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ABSTRACT  The complete amino acid sequences and the
disulfide an'anfements of the two chains of human haptoglobin
1-1 were established. The a! and 8 chains of haptoglobin con-
tain 83 and 245 residues, respectively. Comparison of the pri-
mary structure of haptoglobin with that of the chymotrypsino-
gen family of serine proteases revealed a significant degree of
chemical similarity. The probability was less than 10~5 that the
chemical similarity of the 8 chain of haptoglobin to the pro-
teases was due to chance. The amino acid sequence of the 8
chain of haptoglobin is 29-33% identical to bovine trypsin,
bovine chymotrypsin, porcine elastase, human thrombin, or
human plasmin. Comparison of haptoglobin ! chain to acti-
vation peptide regions of the zymogens revealed an identity of
25% to the fifth “kringle” region of the activation peptide of
plasminogen. The probability was less than 0.014 that this
similarity was due to chance. These results strongly indicate
haptoglobin to be a homolog of the chymotrypsinogen family
of serine proteases. Alignment of the S-chain sequence of hap-
toglobin to the serine proteases is remarkably consistent except
for an insertion of 16 residues in the region corresponding to tﬁe
methionyl loop of the serine proteases. The active-site residues
typical of the serine proteases, histidine-57 and serine-195, are
replaced in haptoglobin by lysine and alanine, respectively;
however, aspartic acid-102 and the trypsin specificity residue,
aspartic acid-189, do occur in haptoglobin. Haptoglobin and the
serine proteases represent a striking exampf:a of homologous
proteins with different biological functions.

Human haptoglobin (Hp) is a plasma glycoprotein composed
of two types of polypeptide chains, & and (3, that are covalently
associated by disulfide bonds. In humans, three major pheno-
types, designated Hp 1-1, Hp 2-1, and Hp 2-2 (1-3), involve
considerable molecular variation due to an almost complete
duplication of the Hp! allele that resulted in a Hp2 allele (4, 5).
During gel electrophoresis Hp 2-1 and 2-2 both exhibit a
polymeric series mediated by disulfide bonding (6-9) that can
be formulated as (a28), (n = 8, 4, 5, ...) for Hp 2-2 and
(a1B)e(a2B), (n =0,1,2,...)for Hp 2-1 (10-13). The structure
of Hp 1-1 is represented simply as (a!3)z. Comprehensive re-
views on Hp are available (14-16).

Interest in Hp is usually related to its unique ability to bind
hemoglobin (Hb). An a8 subunit of Hb binds to each of two
independent binding sites on a molecule of Hp 1-1 with an af-
finity that is too high to measure precisely (17). Binding of Hb
a3 subunits is reported to occur on the 8 chain of Hp (18).

Partial amino acid sequence analysis of the haptoglobin 8
polypeptide (hp ) chain indicated it to be chemically similar
to the chymotrypsinogen family of serine proteases (19, 20).
This suggests that Hp is evolutionarily related to the serine
proteases as a result of gene duplication of a serine protease gene
(or a precursor thereof) and subsequent divergence to its present
structure. This report presents the complete primary structure
of human Hp 1-1 (a! and 8 chains), including the disulfide
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arrangements. We have repeated the sequence analysis of
human hp a! chain reported by others (21, 22) because our
analysis revealed a number of differences in the amino-terminal
region. The completed ! and B chain sequences of Hp were
extensively compared with the chymotrypsinogen family of
serine proteases to establish their evolutionary relationship.

METHODS

Hp and its component chains were purified from human ascites
fluid and from plasma as described (23). Purification and
characterization of the CNBr peptides were reported by Ku-
rosky et al. (24). Purified CNBr fragments II, III, IV, and V
were subjected to hydrolysis with chymotrypsin, trypsin,
staphylococcal protease, and thermolysin. Tryptic and chy-
motryptic hydrolyses were also performed on whole 3 chain.
The primary structure of the a! chain of Hp was established
by automated sequence analysis of intact a! chain and by
characterization of tryptic and staphylococcal protease peptides.
In addition, fragments obtained by arginyl hydrolysis by trypsin
of succinylated a! chain and by prolonged treatment of a!
chain with CNBr (1000-fold molar excess for 72 hr) were also
characterized. Methods of peptide purification and dansyl(5-
dimethylaminonaphthalene-1-sulfonyl)-Edman were con-
ducted as described (25). Automated sequence analyses were
performed on the Beckman Sequencer (updated model 890B)
as reported (23). Limited proteolytic cleavage of Hp 1-1 by
plasmin was done as described (26).

Comparison of the primary structures of the a! and 3 chains
of Hp with the chymotrypsinogen family of serine proteases
was according to the procedures of Fitch (27, 28) or Needleman
and Wunsch (29).

RESULTS

The amino acid sequences of the a! and 3 chains of human Hp
are given in Fig. 1. Limited proteolytic cleavage of intact
human Hp 1-1 by human plasmin gave a major cleavage be-
tween residues 130 and 131 (90% yield). A minor cleavage be-
tween 161 and 162 (10% yield) was also elicited with use of
higher ratios of plasmin to Hp. The disulfide linkages in Hp 1-1
are described in the legend to Fig. 1. A summary representation
of the tetrachain arrangement of human Hp 1-1, including the
disulfide assignments, is illustrated in Fig. 2.

Comparison of the sequence of the hp 8 chain with sequences
of representative serine proteases from the chymotrypsinogen
family is shown in Fig. 3. Computer analysis by the method of
Fitch (27, 28) revealed that the probability was <1075 that the
chemical similarity between the 8 chain of Hp and the plas-

Abbreviations: Hp, intact haptoglobin; hp, used in references to hap-

toglobin polypeptide chains; Hb, hemoglobin.
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1 1 5 10 15 20 25

a CHAIN: Val-Asp-Ser-G]y-Asn-Asp-Va]-Thr -Asp-1le-Ala-Asp-Asp-Gly-Cys-Pro-Lys-Pro-Pro-Glu-Ile-Ala-His-Gly-Tyr-

26 31 35 40 45 50 -Lys- 55

Val-Glu-His-Ser-Val-Arg-Tyr-GIn-Cys-Lys-Asn-Tyr-Tyr-Lys-Leu-Arg-Thr-Glu-Gly-Asp-Gly-Val-Tyr-Thr-Leu-Asn-Asn-Glu-Lys-G1n-
61 65 70 75 80

56
Trp-1le-Asn-Lys-Ala-Val-Gly-Asp-Lys-Leu-Pro-Glu-Cys-Glu-Ala-Val-Cys-Gly-Lys-Pro-Lys-Asn-Pro-Ala-Asn-Pro-Val-Gin-

5 10 15 20 CHO 25
[3 CHAIN: Ile -Leu-Gly-Gly-His-Leu-Asp-Ala-Lys-Gly-Ser-Phe-Pro-Trp-GIn-Ala-Lys-Met-Val Ser-His His-Asn-Leu-Thr-
35 40 45 CHO 55

26 CHO
Thr-Gly-Ala-Thr-Leu- Ile-Asn-Glu-Gln-Trp Leu-Leu-Thr-Thr-Ala-Lys-Asn-Leu-Phe-Leu-Asn-His- Ser-Glu-Asn-Ala-Thr-Ala-Lys-As -
61 65 70 75 CHO Bg

56
Ile-Ala-Pro-Thr-Leu- Th; -Leu-Tyr-Val-Gly-Lys-Lys-GIn-Leu-Val-Glu-Ile-Glu-Lys-Val-Val-Leu-His- Pro-Ain -Tyr-Ser-GIn-Val-Asp-
86 9 95 100 105 115
Ile-Gly-Leu-Ile-Lys-Leu-Lys-GIn-Lys-Val-Ser-Val-Asn-Glu-Arg-Val-Met-Pro-Ile-Cys-Leu-Pro- Ser-Lys-Asp Tyr-Ala-Glu-Val-Gly-
116 125 130 135 140 145
Arg-Val-Gly-Tyr-Val-Ser-Gly-Trp-Gly-Arg-Asn-Ala-Asn-Phe-Lys-Phe-Thr-Asp-His-Leu-Lys-Tyr-Val-Met-Leu-Pro-Val -Ala-Asp-Glin-
146 151 155 160 165 170 175
Asp-GIn-Cys-Ile-Arg-His-Tyr-Glu-Gly-Ser-Thr-Val-Pro-Glu-Lys-Lys -Thr-Pro—Lys-Ser-Pro-Val -Gly-Val-GIn-Pro-Ile-Leu-Asn-Glu-
1 181 185 190 195 200 205
His-Thr-Phe-Cys-Ala-Gly-Met-Ser-Lys- Tyr-Gln-Glu-Asp Thr-(Z:ys Tyr- Gly-Asp-Ala-gly -Ser-Ala-Phe-Ala-Val-His-Asp-Leu-Glu-Glu-

215 20 230 235

206 2
Izkgg-Thr Trp-Tyr-Ala- 12'hr-Gly -Ile-Leu- Ser-Phe-Asp -Lys-Cys-Ser-Ala-Val-Ala-Glu-Tyr-Gly-Val-Tyr-Val-Lys-Val-Thr-Ser-Ile-Gln-
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Asn-Trp-Val-Gin-Lys-Thr- Ile-Ala-Glu-Asn

FiG. 1.

Amino acid sequences of the a! and 8 chains of human Hp 1-1. Carbohydrate attachment is indicated by CHO. The interchain disulfide

linkages are a'15-a'15 and «!72-8105 and the intrachain linkages are o134-«168, $148-8179, and 8190-8219 (8, 9, 24). A polymorphism of the

a! chain has either Glu or Lys at position 53 (5).

minogen B chain was due to chance (length of subsequence
examined = 15, average minimal base difference = 1.52, and
number of sequences compared was >12,750). A similar cal-
culation of the comparison of hp 8 chain and thrombin B chain
gave a probability of <1078, Similarly, comparison of hp a!
chain with activation peptides of serine proteases is given in Fig.
4. Computer analysis according to the method of Needleman
and Wunsch (29), using maximum base matches from the ge-
netic code and a gap penalty of 1.999, identified a significant
degree of similarity between hp a! chain and the fifth kringle?
region of plasminogen (P < 0.014 that the similarity was due
to chance). The relationship of Hp to the chymotrypsinogen
family of serine proteases is represented by the evolutionary
tree given in Fig. 5.

DISCUSSION

Amino acid sequence analysis of hp a! chain revealed a number
of differences when compared to the previously reported se-
quence (21, 22). Our results indicated one less residue; aspar-
agine at position 2 was not confirmed. Moreover, we have de-
termined residues 15-20 to be Cys-Pro-Lys-Pro-Pro-Glu rather
than Gln-Pro-Pro-Pro-Lys-Cys as previously assigned. In ad-
dition, we find position 43 to be Glu rather than GIn. Repeated
sequence analysis using ! chain alkylated with iodo[1-!4C]-
acetamide clearly identified radiolabeled Cys at position 15
rather than at 20. These same sequence differences were also
confirmed in partial sequence analysis of the hp a2 chain.

CHO [ PLASMIN |
CHO CHO|  CHO\6s™ T 128 179190 219
c [z chan
23 4650 80 | 130 Ls—s S5 245
|
S
15 34 68
11 Ce-s17283
1
!
1 s—s- 83
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S
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N — y c[ecnan]
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FIG. 2. Summary representation of the major features of the
human Hp 1-1 tetrachain structure. CHO indicates carbohydrate
attachment to Asn. Plasmin cleaved at Lys-130 of both 8 chains.

Our sequence studies establish a molecular weight of 9189
for hp a! chain and 27,259 for the peptide portion of hp 8
chain. Because the carbohydrate content of the § chain is 19.4%
(38), the total molecular weights of the 8 chain and intact Hp
1-1 were calculated to be 33,820 and 86,018, respectively. These
molecular weight values fall within the ranges reported by ul-
tracentrifugational analysis (reviewed in ref. 24).

Comparison of the hp § chain to the chymotrypsinogen
family of serine proteases (Fig. 8) strongly indicates Hp to be
a homolog of this family of proteins. The probability is <10~5
that the similarity is due to chance. The hp a! chain also shows
significant chemical similarity to the activation peptides of the
serine proteases and especially to the fifth kringle region of
plasminogen. The probability is <0.014 that this similarity is
due to chance. A charge relay system, as has been described for
the serine proteases, could not occur in Hp because the positions
corresponding to the proteolytic active site residues, histidine-57
and serine-195, are replaced in Hp by lysine and alanine, re-
spectively. This is consistent with the fact that Hp has no known
proteolytic function. Aspartic acid-102 and the trypsin speci-
ficity residue aspartic acid-189 are found in Hp as well as as-
partic acid-194, which forms an internal ion pair with the
a-amino group of the amino-terminal residue in a number of
serine proteases (34). Of the three intrachain disulfide loops
common to all serine proteases (histidyl, 42-58; methionyl,
168-182; and seryl, 191-220), only the methionyl and the seryl
loops are found in the hp B chain. However, the interchain
disulfide between the attached activation peptide portions and
the enzyme portions in the serine proteases so far characterized
aligns precisely with the disulfide attaching hp a and £ chains.
Taken together, these data further support our earlier proposal
(89) that Hp is initially synthesized as a single chain and sub-
sequently cleaved. Typically in eukaryotic multicellular or-
ganisms, the serine proteases are synthesized as single-chain
precursors and subsequently activated by proteolysis. In some
cases, as for example Factor XI (40), the precursor chain
structure is further elaborated by disulfide bonding. Strikingly,
the tetrachain chain structure of Factor XIa, which is a serine
protease, is identical to that of Hp and, like Hp, has two func-
tional sites per tetrachain. It is highly possible that the precursor
structure of Hp resembles Factor XI—i.e., two identical chains
covalently attached by disulfide bonding. This hypothesis does

1 Defined in ref. 37.
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HuHp B chain -ILGGHD x[c AKMV--E]HHNTteAtLuueowu.rt K N[CF LN H5]
BoTr a9 vGeG|yTclelan VSLN---SGVHFCGGSLINOWVVSA He -|vlk sG
80Ch A ‘1 vINjGlEEA VP VSLODK -TGFHFC|IGGSLINENWVV T|A nc-etrEl
HuThr B chain o viglcls N A E VMLsanlrerchcAsLasnnwv.LrA Hefluvyerw
HuPt B Chain -vchcElAuP VSLRTR-FGMHFCIGGTL I|SPIEWV L T|A ucexspn
64a bcdefgh [ [] 103
t ' .
HuMp B chain NA - - - - - - TADIBPVKQL . stoE ----- D
Bt  |af- - v|r|L 6 a o N|i|N|v|v €|G|n a|a]F]1]s - s|ly[N SN - TLNN|DI
BoCh A S VVVAGEFDOGSSSEIOK K - xvns-vnnnon
HuThr 8 chain N NsrsNoLLvE]lGqulnaeaulex s ML RlvYf]NwR ENLDR|D
HuPt B chain PSSYK - - - - - VILGEIHOEVNLEPHVOE . T - - R k|D 1
sbec s 147b
HuMp B chain ERVIM[F I CLP]- - - - - K[© NA-
BoTr s|r v|a s|i]s|L P Tlslcas NTlkls s -
8oCh A alr|v]s AlvcL p|- - - s als|o LTlRjy T -
HuThr B chain DIHPVCLPNRETAASLL NL[k|ls TV T
HuP! B chain o k v]i|plalcL P -SPNYVYV ETQ- - - -
147c d o . . . . . [] . .lbcdcighijkliaorn
HuHp B chain -Esxr H A () lEln T P[ﬂxxmpxspvcvopuun
BoTr - - 6 1 s|y|elp|v Ls|N|s s|c|k s A i -afifvsNm - - oo oL
BoCh A -E‘ANTP R Ls|N|T xEl- chixfolam- - - . ..o
HuThr B chain ADVGKGQPSYV varRPvVlc/lkp-sTRIR TNM .............
HuPt B chain -GTFGAGL '@xv NE]-H.NGnvose ...........
‘mo .b . . - o o @ .bn « e o o 220
HuMp B chain EH kKYya€E - -[oTclv[co]a SAE]AVHDLE]EE]TAtanssox--c
BoTr EGGK - -|losclalco|s|glcPVY--CcSGK----LQ[6GIVSWGSG -|c
BoCh A -AsGV - -s|sclmleolslagleP LV - .- ckkNGAWTLV|GIVSWGSSs T|c
HuThr B chain 0 € GK R G|pja|c|e|c o s GPBVMKSPFN R amlc 1 vsWwGEG -|cC
HuP! B chain - AGGT - -|o s clalc D]s GPLv--crE]xx ILQGVHSWGLG-C
221 » .. . a 245b
HuHp B chain Avmevevvv vtsmonwvoxtlAsN---
BoTr AQKNKPGVYTIKVICNYVSwI
BoCh A EI-TsTPva RV T|A[L|VINWY
HuThr B chain oao@xvcE]v vl rfL|k k[w 1
HuP! 8 chain ARPNKPGVYVRVSIRFVT[wI

F1G. 3. Comparison of the 8 chain of human Hp (HuHp) to bovine trypsin (BoTr) (30), bovine chymotrypsin A (BoCh A) (31), human thrombin
B chain (HuThr B) (32), and human plasmin B chain (HuP1 B) (33). Numbering is that of bovine chymotrypsinogen A with insertions indicated
by letters as 62A, 62B, etc. Residues in the serine proteases that are chemically similar to residues in hp 8 chain are boxed in. Single-letter amino
acid abbreviations are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser;

T, Thr; V, Val; W, Trp; Y, Tyr. Chemically similar residues are: I = L

=V,G=A,T=S,Y=F=W,D=E,D=N,Q=N,E=Q,andK=R.

*Residues determined to be internal and inaccessible to water molecules in the three-dimensional structures of a-chymotrypsin, trypsin, and

elastase (34). *Covalent attachment of carbohydrate.

not agree with the conclusions from a single family study of Hp
Bellevue by Javid (41), which suggested that the genes coding
for the a and B chains are not linked. Javid’s results, however,
can also be explained by other genetic mechanisms such as
crossing-over.

Homology of Hp to the serine proteases is also supported by
comparative model building of Hp to known three-dimensional
structures of the serine proteases. Computer fitting of the pri-
mary structure of the hp 8 chain to the three-dimensional

structures of trypsin, elastase, and a-chymotrypsin by Greer
(42) was in excellent agreement and was significantly better
than a similar comparison between microbial and mammalian
serine proteases.

Comparison of the hp 3 chain to various serine proteases (Fig.
8) revealed a fairly consistent degree of identity (29-33%) with
no clear indication of a preferred comparison. Comparison of
the hp o chain to activation peptides of the serine proteases
demonstrated the greatest degree of identity (excluding the
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F1G. 4. Comparison of the a! chain of human Hp to the activation peptide regions of human prothrombin (HuProThr) (385), human plas-
minogen (HuPlgen) (36), and bovine chymotrypsinogen A (BoCh A) (31). A kr and S kr are the kringle regions of prothrombin and 1 kr-5 kr
are the five kringle regions of plasminogen (36). Residues in the activation peptide regions chemically similar to residues in hp a! chain are boxed
(see Fig. 3). The numbering is that of human hp a! chain with insertions indicated by letters. *Demarcates the actual kringle structures (see

ref. 37). tCovalent attachment of carbohydrate.

short A chain of chymotrypsin) with the fifth kringle region of partial gene reiteration in their activation peptide region. If one

plasminogen (25% identity). This is interesting in view of the assumes a single-chain structure for Hp, the duplication of
fact that, like Hp, plasminogen and prothrombin both reflect human hp a! to give rise to a2 is similar to the partial gene
1
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1
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A 48
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wfalof 8] fan]] [sw). 8 ] m ..... [ ] {e+c]
Haptoglobin Prothrombin Factor X | Chymotryp- Plasminogen Plasminogen

Trypsinogen sinogen

F1G. 5. Two most parsimonious trees (A and B) relating Hp to the chymotrypsinogen family of serine proteases. Only the kringle region
of plasminogen is shown for tree B because the trees were otherwise virtually identical. The sequences comprising the kringle regions are as
defined in Fig. 4 and are represented by the smaller boxes. The enzyme regions are the sequences given in Fig. 3 and are represented by the larger
boxes. Intervening and additional sequences are denoted by a dashed line. Empty solid boxes represent the sequences used for computation.
Filled boxes are ancestral elements that undergo a partial gene duplication at that point. The numbers on the legs are the minimal number of
nucleotide substitutions during the interval between two solid boxes (empty or filled). Because they are uncorrected for multiple substitutions
at the same site, no estimates of time or rate are warranted. Accordingly, node positions are arbitrary. Question mark denotes that the presence
of a linkage between two gene fragments is uncertain. Tree A required a total of 1222 nucleotide substitutions; tree B required 1221. Both trees

required 776 substitutions in the enzyme region.
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duplication that resulted in the kringle regions in both pro-
thrombin and plasminogen. Moreover, there is also evidence
of a triplication of hp « chain (Hp Johnson) in the human
population (4, 43).

Two evolutionary trees (A and B) relating Hp to the serine
proteases based upon computer comparison of nucleotide base
sequences (Fig. 5) reveal several interesting associations. The
most parsimonious phylogenies for the activation peptide region
(Fig. 4) and the enzyme region (Fig. 3) were constructed sep-
arately, principally because not all sequences have portions
belonging to each region, to determine whether the two resul-
tant best trees are mutually consistent. With one exception to
be discussed later, the two trees were consistent, and they are
presented jointly in Fig. 5. The order of divergence of trypsi-
nogen and chymotrypsinogen from the plasminogen line is not
shown because the orders differed by only one nucleotide
substitution; however, this tree presents the possibility that the
divergence of trypsinogen and chymotrypsinogen (also pro-
elastase) included a deletion of a kringle-like segment. Among
the observations of particular note are the partial internal gene
duplications of the kringle regions of plasminogen and pro-
thrombin. Strikingly, the A kringle of prothrombin is much
more similar to the kringles of plasminogen than to the S krin-
gle. This suggests that the A kringle of prothrombin was derived
from a plasminogen kringle long after both gene functions had
been established. Finally, the phylogenetic consistency of the
two regions examined (activation peptide region and enzyme
region) gives further evidence that these sequences have been
genetically linked for an extended period of their evolutionary
history and suggests that this is also true for the a and 3 chains
of Hp. The only exception to the mutual consistency of the trees
for the two regions is kringle A of prothrombin as noted
above.

The present evidence strongly indicates that the Hp gene
resulted from a duplication of a serine protease precursor gene
that subsequently diverged, resulting in a loss of proteolytic
function and acquisition of a new function. Because Hp has
been reported to occur in early vertebrates such as eel (44), it
cannot be considered a new protein provided that the eel and
human sequences are orthologous. Therefore, why should the
structure of Hp have been so well conserved over such a large
evolutionary time span? One obvious possibility is that the new
function acquired by Hp involves a considerable portion of the
molecule, resulting in a low substitution rate. Some evidence
of a moderately low substitution rate for the hp 8 chain was
reported (23). The strong binding of Hp to Hb could explain
such a molecular constraint and thereby emphasizes Hb binding
as an important Hp function.
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