytic capabilities.of.the system, can gilve
valuable Iinformation concerning the enzymatic mechanism. For
example, in the case of triose phosphate isomerase, considerable
interest has been focused on the modification of an énzymatical-
ly esssntlal glutamic acid residue. This 1is covered 1in some de-
tall in the introduction to thisbthesis.

Possible sites of modification in any protein include the . -
sulfhydryl group of ﬁysteine, the imidazole group of histidine,
hydroxyl group of serine, the €-amino group of lysine, the i'-
carboxyl group of aspartid and glutamic aclds and the phenolic
group of tyrosine. |

The sulfhydryl group of cysteine has attraéted attention
due to its ﬁigh nucleophllic and redox reactivity and its abil-
ity to enter into characteristic and éelectiﬁe réactions. The
specificlity of thé modification 1s lmportant for both the anal-
ytical deteimination of numbers of sulfhydryi'residues present
as well as a structural probe of the protein. Therefore it is .
fdrtunate that the protein sulfhydryl group of cysteine has been
found to be very reactive to many reagénts.

The high nucleophlilicity of mercaptide ions is given by the
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particular eleétron strucﬁure of the sulfur atom with 1ts high
polafizability. The thiolate anion 1ls considered to be one of
the strongest bioiogical nucleophiles; in addition"to the po- .
larizablility of the sulfur electréné, there are empty d-orbit-
als, permitting d-ortltal overlap and thereby increasing nucleo-
philicity . For these reasons, cysteine 1s a good cholce for
modification of profeins. | | )

The SH group of cysteine takes part 1n‘most reactions in
the form of the mercaptide anion (RS ). It was calculated by
Benesch and Benesch ( 68) that at pH 7.4, (physiological pH)

6% of the SH's of free cyéteine were ionized. In the active
sites of enzymes, it has been found that the pK of cystelne

may vary from 7 to 9. Examples include the active site SH of
prhosphoenolpyruvate éarboxykinase with a pH of 7.3 (69 ) and fi-
-¢in which has been found to include a cysteinse res;due with pK
of 8.55 ( 70 ) in its active.site. Mlcroscopic environments
which cause this variation include proximity to‘positi&e charges

(pKSH decreases) and negative oharges (pK increases). Ioniz-

SH
ation of sulfhydryls are particularlly depressed when the cys-:
teine 1s in a hydrophoblc microenvironment, buried within the
protein. The pK's in thié case are commonly found to be above G.
| The prptein chemlist*s interest in cysteine 1s a result of
the significance of the SH group for specific functions of a
_nﬁmber of enzymes, hormones and other bioldgicaliy active pro-

teins which play a central role in the normal course of many

physiologiéal processes,as well as thelr exceptional reactivity.
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~As a biologically sactive funétlonal group, the sulfhydryl has
been known to be responsible for noncovalent blndlng of sub-
strates and cofactors, direct covalent participation in the cat-
alytic act and maintenance of the native catalYtically active
conformaticn of an enzyme.

With the biologlcal importance of cysteine in mind as well
as the potential rcle of chemlical sulfhydryl modificatlons in
elucidating protein structure and function,'it 1s well to note
the high reactivity and diversity 6f chemicals reactlions which_
distinguishes the SH groupt alkylation, acylation, oxidatlon,
thiol-disﬁlfide exchange, reactlons wilth sulfenyl halides, and
the formation of mercaptides, hemimercaptols and mercaptols;

The following 1s a short listing of some of the reaction classes

- along with examples of reagents.

Heaction Class Reagent Comment .

1. Transition mercury complexes among the

ColIl, N1II,.

Metals Cull, HgII most stable
2. ‘Oxidation H202 in absence of metals, fairly
. specific for cysteine and me-
' thionine
3. DNucleophilic N-ethyl vary from reversitle condsn-
Addition maleimide sations with aldehydes and
ketones to fairly irrevers-
© ible rcactlons with maleimide
L., Displacement a) haloacetol highly spec1xlc, resulting in

phosphates
b) DTNB

stable products
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The alkylating labels include some:of the more reactive re-
| agents although ths problem'does exlist of the resulting.thiol
product being quite unstable in the aqueous environment .and hy?
drolyzing. However, one clacs of labels, maleimides, usually
have considerable success in forming a.stable'covalent linkage
with cysteine. The reaction itself involves addition of the sulf-
hydryl to an activated double bond:

. L Q |

E-S5° + O-_-R ——) E-S N-R
This Michael-type conjugate addition 1s irreversible and goes
rapldly in alkaline medla. There 1ls an enhancement of~rate as
PH increases since the mercaptide anion of cysteine is the most
reactive specles.

An important competing reaction could be the addition of the

€-amino groups of lysine or the imidazole group of histidine to
a maleimide via an ahalogéus mechanism. The spepificity of the
reagent for cysteine 1s maintained by keeping the pH at or be-
low pH 7.0 at which point the reaction of €-amino groups (or imi-
dazole) is insignificant in the time period required for titra-
tion of the 8H groups which is usually under an hour. At pH 7.0,
the rate of reaction for simple thiols is on the order of 1000
times faster than for simple amines (71 ). Thersfore, maleimides
can be highly specific reagents although there l1s always the pos-
sibility that the maleimide méy react with some residue other
than cysteline which possesses increasei reactivity as a result

of its particular environment in ths protein.
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A widely used maleimide is N-ethyl maleimide (NEM) which
1s employed as a sulfhydryl reagent. NEM absorbs strongly at

1cm-l) which allows one to follow the re-

around 300nm (€=6201"
action of the label by observing the decrease 1in absorbance at
300nm as the reaction proceeds; This reagent was found to be
sultable for chemical modification of triose phosphate 1lsomer-
ase, the results of which are reported in thils section.

A fluorine containing analogue of NEM was synthesized by
" D.G. Clark for this works:

0
| 0 4 BpN-CHy=CFy ——p | N-CHpCF; + HpO

| 0
The resulting trifluro-N-ethyl maleimide (FEM) has & broad max-
imal absorbance centéred at about 280nm (£=390). This 280nm
kmax makes direct spectrophotometric observation of SH modifica-
tion by FEM difflcult since there is a strong interference with
protein absorbtion (and hence probléms with‘blanklng). The
values obtalnable by the direct spectrophotometric observation
have a.possibility of about 10% error. .

Figure"18 illustrates the ultraviolet spectra of both NEM
and FEM. The electron withdrawlng effect of the fluorine atonms
appears to activate the malieimlde d&uble bond even more strong-
ly resulting in a more faclile addition to cysteine than the hy-
drogén analogue, NEM.

' The FEM modifications reported here have a speclal interest

in light of the reagentfs potentlal as a NMR label.
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Modificatlon of tricse phosphate 1 gomerace was 21s0 car-
rled'out using SH—dieu;phide snterchang® methods passd on Ire-
actlons with disulfides which are.oonsidereu to be among the
most speolfio reagents-for»protein-SH.groups, A partioularily
effectlve reagent which has peen used in this work 1s_E11man's
(72) reagents 5 5'-d1tqiobﬁs (°—nitrobenzoio acid) which reacts

- with thiols as follows?i

E-S™ + NOZD-S s/ Nvo, .,.__3}3—3- -\__’\M o, + "SQ-NOZ
- ——] LW ' -

00C oo~ : : . Ce0” o0

(DTHB) (E~TNB) ‘ (TNB ™)

The strongly ooiored thionitrobenzoate anion which 1s 11berated
may be Quantated byvits absorbance-at-hlan (£=1.36X10um_1cm'_1
ot pi 8.0 | |

HoweveX, 1t must be realized that with some proteins
(73 , TR, 75), two reactions are possible after sOme gg's have
reacteds | t

(i) the normal intermolecular reaction of the first

gH's (as above)
(2) en 1ntramolecular reaction of SH w*th the mixed

gisulfide product which results from the reac-—

tion of protein -SH with DTINB-

~5-8 -m2 —_— \ + ’SQNOZ
coo ~g | too

00
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- Whether or noﬁ thé-intraAmolecular reaction succeeds in compet-

ing.successfully with the initial intermolecular reaction, the
end result 1s the sames release of‘one equivalent of nitrothl-
opholate anion (TNB™) for each SH group thaf reacts.

The absorbance of the reaction products at 412nm is highly
dependent upon-pH. ;Consequently, there 1é a 1limit to the range
of pH's which may be used with DTNB (usually pH 7.5-8 only). |
In addition, there 1s a problem with autoxidation of the nitro-
phenolate anlion as wall as difficulties in using the reagent
with colored proteins (eg+ heme containing PYoteins) which ab-
sorb strongly at 412nm. '

Some of the difficulties may be gotten around by‘following
Butterworth's procedural changes (76 )t the protein is first
'modified with DTNB, fhen 1solated_and finally reactéd-with di-
thiothreitol (DTT). Thé DTT vefy rapidlj liberates TNB from
the prdtein and allows determinatioh 6f the number of SH's by
vobserving the increase in absbrbance at'ULan. Thié.method may
.not be used for those proteins which are able to undergo fhe in-
| tramolécular disulfide formation and resultant elimination of
TNB- . However, when this method is used, 1t 1s.possible to ob-
tain values as correct as by the method initially described al-
thdugh it is not possible.to observe the kinetlcs of the mod-
ification of the protein with DTNB.

Another method of liberating TNB is by'displécement with

cyanlide:

(ew ) -
E-8-(TNB) ————=3 E-8-CN + TNB
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This reaction also has the advantage of allowing the protein

" o become labelled with ¢*2 via ¢ N~ or ct¥ via ¢*w". The

ClBN- protein could be ysed in CMR studies whlle the Cth pro-
tein would make the modiflied protein radioactive.

A second aromatic disulfide was used in the modificétion

studies to be described. There are two analogues of the dith;-

odipyridine disulfide described by Grassetti and Murray ( 77)

L, W
| ~ ~8-8
NN~~8-8— “NF N7
(1) (2) | |
The 4,h'dithiopyrid1ne(é),lis the most sensitlive reagent since upon

possibles

reaction with a 8H group it releases & 4-thiopyridone which has
as extinction coefficient of 19,800 at 324nm which is consider-
ably larger than the maximum molor extinctlion coefficient.of

7060 at 343 for the 2-thiopyridone. The 4,4' reagent was used

exclusivelys

7 N\ a/ W _a= _a. = =
N Jrs-sx_ N+ ms” E-8 s(zzp + 5= H

ey

. (4-TP)
The pyridine_disulfides have the advantage of belng able to be

— ———

(4-PD3)

used over a much wider pH range than DTNB. It is particularily

useful for the lower pH's, where DTNB cannot be employed, since

the diminishing level:of Ejs' is compensated for by the increes-
ing reabtivity of the reagent. The electron withdrawing proper-
ties of the pyridine_ring.(and hence the rgappiv;ty of the di-

sulfide) becomes stronger with prbtonation of the nitrogen.
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'4 2 Methods

A. Modificafion with Maleimideq e
(&) N-ethylmaleimide (NEW)' R

Approximately 20 mgs of twice chromatographed triose phos-
phate 1somerese from Peak A in a 100mM pH 6.5 phosphate buffer
was gently stirred overnight in the cocld with 25mY dithiothrel-
tol (DTT) to ensure complete redﬁction of cysteine residues.
The protein was desalted by passing it down a SephadEx G25 col-
umn (1.5X20cm) equilibrated and eluted with the 100mM pH 6.5
phosphate buffer. Approximately 2 ml-fractlons were collected
on a Gilson microfractionator and the absorbance at 280um for
each fractlion was determined; 4 frection with Asgo equal to
8°02 was selected for the modification and kinetic study. |

A Zelss PMQ II vislble;UV spectrophotometer was set up for
constant tempefature runs at 20°C. The reaction was initiated
by placing 1 ml of protein into a 3 ml cuvette contalning 2 mls
of a N-ethyl meleimide solution in the pH 6.5 buffer. The ral-
eimide solution was of such a concentration as to give 20X molar
excess of maleimide over pfotein; final concentratlions were
_ 4138/AM in protein and 859/*M in NEM. A reaction blank ccnsist-

ed of 2 mls of the NEM solution and 1 ml ef buffer. The modifi-

.cation of the protein wasmnnitoredﬂbysfollowihg the change in
ebsorbance at 300nm es a function of time. '(fig.'21) A decreass
was observed untill a consﬁant falue was obﬁained in less than
1 hour.
(b) Trifluoro-N-ethyl meleimide (FEM)

Peak A TIM was prepared for chemical modification as was
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the pfoteih in the NEM experiments.  However, elther pH 6.0 or
pH 6.5 100mM phosphatq bu#fgr was used'for_the modification re-
action conditions. ﬁhen'§H|6.0 buffef ﬁés to be uéed in the
modification, the protein was stirred overnight in pH.?.O buf-
fer so as to ensuie the stability of the protein. In all other:
cases, the protein was reduced at the same pﬁ as the.modificaQ
tion was carried out.

- In the first series of experiments (pH 6.0), 70 mgs enzyme
was allowed to react in the céld with 20X excess FEM. The mod-
ified protein was desalted on a Sephadex G25 column, eluted with
pH 6.0 100mM phosphate buffer and.thOSe fractions with an absorb-
ancé at 280nm.over 1.0 were kept for sulfhydryl determinaticn
with DINB. The DTINB reaction was initiated by adding 1 ml of
enzyme contalning abbut 1 absorbance unit protein to a 3 ml cu-
vette containing 2.0 ml of the reagent stock solutlon containing
100maM phosphate pH 8.0, 10mM EDTA and 5;25mM DTNB. The blank
consisted of 2.0 mls of stock reagent and 1.0 ml of pH 8.0
100mM phosphate buffer. The reaction was followed by observing
the increase in absorbance at 412nm until a constant value was
observed affer 2 hours.

In the same experimental series, an aliquot of the FEM
modified protein was stirred in DTT overnight (25mM) and then
reacted with DTNB.

A slmilar series of experiments was performed but with the
FEM modification at pH 6.5.  Both the reduction of thé unmod-
ified protein and 1its desalting on the Sephadex G25 column were

performed at pH 6.5. The protein was modified under 20X molar
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. excess rezagent conditlions and then the modified pretein was de--
‘salted on a pH 8.0 100mM phosphate conlumn. The DTNB determin-
ation proceeded as before but made use of a reagent stock sol-
ution containing 1% sodium dodecylsulfate (SDS) in addition to
the 100mM phosphate pH 8.0, 1QmM EDTA and 5.25mM DTNB.

An attempt was made to follow the Xinetics of the FEM mod-
ification by observing the dscrease in the absorbance at 280nm
- as the protein reacts with trifluoromaleimide at PH 6.5. Thus,
0.123/umoles of TIM was allewed to react with 2.065/umoles FEM,
complete reaction taking place in under 30 sec. Thue the modi-
fication was too rapid (and would necessitate>use of a stop-
flow spectrophotomater) to follow using normal spectrophotometric
techniques. However, it did allow a direct determination of the
number of SH's which had reacted-with'FEM; |

The specific activity of the NEM and FEM modified protein
was determined using the TIM assay procedure described earlier.;
Protéin which had been modified by NEM as above at PH 6.5 was
deéalted on a Sephadex G25 column which was eluted with 100mM
PH 7.5 trlethanolamine buffer, the appropriate dilution was made,
and the activity was determined. The same procedure followed .
the FEM modification experiment. Activity measurements were
also performed on a control of unmodified Peak A ﬁrotein aftef

DTT reduction.



B7e

B. Modifications with Disulfides’

(a) 5,5'-dithiobis(2-nitrobenzoic acid) (DINB)

Twice chromatographed Peak A protein was reduced overnight
in the cold with 25mM dithioerythretol (DTE) or DI in pH 7.0
100mM phosphate, and then desalted on & Sephadex G25 column elut--
ed with 100mM phosphate pH 8.0 buffer. Eluted fractions 0~2ﬁls)
of A280 éreater than 0.8 were used for the SH determination.

The reactidn was lnitiated by addition of 1.0 ml enzyme solution'
to 2.0 mls of stock reagent (100mM phosphate pH 8.0, 10mM EDTA,
5.25mM DTNB) in a 3 ml cuvette. The reaction cell was blanked
agéinst a cuvette containing 1.0 ml buffer and 2.0 mls reagent.
The reaétion was followed via an increase in the absorbance at
#ith until a constant value was obtained after approximately

2 hours. Upon completion of titration of the 'eiposed' SH's, a-
small quantity (~10 mgs) of solid SDS was added»to the reaction
- cell. Within one minute, the protein was completely denatured,
.thus facllitéting.the reaction-of the *buried' SH's. The final
absorbance at 412 was determined giving a value for total pro-
tein sulfhydryl. The above procedure was repeated for twice
chromatograbhed Peak B protein.

Experiments involving the displacement of TNBf were performed
on twice chromatographed Peak A protein which had been modified
with DTNB as before except that reaction was carried out in a
37°C water bath instead of room temperature in order to decrease
the reaction time. The modified protein was desalﬁed on a Seph-
adex G25 column (1.5X29 cm) eiuted with e pH 7.5 triethanolamine-

buffer. Approximately 4 mls of A =0.181 protein sample was
280 ‘ _
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obtained. Onre half of the proteln (ie. 2 mls) was placed in a
cuvette and 1 mg of dithicerythreitol was added. leerationvof
TNB™ (és observed by an increase in absorbance at 412nm) was
almost 1nstantaneouse} The second half of the protein sample
(1e. 2mls) was also placed in = cuvefte and a crystal of KCN
(1 mg) was added, The reaction cell holder in the spectrophoto-
‘meter was thermostated at ZdaCe Liberation of TNB~ was again
observed by‘following_the increase 1h absorbance at 412nm. The
diSpacement by CN~ was‘slower than that by DTE and data for a
kinetic analysis was collected.
(b) 4,4 dithiopyridine

The modifications of TIM with the second disulfide, 4,47~
difhiopyridine“were,performedVin a similar manner toc the DTNB
reaction except that pH 6.5 was chosen for the reaction condi-
tion. As before, the protein was reduéed overnight (in ﬁhe cold)
in 25mM DTE or DTT in preparation for the chemical modifications.
Desalﬁing of the reduced,'unmodified prdtein was performed‘pnAg_%
. 8ephadex G25 column (1.5%X20 cm) eluted with pH 6.5 iOOmM phés- |
phate buffer. Fractions containing protein with A280=1.O were
employed in the experiment. The reactlon was initilated by plac-
ing 50 uls of stock reagent (26 mgs of 4,4'dithiopyridine per ml)
delivered via a lLang-levy plpet into a 3 ml cuvette containing |
1.95 mls of pH 6.5 100mM phosphate buffer and 1.0 ml enzyme.
The modification was observed by following the increase in ab-
sorbance at 324nm until e constant valﬁe was obtalned, usually

.less that 2 hours. A determination of total sulfhydréls was
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~accomplished by adding a small amount of solid 2DS at this point
and observing the lncreasse in A324. |

A 4,4v3ithlopyridine titration at pH 6.5 was also performed
~on protein which had besn modified by DTNB at pH 8.0. The un-
modified Peak A protein was reduced in the usual way, desalted
at pH 8.0, reacted with DTNB { in the cold for several hours);
desalted at pH €:5 and finally allowed to rsact wlth the pyri-
dine disulfide. Upon completion of the titration of reactive
groups, 3D3S vias added and an édditional increaese in the absorb-
ance at 324nm was observed.

A gerices of gpecific actlivity measurements of the varlious
modified proteins was performed. In all cases, the proteins
were modifiéd under the conditions described previously. The pro-~
tein samples includsads

(1) Peak A TIM modified with DTNB

(2) DTNB modified protein which had been allowed to react
with cN~ - |

(3) DTNB modified protein which had been allowed to react
with DTE

| (4) ‘control? sample of unmodified protein
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4.3 Results

A. DMaleimides
(a) N-~ethylmaleimide

Figure 19 111ustrates.thé pseudo first order modification of
triose phosphate isomerase ﬁithiN+ethylméléimide; Data polints
were plotted to the third half life and a least squares technigue
was employed to fiit the best straight line to the data. A pseudo
first order rate constant of 2.39X10f"3 sec™! was calculated
(20 c). |

A value éf 2.05 was calculated for the number of sulfhy-
dryls modified. At the pH of the experimént (6.5) it is improb-
able thaﬁ any residues other than cysteine was being modified.
Since TIM 1s a dimer, the near integral value of 2Asuggests that
one cysteine per ménomer 1s exposed to attack by NEM when the
protein 1s in a native state. However, 1t should be realized
that there 1is a possibillity that the conformation of the protein
is such that 2 cysteine residues are exposed on one monomer but
none on the other. In view of the fact that recent X--ray work
on chicken muscle TIM demonstrated a éymmetrical molecule (18)
 this appears unlikely. |

The kinetic analysis demonsfrates that both SH's appear to
be reacting with NEM at the same rate. This i1s in contrast to
resulps which will be reported in the lLast chapter with kinetics
of disulfide modification. With the daﬁa avallable from these
experiments, it cannot be decided with'any certainty which cys-

teines are belng modified by NEM.
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FIGURE 19: Pseudo First Order Analysis of the
Modification of TIM with NEHM |

Insert: Increase in the Absorbance as the
Reaction Proceeds
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(b) Trifluoro N-sthylmaleimide (FEM)

Peak A txioséAphosphate isomerase, ﬁhen modified at pE 6.0
or 6.5 by FEM, was found to also be able to react with DTNB. It
will be shown in later segmente of this sectlon that both FEM
and DTNB are able to modify 2 cysteine residues of TIM. There-
fore, if one assumes that the saﬂe residues are belng modified
by a FEM hodification or a DI'NB mecdification, it 1is necessary to
account for the type of reaction occurring if DINRB 1s shown to
react with protein which is alréady ﬁodified by FEM._'In}this
case protein ﬁhich had been modified by FEM at pH 6.0, and hence
had 2 reSidues react was observed to_haée 1.1C residues exposed
to reaction with DTNB under nondenaturing conditions and a total
éf 7.28 exposed to reaction under denaturing conditions. The
difference, 6.28; probably denotes the number of residues which
are buried and not exposed to reactlion with eithe: DT'NB or FENM.
This value 1s simller to the value of 6 'hidden' SH's usually
obtalned by DTNB titrations alone (see disulfide modification
segment of this section).

When the FEll modified protein was allowed to stir overnight
in‘ﬁTT and'was then aséayed.with DTNB, similar results were ob-
taiﬁeé.: 1.01 residues reacted under nondenaturing condltions.
The difference in this case is 5.67 which is still quite close
to the integral value of 6 usually obtained for = titration of
hidden SH's by DTNB. If the FEM modifisd protein is denatured
“ by 8D3, 5.77 residues were found to react with DTNB, which agzaln

denotes a value cloce to 6 for the number of hidden residues.



93‘.-
If it is agaln assumed that FEM and DINB attack the sama
residue, & mechanism for displacement of the FEM by DTNE must
ba given. Under normal circumstences, maleimide modirlicatlions
are cohsidered to be irreversible. | |
However, e mechanism such as the following could explain

the results obtained in this particular modlfication off TIM:

¢

N R’
- s Q/ :\,l
_ Bu*

 The general base (Bs) could well be a basic amino acid sicde

chain in the vicinity of the FEM modified site which is uniquely'
get up to aéoépt a protoﬂ from the maleimide. | -_
The basic pH‘(8.0) of the DTNB modification makes the pos-

sibility of basic residues beilng in the unprotonated form more
likely. |
| When the protein which had been modified by FEM was allowed
to react with DTNB in nondenaturing gsolution filrst and then 1in
denaturing solution,-thé total. number of equivalents of DTNB
_averaged out to about 7 (one residue reacts in qolution without
SDS,; the remaining six react when SD8 is added\ However, when
the modified (FEM) protein was denatured bvefore eddition of DTNB,
,only 5. 77'resldues were fbund to react:. This gives support to

a maleimide dispTacement which is assiszted by a strate*ically
placed basic amino acid side chain. The displacement cof malel-

mide appears to not be able to occure if the protein is denatured.
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The fact that only one équivélent‘of maleimide is liberated
suggests that fhare is a nonequivalence of'thé_tWO'modified gltes
which is due to some conformational difference. If the dlsplace-
ment 1s indeed dependent upon some basic amino acid side chain,
even small differenées could affect its ability to catalyze the
reaction.

The FEM modification of TIM has-a practical application in
fluorine NMR of the protein. Figure 20 gives the spectra ob-
tained from ZQO mgs of modified TIM along with a reference énd a

’ﬁodel compbdﬁd (all at pH 6.5).

. The reference in this case is trifluroacetic acid (TFA)
which has been arbitrarily set at zero. The model compound,
which was formed by combining equimolar portions Qf N-acetyl cys-
teine and FEM (pH 6.5), was found to absorb 1192 hertz downfield
from TFA. However the protein sample gave a sighal at 375 hertz
upfield from TFA which 1s a total of-1567 hertzAfrom the model
compound. All spectra were performed at 100MHz on the XL100. It
was necessary to accumulate 100 transients for the model compound
(.02 hours) and 100,000 (5.57 hours) for the protein sample.

The large oheﬁical shift difference between the model coﬁ-
'pound and the FEM labelled proteiln is indicative of both the sen-
sitivityvof the fluorine nucleué to changes in environment and -
also the ponsiderable alteration of the chemical environment of
tﬁe FEM label. The single preliminary experiment illustrated in

:figure 22 can only give linited information but 1t does indlcate

the feasibility of further investigatlion with this system.
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Further studles at various pH's and both in the presence and 1in
the absence of substrate should give valuable information con-
" cerning the 1onizétion of groups in the vicinity of the fluorine

nucleus as well as changes 1ﬂ conformation of protein upon the

binding of substrate.
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(c) Spedlfic Actiﬁity Measurements on Modifled TIM

A similar kinetlic analysis as that done for the NEM modi-
fication 6f TIM could not be performed for FEM (without stop
flow.techniéues).because of the rapldity of the modification re-
action. As discussed 1n the introduction to thls section, this
is probably due to activation of the double bond due to the el-
‘ectron withdrawing properties pf thafCF3 group. In addition,
there 1s the possibility that the fluoroanaloguelis able to more
readlly 'reach' the reaction sites in the protein‘than the NEM
is, dué,to the changed electronic charactervof FEM.

| However; the experiment which‘was performed allowed a dir-

ect determination that 1.96 SH's had been modified. Thus, the
extent of modification 1s the same as that occurring with NEM..
The two exposed SH's found in the FEM_titration'are especially -
interesting in light of the abiliﬁy of DTNB to titrate one SE
equivalent per mole of FEM modified protein. There appears to
| be a nonequivalence of the two FEM modified groups to modifica-
tion by DTNB. As willlbe‘demonstrated in the,kihetips secfion
to follow, there 1is also a nonequivalence of the unmodifiéd‘ 
protein to DINB modification. The nonequivalence of the two
cystelne residues could be pre-existing in the native unmodified
protein buf also might be induced by the modification of either
one or both of the SH's. ' |

‘Similarities betﬁeen the NEM and FEM modifled proteins are
demonstrated by the data on the specific activity of the modi-

fied species, as summarized belows
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Protein Specific % Activity  #SH Modified
Activity (units) | .

1. Control . 5233 - 100.,0 - . 0 |
2. NEM modified 1204 23.0 2.0
3. FEM modified 1307 25.0 2.0

~ The similarity of the specific activities of the ﬁodlfiea
proteins sugéests that'the effect of the respective maleimides
on the triose phosphate isomerase molecule is also similar.
‘Even though the rates of modification of the two maleimides
were quite different, it is likely fhat the actual modification
(13. the site) is the same. At this point, it would be premat-
ure to assume that since the spécific activity is decreased by
the modification, that the site of modification is at or near
the active site. Hdwever, the recent 2.54 resolution x-ray
structure plabes the cysteine residue 126 in the catalytic
active site of the enzyme. At the same time, it i1s possible
that modification remote from the active site could induce a
conformational change that would alter TIM® g catalytic abiiity.
Thus, if a change in conformation did result in actual changes
in the structure of the active site which méde catalysis more
difficult, a decrease in the specific activity would be observed.
This possibllity has a special significance upon examination
of the trlose phosphate isomerases prepared for the 2.5A resol-
ution x-ray structure which indicated that the most reactive

cysteine was at a site remote from thé catalytic center. It was
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found that the SH of residue 217 was thé most reactive to mercury
compounds such as 2-¢hloromercur1-4en1trophenol. However, a
smaller and more hydrophobic mercurial, ethyl-mercury phosphate,
reacted with a less readily accessible pair of sulphydryl groups

at residue 41,

BQ Diéﬁlfidéé

~ In addition to the aforementioned maleimides, it wéé found

that TIM reacted readily_With,disulfidesQ.;This is in contrast
~ to reaction with 3-bromo-1i,1,1-trifluropropancne or bromoacetic
acid'which_did notAoécur to any_npticeaplé extent (Andrew M.
Goetze, BSc thesis, UBC, 1973).. ,

However, when DTNB 1s allowed to react with Peak A_TIM; the
‘resﬁlts indicats that there are 2 SH groups which are exposed
for ready modification by the disulfideé'upon_denatﬁration 6 more
are able to react to give a total of 8 cysteines present. This
agrees well with the 8 cysteine residues per diﬁer found in the
amino acid analysis. Repeated experiments usually gaﬁe results
which varled only one or two percent from the integer values of
2.0 and 8.0 for the respective 'exposed'! and total SH titration.
| The results for Peak B protein were similar with 1.7 SH's being
| titrated initially by DTNB, and an average of 8;0 being obtained
upon addition of SDS. -

The cyanlde displacement of TNR™ from the DTNB modified
protein occurred qulte readily. The pseudo first order kinetic
anaiysis with data given to the third half life is illustrated

in figure 21s A least squares treatment yilelded the best straight
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FIGURE 2:1: Pseudo First Order 4nalysis of the Cyanlde
Displacement of TNB - from the DTNB
Modified Peak A Proteln

Insert: Increase in the Absorbance as
the Reaction Proceeds
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lihe for the data_ahd the slope thus calculatsd gave a value of

11.16x1072 sec™ for tﬁé pseudo Tirst order rate constant for
the displacement of TNB by CN~ at pH 7.5 and 20°C.

it was observed that CN~ 1s able .to displace 0.85 equivalents
of TNB™ (average of 3 runs). Thus, once agalin there appears to
be a‘nonequivalence in the apility of modified cysteine residues
to react‘with reagents. The same explanations of nonequivalence .
due to conformational difference may,bs invokéd here also. A

schematic summary of the reactions includes§~

E e} E(TNB)2 ——e—mey E(TNB)CN
PH 8 . ~ PE 7.5

The nonequivalence of the DTNB mbdified protein was not obh-
served upon action of dithioerythreitol on the E(TNB)2 form of
the enzyme. Upon addition of DTE 2.08 eguivalents of TNB  per
.mole of TIM were 1ibe;;;ed. The difference between the results
of the CN  and DTE experiments might be.explained by-djfferent
abilifies of the reagents to enter the site of DTNB modification
on the enzyne. _

Results fﬁom the specific activity measurements performed

upon the various modified proteins are summarized belows

Specific Activity Specific Activity

Protein (units) : (%)

(1) Control . 8368 100
(@) E(me), 2059 25,6
T3 B(mwmyen 2410 28.8

(4) E(TNB)2 4+ DTE. 8477 - 101.3
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The tdtal actlivity of thé enzymse wasvregained_upon-addition
of DTE. This along with the 6bservation of 2.08 equivalents of
TNB~ liberated indicates that the TIM molecule has resumed a na-
tive unmodified state. |

It is 1nterest1ng to note that ths specific activity of the
E(TNB)2 form of the enzyme (24.6%) is essentlially identical to-
that of the maleimide modified species (25.0%). This lends sup-
poft to our earlier assumption that DTNB and maleimldes (ie. NEM
-and FEM) modlify the same sites on TIM; The specific activity of -
the E(TNB)CN form of TIM (28.8%) is also very similar. _

The reaction of TIM with the second disulfide 4,4-dithiopyr-
‘idine (4-PDS) followed along the same lines as DINB to yleld val-
ues of 2,07 exposed 3H titrated under nondenaturing conditions
and 8.02}total_SH'sgtitrated under;denaturing conditions to yileld
a total of 5.95 SH's 'hidden'. The specificity of DTNB appears
to apply also to 4-PDS when ﬁitrating TIM. However, the greater
working range of pH could make it more useful for further modifi-
catioh studies of TIM (or indeed any other cysteine containing
protein).
| A rather interesting example of the noneQuiValence of the
DTNB modified sites of TIM was observed when 4-PDS was allowed
to‘react with the E(TNB)Z'enzyme form. The experiment illustrates
that 1.01 equivalents of L-PDS were able to react with the enzyme
under non-denaturing contitions. When SDS was added (after tit-
ration of the 1;01 residues) 5.53 additional groups reacted to
yield a total of 6.61 reactive groups;. Again it appears that
there 1s one of the two bTNB modified sites which is able to re-
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act further. The 6 'hidden' cysteines are only able to react
when the protein is unfolded.

In Torchinskii's excellent text dealing with sulfhydryl and
disulfide groups of proteins, he gilves a pdssible acéount of the
reéctidns oceurring in a disulfide exchange reaction (78).

 R'-8-S-R' 4 RP-S-S-R¥ ——— 2R'-§-S-R*
Three mechanisms for the exchange are givent one for neutral
and baslic solutions, one for acidic and finally a free radical
mechanism. At the pH of the experiment (6.5) there should be a
: pbssibility.of more than one occurring. They are glven belows
(a) Basic or neutral solution _ |
The reactlon is catalyzed by thiols (catalytic quantities can
arise by hydrolytic cleavage of disulfides)‘which carry out nuqle-
ophilic attack on a sulfur atom of the“disulfide as in a thiol-
disulfide exchange. ‘ | '

(1) R'S™ + R¥S-SR® ——= R'S-SR¥ + R¥S"

(2) B®S™ + R'S-SR* w——= R¥S-SR' + R'S
(b) Acid Medie |
The exchange takes place through a sulfenium cation which is
formed through attack of a proton on the S-3 bond.

(1) R'S=S-R' + H¥ == R-%-S-R —— R'SH + R's*

H .
(2) R's* + R¥S-SR¥ =—— R'S-SR* + R"sT

+
(3) R"S 4 R'S-SR' === R¥S-SR' + R'sSt
The reaction(s) would be inhibited by thiols:s

RSH .+ R'S’ —— Rs-SR' + H'
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~¢) Fres radidal

The reaction occurs with participation oflfree radicals
which can arise slther from high temperatures (2100°C) or ultra-
violet radiation. Since the reaction isjfolioWed'at 324nm,
there is the possibility of some photclysis occurring. Radlcals
. arising from thermal cleavaze can be ruled out.
(1) R'S-SR' === 2R"'S-*
(2) R'S* +  RB"-8-SR" =—= R¢S-SR' + BR¥S°
(3) BR*¥S: + R'S-SR" = R¥S-3R* + R'S*

Assuming that one, two or all mechanisms are operative to
some extent in the case of E(TNB)2 reacting with 4-PDS, the fol-

lowing scheme can be writtent
' prNB 4-PDS

E  ——— E(TNB)2  —— E(TNB) (4-TP)
pH 3 pH 605 .
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CHAPTER V-
. KINETICS OF DISULFIDE MODIFICATION OF TIM

5.1 Methods _ . | " “ | .

Twice chromatographed Peak A protsin was prepared for kinetic
runs by gentle stirring overanlight at 4°C in 25mM dithiothreitol
or dithioerthyreitol. The prote;n was deéalted on a 1.5X20 cn
Sephadex G25 column eluted with 200mM phosphate buffér, pﬁ”6.5
in the case of 4,4'd1thiopyr1d1né runs and pH 8.0 for dithio-
bis-(ZQnitrobehzoate) kinetics. Approximately 2 ml fractlons
were collected by a Gilison Microfractionator, and their absorb-
ence at 280nm determined on a Zeiés PMQIX UV-Visible spectro-

photometer. Fractions with A

i v, 4 (d o
280’70°8 wezg hgpﬁ.in‘iggiunv;l

ready for use.

The most extensiye series of kinetics involved modiflication
of triose phosphate isomerase with 4,4'd1thiopyridine. Kinetics
of the modification of TIM were performed at 37°,31°,27°,25°,22°,
aﬁd 15°c. The kinetics were followed both in the preSencé and.
in the absence of substrate (G3P) for éach temﬁerature cited.
| The progress of the reaction was followed‘by 6bserving the 1lib-
eration of the thiopyridone via an increase in the absorbance at
324nm. The runs were done in either duplicate or triplicate;
the calculated rate constants being an average of the individual
values oEtained from each individual experiment. All constit-
uents of the reaction ﬁixture as well as the blank were equil-

ibrated at the temperature of the experiment. The temperature
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‘'was held constant throughout the experiment by\mgans of a éircu-
lating water bath which passed water of a constant temperature
through the cell holder of the spectrophotometer.‘

Individual kinetic runs were initiated by rapid delivefy of
SQ)LIS of 4,4*dithiopyridine, 26 mgs/ml, via a Lang-Levy pipet
into a 3 ml cuvette which contained 1 ml of protein sample .
(A286g 1) and 1.9% mls of 200mM pH 6.5 phosbhate buffer. The re-
action mixture was blanked against a 3 ml cuvette conteining 50
ﬁls of reagent and 2.95 mls buffer. For those runs which were
to include substrate, 100/uls of glyceraldehyde 3-phosphate
(0.57mM) was added to both reaction cell and blank in place of
loozyls of buffer. At the completion of each experiment, a
small emount (~10 mgs) of sodium dodecyl sulfate (SDS) was added
to the resction cell and the final ABZ# reéulting from titration
of all cysteines, both hidden and exposed was determined.

The kinetlc experiments involving modification of TIM by
DINB were performed similarily. BRuns at 35.5° and 22°C were done,
both in the presence and in the absence of G3P. Preparation of
the protein was at pH 8.0 as described previously; reagents,
buffer, and protein were pre-equilibrated at the temperature of
the experiment. The kinetic runs were performed at constant.
temperature.

The experiments were initiated by the pipetting of 1.0 ml
of protein/(AzadQ 1.0) into a 3 ml cuvette containing 2.0 mls
reagent stock solution consisting of 100mM phosphate pH 8.0,
10mM EDTA, and 5.25mM DTHB. For those kinetic runs which were
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to contain substrate, 1001 of G3P (.57mM) was added along with
'1.90 mls'reagent,”and 1.0 ml protein solution. The modification
of TIM by DTNB was followed by observing the liberation of TNB~
as shown by the increase in absorbance at 412nm. -The absorbance
at 412nm was determined at various time intervals until a con-
stant value was obtained. The total thiol content of the prptgin
was then determined upon addition of solid SDS; with a further
increase in A412 resulting'from denaturetion of the protein and
exposure of hidden cysteine residues to modification by DTNRB.

Data Treatment |

The péeudo first order rate equation may be written as fol-
lows with *a' equal to initial concetration of reactant (1e; re-
active thiolé), (a—x) meaning concentration of reactant at time
't* and k being the pseudo first order rate constant.

a
In == = kt
| a-x_-

'8ince a 1s proportional to the final absorbance at 412nm (for
DTNB kinet;cs) or 324nm (for Me?DS kinetics) the substitution

may be made whereby

A
ln = kt
A ~-Ag
Therefore a plot of 1n versus time theoretically gives a
A -A¢

stralght line going through the origin with slope k. All data
was plotted to the third half-life.

However, the pseudo first order plots were not always ob-
served to be linear since there were two (or mors) reactive‘thiu

ols and each SH not necessarily reacting at the same rate. When
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the klhetic plot was bi-phasic, it was necegsary to first dster-
mine the slope of that linear portion of the curve, at later time
(t) where reactioh of the more reactive thidl(s) was complete and
the slope represents the rate of reaction for thé slower reacting
thiol. This slope was then subtracted. from the earlier non-
linear portion and a repliot of the new values against time was
performed. In the case of biephasic kinetics, the replot éhould
now-beﬁlinear end the slope would represent the rate constant

for the?faster reacting thiol.

A typical exaﬁple of mono-phasic kinetics is 111usfrated in
figure 22 which shows the pseudo first order plot for pobvagi-
thiopyridine (4-PDS) modification of TIM at 22°C in the absence
of substrate (GjP). A typical bi-phasic blot, along ﬁith its
replot, 1s éhown in figure 23 which demonstrates the 4-PDS mod-
ification of TIM at 25°C in the absence of gubstrate (G3P). The
results of thesé prlus the other temperature runs are éiven in
the section fbllowing. In all cases, a least squares analjsis
was performed on the linear plots.

A useful quentity to know is the ‘haif-1ife® or *half-periodf
of a réactibn which is the time 1t tskes for half the original
substance to disappear (le. react). There is a simple relation-
ship between the half-life of the reaction and'the first oxrder
rate constant 'kt

0.693 ' -

T$ = for T in minutes when k is in min .

k
The half-l1ife, as a useful concept for semi-quantitative discus-

slons, was calculated for all rates determined.
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FIGURE 22: A Typlcal Exémple of Monophaéic Kinetics-~
4-pps Modification of TIM at 22°C in the

Absence of Glyceraldehyde 3-Phosphate
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"FIGURE 231

A Typical Example of Bil-phasic Kinetlcs-
4-PDS Modification of TIM at 25°C in the
Absence of Glyceraldehyde 3-Phosphate
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An important relationship in kinetics which provides much
information concerning mechanism, 1s one that connects the rate
constant of a reabtion wlth the temperatures the Arrhenlius Law.

The law may be expressed as follows:

k = Ae-Ea/RT

with *k* the rate constant, *A* the frequency factor of the re-
action,.'Eé' the activatién energys 'R’ the universal gas con-
stant and *T' as temperature (°Kelvin). Therfore a plot of

log k(sec"l) versus 1/T K yields a slope of -Ea/2.303R or -Ea/4.57
with intercept A. Thls energy of acti#ation represents the energy
that fhe reactants must acquire in order to undergo reaction and

as such is one measure of the ease of reaction.



5.2 BResults

A.

Modification of TIM with 4-PD3

The results obtained from the pseudo first order kinetis

plots of the modification of TIM with H%PDS are shewn below:

TABLE Vs Modificatien with 4-PDS3

(1) 1In presence of Glyceraldehyde 3-Phosphate: .. - -~

T°¢  Specific Rate Conmstant T, . #SH's modified *
L (min=1) (min) .
37 k, = 3950 175 2.0
31 Ky = .3259 2.13 2.0
ks = 1681 ko12
27 kK, = .2804 247 2.0 )
e P
22 X, = 01297 5,34 2.6
ky = 40637 10.88

- In all cases, 8.0

(2)

SH'é were modified under'denaturing

In.absence of Glyceraldehyde 3-Phosphate-

37 ky = 3421 2.03 2.0
TR k, = .2880 2.1 2.0
T2 k= .2760  2.50 2.0

: k, = <1432 .84
T2 Kk, = .2731 2.56 2.0

k; = .0372 18.63
T O 2.0
s kK = 0289 23.98 2.0
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From results presented in Table V-1,2, .there doss not seem-
to be any special dependence upon temperature or presence or ab-
sence of substrate when observing mono@'or'bi-phasic.behavlour
in the kinsetic plots} However, the presence of bi-phasic behav-
lor does indicate that under certain conditions (6f temperature
or.availabilitj of substrate)‘there was a non-equivalence in the
potential siteslof mnodification suﬁh that the reaction rates
were able to differ by a factor of as much as eiéht (egs 25°C;
‘absence of substrate). As previously discussed in the chapter
concerning protein modifications, there is the possibility of
reaction of a'singlé thiol inducing o conformational change in
the protein such that the second thlol is now in a less favor-
able position to react. |

It is evident from the listing of the number of SH's which
were modlfied in the various experiments that the binding of sub-
strate at temperatures at or below 25°C 1s able to influence
the titration of a portion of a third thiol. It is known that
the substrate G3P or DHAP 1s able to change the conformation of
TIM to a significant degree (38) which might account, in part,
for the exposure of the additional thiol. However, an additional
temperature dependent mechanism appears to be at work since mod-
ificatlon of more than 2.0 sulfhydryls does not occur at temp-
eratures above 25°c. At the same time, the complete absénce of
a titration of a third thiol in those experiments which were per-

formed in the absence of substrate, seems to indicate some de-

pendence upon the conformational changes which the binding of
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substrate}can induce. - The obsérvatlon_that only a pogtlon of
the third thiol (0.4 to 0.6) waé titratable could indicate the
existence of an equilibrium between séme ‘reactive’ and "non-
reactive' state of the third thiol and hence in its partlal mod-
ification by 4,47dithiopyridine.

The rate constants of the most rapidly reacting thiol (kl)
were employed in an Arrhenius plot of log k versus 1/T K. The |
resuits for those experiments which contained G3P 1s shown in
figure 24 and for those which lacked G3P 1s lllustrated in figure
25, |
| A very prominent bil-phasic characteristie is apparent in
both plots. For those experiments performed with substrate, the
break comes at 24.6°C with‘the activation energy of the 4-PDS
modification being 7;2 kca1/mo1e:above this.tempefature and 50.0.
~kecal/mole below it. However, fhe second plot (without G3P) ex-
hibited a break at 25.7°C with the upper 1limb (T>25.7°C) giving
an activation enefgy of-4,4 kcal/mole and the lower 1imb
(T<25.7°C) 39.9 kcal/mole.
| The presence of this type of-Arrhenius plot 1s not unknown
"in the literature. Coplous examples are available which illus-
trate tenperature dependent activafion energles of the catalytic
process of an enzyme, which is analogous to the temperature de-
pendent réactivity of a specific group, that 1is the thiol of
cystelne, whlch has been 11Lustraﬁed in the Arrhenius plots of
figure 24 and 25,

Some insight 1nto the temperature dependent mechanlsm in TIM
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might be gained by looking more closely at some of,the:examples
in the lLiterature of temperature dependent processes occuring 1in
enzymes.

Glutathione reductase from P. chrysogenum has been shown to

have a catalytic activation enérgy of 14.3 kcal/mole between 20°
and BOOC and 11.8 kcsl/mole between 30°and 40°¢c (79). The argu-
menf of cohformational change was invoked to explain the results.
Masse& et al'(BO) also obtained nonlinear Arrhenius plots for
amino acid oxidase which was found to undergo a temperature de-
pehdent conformational change és observed by changes 1n the‘sed-
imentation constanfﬂifference Bpectré, and fluorescence. The
critical temperature for these phenomena coincided with the break
in the Arrhenius plot. ‘An even more radical example of a bi-
phaélc_Arrhenius plot arising from temperature dependent conform-
ational changé was observed ln the CMII isozyme of chorismate
mutase (81). The plot illustrated an activation energy of 9.180
kcal/mole above 25°C and 99.000 kcal/mole below 2560. No further
'temperéture, pH, or substrate influenced cooperative interaction
was observed.l However, the large (11X)_act1vation eneréy differ-
ence displa&ed by the mutase is an indication of the significant
changes 1n conformation which may take place as a function of
temperature. The reaétivity of the most eésily modified thiol

of TIM (by 4-PDS) changes by a factor of about 7 in the activa-
tion energy in the pfesence of substrate and approximately 9

when substrate is-notvpresenta The modification resuits in the

preceding chapter do suggest that Peak A TIM is sensitive to

conformational change. However, an interesting continuation of
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the discovery of bi-phasic Arrhenius plots for the Peak A protein,
would be 1nvestigation into whether the phenomsnon occurs in the
other two isozymes. This could be an indicatlion of essential

: differenées between the different enzyme forms of chicken muscle
TIM.

An interesting exémple of a}break in an Arrhenius plot was
found in muscle phosphorylase kinase (82) in which the phenom-
enon was entirely absent at 7}4gs/m1 profein“bgtvpresgnt at 28
pgs/ml. The marked discontinuity wes cehteréd-étfi§¢c with an
activation energy of 18.200 kcal/molé at higher temperatures and
2.600-kcal/mole at lower temperatufes. This unusual exaﬁple of
an enzyme with a higher activation energy at the higher temp-
efature wesg explained by 1ts catalytic activity being controlled
by & combination of substratezbindlng and assodiatioh-dissocia-
tion of the enzyme. This example has some interest since it has
been reported that TIN's catalytic ability is affected by 1ts
concentration (83). | - |

‘The kinetic titrations of TIM SH's 1in this thesls were cgrried
out ép protein concentratlions of about OQB mg/ml. In the study
of'P§ole et al (83) crystalline TIM isolated from rabbit muscle
was diluted to concentrations between 1 mg/ml and 5 mgs/ml. Pro-
gressive increase of enzymatic actlvity with time was observed
with rate of cataiysis by TIM 1ncreasing up to twice the initial
value observed 1mmed1ately after dilution. 1In additibn,'lt was
found that the concentration of mercurial inhibitors required to
reduce TIM activity by helf, as well as the rate of reaction of

thiols to iodoacetate, was dependent upon concentraticn of protein,



It has been suggested that the observed effects are due to con-
formational differences of the enzyme at different protein con-
centrétions which could'be.dﬁe to the protein: protein interactlions
present in aggregation. The concentration of protein used in the
kinetic experiments reported 1n>thi§ thesis (0.3 mg/ml) are high
enough to show these conformation and aggregation effects.
The'possibiiity of temperature dependent mechanisms other
than conformational change was further expanded by Hipps and Nel-
son*'s reports on four esterases (84). They found that the estér-
ases, as purified from the Americen cockroach were characterized
by double sloped Arrhenius plots with activation energies be-
tween 6.3 and 8.5 kcal/mole at higher temperatures and. betwesn
11.6 and 14.5 kcal/mele at lower temperatures.' The data was
linked to associatlon dissoclation phenomenon (is. formation of
enzyme aggregates) which indicated thap the cockrcach gut ester-
ases probably exlst as thermally dependent molecular aggregates
with different rates of hydrolytic activity in the associated
and dissoclated forms. Thus, lowering the temperature dissociates
the aggregates into léss active subunits (84). As mentioned
earlier TIM is known to form concentration dependent aggregates.
In addition, it has been well substantiated that there 1is éome
assoclation of glycolytic proteins (including TIM) into large
units in the *in vivo' situation (85,86,87,88): Therefore, the
possiblility of some sort of assoclation-dissoclation mechanlism
for the biphasic Arrhenius plot behavior of TIM cannot be ruled

out.

In conclusion, it is difficult to suggest with any certainty,
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the operative temperature dependent mechanism in TIM with the
data avallable at this pointe.. However,.the mechanism is not
obﬁ;ously sensitized by substfate binding although the (~) sub-
_étrate case.does have séﬁéwhat iower aCtivatibﬁ energies.: The
break in the plots i1s about 1°C apart (24.6°C versus 25.7°¢)
Which 1s within the experimental error. There is a great de-
gree of difficulty in drawing accurate Arrhenius plots with the

few temperatures which were investigated.

B. Modification of TIM with DTNB

The kinetics of the DTNB modificatlons of Peak A protein
was investigated at two temperatures, 22°C and 35;5°C. The re-
sults are shown belowt

(1) (+) substrate

e - Specific Rate Constant #SH modified
35.5 ky = .3625 . 2,0
k; = .1885

(2) (=) substrate

T ° Specific Rate Constant #SH modified
kz = 02311
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The phenomenon cof titraiién of more than 2.0 thiols is ab-
sent in the DTNB modification of TIM. However, biphasic behavior
waé stlll observed in the case of thoée runs performed at 35.5°C
which indicates some similarity in enzyme changes occuring.
However, the biphasic behavior was not nearly as marked as that
obtained with 4-PDS and so, with the time limitatlons which were
present for this segment of the thesls, the modifications with
DTNB were not pursued bsyond two temperatﬁress However, the
close chémical reactivity of DTNB and 4,4'dithiopyridine indicates
the potential interest of more extended temperature variastion.

‘With the limited data available, it would seem inappropriate
to report activation enexrgies of the (+) substrate and (-) sub-
strate systems. Only two ﬁoints ﬁould be aveilable for each
Arrhenius plot and thus a low degree of confidence would be placed
in the values ob%tained. In addition, caution must be exercised
in deriving any interpretation from results obtained from such
Arrhenius plots since the temperature interval (22—35.5°C) cuts
across the breaking point (about 25°C) observediin the Arrhenius
plots of 4-PDS modification. |



CONCLUSIONS

In conclusidn, it might be advantageous to briefly discuss
the significance of the results reported in this thesis in re-
lation to the existing knowledge bf p@}iose phosphate isomerasse.

An indication of the purity of the l1solated chicken muscle
enzyme ls that 1t was found to possess speciflc activity up to
12,000 units/mg which is at leastlas high or higher than the
optimum of 10,000 units/mg Whiéh has been reported. Also, the
chromatographlic separation of TIM clearly demonstrated the first
separation of chicken muscle lsozymes. The first eluted peak,
designated as "A' was éhown to consist of one electrophoretic
molety whille thé second 'B' peak was observed to contéin two.
The presence of the double activity peak in the specific activ-‘
ity profile of the DEAE-Sephadex chromatography of Peak A is
difficult to account for. The possibility of protein aggrega-
tion has been discusseq in this thesis and might provide soma
explanation for the observed activity profile. It has been well
established that TIM forms part of an in vivo glycolytic aggreg-
ate which consists of glyceraldehyde 3-phosphate dehydrogenase,
aldolase, pyruvate kinase, and lactate dehydrogenaseﬁ(85,36,87)
Therefore it would not be too surprisiné Af the isolated protein
aggregated as well. This particular type of protein:prctein in-
teraction could have some effect upon the enzyma's catalytic
ability and hence on its specific activity. Ultracentrifugation
sedimentatiocn measurements could lead to information_concerhing _

the possibllity that these aggregates do, in fact form.
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There is very little possibllity that the observed three
1soéymes are pseudo-isozymes which originate from various ex-
tents of sulfhydryl oxidatlon as wes found for rabblt muscle
phosphoglucose isomerase (90): The careful reduction of all
protein with dithlolthreitol before any experimental manipula-
tions, have ensured that all thiols are in a reduced state as
shown by DTNB assay. However., thls does suggest a possibility
for the double specific activity proflle observed for the Peak
A isozyme. The chromatographies were not carried out in the
precsence of a reducing agent and if the thiols of the Peak A
isozyme are pérticularily labile, it could result in pseudo-
igozyme-formation. These pseudo~-isozymes would not be detected
1h the electrofocusing of the protein since the enzyme is re-
duced immediately before-hand& The type of faclle oxidstion
which thiols are particularily prone to is usually reversible.

The implications of the isozymic separation on the struc-
tural determination already performed has already beeh discussed
in section B of the characterization chapter. Extreme caution
will have tp be exercised in interpreting the published amino ac-
1d sequence and x-ray structure, expecially in light of the fact
that there were significant differences in many amino acid res-
idues in the amino acld analyses reported in this thesis, for
the Peak A prpteinL In addition, the calculated molecular weight
was different from the literature value by at least 5,000 gms/mole.

The chemical modiflcations reported were indicative of sig-

nificant temperature induced conformational changes. Information



concerning thiol modification has, to date, beeh scanty. The
foundations lald with these observations will be important not
only for general understanding of the protein, but also for such
spectroscopic tachni%ggfgagiNMB; Sﬁggagﬂ%s a promising beginning

with the 19

F NMR spectra observed for the FEM modified TIM. The
large chemical shift difference of £he labeled protein complex
end the labeled model compound givés some indication of the sen-
sitivity with which this techmique Will be able to detect changes’
in environment and hence the substféte-induced protein conforma-
tional changes. ,

The kinetids chapter was able to expand upon the modifications
performed and led to some exclting dlscoveries of temperature de-
pendent mechanisms: Little information in this area is avallable
but the lower activatlon energy of the substrate enzyme complex
corfelates with some information avallable in the literature (16)
concerning reaction of ratbit muscle TIM wlith DTNB. In one paper,
Krietsch et a8l reported a second order féte constant'for the DTNB
- modification in presence of substrate DHAP which was only a third
of that observed in the absence of substrate. Further investiga-
- tion in this area shows promise of yielding results which allow
fruitful studies of the chemical and physical properties of

chicken muscle triose phosphate isomerase.
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