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Abstract

Haptoglobins are serum glycoproteins which form complexes with
hemoglobin. Three phenotypes of haptoglobin exist in serum (Hp 1-1,
Hp 2-1, Hp 2-2). The latter two types exist as a series of polymers
while the former type exists as a homogeneous protein. All three
haptoglobin types consist of B (heavy) chains and o (light) chains
which are attached by disulphides. The haptoglobin types differ in
their o chains; Hp 1-1 contains only al chains, while Hp 2-2 contains
only azvchains and Hp 2-1 contains al and'oc2 chains. The hemoglobin-
haptoglobin 1-1 complex consists of one molecule of hemoglobin
attached to one molecule of haptoglobin.

The thesis has been divided into three pérts. The first part
(Section III) is éoncerned with the reaction of haptoglobin with an
octameric (double) hemoglobin obtained'from an inbred strain of mice.
In this hemoglobin each of the hemoglobin dimers is joined together by
a disﬁlphide bond. The fact that haptoglobin binds oB dimers indicates
that it is a bivalent molecule like the antibody molecule, immuno-
globulin G (IgG). This bivalence and resultant resembiance to IgG is
examined by studying the reaction of haptoglobin with this mouse hemo-
globin in which the of dimer is held together by a disulphide bond.
The results of both precipitation studies and acrylamide gel electro-
phoresis confirm the postuiated bivalence of haptoglobin and its

resemblance to an antibody.



The second part (Section IV) of the thesis is concerned with
confirming the results obtained in studying the disulphides of hapto-~
globin which were obtained by the cysteic acid diagonal technique.
These results predicted a model in which the two halves of the hapto-~
globin molecule were held together by a disulphide bond at position
2le. Also the results predicted an intrachain loop disulphide between
half-cystines at positions 35 and 69 in the haptoglobin o chain and an
interchain disulphide between a half-cystine at position 73a and the
B chain. This structure has been confirmed by studies on a cyanogen
bromide fragment isolated f;om haptoglobin which contains the intact
a chain. Also the structure has been confirmed by studies on a hapto-
globin derivative in which the molecule has been split in half by the
breaking of a disulphide bond. | |

The third part (Seétion V) of this thesis is an investigation
into the nature of the B93 sulphydryl of hemoglobin when hemoglobin is
.bound by haptoglobin. The resﬁlts demonstrate that there is a
definite change in the environment ofvthis sulphydryl upon formation
of the hemoglobin-haptoglobin complex. Studies with l[)'C—iodoaceta—
mide demonstrate however that B93 can still react in the HbHp

complex.
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I

INTRODUCTION
Haptoglobin Structure

Haptoglobin was discovered in 1938 (1) when it was found that
serum had the property of increasing the peroxidase activity of hemo-
globin, Utilizing the measurement of the oxidation of potassium
iodide by ethyl hydroperoxide, Polonowski and Jayle found that, while
hemoglobin has a low peroxidase activity with a pH optimum of 5.6,
the addition of serum shifted the optimum to 4.2 with a considerable
increase in peroxidase activity. The existence of haptoglobin was
confirmed several years later by paper electrophoresis (2) which
demonstrated that a hemoglobin-haptoglobin (HbHp) complex could be
separated from hemoglobin. The early work on haptoglobin also demon-
strated that this protein existed in more than one form (3).
Haptoglobin 1 was found to precipitate between 54 to 64 per cent
ammonium sulphate and to have a molecular weight around 100,000
while haptoglobin 2 precipitated between 40 and 51 per cent ammonium
sulphate and had a molecular weight greater than 200,000 (4).
Haptoglobin 1 passed the physico-chemical tests of homogeneity--
solubility curve, electrophoretic migration, and ultra—centrifﬁgation
while haptoglobin 2 was found to be heterogeneous (5,6).

A great breakthrough in haptoglobin research came with the

Adevelopment of starch gel electrophoresis (7). Smithies and Walker



found that serum could be classified into three types (8). Type 1

produced o, and ey globulin bands of about equal intensity. Type 2A

1

produced several more bands which migrated on the starch gels between

o, and B globulin bands while the «, band decreased in intensity. In

2
type 2B the pattern was similar to the 2A pattern except that the

1

bands between the ey and B globulins moved more slowly. Using partial-
ly hemolyzed serum it was observed that these proteins were pink before
staiping and were in fact the hemoglobin-binding haptoblobiné 9.
The existence of these patterns in sera was explained by the results
of family studies (10). It was postulated that there was a le gene
and a sz gene whigh were autosomal and exhibited incompiete dominance.
Thus the phenotypes observed would be Hp 1-1, Hp 2-1 and Hp 2-2.
These would correspond to the.preQiously observed serum patterns type
1, type 2A and type 2B respectively. Purification of the haptoglobin
components of serum confirmed these observations (9). Haptoglobin 1-1
ran on starch as a single hémoglobin binding component while hapto-
globins 2-1 and 2-2 ran as a series of polymers with the 2-2 polymers
running more slowly than the 2-1 polymers.

At this point the meaﬁing of the multiple haptoglobin forms was
a mystery. Although the results could be completely explained by
postulating a ﬂpl and aﬂ sz gene, the presence of the sz gene in
some unexplained way led to the formation of a series‘of polymers
upon gel electrophoresis. Some authors (9,11) suggested thét the

.polymer observation was an aggregation artifact but it was generally

accepted to be a real phenomenon. Another break-through came when



Vhaptoglobin was reduced with mercaptoethanol in 8 M urea and, after
reduction, alkylated with iodoacetamide (12). The polypeptides produced
were anélysed by starch gel electrophoresis in 8 M urea using sodium
formate buffer at pH 4.0. All three classes of haptoglobin produced a
slow running very dark band which was called the B8 chain of haptoglobin
and a faster running lighter band called the o chain. it was observed
that the o chain band produced by haptoglobin 1-1 ran more quickly than
the corresponding o chain band in haptoglobin 2-2 while haptoglobin 2-1
préduced both bands. Thus the polymorphism of haptoglobin could now

be seen to be associated with variations in a chains and the occurrence
of multiple bands appeared to correlate with the presence of the more
slowly running band (a2 chain) observed upon gel electrophoresis. Also
it was foﬁnd that the haptoglobin 1-1's could be subdivided into two
categorieé (alF and als) on the basis of the mobility of their al
chains. Amino acid analyses of the purified o chains demonstrated the
replacement of a lysine in Hp alF by an acidic amino acid in als. The
amino acid analyses of the al and a2 chains were also very similar but
they could not be explained on the basis of a éimple point ﬁutation.
Instead fingerprint analyses indicated the presence of a new peptide

in the az chain (13). This peptide had properties consistent with its
resulting from the joining of the carboxyl terminal of the al chain

to the amino terminal of another al chain. Amino acid analyses showed
that this junction peptide is slightly smaller than one which would
-occur by joining the carboxyl terminal peptide to the amino terminal

o 2 .
peptide. " Since the a  chain was also shown to have about twice the



molecular weight of the al the evidence strongly indicated that the

polymeric haptoglobins had resulted from a genetic event in which a

crossing-over had occurred at the DNA level with a resulting partial
gene duplication.

This exciting result represented, for the first time, the
detection at a molecular level of a partial gene duplication and also
served to indicate how the haptoglobin polymefs could be formed. The
existence of gene duplications had been podstulated before and was based
upon cytological observations on the bar locus in Drosophila (14).
Since the time of the haptoglobin discovery the presence of a partial
gene duplication has been detected in many other proteins and in 5s
RNA (15,16).

Fingerprint analyses of the a2 chain also indicated that the

chain resulted from the fusion of the genes for the als and the alF

chain. Thus once the duplication had occurred to form the sz(F’S)
gene then a much more likely genetic event than this initial occurrence
would be the formation of HpZFF and szss genes by crossing over.
Similarly the formation of a triple chain gene by mispairing should
occur. Nance and Smithies have obtained evidence for the former
prediction (18) while the discovery of haptoglobin Johnson appears to
provide eviden;e for the latter (19).

Severalvother haptoglobin phenotypes have been identified.
These include Hp Carlberg and Hp 2-1M in which it appears in the

. 1 .
former case that there is an underproduction of o~ chains and so 2-2

polymers appear along with the 2-1 polymers while in the latter case



there is an underproduction of a2 chains so that the faster running
polymers of smaller molecular weight are present in greater proportion
(20). Other abnormal haptoglobin phenotypes are believed to be
caused by the HpP, HpH, and HpL genes but the gene abnormalities have
not been characterized (21). With the HpB gene a different mobility
has been observed for the o chain in acidic urea starch gels (22).
Both Hp Marburg and Hp Bellevue (23,24) are believed to result from
mutations in the B chain of haptoglobin. Haptoglobin 2-1 Johnson,
which migrates as a series of polymers moving. more slowly than hapto-
globin 2~2 polymers, when examined in the urea gels produces a normal
al chain and a new band which migrates more slowly than the az
band (25). |

The complete sequence of both the al and a2 haptoglobin chains
has now been established (26). The al chain contains 84 amino acids
and the uz chain has 143 (Figure 1). Both chains ha&e an amino terminal
valine and a carboxyl terminal glutamine and contain no methionine or
phenYlalanine. There are four half-cystines in the al and seven in the
az chain. The sequence of the haptoglobin a chains has been compared
with known sequenées of some of the light chains of antibodies (Bence-
Jones proteins) using a computer program developed by Fitch (27). The
results indicaped a homology between the region.around half-cystine
86 in the Bence-Jones proteins and half-cystine 35 of the haptoglobin
o chaiﬁ. This result indicated that there was possibly a common

_evolutionary origin for haptoglobins and antibodies.



Haptoglobin ol 84 residues alF =Lys at position 54
a1S=Glu at position 54

NHZ—Vil—Asn—Asp—Ser-Gly—Asn—Asp—Val—Thr—égp—Ile—Ala—Asp—Asp—Gly—Gln—Pro—Pro—Pro—ng—
—Cys—Ile—Ala—His-Gly—Tyr—Val—Glu—His Ser-Val-Arg-Tyr-Gln-Cys-Lys-Asn-Tyr-Tyr-Lys-
~Leu-Arg- Thr—Gln-Gly—Asp—Gly—Val Tyr- igr—Leu-Asn—Asn-Glu—Lys -Gln~-Trp~ Ile-Asn—ng-
-Ala-Val- Gly—Asp—Lys—Leu—Pro Glu-Cys- égu—Ala—Val -Cys-Gly~Lys- Pro—Lys—Asn—Pro—Aig-
-Asn-Pro~Val- gﬁn—COOH

Haptoglobin o2 143 residues

1 10 20
NHZ-Val—Asn—Asp-Ser-Gly—Asn—Asp—Val—Thr-Asp Ile-Ala-Asp-Asp-Gly-Gln-Pro~Pro-Pro-Lys-
30 40
-Cys~Ile-Ala-His-Gly-Tyr-Val-Glu-Hig-Ser-Val-Arg-Tyr- Gln—Cys—Lys—Asn—Tyr—Tyr—Lys—
50 -Lys- 60
-Leu-Arg-Thr-Gln-Gly-Asp-Gly-Val-Tyr-Thr-Leu-Asn-Asn-Glu-Lys~-Gln-Trp-Ile-Asn-Lys~-
70 80
~Ala-Val-Gly-Asp-Lys-Leu~Pro-Glu-Cys-Glu-Ala-Asp-Asp-Gly-Gln-Pro-Pro-Pro-Lys-Cys-
90 100
~-Ile~Ala-His-Gly- Tyr—Val -Glu-His-Ser-Val-Arg-Tyr-Gln-Cys-Lys-Asn-Tyr-Tyr~Lys-Leu-
110 -Lys- 120
~-Arg-Thr-Gln-Gly-Asp-Gly-Val-Tyr-Thr-Leu-Asn-Asn-Glu-Lys-Gln-Trp-Ile-Asn-Lys-Ala-
130 140
-Val-Gly-Asp-Lys-Leu-Pro-Glu-Cys-Glu-Ala-Val-Cys- Gly—Lys—Pro—Lys—Asn—Pro—Ala—Asn—
143
-Pro-Val-G1ln-COOH

FIGURE 1
CORRECTED SEQUENCES OF THE ol AND a2 CHAINS OF HAPTOGLOBINS



The heavier B chains of haptoglobin have a molecular weight of
40,000 to'42,000 (28,29,30) and contain all of the carbohydrate
attached to the molecule. Haptoglobin contains 14 to 16 per cent
carbohydrate which has the composition, 4.6 per cent siaiic acid, 4.2
per cent glucosamine, 0.2 per cent fucose, and 5.6 per cent hexose
(31). The B8 chain has an amino terminal isoleucine (32,33) and this
chain appears to have a very similar structure in all three major
classes of haptoglobins (34).

The disulphide bonds of haptoglobin (35) have been investigated
using the cysteic acid diagonal technique (36).‘ When these studies
were performed after haptoglobin was digested with pepsin only one
disulphide peptide could be isolated in good yield. This peptide
corresponded to a region of the a chain of haptoglobin which contained
the half-cystine at position 21 (Figure 2). A peptide also rﬁnning
off the diagonal in a corresponding position was not observed and
so it appeared that this peptide was linked to itself and thus a
symmetrical linkage occurred between the o chains of haptoglobin. By
performing cysteic acid diagonals on haptoglobin peptides after
thermolysin digests of haptoglobin 1~1 it was possible to account
for all of the disulphides in haptoglobin (Figure 2). Peptide Thl
represents a sequence of the o chain from position 11 to 21 and again
confirms that the half-cystinyl group at position 21 is joined in a
symmetrical interchain linkage in the haptoglobin molecule. Peptide
Th2 A corresponds to residues 61 té 71 in the o chain while Th2 B

corresponds to residues 31 to 38 in the o chain, Thus this disulphide



Pl

TH1

TH2

TH3

TH4

THS

" 'PEPSIN DISULPHIDE

Ile Ala Asp Asp Gly Glu Pro Pro Pro Lys Cys Ile Ala His

Ile Ala Asp Asp Gly Glu Pro Pro Pro Lys Cys Ile Ala His

" THERMOLYSIN DISULPHIDES

Ile Ala Asp Asp Gly Glu Pro Pro Pro Lys Cys

Ile Ala Asp Asp Gly Glu Pro Pro Pro Lys Cys

Ala Val Gly Asp Lys Leu Pro Glu Cys Glu Ala

Val Arg Tyr Gln Cys Lys Asn Tyr

Val Cys Gly Lys Pro (Pro Lys Asp)

Ile Cys Pro Leu Ser ( Asp Lys )

Tyr Gln Glu Asp Thr Cys

Phe Asp Lys Cys(Ser Ala)

Val Ala Asp Gln Asp Glu Cys

Phe Cys

Gly

Gly

Th2a

Th2b

Th3a

Th3b

Figure 2 STRUCTURES OF THE HAPTOGLOBIN DISULPHIDE PEPTIDES



9
peptide demonstrates that the half-cystinyl group at position 35 in the
o chain is joined to a half-cystinyl group at position 69 in the a
chain. Peptide Th3 A is identical to an o chain peptide corresponding
to residues 72 and 78 if an additional half-cystinyl group is placed
at position 73 in the a chain sequence. Reinvestigation éf the a
chain sequence has shown that in fact a half cystinyl group is present
at this position. Thus the B chain is joined to the o chain by a half-
cystinyl group at position 73 in the o chain. Peptides Th3 B, Thé4,
and Th5 cannot be assigned to the o chain and so must be present in
the B chain of haptoglobin. The disulphides of haptoglobin will be

discussed further in Section IV of the thesis.
Hemoglobin Structure

Hemoglobin without doubt has been the most assiduously studied
protein. This is primarily because it could be easily obtained in
large quantities in a high state of purity (3). Hemoglobin consists
of an apoprotein part, globin, and an oxygen carrying chromophore,
heme. It consists of 4 polypeptide chains, two a chains and two B
chains each with a molecular weight of about 16,500 resulting in a
hemoglobin molecular weight of 65,000 (38). It was demonstrated by
sequencing the hemoglobin chains (39,40) that the two types of chains
had homologous structures (41).

In comparing various globin chains it has been shown that the
chains have related sequences in all regions and that 64’residues are

identical in the o and 8 hemoglobin chains. However these chains



10

only share 21 identical residues with myoglobin.

The three dimensional structure of hemoglobin is now known at
a resolution of 2.8Ao (42). The four chains are arranged tetrahed-
rally around an axis of two-fold symmetry and the cohformation of the
chains closely resembles the conformation of myoglobin (43). In
general terms, the n?npolar residues reside in the interior of the
molecule forming Van der Waals contacts and the pblar residues are
at the surface. Glycine residues and alanine residQes also appear to
reside at the surface of the molecule. Each chain consists of eight
helical regions (A-H) with seven corners and some nonhelical areas.

When the three dimensioﬁal structure of hemoglobin was deter-
mined (43) it was found that the structure of each of the hemoglobin
chains was remarkably like the three dimensional structure of myoglobin.
In fact more recent results indicate that the three dimensional
structure of myoglobin provides a model around which all hemoglobin
and myoglobin conformations fit (44). However in comparing the
primary structures of all of the known vertebrate globin chains only
nine residues remain identical. All of the three dimensional
structures appear to be similar because of the maintenance of a
pattern of nonpolar and polar residues (44) of which the nonpolar
residues appear to be the most invariant. The evidence is based on the
results of x-ray studies and an analysis of the sequences of many
hemoglobin chains of the vertebrates.

Characteristic amino acids are usually found between the

helical regions in the hemoglobin chains. For example, in the B chain
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each of the five prolines occurs in position two of a helix. Model
building demonstrates that, because of its imino group, in any o helix
containing N residues proline can only exist at positioms 1, 2, 3 or
N+1 (44). Position 1 is often occupied by a serine, threonine,
aspartic acid or asparagine. The hemes are located in hydrophobic
pockets and are attached by coordinate covalent bonds to histidines
at position F8. There are sixty interactions between globin chain
atoms and heme atoms which are within 4A° and all but three are non-
polar. The similarities in the structures of globin chains in the
regions corresponding to these interactions is striking.

Each o éhain of hemoglobin is in contact with two B chains and
with the other o chain. .The converse is true for each B chain. The
contact o383 is more extensive than the contact a1Bo. It consists of
110 atomic interactions which are mainly nonpolar. The contact a8,
has only 80 interactioﬁs (Figure 3). Again they are mainly nonpolaf
but there is one clear hydrogen bond between aspartic 94 and aspara-
gine 102, Upon deoxygenation of hemoglobin there is a large movement
in the 0B, area with a displacement by as much as 5.7A° for some con-
tact atoms while ﬁovement in the region of the wo3jB; contact is slight
with the contact becoming more exteﬁsive. "The 018, contact is such
that it allows the two subunits to slide past each other with a
resultant effect on the environment of the hemes. The electron
density.maps do not show definite contacts between like chains al-

though they probably exist.
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31 B12
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35 Bl6
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35
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Thirty-foui' residues, including about 110 atoms in contact,

Figure 3 Interatomic contacts

H9
H6

H5

H3

H2
H1
GH5
GH2
G18
G17
Gl4
G10
D6
D2 .
cl

B16

B15

B12

%1 &
38 €3 thr\ ,pro 36 C2
41 C6  thr SN 3 .trp 37 C3

42 C7 | tyr -gln 39 C5
91 FG3 leu —1—1 ‘ ==—arg 40 C6
92 FG4 arg S his 97 FG4
93 FG5 val val 98 FG5

94 G1  asp asp 99 Gl

95 G2  pro 2— 8lu 101 G3

96 G3 val//// . T ~asn 102 G4
© 140 H23 tyr

Ninetcen residues, including about 80 atoms in contact.

Plain connecting lines indicate van der Waals contacts; broken ones
" indicate that the contact includes a hydrogen bond. The numbers on the |
* Hnes give the number of atoms contributed to the contact by the two residues !
. on each side. :
i The contact a,f; comprises thirty-four residues. Twenty-one of these are | -
_common to al the normal mammalian haemoglobin sequences analysed so

far. The contact a,fly comprises nineteen residues.  All hut one of these are

common. ‘The one replicement [CHBMNE gin—arg), reported for llama,. '

would not aflfuct the stercochemistry of the contact.

between residues in unlike hemoglobin chains

4!
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Hemoglobin has three. sulphydryl groups per dimer which are
located at positions B93, B11l2 and o0lO4. Of these only one, 893, will
react with iodoacetamide under normal conditions (45,46). 1In
deoxyhemoglobin this cysteine becomes unreactive (47). This effect
upon the reactivity of R93 alsb appears related to the dissociation
of hemoglobin from tetramers to dimers which occurs to a small extent
under physiological conditions (48) and can be increased by increasing
the salt concentration or by extremes of pH (48). Dissociation occurs
to a much smaller extent in deoxyhemoglobin than in oxyhemoglobin (49).
X-ray crystallography has revealed that the B93 SH interacts with
histidyl g97 and that this histidyl residue is involved in the
contact which is broken upon dissociation from tetramers to dimers
(50,42). The decreased reactivity of B93 has now been explained as
resulﬁing from restricted access to the exposed SH. This restriction
is caused by the interaction of histidyl B1l46 with the B carboxyl of
aspartyl B94 (51). |

Over 100 varients of the normal hemoglobin structure are now
known (52). Most of these have been detected by abnormal electro-
phoretic mobility and the modified structure can be explained by
single base changes in the genetic code. In a European population, a
study showed the frequency of mutant hemoglobins to occur with a
"frequency of about one in two hundred (52). Several abnormal hemo-
globins have been observed which affect the subunit contacts in
hemoglobin (53). Those affecting the a8, contact, which is broken

when hemoglobin dissociates in solution, are Hb J Capetown agz(arg+gln),
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(asp>his)

Hb Chesapeake ugz(arg+leu)’ Hb Yakima B99 , Hb Kempsey

(asn>thr)

(asprasn) 'y y.hcas 8102 )

B99
Hemoglobin-Haptoglobin Structure

The reaction of haptoglobin with hemoglobin can be detected
by starch, paper, acrylamide or cellulose acetate electrophoresis, by
ultracentrifugation or by Sephadex chromatography (54). All of these
techniques produce a separation of the HbHp complex from hemoglobin
or haptoglobin and the complex can be detected by its absorbance at
407 or 540 nm or by its peroxidose activity. Thevcomplex is extremely
stable and does not dissociate at all under normal conditioﬁs as there
appears to be no exchange between isotopically labelled hemoglobin
and the complex (56). Also the complex will form under conditions of
pH from 4 to 9 and in 2M sodium chloride (54). Human haptoglobin will
react with hemoglobins from a series of related animals and will bind
globin but will not bind myoglobin (54). It can be observed upon
starch gel electrophoresis that all of the haptoglobin polymers bind
hemoglobin (9). There was a report that the large polymers bouﬁd
less hemoglobin per gram (56) but this has been disproven and it now
appears that all polymers bind 0.7 grams of hemoglobin per gram of
. haptoglobin (54).

In 1964, Nagel and Ranney reacted a variety of hemoglobins with
haptoglobin and tested the reaction by starch gel electrophoresis (57).

They found that hemoglobins A_, F, I, and Lepore bound haptoglobin

2’

while H and Bart's failed to show binding. These last two hemoglobins



are tetramers of the B chain and the o chain of hémoglobin res-
pectively. Since oxyhemoglobin H resembled deoxyhemoglobin A in
crystal structure (58) they went on to test this protein for reaction
with haptoglobin (59). If hemoglobin were completely deoxygenated
with a small amount of dithionite, no binding to haptoglobin was
obse;ved. This lack of binding of deoxyhemoglobin was confirmed
with haptoglobin 2-2 by analysis in the ultracentrifuge (60).
Deoxygenation of the oxygenated HbHp complex did not reverse .the com-
~ bination and release deoxyhemoglobin and haptoglobin. Carboxypep-
tidase A (CpA) treated hemoglobin reacted with haptoglobin whether

iﬂ the deoxy of oxy form (60). In CpA-treated Hb the C-terminal
histidine is removed and conformational changes accompanying
deoxygenation cannot occur (51).

Two physiologically significant properties of hemoglobin are
its reduced oxygen-carrying ability under acidic conditions, ''Bohr
effect", and the sigmoidal nature of its oxygen binding as a function
of oxygen tension, usually ascribed to "heme~heme interaction" (61).
The hemoglobin-haptoglobin complex has radically altered oxygen-
binding properties When compared with free hemoglobin (62) including
a 30-fold increase in oxygen affinity and a nonsigmoidal oxygen
binding curve. Further studies showed the absence of a Bohr effect,
no change in the carbon monoxide combination rate with pH, and a
decréase in the molar extinction coefficient (e¢) at 430 nm (63).
These findings all suggest that in the complex the hemoglobin can no

longer undergo conformational changes. Interestingly, it was also

15
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found that HbHp 2-2 combines with carbon monoxide faster than HbHp 1-1.

Recently hemoglobins which éhow an impaired binding to hapto-
globin have been reported (64). The first of these was a hemoglobin
obtained after reaction with bis (N-maleimidomethyl) ether (65).
This bifunctional maleimide* reagent first adds to the 893 SH and
then reacts with histidyl B97 (66). When prepared from human hemo-
globin this derivative shows reduced dissociation into dimers in a
similar manner to deoxyhemoglobin. However it has been shown that
horse bis (N-maleimidomethyl) ether-Hb is crystallographically similar
to oxyhemoglobin and has similar dissociation properties whether in
the oxy or deoxy form (67). J

In addition to the standard methods for studying the hemoglobin-
haptoglobin reaction, Bunn (64) has devised an interesting new method.
In this methodvhaptoglobin is added to a solution containing equal
amounts of radioactive and nonradicactive hemoglobin and then the
. complex is separated from excess hemoglobin by gel filtration and the
relative specific activities.in the two proteins determined. Since
the hemoglobin to be tested for binding is nonradioactive, if the
specific activity in the cdmplex peak is greater than in the hemo-
globin peak, then the labelled hemoglobin bound more rapidly to hapto-
globin.

Bunn (64) has tested a series of hemoglobins, all modified at

B93 by treatment with either iodoacetamide, p-hydroxymercuribenzoate

(=

* :
Its structure is L\ ‘
N.—CHZ—O—CHZ—N\W

o (-]
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(pEMB) , cystine, cystamine, or N-ethylmaleimide. 1In all cases he
found that their combination with haptoglobin was essentially unchanged
except for a slightly faster rate of reaction with pHMB-hemoglobin.
However both less complete and less rapid binding for bis (N-maleimidom-—
ethyl) ether-hemoglobin (BME-Hb) to haptoglobin were detected by gel
filtration, peroxidase assays, and by the radioactive hemoglobin
method. When the BME-HbHp was rechromatographed on Sephadex G-100 no
dissociation of the comple% was observed. Bunn suggests that this
BME-hemoglobin shows decreased binding because it is less dissociated
and haptoglobin only reacts with the dissociated af dimer of hemo-
globin. Since it has not been-demonstrated that human BME-hemoglobin
has the same conformation as human oxyhemoglobin this conclusion cannot
be drawn definitely. However it should be possible to test this
interpretation by using human BME-hemoglobin or deoxyhemoglobin under
conditions of pH and ionic strength in which they are as dissociated
as oxyhemoglobin. Since the hemoglobin-haptoglobin binding is so
very strong it seems likely that even a small degree of dissociation
of hemoglobin would lead to a complete reaction and so BME-hemoglobin
and deoxyhemoglobin must bind léss tightly to haptoglobin because of
an altered conformation. Thus if hemoglobin dissociates less readily,
this could explain an effect on the rate of reaction with haptoglobin
but not on the equilibrium.

In a further study, Bunn has provided more evidence for the
relationship Between hemoglobin dissociation and binding to hapto-

globin (68). He found that Hb Kansas, which is more highly dissociated
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than hemoglobin A, bound haptoglobin more rapidly and that for Hb
Chesapeake, which is less highly dissociated, the reverse is true.

Since the hemoglobin-haptoglobin complex has a molecular weight
of 170,000 (4) it was felt that 1 molecule of haptoglobin combines
with 1 molecule of hemoglobin. The first indication that haptoglobin
might bind "half-hemoglobin', the oB dimer, came from Laurell's
laboratory when he observed fhat, if excess haptoglobin was mixed with
hemoglobin, a new species was observed aftervstarch gel electrd-
phoresis at pH 7 (69). The new peroxidase positive band migrated
between the HbHp complex and free haptoglobin and Laurell suggested
that it was a complex of éne haptoglobin and one af hemoglobin dimer.
Several years later, Hamaguchi (70) purified this HbHp intermediate
and showed that its molecular weight of 134,000 and heme content were
consistent with Laurell's postulate.

The fact that haptoglobin can react with first one af hemo-
globin dimer and then a sécond indicates that haptoglobin is bivalent
and that the full complex consists of haptoglobin plus a pair of
hemoglobin dimers. TFurther confirmation of this model comes from
the work of Nagel and Gibson (71). They were able to measure the
rate of reaction of hemoglobin with.haptoglobin by measuring quench-
ing of the tryptophane fluorescence of haptoglobin by the heme
groups. Their results showed that the rate of reaction did not
increase linearly with hemoglobin conceﬁtration and thus a dissocia-
tion appeared to precede reaction. They also tested the reaction of

haptoglobin with the isolated a and B hemoglobin chains and observed



a reaction with isolated o but not with B chains. When haptoglobin
was incubated with d chains and then B chains added, an initial rapid
reaction was observed, but when the incubation was with 8 chains

and then o chains were added, the rate was similar to that with o
chains alone. This indicated that the o chains form a complex with
haptoglobin which can then react rapidly with B chains.

More recently another detailed study of the reaction of hemo-
globin chains with haptoglobin has also provided interesting results
(72). Both o and B hemoglobin chains were found to bind to hapto-
globin but to a much smaller extent than hemoglobin itself. The o
chains had a higher affinity than the Bvchains and four o chains
could be bound per haptoglobin (Figure 4). The reaction with the
chains appears to be reversible and they can be displaced by adding

hemoglobin.
Outline of the Present Study

The present study represents attempts to further understand
both the nature of hemoglobin-haptoglobin binding and some aspects of
haptoglobin structure. This study has been divided into three parts,
one pertaining to studies on haptoglobin bivalence, one to studies on
the disulphides of haptoglobin, and the last to studies on the
sulphydryls of the hemoglobin-haptoglobin complex.

The first part of the thesis (Section III) is concerned with
the reaction of haptoglobin with an octameric (double) hemoglobin

obtained from an inbred strain of mice. In this hemoglobin each of
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the hemoglobin dimers is joined together by a disulphide bond. The
fact that haptoglobin binds af dimers indicates that it is a bivalent
molecule like the antibody molecule, immunoglobulin G (IgG). This
bivalence and resultant resemblance to IgG is examined by studying
the reaction of haptoglobin with this mouse hemoglobin in which the
dB dimer is held together by a disulphide bond. The results of both
precipitation studies and acrylamidé gel electrophoresis confirm the
postulated bivalence of haptoglobin and its resemblance to an antibody.

The second part (Section IV) of the thesis is concerned with
confirming the results obtaiﬁed in studying the disulphides of hapto-
globin which were obtained by the cysteic acid diagonal technique.
These results predicted a model in which the two halves of the hapto-
globin molecule were held together by a disulphide bond at position
2la. Also the.results predicted an intrachain loop disulphide between
half-cystines at positions 35 and 69 in the haptoglobin o chain and an
interchain disulphide between a half-cystine at position 730 and the
B chain. This structure has beén confirmed by studies on a cyanogen
bromide fragment isolated from haptoglobin which contains the intact
a chain. Also the structure has been confirmed by studies on a hapto-
globin derivative in which the molecule has been split in‘half by the
breaking of a disulphide bond.

The third part (Section V) of this thesis is an investigation
into the nature of the P93 sulphydryl of hemoglobin when hemoglobin is

bound by haptoglobin. The results demonstrate that there is a



definite change in the environment of this sulphydryl upon formation
of the hemoglobin-haptoglobin complex. Studies with 14C—iodoaceta—
mide demonstrate however that 893 can still react in the HbHp

complex.
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MATERIALS AND METHODS
Starch-Urea Gel Electrophoresis

The vertical method of Smiﬁhies was employed (73). Either 80
to 83 g of starch (Canaughf Medical Research Laboratories, Toronto,
Canada) or 67 to 70 g (Otto Hiller, Electrostarch Company, Madison,
Wisconsin, lot 682) were weighed into a one litre beaker. Two hundred
and forty grams of urea were added and the two powders thoroughly
mixed. Three hundred milliliters of 0.083M sodium formate buffer pH
3.0 (prepared from 50 ml of solution containing 0.5M formic acid and
0.1M sodium hydroxide) or 300 ml of aluminum lactate buffer pH 3.7
(stock solution of Sung and Smithies (74) diluted four fold) were
added to the mixture of starch and urea. Subsequént steps in the pre-
paration of the géls containing urea followed the previously described
method (75) except that degassing is omitted (74).

Bridge solutions for the formate gels were the same as those
previously described (75) and for the aluminum lactate gels they were
the four fold diluted stock aluminum lactate pH 3.7. The gels were
sliced and stained by fhe method of Smifhies, Connell and Dixon (75).
Both the Amido Black stain and the Wool Fast Blue Stain were used.

The Wool Fast Blue stain was not as sensitive as the Amido Black stain
but the gel could be destained more quickly, Thus, except when a pre-

liminary analysis was required, the Amido Black stain was used in



24
preference to the Wool Fast Blue stain.
Two dimensional starch urea gel electrophoresis was performed
according to the method of Smithies, Connell and Dixon (76). However
a 2-bladed cutting tool was used in which the blades were 0.7 cm
apart instead of 0.4 cm. In the second dimension, gel markers of re-
duced and alkylated haptoglobins were inserted at both ends of the gel

at the starting line by means of a small piece of Whatmann 3MM

paper (73).
Polyacrylamide Disc Gel Electrophoresis

Polyacrylamide gels were prepared following conditions des-
cribed by Davis (77). Although the concentration of acrylamide was
altered to suit particular expefiments, the preparation of a five per
cent polyacrylamide gel serves as an example of the experimental
techniqué. |

Glass tubes approximately 10 cm in length and 5 mm diameter
were used as moulds for the disc gels. The bottom of the tubes was
sealed with a rubber plug and the tubes were clamped in a rack for
filling., Then 1.3 g acrylamide and 63 mg N, Nl—methylenebisacrylamide
were added to 25 ml ofIO.lM sodium phosphate buffer. Immediately
before gasting.of theAgels 10 ul of tetramethylethylenediamine (TEMED)
and 15 mg of ammonium persulphate were added to the acrylamide solution.
The gelling solution was added to the glass tubes with a Pasteur pip-
ette, taking care thaf in each tube the levels of the gel solutions

were equal. Water was carefully layered on top of the acrylamide
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solution surface with a micropipette in order thét the polyacrylamide
gel would have a flat meniscus. The gelling time varied considerably
with the composition of the buffer but by varying the ammonium sul-
phate concentration the gelling time can be adjusted to about one-half
hour. The polymerized gel was washed on the surface with distilled
water to remove any ungelled material.

Electrophoresis was performed in either of two sets of apparatus
which both were similar to that described by Davis (77) and which
could hold either 8 or 20 gels. The gels in the glass tubes made
electrical contact with the upper and lower containers which heid the
-electrophoresis buffer. Rubber plugs sealed the openings through which
.the gels penetrated the bottom of the upper container. Usually
sucrose was dissolved in the electrophoresis sample to increase its
density. The surface of the gei was first covered with the electro-
phoresis buffer and then 5 to 20 pl of sample were applied onto the
gel surface by a micropipette. The compartments of the apparatus were
filled with sodium phosphate buffer until the platinum electrodes were
covered. Eléctrical contact was made to a Heathkit IP-32 power source
and electrophoresis was carried out at a maximum of 200 to 300 volts.
A fine wire or, when available, the inner shaft of a 22-gauge hypo-
dermic needle was used to rémove the gel from the glass tube.

Gels were stained by keeping them for approximately 45 minutes
in a 0.1 per cent Amido Black (w/v) in 10 per cent acetic acid (v/v)
solution. After the staining period the dye solution was removed and

the gels were destained in 10 per cent acetic acid.
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Three different acrylamide gel buffers; 0.05M glycine, 0.01M
Tris, pH 8.5; 0.1M sodiﬁm phosphate, pH 7.0; and 0.11M Tris, 0.062M
boric acid, 2.5mM disodium [ethylenedinitrilo]tetraacetate (EDTA),
and a variety of gel lengtﬁs were employed ih the experiments described
in this thesis. However, wﬁere appropriate the particular modifi-
cations are discussed along with the experiment. A more detailed
description of the technique of polyacrylamide gel electrophoresis can
be found in the article by Davis (77).

ﬁight molar urea—polyaérylamide gels were prepared in a similar
manner to that described above. However, because urea increases the
volume of aqueous solutions the gei solution was made up to volume
after the urea was dissolved. Also, since urea decreased the polymer-
ization time for the gels, the concentration of ammonium persulphate
and TEMED used was one-half that used for making gels that contained

no urea.
High Voltage Electrophoresis

High Vbltage electrophoresis was performed in a vertical
apparatus using four buffers; pyridinium acetate pH 6.5 (100 ml
pyridine--4 ml acetié acid--900 ml water), pyridinium acetate pH 3.6
(10 ml pyridine--100 ml acetic acid--890 ml water), formic-acetic acid
sblution pH 1.9 (20 ml formic acid--80 ml acetic acid--990 ml water),
and pyridinium formate pH 4.0 (48 ml pyridine--35 ml formic acid--
3920 ml water) on Whatmann 3MM paper. The apparatus is déscribed by

Ryle (78) and the technique is discussed in detail by J. Legget
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Baily (79). A series of coloured markers, xylene cyanol FF (XCFF),
methyl green (MG), orange G (0G), and crystal violet (CV) were used in
order to help monitor the progress of the electrophoresis.

The electrophoretograms were stained for peptides or amino
acids with a 0.5 per cent ninhydrin in acetone solution. For a per-
manent stain a cadmium acetate ninhydrin dipping reagent was used (80).
Amino-terminal proline was detected by dipping the electrophoretogram
in an isatin solution (0.2 g isatin, 100 ml acetone, and 4 ml acetic
acid). Histidine was detected by spraying with Pauly reagent (79).

It was possible to stain first with isatin, then with ninhydrin and
then Pauly reagent. However, in order to remove most of the isatin
from the 3MM paper before ninhydrin staining the 3MM paper was dipped

twice in ethanol.
Acid Hydrolysis (82) and Amino Acid Analysis (83)

For a protein hydrolysis 100 to 200 ul of 6N HC1l (1:1 dilution
of reagent concentrated HCl) was added to 0.5 to 2 mg of lyophilized
prdtein in a 10 by 70 mm Pyrex test tube. After heating in an oxygen
flame a section of the tube 2 to 3 cm from the topbwas pulled to a
bore of about 2 mm. The sample was then coolgd in an alcohol dry ice
bath and the tpbe was connécted by means of an adaptor to an oil
pump. The sample was evacuated and allowed to warm to room temperature.
When bubbles of air ceased to form in the sample the Pyrex tube was
sealed under vacuum with the oxygen flame. The sample was hydrolyzed

for 15 to 20 hours in a oven at 110° C. After hydrolysis the
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evacuated tube was cooled, opened, and then dried in a vacuum desic-~
cator over sodium hydroxide.

Partial acid hydrolyses were performed in 100 ul of 6N HC1l (1:1
dilution of reagent concentrated HC1l) at 110° C. The hydrolyses were
performed in Pyrex tubes (10 by 70 mm). The samples were heated to
100° C for 1 minute in a boiling water bath and then hydrolyzed for
19 minutes in a 110° C oven. Then the samples were cooled, diluted
five-fold with water, and lyophilized.

Peptide hydrolysis was performed after elution of the peptide
with water (0.3 to 0.4 ml) from a paper electrophoretogram. The |
peptide was eluted into a test tube (84) and then dried at 50° C in a
Buchler Rotary Evapomix. One hundred microliters of 6N HCl was added
to the dried peptide and hydrolysis was performed in the same manner
as used for proteins.

Amino acid analyses were performed on a Beckmann 120 C amino
acid analyzer according to the method of Spackmén, Stein and Moore (83).
The dried hydrolysates were dissolved in 0.2 ml to 0.4 ml of 0.2N
sodium citrate buffer, pH 2.2. For protein hydrolysates the precipi-
tate resulting from the degradation of tryptophane by HCl was removed
by centrifugation or filtration through a Millipore filter. Then a
50 to 75 per cent aliquot of the sample was used for analysis.

Amino acid analysis of peptides was performed using a single
column procedure developed by Devenyi (85). Amino acid analyses of
homoserine peptides were performed following the method of Tang and

Hartley (87). Dry hydrolysates were dissolved in 100 pl of 2N NH4OH
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and incubated at 37° C for one hour to convert homoserine lactone
to homoserine. The samples were then dried on a Buchler Rotary
Evapomix and analyzed as described above.
Amino-Terminal Amino Acid and Carboxy-Terminal
Amino Acid Analyses
Amino-terminal analysis were performed following the dansyl
chloride method of Gray (88). After reaction of the polypeptides~
with dansyl chloride (1-Dimethylaminonaphthalene~5-sulphonyl chloride)
the sample was dried on a rotary evaporator and hydrolyzed in 6N HC1
as described in the procedure for amino acid analysis. In order to
identify dansyl-proline the sample was only allowed to hydrolyze for
6 hours instead of the normal 15 to 20 hour hydrolysis time. Dansyl-
amino acids were identified by the thin layer chromatographic method
of Black and Dixon (89).
| Carboxy~-terminal analysis was determined aftef digestion with
carboxypeptidase A. The enzyme wag prepared b& the method of Potté,
Berger, Cooke and Anfinsen (90). Four miliigrams of fragment PC III
were dissolved in 200 ul of pefformic acid at 0° C and oxidized for 90
minutes at 0° C (91). Then 1.0 ml of water at 2° C was added and the
resulting solution was then frozen and lyophilized. Performic-acid
oxidation converted the fragment into a denatured form which was
suitable for digestion with‘carboxypeptidase. Carboxypeptidase diges-
tion of non-oxidized fragment resulted in only a very low yield of

amino acids. Two milligrams of performic-oxidized PC III were dissolved
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in 100 pl 2N NH, for 1 hour at 37° C to convert any homoserine lactone

3
to homoserine and subsequently the solution was dried. The fragment
was then redissolved in 0.5 ml of 0.2N ammonium bicarbonate to which
10 pl of carboxypeptidase A solution (44 ng) were added. Digestion
was allowed to proceed for 6 hours at 37° c. After digestion the
amino acids which were released were absorbed on Dowex 50 and subse-
quently eluted with 5N NH3 (92). The amino acid containing solution

was then dried and analyzed on the amino acid analyzer as described

previously.
%
Enzymatic Digestions of Fragment PC III

One per cent solutions of fragment PC III and pepsin (3 x crystal-
lized, Nutritional Biochemicals Corporation) were prepared by dissolving
the proteins in an appropriate volume of 5 per cent (v/v) formic acid.

To a given volume of PC III solution was added a 1/10 volume of pepsin
solution. Digestion was allowed to proceed for 16 to 18 hours at

37°

C. After this time the sample was dried on a rotary evaporator and
then redissolved in pH 6.5 buffer (100 ml pyridine--4 ml acetic acid--
900 ml water) equal in volume to the volume of 5 per cent (v/v) formic
acid used in initially dissolving the fragment. To this solution was

added a 1/20 volume of 1 per cent (w/v) porcine trypsin (Novo Industri)

solution (weight ratio enzyme to fragment = 1 to 20). Then digestion

was allowed to proceed for from 5 to 7 hours at 37° C. After the

%
See Section IV for a description of PC III.
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digestion period was over the sample was again dried and then dissolved

in a small volume suitable for electrophoresis.
Preparation of Hemoglobins

The hemoglobin used in this thesis (except where indicated) was
prepared by Chan (54) following the method of Drabkin (37). Although
the hemoglobin had been prepared as carbonmonoxyhemoglobin it had been
stored as a powder at -20° C for several years and when redissolved
produced a spectrum identical with methemoglobin.

Double molecules of mouse hemoglobin were prepared following
the method of Riggs (93). Mouse blood of inbred strain DBA/2J was
obtained from the Roscoe B. Jackson Memorial Laboratory, Bar Harbour,
Maine. fhe cells were washed 3 times in 0.9 per cent NaCl and then
were lysed in an approximately equal volume of distilled water. The
lysate was then dialysed against 0.2M sodium chloride for 24 hours
with four changes of éaline solution. This solution was then stored
for 1 to 2 weeks at 4° C. Double hemoglobin (HbHb) was separated
from single hemoglobin by chromatography on a Sephadex G-100 column
(2.2 by 90 cm) using a sample volume of 3 ml (88). The column fractions
containing HbHb wére dialyzed, lyophilized, and stored at -20° c.

Upon redissolving, this material produced the spectrum of methemo-
globin. In order to prepare larger amounts of HbHb, 15 ml of dialyzed
lysate were fractionated on a Sephadex G-100 column (5 by 90 cm).

For the study of the reaction of C14—iodoacetamide with oxy-

hemoglobin the oxyhemoglobin solutions were prepared from human red
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blood cells (37), dialysed against 0.1M sodium phosphate, 0.2M sodium
chloride, pH 7.2, stored at 4° C and used within three weeks of
preparation.

Reactions with Hemoglobin and the
Hemoglobin-Haptoglobin Complex

Dithiodipyridines

The dithiodipyridines (2-PDS and 4-PDS) were obtained from
Aldrich Chemical Company, Milwaukee, Wisconsin. The reaction between
2-PDS or 4-PDS and hemoglobin (Hb) or the hemoglobin-haptoglobin (Hb-Hp)
complex was followed by the absorbance of the solutions at 343 and 324
nm, respectively, with a Model lSHCary spectrophotometer (94). vAn
aliquoﬁ of stock dithiodipyridine solution was mixed with the hemo-
globin solution in a spectrophotometer cuvette and the change in A

343

or A324 as a function of time was determined using the hemoglobih

solution as blank. All reactants were dissolved in 0.05M sodium

phosphate, 0.05 sodium chloride, pH 6.0. The final concentration of

reactants were Hb, 7.0 x 10—6M (in heme); 4-PDS, 3.3 x lO—SM, for

the reaction of Hb and 4-PDS; and Hb 2.4 x 10_5M and 2-PDS, 2.5 x
10—4M with the reaction with 2-PDS.

14C—iodoacetamide

14C—iodoacetamide (1.53 mCi/mMole) was obtained from Volk Radio-

chemical Company and reacted at room temperature in 0.05M sodium phos-
phate, 0.1M sodium chloride, pH 7.3, with'Hb (5.7 x 10_4M in heme) or

Hb-Hp (Hb 5.7 x 10_4M in heme to which an excess of Hp is added) using
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a concentration of 4 x 10—3M lZ’C—iodoacetamide. Control reactions with
free haptoglobin were performed at 1.2 and 2.2 x 10—4M haptoglobin,
The reactions were terminated at various times by diluting a 15 or 25
ﬁl aliquot into 0.2 ml of 0.07M B-mercaptoethanol. The excess iodoa-
cetamide~mercapthoethanol adduct was removed on a Sephadex G-25 column
(0.7 c¢m by 70 cm) using 0.05M Tris-HC1, pH 8.0, or 0.01M NH4HCO3 as
buffer and the amount of radioactivity in the protein determined by
mixing a 1.2 ml aliquot with Bray's solution (95) and counting in a
Unilux 1 liquid scintillation counter. The amount of the iodoacetamide

attached to the hemoglobin was determined by the ratio of the c.p.m. to

the absorbance at 407 nm.

Reactions with Haptoglobins

Cyanogen Bromiae Cleavage of Haptoglobins

.Cyanogen bromide (CNBr) cleavages were attempted in three media-—-
70 per cent formic acid or 0.1 or 0.01N sodium acetate buffer, pH 4.7.
For the formic acid reaction a 3.3 per cent aqueous solution of hapto-
globin (Hp) was prepared and 3 parts of this solution was mixed»with
7 parts of a 14 mg/ml cyanogen brémide in 98 per cent formic acid
solution. The final concentrations of Hp and CNBr were 1 per cent and
thevmolar ratio of CNBr to Hp was 1000 fo 1. In general, the reactions
were allowed to proceed for greater than 15 hours and then the solu-
tions were diluted with water at least 4~fold so that they could be
easily frozen and lyophilized. A similar protocol was followed for

the acetate reactions.
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Reaction of Haptoglobin with a Mixture of
Sodium Sulphite and p-chloromercurisulphonate (pCMS)

The 'half-molecule' of haptoglobin was prepared by the method
of Rorstad and Dixon (96) which used sodium sulphite and parachloro-
mercurisulphonate. The reaction was allowed to proceed for from 30
to 60 minutes and the solution was then desalted. In the preparation
of labelled half-haptoglobin the specific activity.of the 35S—sulphite

was 11 mCi/mMole.
Haptoglobin Preparation

Haptoglobin was prepared following the method of Chan (54).
The starting material was ascites fluid, a rich source of haptoglpbin,
to which ammonium sulphate was added to give 55 per cent saturation.
The precipitate was dissolved in 0.01M sodium acetate buffer, pH 4.7,
and dialyzed against this buffer to remove the sulphate. Any precipi-
tate forming during dialysis was removed by centrifugation and the
supernatant applied to a DEAE-cellulose column equilibrated with -
0.01M sodium acetate buffer at pH 4.7. The column was then washed
with a large volume of buffer and then eluted with a gradient of
0.0IM NaCl to 0.3M NaCl in the same acetate buffer. The protein peak
obtained was then dialyzed against distilled water and lypohilized.
The protein was then dissolved 0.05M ammonium acetate at pH 8.6 and
run on a Sephadex G-200 column. One major peak of haptoglobin was
usually obtained with a minor faster-running peak of caeruloplasmin

and a minor slower-running peak of albumin and postalbumin. The



haptoglobin was then characterized for purity and hemoglobin binding
by starch gel electrophoresis (54) or by polyacrylamide disc gel

electrophoresis.
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HAPTOGLOBIN DOUBLE HEMOGLOBIN (Hb.Hb) REACTION
Introduction

Human haptoglobin of phenotype 1-1 is constructed of two dis~
similar pairs of polypeptide chains held together by disulphide
bonds (12). The smaller a-chains have a molecular weight of 8,800 (92)
while the larger, carbohydrate-containing B-chains, possess a molecular
weight of 40,000 to 43,000 (28,29,30) for a total of 98,000 + 1,000 for
the intact haptogloBin 1-1 molecule (28,30). The overall structure of
haptoglobin 1-1 thus bears a strong resemblance to that of immuno-
globin G. Since the cémplete amino acid sequence of haptoglobin a-
chains has been determined and a detailed comparison between this sequence
and those of a series df.Bence—Jones proteins indicated homology between
portions of the haptoglobin a-chains and Bence-Jones sequences (26),
it is reasonable to examine whether haptoglobin and the immunoglobins
possess any functional similarities. The major function of hapto-
globin appears related to its remarkable property of binding hemoglobin
extremely tightly and specifically giving rise to a complex of M.W.
163,000 with a stoichiometry of 65,000 gm of hemoglobin to 98,000 gm
of haptoglobin 1-1 (4). Since hemoglobin is normally contained with-
in the red blood cells it can be considered that when it is released
by hemolysis into the plasma, the location of haptoglobin, it becomes

a protein foreign to that particular compartment of the body.
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Thus haptoglobin in complexing with it acts in a manner analogous to
that of an antibody binding to a foreign protein. Thus, in some ways,
haptoglobin can be considered functionally as a constitutive hemoglobin
antibody although there are a number of differences between haptoglobin
1-1 and immunoglobulin G (IgG). These include different sites of
synthesis (liver and lymphoid tissue respectively), isocelectric points,
and molecular weights of the light chains (97,98) as well as the
absence of complement fixation by the hemoglobin-haptoglobin complexes
(99). The 1:1 stoiéhiometry of the hemoglobin—haptoglobin complex
would, at first sight, suggest that haptoglobin might possess only a
sinéle binding site for hemoglobin, a clear difference from antibody
molecules such as IgG which are bivalent towards antigens. However,
Laurell (69) found upon adding less than stoichometric amounts of
hemoglobin to haptoglobin that a distinct intermediate could be
observed upon electrophoresis and postulated that this complex con-
sisted of a half molecule of hemoglobin bound to one molecule of
haptoglobin (100). 1In mofe recent studies Hamaguchi (70) has purified
this intermediate aﬁd has found that its molecular weight is 140,000
and its stoichiometry indeed 1/2 hemoglobin to 1 haptoglobin. In
addition, Nagel and Gibson (71), in studies of the kinetics of the
hemoglobin~haptoglobin reaction have found evidence that the combination
of haptoglobin is not with intact hemoglobin tetramers but with either
(aB) dimers or with first o and then 8 hemoglobin chain monomers.

In order to gain further insight into the number of binding

sites in haptoglobin, the reaction between covalently-linked double
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hemoglobin molecues (having eight chains) and haptoglobin has been
studied. Riggs (93) has shown that ﬁhen the hemoglobin of certain
strains of mice is allowed to stand in air, disulphide bonds can form
between free sulphydryl groups of cysteine residues in the § chains
giving rise to hemoglobin octamers (ay By) in which each pair of B
chains is conneéted by a single, intermolecular symmetrical.disulphide
bond. In this section, such hemoglobin octamers have been found to
combine readily with haptoglobin to produce a series of aggregates of
increasing size which precitipate at low ionic strength in a manner
analogous to the prgcipitation of antigen-antibody complexes. The
formation of these complexes can most easily be.explained if hapto-
globin is bivalent in its combination with hemoglobin. Treatment of
these molecular aggregates of haptoglobin and octameric hemoglobin
with mercaptoethanol converts them to the usual single hemoglobin-

haptoglobin complexes.
Precipitation Studies

When solutions of mouse double hemoglobin (Hb.Hb) were mixed
with each of the three major haptoglobin phenotypes (Hp 1-1, Hp 2-1,
Hp 2-2) precipitates formed when the input ratios of the two proteins
were within certain limits, a clear difference from the reaction of
haptoglobin with single hemoglobin molecules which yields only soluble
complexes (55). Two series of experiments were conducted; in the first,
(series A), the concentration of Hb.Hb remained constant and the hapto-

globin concentration was varied, while in the second, (series B),
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increasing concentrations of Hb.Hb were added to a constant amount of
haptoglobin. These mixtures were allowed to stand for several hours
at 4° C. The extent of precipitation in series A was followed by
measuring the decrease of absorbance due to Hb.Hb at 407 nm in the super-
natant after centrifugation of the precipitate. The extent of precipi-
tation was dependent upon ionic strength, there being little precipitate
in 0.2 M NaCl. However in the buffer that was routinely employed, 4 mM
sodium phésphate, pH 6.2 there was extensive precipitation. In Figure
5, the precipitation curves in series A of the three common haptoglobin
phenotypes with Hb.Hb show a close resemblance to classical antibody-
antigen precipitation curves. In calculating the molar input ratios
of the three haptoglobin phenotypes and Hb.Hb it is necessary to take
account of the fact that while Hp 1-1 is a monomeric protein of mole-
cular weight (98,000), Hp 2-1 and Hp 2-2 both exist as a series of
stable polymers of increasing size (98). However it has been shown that
the binding capacity per gram of each phenotype of haptoglobin is
virtually identical (4) and that 1 mole of hemoglobin is bound per
98,000 gms of haptoglobin of any of the three phenotypes. In the case
of Hb.Hb, whose molecular weight is 130,000, it appears that the species
.combining with haptoglobin is not the full double molecule but rather,
as with the single molecules of human hemoglobin, there is first cleavage.
For Hb.Hb this would produce disulphide linked half hemoglobin molecules
(0B~Ba) as shown in Figure 6. In accordance with this scheme of cleav-
age the haptoglobin-hemoglobin ratios are calculated in every case on

the basis of the 'monomeric unit' of haptoglobin and the (aB-Ba) molecules
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Precipitation curves with the concentration

of Hb.Hb méintained constant. The ordinate

is one-half the absorbance of the original
Hb.Hb solution minus the absorbance of the'
supernatant solution and therefore represents
the amount of Hb.Hb precipitated. Hapto-
globin solutions were prepared by dilutions of
a.concentrated haptoglobin solution to final
volumes of 0.5 ml; to each of these solutions
0.5 ml of the Hb.Hb solution was added. 1In
curve (a) the final concentrations are as
follows: Hb.Hb 0.16 mg/ml, Hp 1-1 varied from
a high concentration of 1.7 mg/ml down to 0.027
mé/ml. In curve (b) Hb.Hb 0.20 mg/ml; Hp 2-1
varied from 1.1 mg/ml to 0.018 mg/ml. In
curve (c) Hb.Hb 0.20 mg/ml, Hp 2-2 1.4 mg/ml

to 0.022 mg/ml.
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Figure 6 A scheme for the cleavage of Hb and Hb.Hb into halves;
the disulphide bond is between cysteines at position
13 in the B-chain in BALB/cJ mice.

42




43

having molecular weights of.98,000 and 65,000 respectively. The ratios
1%
280nm

globins and 17.5 for the mouse hemoglobin,

are also calculated on the basis of an E of 12.0 for the hapto-

In the series B experiments, the haptoglobin concentration was
kept constant and increasing concentrations of Hb.Hb added. Precipita-
tion was again observed and, as may be seen in the photograph, (Figure 7),
was dependent on thevinput ratios of the combining proteins. At both
high (0.96) and low (0.015) ratios of haptoglobin to af-Ra, there waé
little precipitate but in the range 0.66—0.48, precipitation was exten-

sive.
Acrylamide Gel Electrophoresis

When éolutions of Hb.Hb and haptoglobin 1-1 in 0.112 M Tris,
0.062 M boric acid and 2.5 mM disodium EDTA at pH 8.6 were mixed no
precipitation was observed. These soluble complexes were then examined
by acrylamide disc gel electrophoresis in thé above buffer. 1In
Figure 8a, it may be seen that a series of hemoglobin-haptoglobin
complexes appearsvwith the relative concentration of each complex within
the series depending upon the input ratio of the two protéins. At high
ratios of haptoglobin/dB—Ba (3.0-6.0) the major complexes migrated into
the gels but as the ratio approaches that at which maximal precipitation
occurred at lower ionic strength, an increasing proportion of the com-
plexes barely gntered the gels, thus behaving as if they were very large.
In Figure 8b, an enlarged photograph of the first six gels shows that

up to six separate complexes of decreasing mobility are resolved.
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Figure 7 A photogréph (by reflected light) of the
turbidity observed shortly after mixing
Hb.Hb and Hp. To obtain the precipitates
a concentrated Hb.Hb solution was diluted
to a final volume of 0.5 ml and added to
0.5 ml of a haptoglobin solution. The
final concentrations of Hb.Hb varied from
2.3 mg/ml to 0.036 mg/ml while haptoglobin
1-1 was maintained constant at 0.05 mg/ml.
The white areas at the bottom of the tubes

are caused by reflection from the glass and

are not indicative of precipitation.
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Figure 8a Disc gel electrophoresis of mixturesAof
Hp and Hb.Hb. Solutions were prepared
by mixing varying proportions of an 11.5
mg/ml solution of Hb.Hb and a 10 mg/ml
solution of Hp. The gels contained 5%
acrylamide and 0.25% N,N' methylene-
bisacrylamide and were 0.5 x 7.0 cm.
Electrophoresis was performed for 1.5

hours at 200 volts at 4° C.
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Figure 8b Enlarged photograph of the first 6 gels

in Figure 8a.
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Qualitatively, it may be seen that as the proportion of Hb.Hb is
increased each complex reaches a maximum concentration and then is
replaced by a more slowly running complex until the majority of the
complexes are too large to migrate appreciably into the gel. A
series of complexes characterized by increaéing sedimentation co-
efficients has also been observed by ultracentrifugation of mixtures
of haptoglobin and Hb.Hb. The best evidence that the largest species
are found at ratios of haptoglobin to af-Ba near 1.0 was obtained from
3.5% acrylamide disc gels of larger pore size. Figure 9 shows that
at a haptoglobin to aB~Bo ratio of 0.74 to 1.1 the major protein band
is at the 6rigin while at ratios of 0.50 and 1.5 a greater proportion
of the complexes runs well into the éels. Using 2.57% gels in plexi-
glass tubes (101) similar results have also been obtained. Although
the slow-running material at the origin now enters the gel, a series
of discrete bands proceeding from the origin of the gels out to the
position of haptoglobin or Hb.Hb cannot be observed because of streaking.
This streaking also prevents the observation of a series of bands in
the gels where Hb.Hb is in excess. However at ratios mnear 1.0 there
is a definite increase in staining of complexes, which although streaky,
run much closer to the origin of the gel and hence behave as if they
are much larger.

It would be expected that in any complex formation between two
proteins each possessing two binding sites that the largest complexes
would be formed when an equal number of moles of each bivalent reacting

species is present. In the present case it has been assumed that the



51

Figure 9 Disc gel electrophoresis of éolutions prepared
by mixing a 12.5 mg/ml solution of Hb.Hb with
‘a 14 mg/ml solution of Hp 1-1. The gels con-
tained 3.57% acrylamide and 0.18% N,N' methylene-
bisacrylamide and electrophoresis was performed
“at 4° C for 1.3 hours at 200 volts and 3.5 ma

per gel.
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reacting species from Hb.Hb is a pair of disulphide linked oB units,
aB-Ba, of molecular weight 65,000, Thus the largest complexes should
occur at a ratio of 1.0 and this appears‘consistent with the fact that
the complexes formed at this ratio cannot enter even the iarge pored
gels. In contrast to these findings, maximal precipitation was seen
at ratios of 0.2-0.6. Thus it appears that complexes richer in aB-Ba
tetramers are more insoluble in 4 mM phosphate at pH 6.2 than those
larger complexes in which the amount of haptoglobin and aBf-Ba is more
nearly equal.

The behaviour observed upon mixing haptoglobin with Hb.Hb is
in strong contrast to its reaction with normal hemoglobin where only
two soluble complexes are formed, an intermediate of stoichiometry
1/2 Hb/l Hp and the full complex 1 Hb/1 Hp. Since the intermolecular
disulphides of Hb.Hb can be cleaved under mild conditions by
mercaptoethanol (93), a 20 yl aliquot of haptoglobin/Hb.Hb mixtures in
Tris-borate-EDTA, pH 8.6, was reacted with 2 ul of 0.5 M mercaptoetha-
nol for 1 hour at 25° C followed by the addition of 2 ul of 0.6 M
iodocetamide for 30 minutes at 25° C.

In Figure 10, the series of haptoglobin (aBf-Ba) complexes formed
at ratios of 3.4 to 1.0 (Gel 6) and 1.1 to 1.0 (Gel 5) gave rise upon
treatment with mercaptoethanol to the patterns seen in Gels 2 and 1
respectively. At the higher input ratio of 3.4 (Gel 6) there is still
excess uncombined haptoglobiﬁ as well aé a series of complexes which
move well into the gel, It is likely that these complexes are of the

type depicted in Figure 1lla as Complex 1 and Complex 2. As indicated



| He/ap-gp

MOLAR
RATIO

Figure 10 Disc gels (5%) showing the effect of mercaptoethanol on

Hp-(aB-Ba) complexes. Solutions were prepared by mixing
an 8 mg/ml solution of Hb.Hb and a 14 mg/ml solution of
Hp. Aliquots were removed and then mercaptoethanol and
iodoacetamide were added (see text). Electrophoresis was
performed for 2.3 hours at 200 volts. Gel 3 shows the
bands produced by mixing single mouse hemoglobin molecules
with excess haptoglobin. Gel 4 shows single mouse
hemoglobin.
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(a) Haptoglobin/(¢t,B—s—s—B,a) input ratio = 3.4/1.0

I
-mercaptoethanol
Complex 1 o,f—s—s—B,a p-m p y» HS—B,a 4+ complex (4)

Complex 2 a,p—s—s—B,a o, p—s—s—B,a HS—B,a ®,p—SH Full complex (1)

(6) Haptoglobin/(et,p—s—s—B,a) input ratio = 1.1/1.0

Large complexes ..., B,o—s—s—B,x o,p—s—s—BP,a o,f—s—s—B,a o, p—s—s—B,a a,B

B-mercaptoethanol

HS-aﬁ:lIH[lmB—SH

Figure 11 A scheme to illustrate the possible complexes of haptoglobin
with double hemoglobin at (a). High input ratio (b). Equi-
molar input ratio.
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in Figure 1la, a mixture of free haptoglobin, Complex 1 and Complex 2
would give rise, upon treatment with B-mercaptoethanol predominantly
to the 1/2 Hb:1Hp complex with a smaller amount of the full complex.
This prediction is consistent with the pattern observed in Figure 10,
Gel 2. 1In contrast, at the input ratio of 1.1/1.0, the complexes are
very much larger (Figure 10, Gel 5) and upon thiol treatment (Figure
10, Gel 1) give rise almost quantitatively to the full Hb.Hp complex.
Since the 1/2 Hb:Hp complex comes only from the ends of polymeric
chains of Hb.Hb/Hp éomplexes, the absence of this species in Figure 10,
Gel 1 and the predominance of the full Hb:Hp complex indicates that
the slow-running polymeric complexes of Hb.Hb/Hp formed at equimol;r
input ratios of Hb.Hb and Hp are either very long, as depicted in
Figure 11b or alternatively these complexes could be circular in which
case, the full Hb:Hp complex would be the sole product. At the moment
it is not possible to choose betweeﬁ these alternatives.

In most antigen-antibody reactions, both antigen and antibody
possess at ieast two binding sites. This leads to the formation of
large, three-dimensional complexes which are often insoluble. The
interaction of hemoglobin with haptoglobin at first sight appears not
to be of this type since the complex is soluble and its overall stoi-
chiometry is consistent with a single binding site on each protein.
However, the fact that at ratios of Hb to Hp of less than one an
intermediate complex of stoichiometry 1/2 Hb/1l Hp is seen suggests
that only one of the two sites is occupied by a half molecule of hemo-

globin and that the full complex would comprise two half molecules of
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hemoglobin combined at two separate sites. Thus hemoglobin, a
symmetrical and bivalent molecule, dissociates into two monovalent
halves upon combination with haptoglobin. There is, therefore, no
possibility of forming large complexes as in the case of an antigen-
antibody reaction. |

In the present study, a hemoglobin has béen examined in which
the two halves of the molecule are covalently linked by'a disulphide
bond so that it behaves as a bivalent molecule. When haptoglobin
combines with the bivalent hemoglobin a noticeably different behavior
is seen, Large complexes are formed which precipitate at low ionic
strength in a.manner very similar to that of antigen-antibody reactions.
As soon as the covalent linkage between the B chains of Hb.Hb is broken

the large complexes disappear and are replaced by the simple omnes.



IV
THE DISULPHIDES OF HAPTOGLOBINS
- STUDIES ON CYANOGEN BROMIDE REACTIONS WITH

HAPTOGLOBIN AND ON HALF-HAPTOGLOBIN
Introduction

The ¢ and B chains of the human haptoglobins are held together
by disulphide bonds (12). This fact was based on the observations that
haptoglobin 1-1 migrated as a single band on gel electrophoresis in 8M
urea but when very low concentrations of B-mercaptoethanol, a reagent
which is known to break disulphide bonds, were added the haptoglobin
was split into its o and B chains. Similarly the polymeric hapto-
globins (2-1 and 2-2) maintainedltheir structure in 8M urea but were
split into o and B chains by mercaptoethanol.

- As discusséd previously Kauffman and Dixon isolated an a-o' di-
sulphide peptide after pepsin digests of haptoglobin 2-1. The structure
of this peptide is shown in Figure 2 (page 8). Iﬁ addition, Smithies,
Connell and Dixon (76) have presented evidence for the existence of an
intrachain disulphide in the o chain of haptoglobin. After reduction

of haptoglobin 1-1 with very low concentrations of mercaptoethanol,

they detected a band after electrophoresis which migrated slightly
faster than the completely-reduced a chain. Thus this polypeptide

appeared to migrate faster than the fully-reduced o chain of haptoglobin

because it contained an intrachain disulphide and thus had a more compact
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éonformation. However, since in these experimenﬁé no mercaptoethanol
was included in the gel buffer, such a loop disulphide might have been
formed by oxidation during électrophoresis and so need not necessarily
be present in native haptoglobin.

The binding of the haptoglobin chains soiély by noncovélent
forces appears.very unlikely because of the stability of the molecule
under a variety of denaturing conditions. In addition to its migration
as a single band in 8M urea, haptoglobin 1-1 maintains its molecular
weight after complete Succinylation (54), a very powerful method for
disrupting non=covalently bonded subunits (102), and it is not dissoc-~
iated in 0.1% sodium dodecyl sulphate (SDS) (96). Also the haptoglobin
polymers maintain their polymeric structure in 8M urea, after succinyla-
tion (54) or in 0.1% SDS.

In 1961 (103) Dixon and Connell showed that when haptoglobin was
treated with sulphite and parahydroxymercuribenzoate (pHMB) a limited
tleavage of disulphide bonds occurred. The product migrated identically
with haptoglobin in borate starch gels but in the acidic 8M urea gels it
mévéd slightly more.rapidly and exhibited a broader band than hapto=~
globin. Since there was only one product formed it appeared that
haptoglobin wasbbeing split into symmetrical halves. This interpreta=-
tion has been confirmed by molecular weight studies on the "half=hapto=
globin molecule'" using gel electrophoresis in sodium dodecyl sulphate
(104,96). Also the very interesting observation was made that if the
multiple haptoglobin polymers were treated with sulphite they were
¢converted to a single product which also appeared to contain a hapto-=

globin light and heavy chain (103).
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Since the bond cleaved by sulphite and p-chloromercurisulphonate

(pCMS) must be symmetrical tp give rise to symmetrical halves, it
seemed logical that the sulphite must be splitting the a-a' disulphide
and thus breaking haptoglobin into halves. It also apéeared that this
particular disulphide was responsible for haptoglobin polymerization.
Thus it was possible to investigate the disulphides of haptoglobin
further by using 35S-sulphite for cleavage and then determining in
which part of the molecule the radioactivity was located (96). This
approach was attempted by treating the half-haptoglobin molecule, which

had been prepared with 35

S-sulphite, under more rigorous conditions
with 8M urea and unlabelled sulphite. In this way, haptoglobin was
split into its heavy and light chains which were subsequently separated
on Sephadex G-75 (28). The rigorous conditions left only a small amount
of the 35S—sulphite in the haptoglobin and this was found in the B
chain fraction. Thus at first sight it seemed that the a-o' disulphide
was not being split by 35S—sulphite.

It appeared possible to analyze the nature of the o-B linkages
and a-o' linkages further because the d chain of haptoglobin contained
no methionine (28). Thus if one cleaved the haﬁtoglobin molecule with
a reagent which split peptide bonds at methionine residues the B chain
of haptoglobin would be cleaved into a series of smaller fragments buﬁ
the a chain would remain intact. Also, since the disulphide bonds in
haptoglobin Would still be intact, one could study the B chain peptide

fragment (s) to which the o chain was attached since the o chain could

be characterized after the fragment containing it was reduced with
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mercaptoethanol and alkylated with iodoacetamide (12). 1In fact, a well
characterized reagent for cleavage of methionyl peptides, cyanogen
bromide, appears to be well suited for these studies (105).

Cyanogen bromide’is a-useful reagent for protein studies. Al-
though it reacts with basic groups in proteins in alkali, in acid it
reacts only with cysteine and methionine. The reaction with cysteine
is a slow oxidation to cysteic acid and the reagent will not react with
carboxymethylcysteine or S-benzylcysteine (106). The reaction with
methionine in a methionyl peptide results in the cleavage of a peptide
bond (Figure 12) and the methionyl res&due is converted into an equili-
vbrium mixture of homoseryl and homoseryl lactone residues at the
carboxyl-terminal portion'of the cleaved peptide. The mixture can be
converted to homoserine lactone by heating in acid or can be opened to
homoserine by treatment with alkali at room temperature. The reagent
has now been used with success on over 20 proteins and frequently is
the reagent of choice for limited cleavage of peptide bonds.

During this investigation of the reaction of cyanogen bromide
with haptoglobiﬁs it was not known that the peptide Th3A isolated by
Kauffﬁan and Dixon was in fact a peptide from the o éhain of hapto-
globin (see Introduction, page 8), and that this peptide was linked
to the B chain of haptoglobin. However, the studies to be described
afe in complete agreement with this linkage and, as will be shown, do

confirm the disulphides presented in the Introduction.



/

4 NH—CHR'COOH " (:/ﬁﬂ— CHR'COOH
RNH—-C—C . RNH—C—C
Y \
| ) o)
}lzc—(':Hz — >  HC-CH,
?\) c=N :$8—c=n
CH, Br CH, Br®
Methionyl Cyanogen R .
peptide bromide [Cyanosulfonium bromide]
(3]
H NH—CHR’'COOH
/4
RNH—C——C\
H,N— CHR'COOH l o Br®
H,C—CH,
A.mino acid . / Iminolactone bromide
(or aminoacyl peptide) o
+ ~ +
—
\ :S—C=N
by o
H,C—CH, CH,
Peptidyl homoserine lactone Methy! thiocyanate

Figure 12 The reaction of cyanogen bromide
with a methionyl peptide.
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Nature of the Reaction as Examined by Disc Gels

Cyanogen bromide cleavages were attempted in 70% formic acid
and in 0.01 or 0.1M sodium acetate buffers pH 4.7. The former has been
used successfully on IgG by Edelman (107) and the latter was attempted
because it was thought possible to get a more limited cleavage under
conditions where the protein maintains a more compact three-dimensional
structure., Also haptoglobin retains hemoglobin-binding ability at
PH 4.7 and so it might be possible to obtain a fragment with hemo-

- globin-binding ability.

The reactions at pH 4.7 were done with 0.01M or O.lM.sodium
acetate, using‘Hp concentrations of 17 and CNBr concentrations of 0.5
or 5%Z. In both cases the reaction solution developed a precipitate
after a short time aﬁd was not studied further.

Reactions in 70% formic acid were analyzed by disc gel electro-
phoresis as described earlier. Samples were dissolvéd in Tris-glycine
4 to 5 times more concentrated than the gel buffer. The results shown
in Figure 13 demonstrate that one main slow-running band and two fast-
running bands are formed by the reaction and the pattern of bands appears
similar in different haptoglobin types (Fig. 13a Gels 1 and 2). When
electrophoresis is carried out for a longer time the slow-running band
resolves into a series of multiple bands (Figure 13b Gels 3,4,5).

These multiple.bands form‘a characteristic pattern with darker
bands at the center and fainter bands at the outside. Because of this
variation in intensity of the bands they form a gaussian distribution

and for simplicity will subsequently be referred to as 'gaussian' bands.



Figure 13 Acrylamide
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disc gel electrophoresis (7.5%)

of the reaction products of cyanogen bromide

with haptoglobins.

Figure 13a

shows the results after electro-

- phoresis for 10 minutes at 300 volts

Figure 13b

Figure 13c

in 0.05M glycine, 0.01M Tris pH 8.5.

shows the results when electro-

phoresis is carried out for 75 minutes.

- the acrylamide gels contain 8M urea
and electrophoresis is for 40 minutes
at 300 volts. Gels 1, 5, and 6 show
CNBr Hp 1-1; 2, 3, and 8 show CNBr

Hp 2-2; and 4 and 7 show CNBr Hp 2-1.

Gel length 5 cm.
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A series of bands with a similar distribution has been obtained after
starch gel electrophoresis of the Hp B chain (76) and it.appears that
a similar phenomenon is responsible for the pattern of banding in both
cases. Other studies in this laboratory suggest that the pattern may
be caused by a variable degree of attachment of sialic acid residues
to the haptoglobin B chain (32).

The CNBr reaction products were also analyzed by disc gel
electrophoresis in Tris-glycine buffer containing 8M urea (Figure 13c).
Ten microliters of 2% (v/w) solutions of the reaction mixture were
applied to the gels. The resolution of bands in the 8M urea gels
appeared to be better than in the gels which contained no urea.

In all of the disc gels observed the patterns obtained from Hp
1-1, 2-1, and 2-2 were similar, but the region of maximum staining,
although composed of a complex of bandé, was in different positions in
tﬁe three haptoglobin types (Figure 13c). However much clearer differ-
ences were seen in later studies using starch gels to resolve the
cyaﬁogen bromide fragments (as discussed below).

Since the o haptoglobin chains should not be cleaved by cyanogen
bromide and since there are only 4 methionines in the B chain of hapto-
~globin (28), it was logical to investigate more closely the reaction of
cyanogen bromide with the haptoglobin polymers to see whether or not a
polymeric series was preéent after the reaction of the haptoglobin
polymers with cyanogen bromide.

In order to examine the effect of cyanogen bromide on haptoglobin

polymers more closely and to characterize the reaction further, a time
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study of the reaction with haptoglobin 2-1 was performed (Figure 14).
The reaction was stopped at various times by a 10-fold dilution of the
reaction mixture and subsequent freezing and lyophilization. With the
5 minute sample a small amount of reaction could be observed (Figure
14 Gel 2). New bands appeared running slightly ahead of each of the
polymers and these appeared also to form a polyﬁeric series. Also a
small amount of a fast-running band appeared. At 20 minutes (Figure 14
Gel 3) the appearance of this new series and also of the fast-running
band was more pronounced. Also the multiple ''gaussian' bands began to
appear. After 24 hours this ''mew series" was no longer present while
the fast-running band remained and a new slow-running diffuse region

was present (Figure 14 Gel 4).
Starch-Urea Gel Analyses of the Reaction Products

Improved resolution of the CNBr fragments in pH4 starch gels
relative to the éeparation in acrylamde gels was obtained, partly be-
cauée of the gréater length of the slab gels and partly because of the
différent relative mobilities of the polypeptides at the lower pH.

CNBr Hp 1-1 (Figure 15 slot 3) showed a dark-staining fast-running band
not present in the other haptoglobins (Figure 15 slots 4,5). The
latter appeared to have a greater proportion of slower-running bands.
After reduction and alkylation, the CNBr Hp 1-1 produced the ul hapto-
globin chain (Figure 15 slot 6) while the CNBr Hp 2-1 produced both al
and az chains (Figure 15 slot 7), and CNBf Hp 2-2 produced the az chain
(Figure 15 slot 8). The prediction that CNBr would not.attack the a

chains of haptoglobin was thus confirmed.
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Figure 14 - Acrylamide disc gel analysis of the reaction

of CNBr with Hp 2-1 as a function of time.
Figure l4a shows the results of electrophéresis

ina 4% gel at 300 v for 150 minutes using Tris-
glycine buffer. Figure 14b shows an analysis of
the same samples using 7.5% gels at about 300 v
for 85 minutes. For the 7.57% gels a good separa-
tion was achieved by running the electrophoresis
twice as long as it takes a marker of bromophenol
blue to migrate from the top to the bottom of the
gel. Gels la 1b, 2a 2b, 3a 3b, 4a 4b, show the
results after_reaction times. . of 0 minutes, 5 min-
utes, 20 minqtes,'and 24 hours respectively. Gel

length/7 cm.



l4a - 47 gel

}
IDiffuse
}region

}

14b - 7.5% gel

Diffuse
A
region

Gaussian
bands

Rl Fast
band

69



Figure 15 Analysis of the CNBr Hp reactions using starch
gel electrophoresis in 8M urea-formate buffer
PH 4.0. Gels 1 and 2 show haptoglobins 1-1,
and 2-1 respectively which have been reduced
and alkylated. Gels 3, 4, and 5 show the
results of cyanogen bromide reaction with

_ haptoglobins 1-1, 2-1, and 2-2 respectively.
Gels 6, 7, and 8 show the CNBr reaction products
of 1-1, 2-1, and 2-2 respectively after they
have been reduced and alkylated. Protéin con-—
.centrations were;
samples 1 and 3, 6 to 8, 27
samples 3 to 5, 3%
Samples 6 to 8 were reduced with 0.04M B~
mercaptoethancl for 30 minutes and alkylated with

0.1M jiodoacetamide.
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In the hope of locating which band(s) contained the o chains,
two~dimensional starch gel electrophoresis was performed. As shown
in Figure 15 (page 70) a series of bands was resolved in the CNBr
haptoglobins and, after reduction and alkylation, haptoglobin o chains
were obtained. If a slice of gel containing these CNBr-produced bands
was removed and transferred to another gel containing mercaptoethanol
with subsequent electrophoresis at right angles to the first direction,
then any bands which coﬁtained the o chains should be reduced by the
mercaptoethanol in the second gel and d chains should appear. By the
use of a haptoglobin marker in the second dimension it should be
possible to ascertain which bands were d chain bénds and thus which
band in the first dimension contained the haptoglobin o chains. All of
the polypeptides which contain no disulphides should retain the same
mobility in the second dimension as in the first. The method is a
diagonal technique.in which disulphide-containing polypeptides will
run off the diagonal. |

(
In the case of CNBr haptoglobin 1-1, a peptide running off the

1 chain (Figure 16) was observed.

diagonal with the same mobility as the a
This dl chain was produced by the fast-running band in CNBr Hp 1-1
which did not appear in the other haptoglobins. Using haptoglobin 2-2
(Figure 17) a series of &2 chains running off the diagonal was obtained.
Thus a polymeric series of bands, with each band in the series contain-

ing an o chain, appeared to be present in haptoglobin 2-2 after cyanogen

bromide cleavage of this polymeric haptoglobin.
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Figure 16 Two dimensional urea-formate electrophoresis of CNBr
Hp 1-1. In the second dimension the gel contains
0.1M mercaptoethanol.



Figure 17

Two dimensional starch gel analysis of CNBr Hp 2-2,
In the first dimension the gel contains aluminum
lactate buffer and 8M urea. In the second
dimension the gel contains formate buffer, 8M

urea and 0.2M mercaptoethanol.

74



«— 02 chain
<— B chain

O «

Touey3203dedI9-93BWIOI-B3I] WY

8M Urea-Aluminum Lactate

75



76
Studies of the Reaction of CNBr with the

Half-Haptoglobin Molecule

As discussed previously, half-haptoglobin (1/2 Hp) can be
formed by limited cleavage of haptogldbin with sodium sulphite and
p-chloromercurisulphonate and appears to result from the scission of
a limited number of disulphide bonds asvsulphite is known to cleave
disulphide bonds. Thus the half-haptoglobin is a useful derivative
for the study of the particular disulphide(s) binding the two halves
of the haptoglobin molecule.

Figure 18 shows the results of a starch-urea analysis of the
products obtained after haptoglobin was cleaved with sulphite and
p—chloromercurisulphonate (pCMS) according to the method of Rorstad
and Dixon (96). 1In agreement with the previous results, the product
of the reaction (half-haptoglobin) is seen to migrate more rapidly in
the gels than haptoglobin (Figure 18a).

| The nature of the splitting of haptoglobin by sodium sulphite
and pCMS has been examined by further cleaving the half-haptoglobin
with cyanogen bromide in 70% formic acid. Half-haptoglobin produced
by the sulphite-pCMS reaction with haptoglobin must have either a
sulphite group or a p-mercurisulphonate group attached to one of its
cysteines. The stability of these two groups when attached to cysteines
in proteins has not been studied extensively. However, the S-sulpho-

cysteine group in S-sulphokeratin is stable from pH 1 to pH 9 (108).
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Figure 18 a) Demonstration of the formation of Hp/2 by starch-urea
gel electrophoresis. Slot 1, half-haptoglobin; slot

2, haptoglobin.

b) Comparison of the reaction products of Hp 1-1 and Hp /2
with CNBr by starch gel electrophoresis in formate-urea.
Slot 1, CNBr haptoglobin; slots 2 and 3, CNBr half-
haptoglobin.
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Figure 18b compares the peptides produced by the reaction of
cyanogen bromide with half-Hp 1-~1 (slots 2 and 3) with the peptides
produced by the reaction with Hp 1-1 (slot 1). All of the fragments
in the haptoglobin 1-1 reaction mixture appeared to be present in the
half-haptoglobin mixture. However, the fast-running, dark-staining band
aﬁpeared to be much fainter in the half-haptoglobin reaction mixture
than in the Hp 1-1 reaction ﬁixture. In addition two new very fast-
running bands appeared in the CNBr-split half-haptoglobin slot which
were not present in the CNBr-split Hp 1-1 slot. The reaction of CNBr
with half-haptoglobin was terminated after 10 hours wheréas that with
haptoglobin 1-1 was terminated after 18 hours. However, it is not
likely that this difference in the duration of thé reactions would
account for the differences in gel patterns; The difference in patterns
between CNBr-split Hp 1-1 and CNBr-split half-haptoglobin must have
beén caused by the previous splitting of haptoglobin 1-1 by sodium
sulphite and pCMS. This prediction has been confirmed by gel analysis
of a 20-hour CNBr half-haptoglobin reaction.

The fast-running dark-staining peptide, virtually absent in
CNBr-split half-haptoglobin, corresponded to the CNBr fragment shown
by two—dimensiénal gel electrophoresis to contain ﬁhe o chain of hapto-
globin. Also, studies of the purified CNBr fragment PC III (see section
on purification and properties of fragments, p. 80) confirmed that this
fast-running dark-staining peptide did contain ;he a chain. Thus the
0 chain-containing peptide in CNBr-split Hp 1-1 was almost absent in

CNBr-split half-haptoglobin. However, since the half-molecule of
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haptoglobin still contained the o chains and since only two new bands
appeared in the CNBr-split half-haptoglobin, it follows that these
new fast-running bands in the half-haptoglobin must contain the o chains.

Half—haptoglobin consists of two essentially identical species
differing by only the presence of either a S-sulpho-cysteine or
p4mercurisulphonate merpaptide in the molecule. Treatment of the two
essentially identical half—haptogiobins with CNBr, should produce two
altered peptides, one containing a S-sulpho-cysteine and the other a
p-mercurisulphonate mercapfide, which previously had formed a symmetrical
bond. These new CNBr fragments wouldAbe expected to have molecular
weights one-half that of the corresponding fragment from native hapto-

- globin.

In CNBr-split half—haptoglobih two new bands appeared, one which
ran slightly faster than the o chain of haptoglobin and one slightly
slower. A possibie explanation for the existence of the two new bands
. in CNBr-split half-haptoglobin is that under the conditions of cyanogen
bromide cleavage, the sulphife was hydrolyzed from the S-sulpho-
cysteinyl peptide thus removing a negaéive charge froﬁ this peptide.
This postulate has been confirmed by Rostad and Dixon (96) using 358—
sulphite~labelled half-haptoglobin. They have shown that 70 to 80% of
the radioactivity was released from the half-haptoglobin under the
conditions of CNBr cleavage. The slower-running of the two new bands
probably has the mercurisulphonate mercaptide group. Since the two new
bands derived from half-haptoglobin ran faster than the o chain-contain-

ing band derived from haptoglobin, they must be of smaller size because
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the introduction of a negative charge by sulphite or mercurisulphonate
would decrease rather than increase the mobility of these cationic

polypeptides.
Purficiation and Properties of Cyanogen Bromide Fragments

In order to prepare sufficient material for further characteri-
zation of the o chain containing fragments from the CNBr-treated hapto-
globins, the CNBr reaction mixture was fractionated by ion exchange
chromotography on phosphocellulose. Ion exchange was used in preference
to gel filtration because the two-dimentional starch gel (Figure 17, p.75)
indicated that the alpha chains from Hp 2-1 and 2-2 were still present
as a polymeric series and so would not appear as a single peak upon gel
filtration but would be eluted as a broad peak or series of peaks.
However, it was known that the isoelectric points of the polymers were
ail similar (4) so that a singlé peak for these o chain-containing
fragments might be obtained upon ion exchange chrémétography. Chro-
matdgraphy was performed at pH 4.0 in 8M deionized urea since it was
known from the starch gels that all the CNBr fragments were positively
charged under these conditions. Phosphocellulose was chosen in prefer-
ence to carboxymethylcellulose since each phosphoryl group would possess
a full negative charge at this pH and would retain high capacity for
absorbing cationic proteins.

As shown in Figure 19, three peaks were obtained after chro-
matography of all three haptoglobin types. In the case of haptoglobin

1-1 and haptoglobin 2-2 there was a salt and a pH gradient (Figure 19a,c)
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Figure 19 Phosphocellulose (Bio-Rad Laboratories Lot #6049)

chromatography of the fragments obtained after the

reaction of haptoglobin with cyanogen bromide.

Top Figure

Middle Figure

Bottom Figure

CNBr Hp 1-1; column 0.9 cm; gradient,
500 ml 0.05M formic acid, 0.01N NaOH,

8M deionized urea, pH 4.0 to 500 ml
0.03M formic acid, 0.016M NaOH, 8M urea,
2M NaCl pH 4.6, (3.5 ml fractions);

20 mg of sample were dissolved in 1.0
ml of starting buffer and then applled
to the column.

CNBr Hp 2-1; column 0.9 by 50 cm;
gradient 500 ml 0.05M formic acid, 0.01M
NaOH, 7.2M urea pH 3.8 to 500 ml 0.05M
formic acid, 0.01M NaOH, 7.2M urea 0.8M
NaCl. The sample contained 120 mg and
12 to 15 ml fractions were collected.

CNBr Hp 2~2; column 0.9 by 25 cm;
gradient, 200 ml 0.05M formic acid,
0.01M NaOH, 8M urea, pH 4.0 to 200 ml
0.03M formic acid, 0.016M NaOH, 8M urea,
0.8M NaCl pH 4.6; sample 40 mg. For
large scale preparations of cyanogen
bromide fragments 600 mg of CNBr 1-1
was chromatographed on a phosphocellulose
column 2 cm by 40 cm with a gradient of
1 litre of 0,05M NaCl, 0.05M formic acid,
0.01M NaOH, 7.2M deionized urea pH 3.9
to 1 litre of 0.4M NaCl, 0.05M formic
acid, 0.01M NaOH, 7.2M urea.
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but it was subsequently found that an equally good separation with
Hp 2-1 could be obtained using only a salt gradient. The tubes
corresponding to the optical density peaks were pooled, and desalted
by chromatography on Sephadex G-25 coarse using 0.2N acetic acid,
and then lyophilized.

The purified peptides were then anaiysed by starch-urea
gel electrophoresis in formate buffer. The gel (Figure 20) showed
that the first peak eluted from phosphocellulose represented the part
of the haptoglobin molecule which ran electrophoretically as a series
of bands with a gaussian distribution (Figure 20 slot 13). The gel
also showed that these bands were very similar in Hp 1-1 and Hp 2-2
(Figure 20, slots 13 and 7 respectively) and that the mobility of the
bands within this series did not change after reduction and alkylaﬁion
(Figure 20, compare slot 4 with slot 7). A similar series of bands
was present in the CNBr-split g chain of haptoglobin as shown by Héw
(32). When examined electropho?etically the second peak (PC II) from
phoéphocellulose showed stained material only in the case of hapto-
globin 2-2 (Figure 20, slot 6). vThe third peak (PC III) in the case
of haptoglobin 1-1 consisted of a major band which had a mobility
almost the same as the a2 chain of haptoglobin and a faint minor band
(Figure 20, slot 11). After reduction and alkylation this major
peptide has a mobility identical with that of the al chain (slot 8).
In the case of CNBr Hp 2-2 this same peak (PC III) was a slow-running
streaky band (slot 5) which upon reduction and alkylation gave rise to

the a2 chain of haptoglobin (slot 2).



Figure 20 Starch urea gel electrophoresis in formate and aluminum

lactate buffers of CNBr peptides after purification on

phosphocellulose.
Key: 1. CNBr Hp
2. CNBr Hp
3. CNBr Hp
4, CNBr Hp
5. CNBr Hp
6. CNBr Hp
7. CNBr Hp
8. CNBr Hp
9., Hp 2—1,
10. CNBr Hp
11. CNBr Hp
12, CNBr Hp
13. CNBr Hp
14. CNBr Hp
15. CNBr Hp
16. Hp 2-1,
17. CNBr Hp
18. CNBr Hp

2=2

2-2, PC
2-2, PC
2-2, PC
2-2, PC
2-2, PC
2-2, PC
1-1, PC
reduced
1-1, PC
1~-1, PC
1-1, PC
1-1, PC
1-1

2-2, PC
reduced
2-1, PC
2-1, PC

I1I, reduced and alkylated
II, reduced and alkylated
I, reduced and alkylated
III1

1T

I

IIT, réduced and alkylated
and alkylated

I reduced and alkylated
III '
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I

11T

and alkylated

III

III, reduced and alkylated

84



Formate Aluminum Lactate

-
fast
band

i

1

azchain - Y

|

1

- .
4
B chain -+
e <« origin
1 2.3 4 5 6 7 89 10 111213 14 15 16 17 18

G8



86

It was expected £hat another polypeptide in addition to the
d chain would be observed after reduction and alkylation of peak III,

- None was observed. However another polypeptide could have escaped
detection if it migrated so rapidly as to move completely through the
~ gel under the eiec;rophoretic conditions ér if it washed out of the

~ gel during staining and destaining.

The results of the two-dimensional electrophoresis using aluminum
lactate buffer in the first dimension and sodium formate buffer contain-
ing mercaptoethanol in the second dimension have.shown that the o chains
were present in a polymeric series in CNBr Hp 2-2. After fractionation
of CNBr 2-2 on phosphocellulose the third peak (PC III) ran as a broad
band during electrophoresis. However when the PC III fragments from
CNBr Hp 2-1 and CNBr Hp 2-2 were run using aluminum lactate buffer (74)
in 8M urea the bands which previously streaked were now resolvable into
a.polymeric series (compare slots 15 and 17 in the aluminum lactate
- gel with slot 5 in the formate gel). In fact, the series bears a strong
resemblance to the polymeric series of Hp 2-1 and Hp 2-2 except that
the bands run faster. This result was confirmed by disc gel electro-
phoresis in 0.1% SDS. ‘Again a faint series of polymers was observed
with phosphocellulose peak III from 2~1 and 2-2 and a single band was
observed from 1-1. The polymers were seen to run considerably faster
than Hp 2-1 in these disc gels. After reduction and alkylation of
PC III from CNBr 2-1 (Figure 20, slot 18) a faint fast-running band
appeared which may represent a piece of the B chain attached to the

o chain by a disulphide bond.
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One problem in the study of disulphide bonds in proteins is the
possibility of disulphide interchange which can result in the incorrect
assignment of disulphides. The disulphide interchange reaction was
first characterized by Ryle and Sanger (109) who found an interchange
in strong acid (6N HC1 and 10N HZSOA) and in weak base pH 8.0 and
above. These studies were subsequently extended by Spackman, Stein
and Moore who confirmed that the ideal pH for studying disulphides
was around pH 2(110). The occurrence of disulphide interchange in actual
protein disulphide studies was first observed for insulin (111) and may
have contributed to incorrect disulphide assignments for ribonuclease
(110) and carboxypeptidase A (112).

The conditions used for the preparation of fragment PC III were
reaction in 70% formic acid and chromatography at pH 4.0. Both of these
conditions are unlikely to cause disulphide interchange. Also, Edelman
(107) has studied the disulphides of a myeloma protein after reaction
in 70% formic acid and hasAébtained no evidence for disulphide inter-
change. Figure 15 slot 3 and Figure 20 slot 14 show gels of Hp 1-1
after reaction with cyanogen bromide and in both cases that the PC III
fragment is one of the major bands. If disulphide interchange had
occurred during the reaction with cyanogen bromide it might be expected
that the o chain wogld not be present solely in a major band in PC III
but in a series of minor bands. Similarly the PC III fragment produced
a major peak after ion exchange chromatography indicating that di-

sulphide exchange had not occurred.



88

Further Studies on Fragment PC III

Further characterization of fragment PC III was carried out by
molecular weight determinations using 7.5% acrylamide gels which con-
tain SDS. The results (Figure 21) showed that fragment PC III (gel 5)
definitely had a molecular weight not only greater than the az chain of
haptoglobin (gel 3) but also greater than chymotrypsinogen (gel 4).

The molecular weight of this PC III fragment from haptoglobin 1-1 was
calculated to be near 30,000 by the dodecylsulphate gel technique (104).
Fragment PC III must still have two al chains and two pieces of B

chain since no disulphides have been split, One can deduce that the

molecular weight of the B chain piece is approximately 6,000, i.e.,

(M.W. PC TII - 2 x M.W. of al) _ (30,000 - 2 x 9,000)
2 2

= 6,000.

Gel 7 shows that in addition to the al! chain of haptoglobin a band
with approximately the same mobility as insulin (see arrow) is obtained
after reduction and alkylation of PC III, thus confirming the approxi-
mation of 6,000 for the molgcular weight for the B chain piece.

The fragment of the B chain of haptoglobin which is attached to
the o chain in the PC III éyanogen bromide fragment has been isolated
by gel exclusion chromatography on Sephadex G-75 after reduction and
alkylation of PC‘III. Figure 22 shows that after reduction and alky-
lation with 14C—iodacetamide two main bands of optical density and
radioactivity were seen (peaks 1 and 2) in additibn to the peak corres-
ponding to the reagents. A small amount of other material running near

the void volume was also observed. A similar separation of peaks 1 and
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B chain
Insulin— © piece
ql chain~> <ol chain
02 chain~>
~— PC III
origin—>

Figure 21 Electrophoresis in 0.1M sodium phosphate pH 7.0, 0.1%
SDS. The gels were 10 cm long and contained 7.5%
acrylamide, and 0.387% bismethylene acrylamide. The
samples were dissolved in 8M urea before electrophoresis.
Gels were stained overnight with 17 Amido black in 10%
acetic acid. Gel 1, insulin; gel 2, o! chain; gel 3,
o? chain; gel 4, chymotrypsinogen; gel 5, bovine serum
albumin; gel 6, CNBr Hp 1-1 PC III; gel 7, gel 6 sample
after reduction and alkylation. Electrophoresis was
performed at approximately 50 volts until a marker of
hemoglobin moved 7.5 cm.
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Separation of Fragment III Polypeptides after Reduction
and Alkylation

Fragment III (7.0 mg) was dissolved in 100 ul 0.16M
boric acid, 0.06M NaOH, 8.0M urea, 0.029M B-mercapto-
ethanol pH 8.8. After 15 to 20 minutes 20 pyl of 0.6M
lbc-iodoacetamide (.34 mci/mMole) were added. The pH
of the solution was maintained with 0.5M NH,OH and after
30 to 40 minutes 20 pl of 1.4M B-mercaptoethanol was
added and again the pH was maintained for 5 to 10 min-
utes. The pH was brought down to about pH 2 using 1.0M
HC1 and a ml of 0.01M HCl was added to the solution.
The solution was chromatographed on Sephadex G-75 (2 cm
by 65 cm) using 0.0IM HCl. Fractions of 3 ml were
collected and from these fractions 100 pul aliquots were
taken for scintillation counting (see methods).

The PC III sample had been chromatographed 2 times on
phosphocellulose.
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2 was also obtained by chromatography on Sephadex G-50. The separation
on G-50 showed a third peak of optical density which appeared in the
void volume. However, gel electrophoresis in 0.17% SDS showed that this
peak consisted of three minor bands which were impurities in the PC III
preparation, |

Gel electrophoresis of peaks 1 and 2 in 0.1% SDS confirmed that
these peaks corresponded to the polypeptides which had been observed
previously upon gel electrophoresis. The separations were performed
in 10%Z acrylamide gels and it was found more suitable to use 0.25%
Coomassie Blue to stain the gels instead of 1% Amido Black (113). As
can be seen in Figure 23, peak 1 corresponds to the a chain of hapto-
globip and peak 2 corresponds t§ the fragﬁent of the B chain linked by
disulphides to the o chaiﬁ.

Amino acid analysis of the B chain fragment is shown in Table I.
Whén the number of amino acid residues in the peptide were determined
on the basis of the value of carboxymethylcysteine being .95 the
valuéé for the other amino acids were close to whole number values
with the only two exceptions being those values for homoserine and
valine. However in the case of homoserine it is known that hydrolytic
losses amount to about 20% (113) and in the case of valine there is
incomplete recovery during short times of hydrolysis.

From studies on the reacfion of cyanogen bromide with the isolated
B chain of haptoglobin, a peptide has been obtained which has a very
similar amino acid composition to the B chain fragment obtained from the

PC IIT fragment (Table I) (32). Also, tryptic fingerprints of the two
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origin —

o chain —

B fragment-

Figure 23 Electrophoresis in 0.1M sodium phosphate pH 7.0, 0.1%
SDS. Gels contained 107 acrylamide, 0.5% bismethylene
acrylamide and were 10 cm in length. Samples were
dissolved in 0.1M borate NaOH buffer pH 8.8 containing
8M urea. Electrophoresis was performed until a marker
of bromophenol blue moved approximately 9/10 of the
length of the gel. Gel 1, 20 ug PC III reduced and
alkylated; gel 2, G50 peak 1 10 pg; gel 3, G50 peak 2,
10 ug; gel 4, G50 peak 2, 20 pg; gel 5 insulin, 10 ug.
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AMINO ACID ANALYSIS OF B CHAIN FRAGMENT ISOLATED FROM FRAGMENT PC III

AFTER REDUCTION AND ALKYLATION

The results presented are an average of two determinations.

uM Residues Fragment Isolated
from B chain by
Hew and Dixon

Carboxymethylcysteine 0.0232 .95 -
Aspértic Acid 0.105 4.3 3.5
Threonine .0253 1.0 .85
Serine .0492 2,0 1.6
Glutamic Acid .0305 1.25 1.0
Proline .0525 2.1 1.8
Glycine .0985 4,0 3.8
Alanine .0520 2.1 1.8
Valine .0828 3.4 3.8
Methionine .00

Isoleucine .024 .97 .85
Leucine .051 2,1 2,0
Tyrosine .0726 3.0 2.6
Phenylalanine .0463 1.9 1.8
Homoserine .0183 .75 .8
Lysine - - 2.5
Histidine .0292 1.2 .8
Arginine .0480 1.95 1.6
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B chain fragments indicate that these fragments have identical amino
acid sequences. The only apparent difference between the amino acid
compositions of the fragment obtained from PC III and that obtained
from the B chain is the low amount of carboxymethylcysteine present
in the fragment obtained from the B chain. However, subsequent analyses
of peptides obtained from the B chain fragment (fragment E) showed
that, instead of carboxymethylcysteine, cystine was present (32). In
fact, the sequence of this fragment has now been completed by Hew,
Kauffman and Dixon and is shown in Figure 24, The sequence demonstrates
that the fragmént contains 4 valines and thus confirms that the hydroly-
tic conditions used in determining the amino acid analysis resulted in
incomplete release of valine.

The sequence and amino acid analysis of fragment E both demon-
strate that there is only 1 half-cystine in this peptide. Since this
frégment is joined to the o chain by a disulphide bond, fragment E
must be joined to the « chain by this particular half-cystine. From
the.results of Kauffman and Dixon it can be seen that the sequence of
the B chain cysteic acid peptide (Th3B) which is joined to the o chain
is identical to a sequence present in ffagment E. Therefore the fact
that peptide Th3B contains a sequence identical to that present in
fragment E demonstrates independently that the half-cystine present
in Th3B is attached to the a chain.

The presence of a B chain polypeptide in the PC III fragment
which was identical in sequence to the fragment isolated by Hew and

Dixon (fragment E) was further confirmed by amino-terminal and
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Pro-Ile-Cys-Pro-Leu-Ser-Lys-Asp-Tyr-Ala-Glu-Val-Gly-Arg-Val-
Gly—Tyr—Val—Ser—Gly-Try—Gly-Arg—Asp—Ala—Asn—Phe—Lys—Phe—Thr—

Asp-His-Leu-Lys~-Tyr-Val-Hsr

Figure 24 The sequence of fragment E



96
carboxy-terminal analysis. The results of aminoQterminal analysis are
shown in Figure 25. In Figure 25a analysis of the dansyl-amino acids
shows that from PC III a fluorescent spot with a mobility corresponding
to that of either dansyl-valine or dansyl-proline is obtained. However
only a small separation of dansyl-valine and dansyl-proline is obtained
in this system. A better separation of these two dansyl-amino acids
was obtained after thin layer chromatogfaphy in a solvent system con-
taining chloroform 90 mls, isoamyl alcohol 10 mls, and acétic acid
0.5 mls (Figure 25b). Figure 25b demonstrates the separation of dansyl-
valine from dansyl-proline in this system and shows that fragment PC III
contains both proline and valine as amino-terminal amino acids. Since
the amino-terminal of the o haptoglobin chain is known to be valine and-:
the amino-terminal of fragment E is known to be proline the result
confirms the assignment of the B chain and fragment E as constituents
of fragment PC III.

The results of carboxypeptidase A digestion of performic-oxidized
PC III are shown in Table II. These results showed that equimolar
amounts of glutamine, homoserine, valine, tyrosine, and leucine are
released from fragment PC III. Lysine was not determined in this
analysis because of the large amount of ammonia which still remained
after the ammonia extraction of the released émino acids from Dowex 50.
Previous studies on the carboxy-terminal of the o chain of haptoglobin
have shown that only glutamine was released by carboxypeptidase A.
Thus the remaining amino acids must have been released from the fragment

attached to the 5 chain. The other four amino aéids are found at four
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25a 25b

origin

Figure 25 Analysis by thin layer chromatography of the dansyl-
amino acids obtained from the amino-terminal residues
of fragment PCIII. 1.0 mg of fragment was reacted,
hydrolysed, dried and then redissolved in 25 pl of

2N ammonia. 1/5 to 1/8 of this sample was used per spot
for analysis.

25a Analysis using the system of Black and Dixon (89).
Samples 1 and 5, dansyl-valine; samples 2 and 4,
dansyl-proline; sample 3, fragment PC III.

25b Analysis using chloroform 90 ml, isoamyl alcohol
10 ml, and acetic acid 0.5 ml as solvent. Samples
are the same as in 25a.



TABLE 1II

AMINO ACID ANALYSIS OF THE AMINO ACIDS RELEASED BY
CARBOXYPEPTIDASE A DIGESTION OF FRAGMENT PC III
AFTER THE FRAGMENT HAD BEEN OXIDIZED USING

‘ PERFORMIC ACID

uM Residues
Homoserine 0.021 1.0
Glutamine 0.023 1:1
Valine 0.018 0.88
Leucine 0.017 0.84
Tyrosine : 0.017 0.84
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of the five carboxy-terminal positions of fragment E, the other amino
acid being lysine which was not determined. Thus the data are consis-
tent with carboxypeptidase removing the first five amino acids from
the carboxy-terminal of fragment E and not removing the histidine at
the sixth position. This histidine does not appear to be removed
bécause it is next to an aspartic acid (a residue which carboxypeptidase
A removes only very slowly) and it is known that the pehultimate residue
affects tﬁe removal of the carboxy-terminal residue (114). Also, al-
though lysine is not normally considered to be released by carboxy-
peptidase 4, it is one of the residues which is released slowly by

this enzyme (114).
Diagonal Analyses on Fragment PC III

The disulphides of fragment PC II1I were investigated following
the diagonal technique described by Brown and Hartley (115). Using
this technique the polypeptide under investigation is digested with
an énzyme and the‘resulting peptides are separated by high voltage
electrophoresis. Then a strip of paper containing the separated
peptides is performic-oxidized, sewn onto another sheet of high voltage
paper, and then, as described by Brown and Hartley (115), electro-
phoresis is again performed at the same pH as the first electrophoresis
but at right angles to the direction of the first electrophoresis.
Using this technique the peptides which do not contain disulphides
form a diagonal on the paper and disulphide peptides usually migrate

off the diagonal and so can be identified. 1In addition Brown and
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Hartley (115) have shown that this method can be used for isolating
and identifying disulphide peptides.

In analysing disulphide-containing proteins or polypeptides the
enzyme or enzymes used for digestion is somewhat critical because of
two phenomena. On one hand many proteins cannot be digested by some
enzymes when their disulphides are intact (110) and on the other hand
when digestioﬁ is allowed to proceed at slightly alkaline pH disulphide
interchange can occur (109). As a result of these problems most pro-
teins are initially digested with pepsin both because it attacks native
proteins and because it attacks at low pH where disulphide interchange
is not favoured. Then, if necessary, a further digestion with another
enzyme has often been used (110,115).

In the présent study on the disulphides of fragment PC III
diagonal analyses have been performed after pepsin digests, pepsin-
trypsin digests, pepsin-trypsin-chymotrypsin digests, pépsin—subtilisin
digests, pepsin~-thermolysin digests, partial acid hydrolyses, and
pepéin—partial acid digests. The digest which appeared to be most
suitable for fufther study was the pepsin-trypsin digest.:

The result of a pepsin-trypsin diagonal analysis of PC III from
haptoglobin 1-1 is shown in Figure 26.  The peptide AA had identical
mobilities in the first dimension to the 21 o disulphide peptide ob-
tained by Kauffman and Dixon from a pepsin digest of haptoglobin 1-1
and in the second dimension to the 21 d cysteic acid peptide obtained
from haptoglobin 1-1. Also, its identity with fhe 21 o peptide was

confirmed by the fact that it gave a positive histidine reaction with
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cv

XCFF

Figure 26 pH 6.5 diagonal map of 1.5 mg of a peptic-tryptic
digest of fragment PC III. BAl is the isatin
positive spot. Electrophoresis was performed in
the first dimension until a marker of crystal violet

moved 13 cm.
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the Pauly stain and that it reacted slowly with ninhydrin. Peptide BAl
was found to stain blue with isatin reagent thus demonstrating that it
contained proline as amino-terminal amino acid. It was suspected that
peptide BAl came.from the amino-terminal of fragment E which.does have
proline at its amino-terminal. Also it was reasoned that this proline-
amino-terminal peptide would contain half-cystine and thus would run
off the diagonal since it is only two residues removed from the only
half-cystine residue which is present in fragment E.

Peptides BAl, BA2, and BA3 have been isolated from peptic-
tryptic digests of fragment PC III in sufficient amount and purity for
their position in the haptoglobin sequence to be established. The
amino acid‘analyses and amino-terminal amino acids of these peptides
are shown in Table TII. Peptide BAl as expected corrésponded to the
amino-terminal peptide from fragment E. This peptide would have a net
cﬁarge of -1 at pH 6.5 and since it contains one cysteic acid, its
charge must have been zero before oxidation. Peptides BA2 and BA3
are derived from a part of the a chain corresponding to fesidues 61 to
77 and 64 to 77'réspectively. Tﬁese two peptides have a net charge of
-2 at pH 6.5 and since they contain two cysteic acids their charge
must also have been zero before oxidation.

The diagonal map shown in Figure 26 indicates that peptides BA2
and BA3 are.both attached by a disulphide to BAl before performic oxi-
dation because all three peptides had the same electrophoretic mobility
before oxidation. To further confirm this point diagonal analysis of

peptic-tryptic peptides from PC III was performed at pH 4.0. As shown



TABLE III

OF PEPTIDES BAl, BA2, AND BA3

AMINO ACID ANALYSES AND AMINO-TERMINAL ANALYSES
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The peptides were obtained from 25 mg of a peptic-tryptic digest of
The peptides were eluted
from pre-washed Whatmann 3 MM paper with 30% acetic acid.

fragment PC III as described in methods.

227 of

each peptide was dried and hydrolyzed for amino acid analysis. Then
2/3 of the hydrolyzate was used for analysis.
BAl BA2 BA3
M uM* Residueé uM  |Residues uM  |Residues
corr.
Lysine .0703 | .052 0.9 | .113 3.0 | .063 3.0
Cysteic .0534 .046 0.8 .0631 1.7 .0349 1.6
Aspartic .0800 .073 1.25 .0466‘ 1.25 | .0268 1.25
Serine .0639 | .063 | 1.1 |o0 0 0
Glutamic | .0181 | .004 | O | .0845 | 2.25 | .0502 | 2.3
Proline .132 .118 2.0 .0840 2.25 | .0470 2.15
Glycine .0147 0 0 .0808 2.2 .0274 1.25
Alanine .0129 0 0 .0748 2.0 .0253 1.2
Valine .0115 | © 0 .0726 2.0 | .0228 1.05
Isoleucine| .0613 .061 1.0 0’ 0 0
Leucine .0710 .064 1.0 .0416 1.1 .0239 1.1
Amino :
Terminal Proline Alanine

Aspartic Acid

*The micromolar values of peptide BAl are corrected for a 10% contamin-
ation by peptide BA2.



104
in Figure 27 the isatin-positive peptide was seen to be mated to three
other peptides. The question remained as to whether two of these three
peptides were identical with peptides BA2 and BA3. To answer this
question a performic-oxidized pH 4.0 electrophorogram of a peptic-
tryptic hydrolysate of fragment PC III was run in the second dimension
at pH 6.5. Peptides BAl, BA2, and BA3 could be identified and so con-
firmed that the B chain must be attached either to a half-cystine at
position 69 or 73 in the o chain of haptoglobin.

Since peptides BAl, BA2, and BA3 are each present as doublets
in the pH 6.5 diagonals they must arise from two &isulphide peptides
which are separated by electrophoresis in the first dimension. Thus
there must be two of disulphide peptides present in peptic-tryptic
digests of PC III. The diagonal analysis of PC III shows that peptide
BNl is also mated to BAl, BA2, and BA3. 1If peptide BNl contains 1
cysteic acid it would have a net charge of +1vbefore oxidation and
since BAl, BA2, and BA3 all have charges of zero before oxidation,
therefore the net charge on the disulphide peptide would be +1. This
is consistent with the slightiy basic mobility of the disulphide peptide
containing BN1, BAl and BA2 or BA3. |

Kauffman and Dixon have shown that'thg B chain of haptoglobin is
joined to a half-cystinyl group at position 73 in the o éhain of hapto-
globin and that the half-cystinyl group at position 69 is joined to
position 35. The resulté of tﬁe peptic—~tryptic diagonals of fragment
PC III are consistent with this structure. Propoéed structures for the

two aB disulphide peptides isolated from the peptic-tryptic digests of
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Figure 27 pH 4.0 diagonal map of 2.0 mg of a peptic-tryptic
digest of fragment PCIII. The hatched spot is
isatin positive. Electrophoresis was performed in
the first dimension until a marker of crystal

violet moved 13 cm.



106
fragment PC III are shown in Figure 28. These two disulphide pepéides
differ only in the structure of one of their component haif—cystine
peptides (from the a35 regionj, the other two peptides‘(from'the B
chain and from the 069 region) being identical. As the half-cystine
peptides from the d35 region are presumed to have different charges

the presence of two disulphide peptides before oxidation is explained.
Further Studies on Half Haptoglobin

The results of Kauffman and Dixon (35) sﬁggested’that the two
halves of the haptoglobin molecule are linked together by a symmetrical
disulphide bond located at the half-cystinyl residue 21 of the hapto-
globin o chain. Thus one would predict that when haptoglobin is-split
into symmetrical halves by sodium sulﬁhite and pCMS that the a2l
disulphide would be split and‘thus the a2l half-cystinyl group would
be present in the half-haptoglobin as a mixture of S-—sulfocysteine and
‘the p-mercurisulphonate mercaptide derivative. This prediction has been
exaﬁiﬁed by analysing the peptic.peptides produced when haptoglobin
which‘had been split by 35S—sodium sulphite and pCMS, was digested with
pepsin.

Figure 29 shows the results of an autoradiogram of a peptic
digest of 35S—labelled half—haptoglobin 1-1 after high voléage electro-
phoresis at pﬁ 6.5. One major acidic radioactive band is obtained from
the peptic digest. Previous results (35) had shown that (among the
disulphide peptides) undef the conditions of peptic digestion only the

a-a' disulphide peptide was obtained in good yield. Thus this result



charge=0

(Ala-Val-Gly)-Asp-Lys-Leu~-Pro-Glu-Cys-Glu-Ala-Val-Cys-Gly-Lys-Pro-Lys
S

//s
‘ Pro-Ile~Cys-Pro-Leu-Ser-Lys-Asp
S 4
/// charge=0

a35 peptide

charge=+1

charge=0

(Ala-Val-Gly)-Asp-Lys-Leu-Pro-Glu-Cys-Glu-Ala-Val-Cys—-Gly-Lys-Pro-Lys
S///

Pro-Ile-Cys—-Pro-Leu-Ser-Lys—-Asp
S .

///’ charge=0

a35 peptide

charge=+2

Figure 28 Structure of aBf disulphide peptides obtained
from peptic tryptic digests of fragment PCIII.
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4———————— Origin

Figure 29 Autoradiogram of the acidic peptides after
high voltage electroghoresis at pH 6.5 of
a peptic digest of 3 S-half-haptoglobin.
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suggested that the 35S—peptide was the o chain peptide.

To further characterize this 35S—labelled peptide 40 mgs. of
the peptic digest of labelled half—haﬁtoglobin was applied to 20 cm
of Whatmann 3 MM paper and eiectrophoresed at pH 6.5. The position
of the radioactive peptide was determined by autoradiographyvand then
the area corresponding to the radioactivity was cut out and séwed onto
another piece of 3 MM paper for pH 3.6 high voltage electrophoresis.
In order to obtain pure peptide, electrophoresis was performed first
at pH 6.5 then at pH 3.6 and finally at pH 1.9.

\ This peptide at pH 6.5 had exactly the same mobility as the dye
XCFF and thus XCFF was a useful marker for locating the peptide at this
pH. At pH 3.6 the peptide ran faster than e-DNP lysine but slower than
crystal violet and at pH 1.9 it had about 2/3 the mobility of crystal
violet. In order to purify the peptide it was electrophoresed until it
had run 27 cm at pH 6.5. Some minor slower running radioactive bands
were observed but were very faiﬁt. At pH 3.6 two peptidés.were
observed. The minor peptide which consisted of about 1/4 to 1/3 of
the amount of the major peptide was not studied further. The major
peptide was run until it migrated 16 cm relative to a migration of 10
cm for e-DNP lysine. At pH 1.9 a single radioactive band was observed
which ran 20 cm relative to a mobility of 29 cm for crystal violet.

Ten cm of the strip was then cut out and the radioactive peptide
eluted chromatographically from the paper with 0.5 ml distilled water.
After drying, the peptide was hydrolysed in vacué for 15 hours at

110° C and 3/4 of the sample was used for amino acid analysis.
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Table IV shows a comparison between the amino acid analysis of
the 35S—peptide and the amino acid composition of the cysteic acid pep-
tide derived from the peptic 21&—21&' disulphide peptide. The fact that
these peﬁtides‘had the same amino acid composition showed that the
358—peptide and the Zld—cysteic acid peptide represented the same
sequence.

As mentioned previously, when 35S—labelled half-haptoglobin was
further cleaved using unlabelled sodium sulphite in the presence of 8M
urea and the haptoglobin chains were subsequently separated, the
majority of the radioactivity was found in the 8 chain. This result
is not contradictory to the results obtained heré since it has been
shown that under the conditions of further cleavage with unlabelled
sulphite more than 80 per cent of the 35S—sulpﬁite was lost from the
half-haptoglobin molecule (96). Thus it can be argued fhat the 358
label 6n the a chain was very labile and all of the sulphite was lost
from it under the above conditions. The reason why counts were found
in fhe heavy chain region is not known at present but could have been
due to exchange of the 35S—sulphite, cleaved from the 2lo position, with
the five half-cystinyl residues of the B chain.

The fact that the 2la-21a" disulphide was split in the formation
of half-haptoglobin has also been demonstrated by diagénal analyses.
Figure 30a shows a Pauly-stained, performic-acid-diagonal analysis of

haptoglobin which has been digested with pepsin. Only one Pauly-

positive spot was off the diagonal. The mobility of this spot in the
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TABLE IV

COMPARISON OF THE AMINO ACID COMPOSITION OF THE a-o'

DISULPHIDE PEPTIDE OBTAINED AFTER PEPSIN DIGESTION

OF Hp 1-1 WITH THE 35S-PEPTIDE OBTAINED AFTER PEPSIN
DIGESTION OF 35S-Hp/2

uM 335 peptide | Amino Acid Composition

from Half- of Cysteic Acid Peptide

Haptoglobin | from 21 -21 ' Disulphide

Peptide.* (Kauffman and

Dixon).

Agpartic Acid 0.023 2.2 2
Threonine 0.0 0.0 0
Serine 0.001 0.1 0
Glutamic Acid 0.013 1.2 1
Proline 0.031 3.0 3
Glycine 0.023 2.1 2
Alanine | 0.021 2.0 2
Valine 0.0 0.0 0
Methionine _ - 0.0 ‘ 0.0 0
Isoleucine 0.020 1.9 2
Leucine 0.0 | 0.0 0
Tyrdsine 0.0 0.0 0
Pﬁenylalanine 0.0 0.0 0
Lysine . 0.0093 0.9 1
Histidine 0.0094 0.9 1
Arginine 0.0 0.0 0

% The amino acid composition was deduced from the sequence of the peptide.



Figure 30

Diagonal map of peptic digests of haptoglobin
and half-haptoglobin. Haptoglobin or half-
haptoglobin (4 mg) were dissolved in 0.4 mls
of 5% formic acid. To this solution 40 ul of
a 1% pepsin solution were added and digestion
proceeded for 17 hours at 37° C. Then the
samples were dried, redissolved in a small
volume of pH 6.5 pyridine-acetate buffer,
applied to 2.5 cm of Whatmann 3 mM paper, and
diagonal analysis was performed as described
by Hartley (115). After diagonal analysis the

paper was sprayed with Pauly reagent.
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first dimension was about 1/2 that of the marker XCFF and was equal to
the marker in the second dimension. 1In the second dimension this spot
corresponded in mobility to the 2la cysteic-acid-containing peptide
isolated by Kauffman and Dixon. It also had the same mobility as the
35S—sulphite—labelled peptide obtained from sulphite-labelled half-
haptoglobin. After performic-acid oxidation of the 21&—21&' disul-
phide peptide the cystinyl moiety which was present in the peptide

would be converted to cysteic acid and, after splitting with sulphite,
the moiety would be converted to S~sulphocysteine. In both of these
cases this sulphur containing amino écid would be negatively charged

and so the peptide after oxidation or after splitting with sulphite
would have the séme change as well as essentially the same size. In the
Pauly-stained diagonal of half-haptoglobin (Figure 30) the Pauly-
positivé band which was off the diagonal in the case of Hp 1-1 is

nét seen and instead a new Pauly positive spot is seen on the diagonal
which has the same mobility as XCFF in both the first and second dim-
ensions. Again the result is consistent with the predictionAthat the
S-sulphq—beptide and the cysteic peptide have the same mobilities. A
schematic repreéentation of the comparative diagonals is shown in

Figure 31.

"The splitting of the 21la disulphide in haptoglobin with the
resulting formation sf half-haptoglobin can be seen in two different
ways. In one case usingIBSS—labelled sulphite, the peptide correspon-
ding to the sequence around the 2la position has been isolated, and

in the other case using comparative diagonals it is seen that the 2lo
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HAPTOGLOBIN

u=0.5 XCFF
pepsin 2lo peptic peptide
% other
> s peptides
21a peptic peptide
performic
oxidation
2la pzptic peptide
05 other
peptides
u=XCFF
HALF-EAPTOGLOBIN
u = XCFF
pepsin 21a peptic peptide other
~> 0= peptides
2
performic
oxidation
21 ngflc peptide other
3 peptides
u = XCFF

Figure 31 Scheme to explain the comparitive diagonals
of haptoglobin and half-haptoglobin.
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disulphide peptide is missing iﬁ half-haptoglobin but is replaced by
another peptide which has the properties of a 2la-peptide in the S-
sulphocysteinyl form. In addition it was also shown previously that
a comparison of the cyanogen bromide fragments of haptoglobin and half-
haptoglobin showed that the o chain containing fragment (PC III) was
altered in the half-haptoglobin. Since PC III contains a part of the
B chaih linked by a disuiphide to the o chain, and this part of the B
chain (fragment E) contains only 1 half-cystine it is apparent that
only a a-o' disulphide could have been broken in the conversion of

haptoglobin to half-haptoglobin.
Discﬁssion and Conclusions

The haptoglobin 1-1 molecule contains nine-disulphide bonds as
shown in Figure 32. Six of these disulphides are intrachain disulphides
aﬁd the other three are interchain. TFour of the intrachain disulphideé
are in the B chains and two are in the o chains connecting the half-
cystinyl 35 residues with the hélf—cystinyl residues at position 69,

Of the three interchaiﬁ disulphides one is a symmetrical interchain
disulphide bétween the half-cystinyl residues at position 21 in the «
chain and the others are tﬂe af linkage disulphides which join the B
chains to the a73 half-cystinyl residues.

The existence of only one unique aBf disulphide in haptoglobin
has been confirmed by studies on the PC III fragment. From this PC III
fragment another fragment (E) has been isolated which is a part of the

B chain of haptoglobin. This fragment E which is the only B8 chain
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Figure 32 Structure of haptoglobin 1-1 showing the disulphide
bonds. The position of all five half-cystines in the
B chain is unknown.
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fragment linked to the o chain contains only one half-cystinyl group
and so there.can only be one disulphide between the o and B chains in
haptoglobin. The results of peptic-tryptic digests are consistent
with a structure in which there are two half-cystinyl groups at posi-
tions 69 and 73 and in which one of these ﬁalf—cystinyl groups is
attached to the B chain.

It is interesting to observe that as a result of the postulated
partial gene duplication whicﬁ gives rise to the 2o chain of hapto-
globin, the region of thé DNA corresponding to a sequence containing
the half-cystine at position 73a has beenAdeleted. Although the half-
cystine which would be at 73a if the o chain were completely dupli-

cated has been deleted in the a2

chain of haptoglobin there is still
a linkage of the o chain to the B chain by the half-cystine at posi-
tion 132 a?. However, because one of the linkage half-cystines which
" would be present if the a chain were completely duplicated is missing
in 02, in the case of both the a! and o? haptoglobin chains, each o
chain can be joined to only 1 B chain.

The gammaglobulins are tetrachain molecules with two pairs of
identical chains and so structurally resemble the haptoglobins. The
disulphides of the YG subclass YGl have been studied in detail (107,
116,117). It has been shown that YGl myeloma proteins have two intra-
chain disulphides in each of the light chains and four in each of the
heavy chains. There is bnly one unique light-heavy disulphide and

there are two symmetrical disulphides linking the heavy chains. The

disulphides of the gammaglobulins differ markedly between the
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subclasses (117) and it hgs been shown that in subclass yG3 there are
five symmetrical interchain disulphides between the heavy chains.

Also it has been shown in one antibody subclass YA2 that there is no
disulphide linking the light and heavy chains (118).

In comparing the disulphides of YGl and haptoglobin 1-1 many
differences are apparent. In both the 1ight'and hea&y chains (o and B
chains respectively for haptoglobins) there aré twice as many intra-
chain disulphides iﬁ YGl as in Hp 1-1. 1In addition there are twice
as many symmetrical interchain disulphides in YGl as there are in Hp
1-1 and the symmetrical interchain disulphides attach the heavy chains‘
together in YGl while tﬁey attach the o (light) chains together in Hp
1-1. 1In both molecules there is one unique‘interchain disulphide which
is located towards the carboxy-terminél énd of each of the ligﬁt chains.

Recently a very inferesting study on the refolding of hapto-
giobin has been performed by Bernini and Borri-Voltattorni (119).

These workers have been able to completely reduce haptoglobin with
meréaptoethanol in the presence of 8M urea and then by carefully
reoxidizing a mixture of @ and B chains in the absence of urea they
have been to reform haptoglobin. In the case of haptoglobin 1-1 they
have been able to obtain a recovery of 85 to 90 per cent; ‘In the case
of haptoglobin 2-2 they have been able to reform the haptoglobiﬁ poly-
mers with a yield of 60 to 70 per cent. .Also‘these workers have been
-able to separate the a and B chains of haptoglobin, remix them, énd
oxidize the remixed chains to form haptoglobin. In this way they have

been able to make Hp 2-1 from the chains derived from Hp 1-1 and Hp
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2-2. Studies on the reoxidation of the individual chains showed that

! chains formed dimers while o2 formed polymers and B chains did not

a
polymerize.

The results of the Italian workers are completely consistent
with those presented here. 1In the first instance the only symmetrical
interchain disulphides that we have found is betweén o chains. This
explains why only o chains form dimers. Similarly the cleavage of this
a-o' disulphide breaks down the haptoglobin polymers and it can be seen
that the a-o' disulphide alone can be responsible for haptoglobin
polymerization. Thus the a? chéin by itself should be able to poly-
merize and this has been found by Bernini and Borri-Voltattorni.

Finally since there are no B-B' disulphides the B chain should remain

monomeric after oxidation as found by Bernini and Borri-Voltattorni.
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THE INFLUENCE OF HAPTOGLOBIN ON THE REACTIVITY
ON THE -SH GROUPS OF HEMOGLOBIN

This section of the thesis examines the reactivity of the B93
cysteinyl residue in free hemoglobin and in the hemoglobin-haptoglobin
complex toward three sulphydryl reagents, iodoacetamide, 2,2'
dithiodipyridine (Z—PDS) and 4,4' dithiodipyridine (4-PDS) (46,94).

Iodoacetamide is one of a group of compounds containing active
halogen atoms which are used as reagents for sulphydryl groupé.
Generally the reaction takes place with the mercaptide ion. The
reagents will also react with amino groups but the rate of reaction
with sulphydryl groups is much faster. Pyridine disulphides react
with sulphy&ryl groups by the disulphide interchange reaction. The
thiopyridone products of the reaction are almost exclusively in the
tautomeric thio form and as a result the ultraviolet absorption spectra
of the thiopyridones.is quite different from the corresponding

disulphides.
Pyridine Disulphide and Iodoacetamide Reactions

The dithiodipyridines are especially suited for reaction wifh
hemoglobin since the products of the reaction absorb at 324 or 343 nm
(94) where hemoglobin has little absorbance. In contrast, other
reagents such as para-hydroxymercuribenzoate (PMB) and Ellman's reagent

(121) absorb in regions where hemoglobin also absorbs strongly.
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Figure 33 shows a comparison between the reaction of 4-PDS with hemo-

globin and its reaction with the Hb-Hp complex in which it can be seen
that after complex formation with haptoglobin there was a greater than
90 per cent inhibition of the reaction rate of hemoglobin. As shown |
in Figure 34, the inhibition; in the case of both 4-PDS and 2-PDS

was proportional to the amount of complex formed with a maximum inhi-

bition at a 1 to 1 molar ratio of hemoglobin to haptoglobin. Although
the reaction with the Hﬁ—Hb complex was much slower than with free Hb,

4

at a higher concentration of reagents, i.e., 8 x 10 'M 4-PDS and 9.2

X 10-6M Hb, reaction with Hp-Hb complex occurred and was essentially
complete in 10 minutes. |

Similarly, the reaction of iodoacetamide with the complex was
slower than that with hemoglobin (Figure 35). The inhibition of the
reaction of 14C—iodoacetamide with Hb by Hp was 70 to 80 per cent
whether the Hb was in the form of methemoglobin or oxyhemoglobin
whereas with the dithiodipyridines the inhibition was greater than 90
per-cent. "An effect of haptoglobin on the environment of cysteinyl
B93 has also been seen (122) by comparing the electron spin resonance
(E.S.R.) spectrum of N—(l—oxyl—2,2,5,5,—tetramethyl—3—pyfolidonyl)
iodoacetamide-labelled hemoglobin with the labelled Hb-Hp complex

Since the rate of reaction of sulphydryl reagents with the
Hb-Hp complex was markedly different from that of Hb, it was necessary
_to determine the site of reaction on the Hp~Hb complex to be sure that,

in fact, the reaction was still with the B93 sulphydryl group. Auto-

radiography (Figure 36), after complete acid hydrolysis and high
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Figure 33 The reaction of 4-PDS with hemoglobin, the hemoglobin-
haptoglobin (Hb-Hp) complex, and free haptoglobin.
The ordinate represents -SH groups reacted per mole of
hemoglobin tetramer. Thus complete reaction would
~generate 2 moles of thiopyridone per mole of hemo-
globin tetramer.
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reaction of 4-PDS and 2-PDS with methemoglobin in
presence of increasing amounts of haptoglobin.
initial velocity of the reaction is plotted against
molar ratio of haptoglobin to hemoglobin.
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Figure 35 The reaction of 14C—iodoacetamide with hemoglobin and
hemoglobin - haptoglobin mixtures. For the reaction of
C-iodoacetamide with free haptoglobin, the rate is
plotted per 0.19 absorbance at 280 nm since the absor-
bance of hemoglobin at 407 nm is 5.2 times that of
haptoglobin at 280 nm.
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3-carboxymethyl~-
histidine

S-carboxymethyl-
cysteine

Y
glutamic acid

*—aspartic acid

Figure 36 High voltage electrophoresis at pH 6.5 after 16 hour acid
hydrolysis of 14C—carboxymethyl—Hb and 14C-carboxymethyl-
Hb-Hp. 36B is a ninhydrin stain and 36A is an autoradio-
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graph of the high voltage paper. Numbers 1, 4, and 7 show

markers of S-carboxymethylcysteine and 3, 6, and 9 are
3-carboxymethylhistidine. Numbers 2 and 8 show acid
hydrolysates of carboxymethyl-Hb and number 5 is the
hydrolysate of carboxymethyl-Hb-Hp.
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voltage electrophoresis at pH 6.5 showed that in.the Hb-Hp complex the
major radioactive spot was the same as that with hemoglobin and had
the same mobility as authentic S-carboxymethylcysteine. Two minor
spots which ran more slowly toward the anode than 3~carboxymethyl-
histidine were also seen. Products with similar mobilifies to these
minor spots have'also been described in a previous analysis of the
reaction of haptoglobin with iodoacetamide fbllowing acid hydrolysis
(123).

Comparison of Residues Reacting in Hb-Hp Complex
With Those in Hb

In order to identify which cysteinyl residue in hemoglobin was
reacting, the technique of comparative partial acid hydrolysis, dev-
eloped for comparison of the active sites of serine proteases, was
used (124). Partial hydrolysates of 14C—carboxymethyl—labelled Hb
and Hb-Hp complex were separated by high voltage electrophoresis at
pH 3.6 and an autoradiograph of the electrophoretogram is shown in
Figure 37. At ieast eight radioactive bands show identical mobilities
and appear in approximately similar proportions in sample 1 (free Hb)
and sample 2 (the Hb-Hp complex). This demonstrates conclusively that
| the site of reaction in the Hp-Hb complex is still at the B93 cysteinyl
residue of hemoglobin. Sample 3 shows the products of partial acid
hydrolysis of free haptoglobin after treatment with 14C—iodoacetamide.

-The site(s) of modification, which leads to the appearance of the two

slightly cathodic radioactive bands, has not been characterized but
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+«— origin

Figure 37 High voltage electroghoresis at pH 3.6 after 20 minute
acid hydrolysis of 1 C-carboxymethyl-Hb, l4C-carboxymethyl
Hb-Hp and l4C-carboxymethyl Hp. Electrophoresis was
performed at approximately 3,500 volts until a marker
of crystal violet had moved 22 cm.
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faint corresponding bands in sample 2 indicate that a similar reaction
is probably occurring with the Hb-Hp complex.

The explanation for the decreased reactivity of cysteinyl R93
in the Hb-Hp complex cannot, at tﬁe moment, be unequivocal. Three
possibilities exist,

(a) There is a covalent interaction between the sulfhydryl
group of the cysteinyl residue at B93 and a group in héptoglobin, for
example, a reactive disulfide. Two lines of evidence make this unlikely;
first, B93 can react completely, albeit more slowly, with iodoacetamide
or the dithiodipyridines so that the decreased reactivity is essentially
a rate phenomenon. Secondly, the Hb—Hp.complex can be completely dis-
sociated b? succinylation of amino groups (54),'a procedure which does
not affect -SH or -S5-S- groups but is known to caﬁse an extensive
physical unfolding of haptoglobin and presumably destruction of the con-
férmation of the hemoglobin binding site on haptoglobin.

(b) B93 is a "contact” amino acid (125) in the hemoglobin site
bpuﬁd by haptoglobin. This possibility has been explored by Bunn (64)
who prepared 'several derivatives of hemoglobin in which B93 was modi-
fied by groups varying in size from carboxymethylamido- (from
iodoacetamide) to p-mercuribenzoate (from p-HMB) and foqnd that there
was no effect on the binding of hemoglobin by haptoglobin. This would
argue égainst the decrease in reactivity of 93 in the complex being
the result of a direct shielding by haptoglobin. Moreover, HbH (84)
’is not bound by haptoglobin (57) and isolated B-chain is bound only

weakly (72), so that it seems unlikely that a major portion of the
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binding site is on the B-chain.

(¢) The third and perhaps most likely possibility is that a
conformational change is induced in the environment of B93 as a result
of the reaction with haptoglobin. The effect of hapﬁoglobin on B93 is
very similar to the decrease in reactivity of B93 toward iodoacetamide
upon deoxygenation of hemoglobin (47). Since this effect has been
interpreted (47) as resulting from the known conformational differences
between oxy- and deoxy-hemoglobin (42,50), the same type of cénforma—
tional change upon haptoglobin binding seems reasonable. Detailed
studies of the immediate environment of 893 (42,50) have shown that
cysteinyl B93 is close to histidyl R97, a‘residue intimately involved
in the (al,Bz) contact area between the dissociating halves of the
hemoglobin molecule (50). A more recent X-ray crystallographic study
indicates that upon formation of deoxyhemoglobin, histidyl 8146 forms
a hydroggn bond with the B-carboxyl group of aspartyl 894 and restricts
access to the sulphydryl group of R93 (51) thus accounting for the
decfeased reactivity of B93 (47). Since the combination of haptoglobin
appears to be with dissociated af dimers of hemoglobin (70,71) it is
possible that haptoglobin may react with some portion of the exposed
al?BZ contact area thus indirectly affecting the reactivity of B93
toward sulphydryl reagents.

Thus the evidence indicates that haptoglobin induces a confor-
mational change in the vicinity of the 893 sulphydryl of hemoglobin.
'It is known that haptoglobin combines with a number of hemoglobins

modified at B93 (64) but it is not known if haptoglobin induces a
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similar conformational change in these modified hemoglobins.

The question also arises as to how hemoglobins with a modified
confqrmation at B93 react with haptoglobin. Deoxyhemoglobin, known
to have a different conformation at B93, does not combine with hapto-
globin. Human bis(N-maleimidomethyl)ether hemoglobin, which is modi-
fied at B93 and has different dissociation properties than human
oxyhemoglobin, reacts less completely with haptoglobin than oxy-
hemoglobin does. In fact this BME—hemoglobin_has recently been.shown
to have a different conformation in the FG corner of the hemoglobin B8
chain (the B93 region) (126). Thus two hemoglobins both with differ-
ent conformations in the cysteinyl 893 region both have different
affinities for haptdglobin than oxyhémoglobin has. As a result this
region of the hemoglobin molecule or an area near this region appears
to be the likely site of haptoglobin attack. Since the alsz contact
region is near the B93 area a conformational change in the B93 area
could change the conformation in the ale contact area. The fact that
both human deoxyhemoglobin and human BME-hemoglobin have different dis-
sociation properties than oxyhemoglobin (49,65) confirms the prediction
that these hemoglobins have different conformations in the a182 contact
area than oxyhemoglobin. In the case of deoxyhemoglobin the different
coﬁformation in the dlBZ contact area has been demonstrated directly
by X-ray crystallography (43). As mentioned previously, this change
in conformation in the alBZ contact area may be the reason that hapto-
‘globin reacts differently with human BME-hemoglobin and human deoxy-

hemoglobin than with human oxyhemoglobin. Since haptoglobin does
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combine with af hemoglobin dimers and does react more rapidly with
hemoglobins which are dissociated into dimers to a greater extent (68),
haptoglobin appears to be combining with an area of the hemoglobin
molecule which is exposed>after hemoglobin dissociation. This area
appears to be the d182 contact area.

The following observations are consistent with the prediction
that haptoglobin combines with the dlsz contact area of hemoglobin;
haptoglobin combines with the af dimer of hemoglobin; haptoglobin
causes a conformational change in a region of the hemoglobin molecule
(B93 region) which is in contact with the dlsz contact region; two
hemoglobins with modified conformations‘in the d182 contact area com-
bine less completely or not at all with haptoglobin; and haptoglobin
combiﬁes most rapidly with those hemoglobins which are dissociated to
the greatest extent.

In recent years nitroxide derivatives have been discovered
which contain unpaired electrons and are stable in aqueous solutions
(127). The attachment of these compounds to macromolecules has pro-
vided new and exciting information about the nature of protein
structure because the electron spin resonance spectra of‘these modified
proteins has been studied.

. /

Because the B93 cysteinyl group of hemoglobin can readily be
modified and because it is sensitive to the conformation of hemoglobin
this group has been modified with several spin-label feagents and

‘studied in detail in H. M. McConnells laboratory (127,128).
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One very interesting aspect of this work was the demonstration
of é new component in the spectra of spin-label compounds after the
spin-label reagents were attached to the B93 sulphydryl in hemoglobins.
In fact.the spectra of horse carbonmonoxyhemoglobin and horse methe-
moglobin show different amounts of this component (129). The e%plana—
tion for the varying amounts of the new component in the spin
resonance spectrum of modified carbonmonoxyhemoglobin and methemoglobin
was that the conformation of these two proteins in the area of the
spin-labels was different. X-ray crystallography of horse methemoglobin
and horse carbonmonoxyhemoglobin had shown that these proteins had
identical structures (130). However crystallization of these two spin-
labelled hemoglobins demonstrated thét the difference in spectra
between the two proteins remained (131) and thus the two proteins
appear to have a very small conformational difference which cannot be
démonstrated by X-ray crystallography. The discovery that haptoglobin
has an effect on human hemoglobin, which is spin-labelled at 893,
opeﬁs up the possibility of investigating aspects of the nature of the
hemoglobin-haptoglobin complex with this new and powerful technique

(122).
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