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ABSTRACT: Characterization of the cyanogen bromide 
(CNBr) fragments of the P chain of human haptoglobin re- 
vealed five major fragments resulting from cleavage of four 
methionyl residues. The fragments were isolated by gel fil- 
tration in guanidine-HC1 on Sepharose 6B and Bio-Gel P10 
and P60. Compositional analyses of the five cyanogen bromide 
fragments accounted for 248-253 amino acid residues in 
agreement with the number of residues determined for the 
intact chain. Most of the carbohydrate was attached to CNBr 
I I .  Automated amino-terminal sequence analysis and car- 
boxyl-terminal hydrolysis with carboxypeptidase of the hap- 
toglobin /3 chain and cyanogen bromide fragments identified 
139 residues, or about 55% of the P-chain molecule. The 
placement of the fragments within the P-chain molecule was 
established by sequence analysis of whole @ chain and a plas- 
min cleavage fragment. The position of CNBr V was confirmed 

H a p t o g l o b i n  is a serum glycoprotein that has generated 
considerable interest in the areas of protein evolution and 
biochemical genetics. The functional unit of haptoglobin is a 
tetramer composed of two a and two @ chains (Smithies et al., 
1962) which are linked by interchain disulfide bonds (Connell 
et al., 1962; Shim and Bearn, 1964). A single disulfide bridge 
attaches the a and /3 chains to form an LYP subunit (Malchy and 
Dixon, 1973a; Kurosky et al., 1974b). Two such subunits are 
combined by an a2 1 -a2 1 disulfide bond to form the H p '  1 - 1 
molecule (Malchy et al., 1973). 

I n  human populations there are three common genetic 
variants of haptoglobin, designated H p  1-1, H p  2-1, and H p  
2-2 (Smithies, 1955). These H p  variations are the result of an 
almost complete duplication of the DNA coding for the a' 
chain, which gives rise to a* chains. The complete sequences 
of the a' and a* chains have been reported (Black and Dixon, 
1968; Malchy and Dixon, 1973b). The two halves of the dup- 
licated a2 chain are unchanged by mutation, which indicates 
that the genetic event probably occurred recently. 

The hp p chain was shown to be identical in all three com- 
mon genotypes by acid-urea gel electrophoresis (Smithies et 
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by the absence of homoserine or homoserine lactone. Cyanogen 
bromide reaction of intact haptoglobin 1-1 resulted in the 
isolation of a P-chain fragment, CNBr 111, covalently attached 
to the intact ai chain by a single disulfide bond. The P chain 
was shown to have primary structural similarities to the chy- 
motrypsin family of serine proteases. Partial sequence analysis 
of CNBr V established the region which is comparable to the 
serine- 1 95 active-site region: /Asp-Thr-Cys-Tyr-Gly- Asp- 
Ala-Gly-Ser-Ala-Phe/ (residues 189- 199, chymotrypsinogen 
A numbering). The active-site serine-I95 is replaced by ala- 
nine; however, the specificity residue of the trypsin-like en- 
zymes, Asp- 189, is preserved. Several minor cyanogen bromide 
cleavage products were also identified in yields of up to 15%. 
These minor cleavage products give evidence that tryptophanyl 
residues in proteins, or glycoproteins, are  also susceptible to 
cyanogen bromide cleavage. 

ai., 1962), by immunological studies (Shim et al., 1965), and 
by identical tryptic peptides and amino acid compositions 
(Cleve et al., 1967). All of the carbohydrate moieties of H p  are 
attached to the /3 chain (Shim and Bearn, 1964). The reported 
molecular weights of the /3 chain ranged from 32 950 to 42 582, 
which included 17.8-23.5% carbohydrate. Recent articles by 
Sutton (1 970), Giblett (1 975), and Putnam (1 975) review our 
present understanding of the haptoglobin molecule. 

Haptoglobin is especially unique because of its ability to bind 
hemoglobin with virtually irreversible affinity. Because hap- 
toglobin 1-1 independently binds two aP subunits of hemo- 
globin, it has been analogized to immunoglobulin. Some se- 
quence similarity between the a chain of haptoglobin and 
immunoglobulin light chains was presented to support this 
comparison (Black and Dixon, 1968). Sequence studies of the 
p chain, however, revealed considerable similarity to the 
chymotrypsin family of serine proteases (Barnett et al., 1970, 
1972; Kurosky et al., 1974a,b). 

We report here the isolation and chemical characterization 
of the cyanogen bromide fragments of the chain of human 
haptoglobin. In addition, cyanogen bromide fragments of intact 
human haptoglobin 1 - 1 were isolated to investigate the disul- 
fide arrangement of the a and (3 chains. 

Experimental Section 

Materials 
Cyanogen bromide, Pth amino acids, iodoacetamide, Cheng 

Chin polyamide sheets, and Sequanal grade reagents used in 
the sequencer were obtained from the Pierce Chemical Co. 
[ 1 - I4C] Iodoacetamide, specific activity 49 mCi/mmol, was 
purchased from Amersham/Searle Corp. Acrylamide and 
N,N'-methylenebisacrylamide, Electrophoresis Purity, and 
Bio-Gel beads were products of Bio-Rad Laboratories. Seph- 
arose 6B and Sephadex products were obtained from Phar- 
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macia Fine Chemicals. Dialysis tubing (retention >3500 
daltons) was a product of Spectrum Medical Industries, Inc., 
Los Angeles. Carboxypeptidase A, treated with diisopropyl 
fluorophosphate, was purchased from Worthington Bio- 
chemical Corp. Coomasie brilliant blue R was obtained from 
Sigma Chemical Co. 

Methods 
Haptoglobin Purification. Haptoglobin was purified from 

human ascites fluid as described by Kurosky et al. (1974b). 
Most of the haptoglobin employed in this study was isolated 
from ascites fluid drawn from a single patient (Mal) whose 
phenotype was Hp  1-1. Haptoglobin 2-1 and 2-2 phenotypes 
were also utilized in a few studies. The chain of haptoglobin 
was isolated by gel filtration (Kurosky et al., 1974b) after re- 
duction with 2-mercaptoethanol and alkylation with [ 1- 
I4C] iodoacetamide. 

Cyanogen Bromide Reaction. Haptoglobin 1-1 or S-car- 
bamoylmethylated hp p chain was dissolved in 70% formic acid 
(1 5 mg of protein/ml) for 3-4 h prior to reaction with CNBr 
(Gross, 1967). A 300-fold molar excess of cyanogen bromide 
was used based on 4 methionyl residues/mol of p chain. Half 
of the required cyanogen bromide was added at zero time and 
the remainder after 12 h. The reaction was allowed to proceed 
in the dark a t  room temperature for a total of 24 h. The reac- 
tion mixture was then diluted with about 10 volumes of distilled 
water and lyophilized. Approximately 8 mg of a cyanogen 
bromide reaction mixture was subjected directly to automated 
sequence analysis to characterize the amino-terminal residues 
prior to fractionation. 

Isolation of p Chain CNBr Fragments. The dried mixture 
of CNBr cleavage fragments from p chain was dissolved in 5.2 
M guanidine-HCI, 0.1 M Tris-HC1, pH 7.0, at a concentration 
of 20 mg of protein/ml. Originally, the CNBr fragments were 
separated by gel filtration on a Sepharose 6B column equili- 
brated with the guanidine/Tris buffer. However, subsequently, 
a Bio-Gel P10 column equilibrated with 5.2 M guanidine-HCI, 
0.1 M Tris-HC1, pH 7.0, followed by a Bio-Gel P60 column 
equilibrated with 5.2 M guanidine-HC1, 0.2 M formate, pH 
3.5, replaced the use of Sepharose to separate the CNBr 
fragments. The absorbance of the eluate was monitored at 280 
nm and appropriate fractions were pooled. Fragments with 
molecular weight above 5000 were dialyzed extensively against 
distilled water. Smaller fragments were desalted on a Sephadex 
G-10 column (2.5 X 90 cm) eluted with 5% acetic acid. After 
removal of salts, the fragments were lyophilized. 

Isolation of Hp I -I CNBr Fragments. The lyophilized cy- 
anogen bromide reaction mixture of whole H p  1-1 was frac- 
tionated on Sephadex G-100 eluted with 30% acetic acid. A 
selected fraction (B) obtained from this column was rechro- 
matographed under identical conditions and, finally, purified 
by gel filtration on Sephadex G-75. After reduction with 2- 
mercaptoethanol and alkylation with iodoacetamide, fraction 
B was subjected to gel filtration on Sephadex G-75. 

Characterization of the Small Molecular Weight CNBr 
Fragments. In a separate experiment designed to examine the 
small-molecular-weight components resulting from cyanogen 
bromide reaction with hp p chain, 225 mg of CNBr-reacted 
p chain was fractionated by gel filtration on a Bio-Gel P4 
column (2.5 X 120 cm) eluted with 70% formic acid. The 
small-molecular-weight fraction (<3000) was pooled, lyoph- 
ilized, and subjected to paper chromatography (1-butanol- 
glacial acetic acid-water, 4:1:5, v/v; Bennett, 1967). Ninhydrin 
positive bands were further purified by high-voltage electro- 
phoresis (pH 2.0). In addition, fractions from the Bio-Gel P10 

column containing CNBr I were further purified by high- 
voltage electrophoresis (pH 6.5). 

Acrylamide Gel Electrophoresis. Haptoglobin homogeneity 
was investigated by slab gel electrophoresis (Woodworth and 
Clark, 1967) and by immunoelectrophoresis. Purification and 
molecular weight estimation of the p chain were investigated 
by sodium dodecyl sulfate-acrylamide gel electrophoresis 
according to the method of Weber and Osborn (1969). Puri- 
fication of CNBr fragments was established by sodium dodecyl 
sulfate-urea and acid-urea-polyacrylamide gel electropho- 
resis. The sodium dodecyl sulfate-urea gels contained 12.5% 
polyacrylamide with a ratio of N,N'-methylenebisacrylamide 
to acrylamide of 1: lO (Swank and Munkres, 1971). The 
acid-urea gels were 15% polyacrylamide and had a ratio of 
N,N'-methylenebisacrylamide to acrylamide of 1 : 150 (Panyim 
and Chalkley, 1969). Approximately 40 pg of protein was 
applied to each gel. Acrylamide gels were stained with a fil- 
tered solution of Coomasie blue containing 0.125% Coomasie 
brilliant blue R (dissolved in a small volume of acetone), 10% 
acetic acid, ~ W O  trichloroacetic acid, and 10% 2-propanol. Gels 
were destained in a Bio-Rad diffusion destainer with a solution 
of 10% acetic acid and 10% 2-propanol. Acrylamide gels were 
also stained for carbohydrate using the periodic acid-Schiff 
method described by Glossman and Neville (1971). 

Amino Acid Analysis. Amino acid compositional analyses 
were obtained with a Beckman 119 analyzer employing single 
column methodology on Durrum DC-6A resin and a JEOL 
analyzer utilizing dual-column methodology on Hamilton 
HP-AN90 resin. Both instruments employed temperature 
programming in order to separate homoserine from glutamic 
acid and to separate glucosamine and galactosamine. Time- 
course hydrolysis for hexosamine analysis was conducted for 
3,6, and 12 h in 2 N HC1 at 100 "C (Marshall and Neuberger, 
1972). Time-course hydrolysis of proteins was carried out for 
24, 48, and 72 h at 107 "C in 5.7 N HCl. Oxidation of half- 
cystinyl residues to cysteic acid was achieved with dimethyl 
sulfoxide according to Spencer and Wold (1969). 

Carboxyl-Terminal Analysis. The assignment of car- 
boxyl-terminal sequences was made by the time-course stoi- 
chiometric release of residues during enzymatic hydrolysis with 
carboxypeptidase A at 37 "C as described by Ambler (1967). 
Reactions were terminated by lowering the pH to 3.0 with 
formic acid. 

Automated Sequence Analysis. Automated amino acid 
sequence analysis was performed with an updated 890B 
Beckman sequencer using the DMBA program. Sequencer 
products, converted to Pth amino acid residues, were confirmed 
by gas chromatography and by amino acid analysis after 
back-hydrolysis with HI. Routinely, one-tenth of the sample 
was analyzed by gas chromatography and the remainder was 
subjected to HI  hydrolysis. Sequencer operation, methods of 
identification, and quantitation of sequencer products were 
detailed recently by Kurosky et al. (1976b). 

Manual Dansyl-Edman Sequence Analysis. Manual se- 
quence analysis was carried out using essentially the dansyl- 
Edman method described by Hartley (1970a) and modified 
by Kurosky (1972). Dansylated amino acid residues were 
identified by two-dimensional thin-layer chromatography on 
polyamide sheets (5 X 5 cm). 

Results 
Purification of Haptoglobin and hp p Chain. Slab acryl- 

amide gel electrophoresis of purified haptoglobin gave typical 
gel patterns for all phenotypes (1 -1,2- 1, and 2-2) after staining 
with 3,3'-dimethoxybenzidine. The typical polymer formation 
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FIGURE I: Sodium dodecyl sulfate-palyacrylamide gel electrophoresis 
of purified Hp 1-1 and hpflchain. Samples were treated with 2-mercap- 
toethanol and stained with Cwmasie blue. (a) Carbamoylmethylated 
human hpochain: (b) human Hp 1-1. 

as characterized by Fuller et al. (1973) was observed for the 
2-1 and 2-2 phenotypes. Immunoelectrophoresis of purified 
preparations of haptoglobin indicated a high degree of protein 
purification with little evidence of other serum proteins. 
Polyacrylamide gel electrophoretic patterns of H p  1-1 and hp 
0 chain are given in Figure 1. Further evidence of the purity 
of the 0 chain was obtained from amino acid sequence analysis. 
Only a single amino acid sequence was identified by automated 
analysis of intact hp 0 chain. N o  differences were noted in 0 
chains prepared from phenotypes 1-1,2-1, or 2-2. 

Cyanogen Bromide Reaction. Compositional analysis of the 
hp 0 chain indicated 4 methionyl residues/mol of protein 
(Table I), and, therefore, 5 CNBr fragments were expected. 
Sodium dodecyl sulfate-urea-polyacrylamide gel electro- 
phoresis of the unfractionated CNBr reaction mixture revealed 
four major bands (Figure 2f). A stained band corresponding 
to CNBr I could not be identified on the gel of the unfrac- 
tionated CNBr reaction mixture. The absence of this fragment 
was due to loss by diffusion during the staining and destaining 
process. CNBr I was visualized only when an increased amount 
was applied to the gel. e.g., Figure 2a. Several minor bands 
were also evident on the gel of the unfractionated CNBr mix- 
ture. These bands probably corresponded to fragments ob- 
tained as a result of incomplete cleavages of methionine, as well 
as minor cleavages of other residues. To  confirm the number 
of CNBr cleavage products, a portion of the unfractionated 
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FIGURE 2 Sodium dodecyl sulfate-urea-polyacrylamide gel electro- 
phoresis of the CNBr fragments of hp 0 chain isolated by gel filtration on 
Bio-Gel PI0 and P60. Samples were treated with 2-mercaptaethanol and 
stained with Cwmasie blue. (a) CNBr I (contains anomalous cleavage 
products, see text); (b) CNBr I I ;  (c) CNBr 111; (d) CNBr IV: (e) CNBr 
V; (0 unfractionatcd CNBr reaction mixture. CNBr I diffused out of the 
gel during the staining and destaining pracess. 

CNBr reaction mixture was applied directly to the sequencer. 
The results obtained from three cycles of degradation are given 
in Table 11. Five major amino-terminal sequences could be 
identified, consistent with the Occurrence of 4 methionines and 
5 CNBr fragments. The amino-terminal residues identified 
in the unfractionated cyanogen bromide reaction mixture 
agreed with the amino-terminal sequences established for the 
5 CNBr fragments (see below). 

Isolation of i3 Chain CNBr Fragments. The cleavage 
products obtained from the hp 0 chain, after reaction with 
cyanogen bromide, were fractionated by gel filtration. In one 
series of experiments, fractionation was achieved on Sepharose 
68,  as indicated in Figure 3. Each of the five peaks was iden- 
tified as indicated. The numbering of the CNBr fragments is 
according to their actual position in the molecule beginning 
from the amino terminus (see Discussion). The last unlabeled 
peak shown in Figure 3 contained salts and small anomalously 
cleaved peptides, as revealed by amino acid analysis. Frag- 
ments I, 111, and IV were well resolved but fragments 11 and 
V were not. In addition, the methionyl residue a t  position 18 
between CNBr I and 11 did not cleave completely (5-1W 
uncleaved) and, consequently, the fragment CNBr 1-11 co- 
purified with CNBr 11. Incomplete cleavage of methionyl 
residues by cyanogen bromide has.been reported by others 
(Titani et al., 1972; Olafson et al., 1975) and may be due to 
methionine oxidation (Gross, 1967). Some difficulty was en- 
countered with the fragments fractionated on Sepharose. In 
the presence of 5.2 M guanidine-HCI, 0.1 M Tris-HCI, pH 7.0, 
Sepharose was partially solubilized and contaminated the 
CNBr fractions with Agarose. After lyophilization, this ma- 
terial appeared very much like protein. To avoid this problem, 
subsequent CNBr reaction products were fractionated using 
the more chemically stable Bio-Gel beads (P10 and P60). 

Fractionation of CNBr fragments on Bio-Gel PI0 resulted 
in four major peaks, as shown in Figure 4A. The first peak from 
P10 gel filtration containing CNBr I1 and CNBr IV was re- 
chromatographed on Bio-Gel P60. The elution profile of this 
column is given in Figure 4B. Contamination of CNBr I1 with 
CNBr 1-11 was minimized by selecting the center portion of 
the peak eluted from the P60 column. 
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TABLE I :  Amino Acid Compositionsaof the Cyanogen Bromide Fragments of Human hp p Chain 

Amino Acid CNBr I b  CNBr IIbJ CNBr I I I C  CNBr IVd,e CNBr Vbpe Total p Chainb9f 

Lysine 1 . 8 f  0.2 (2) 7 . 2 f  0.2 (7) 3 . 0 f  0.1 (3) 3.9 f 0.3(4)  4.1 ?: 0.1 (4) 20 20.0 i 0.8 (20) 
Histidine 0 .8 f  0.1 (1) 3.7 t 0.1 (4) 1 . O f  0.04(1) 2.1 t 0.2 (2) 1.1 t 0.1 (1) 9 8.7 f 0.2 (9) 
Arginine 1 .2 f  0.2 (1) 1.7 (2) 0.9 i 0.2 (1) 4 4.5 f 0.3 (4-5) 
CM -cy st eine 0.9 i 0.01 (1) 1.8 f 0.2 (2) 1.3 f 0.2 (2) 5 5.0 f 0.4 (5) 
Aspartic acid 1.1 k 0.1 (1) 8.6 f 0.3 (8-9) 4.7 f 0.1 (4) 5.0 * 0.1 (5) 6.3 f 0.2 (6) 24-25 28.4 i 0.6 (28) 
Threonine 7.3 f 0.2 (7) 1.1 f 0.04 (1) 4.1 i 0.3 (4) 4.0 t 0.2 (4) 16 15.9 -r l (16 )  
Serineg 0.9 -r 0.01 (1) 4.6 f 0.1 (5) 1.7 f 0.1 (2) 3.0 + 0.3 ( 3 )  7.2 f 0.2 (7) 18  17.5 f 0.2 (18) 
Glutamicacid 1.0 f 0.1 (-1) 9.0 f 0.3 (9) 1.6 f 0.1 (1) 7.0 f 0.6 (7) 7.5 t 0.2 (7-8) 25-26 26.5 f 2 (26-27) 

Glycine 3.1 f 0.1 (3) 3 .6f  0.1 (4) 4.0 f 0.01 (4) 4.0 i 0.3 (4) 4.9 +. 0.2 (5) 20 19.1 f 0.3 (19) 
Alanine 2.0 f 0.1 (2) 5.4 f 0.01 (5) 2.1 f 0.1 (2) 3.6 f 0.2 (3-4) 6.2 f 0.02 (6) 18-19 21.2 i 0.1 (21) 
Half-cystine 1.8 i 0.3 
Valine 7.3 ?: 0.2 (7)i  4.1 f 0.04 (4) 4.0 f 0.2 (4) 4.1 t 0.04 (4) 19 17.4 i 0.4 (17-18)i 
Methionine 3.8 i 0.6 (4) 
Isoleucine 0.9 i 0.1 (1)i  3.6 f 0.3 (4)i 1.0 f 0.1 (1) 2.5 f 0.3 (2-3) 2.1 i 0.1 (2) 10-11 8.4 i 0.3 (8-9)i 
Leucine 2.0 f 0.03 (2)i  11.2 f 0.1 (1l)i 2.0 f 0.1 (2) 2.7 ?r 0.4 (3) 1.9 t 0.3. (2) 20 21.2 i 0.6 (21)i 
Tyrosine 2 . 3 t  0.1 (2) 2.8 f 0.1 (3) 1.9 + 0.2 (2) 3.5 f 0.1 (4) 11 10.6 i 0.2 (11) 

Tryptophan* + (1) ND (2 )  ND (1) ND ND (2) 6 ND (6) 
Homoserinei 0.8 f 0.1 (1) 1.1 f 0.1 (1) 0.9 (1) 1.0 f 0.2 (1) 4 
Glucosamineg 20.0 f 0.8 (20) tr . tr. 20 19.6 f 0.8 (20) 
Galac tosamineg 2.8 * 0.1 (3) 3 3.0 f 0.3 (3) 

Total 18 80-82 37 54-56 59-60 248-253 25 1 -25 7 

aValues are given in residues per molecule. Values in parentheses are best or nearest integers, except CNBr I ahd I11 which are based on final 
sequence. bDuplicate time-course hydrolyses: 24 ,48 ,  and 72 h. CAverage of two analyses. dcalculated from seven analyses (18-30 h) before 
and after reduction and alkylation. eBased on  1 homoserine and partial sequence analysis and adjusted to give best integral va1ues.fBased on  
a molecular weight of 38 500 f 4100 (see Table VII) and adjusted to give best integral values relative to 4 methionyl and 5 half-cystinyl se- 
quences. g Adjusted to  zero time of hydrolysis. * Not determined quantitatively; from sequence analysis. iHomoserine + homoserine lactone. 
jAverage of only 72-h hydrolyses (duplicate). 

Proline 1.0 f 0.1 (1) 2.0 * 0.2 (2) 2.3 f 0.2 (2) 5.1 f 0.5 (5) 0.6 f 0.1 (1) 11 10.4 i 0.6 (10-11) 

Phenylalanine 1.0 i 0.04 (1) 1.4 f 0.1 (1-2) 1.8 i. 0.1 (2) 1.9 f 0.2 (2) 1.8 f 0.2 (2) 8-9 8.5 f 0.3 (8-9) 

TABLE 1 1 :  Sequence Analysis0 of Unfractionated hp  p Chain 
Reacted With Cyanogen Bromide. 

CNBr Cycle 1 Cycle 2 Cycle 3 
Fragment8 Residue (nmol) Residue (nmol) Residue (nmol) 

~~ ~~ 

I C  Ile (197) Leu (194) Gly (112) 
I1 Val (112) Ser (140) His (86) 

IV Leu (166) Pro (117) Val (109) 
V Ser (143) Lys (108) Tyr (89) 

a 2 0 0  nmol of CNBr reacted p chain analyzed. Pth residues were 
quantitated by amino acid analysis after HI hydrolysis. b Sequences 
of the fragments are aligned as determined for isolated fragments 
(see Table IX). CRecovery of this sequence relative to  the other se- 
quences was greater, probably as a result of incomplete cleavage. 

111 Pro (119) Ile (164) CM-Cys (81) 

An estimation of the purity of the CNBr fragments after gel 
filtration on P10 and P60 was obtained by sodium dodecyl 
sulfate-urea-acrylamide gel electrophoresis (Figure 2a-e). 
Each CNBr fragment appeared relatively pure, except for 
CNBr I which stained diffusely and indicated more than one 
component. The other components in the P10 fraction con- 
taining CNBr I were anomalous cleavage products (see below). 
CNBr I was further purified by high-voltage electrophoresis 
a t  pH 6.5. Automated sequence analysis of the purified CNBr 
fragments indicated no observable contamination, except for 
CNBr 11. This fragment was contaminated with about 5% of 
CNBr 1-11. 

Isolation of H p  I -I CNBr Fragments. Fragments obtained 
after reaction of H p  1-1 with cyanogen bromide were frac- 
tionated by gel filtration on Sephadex, as indicated in Figure 
5A. One of the CNBr fractions, denoted as fraction B, con- 
tained CNBr I11 covalently attached to the al chain, as indi- 
cated by compositional and sequence analyses. After reduction 
with 2-mercaptoethanol and alkylation with iodoacetamide, 

08'1 

I I 

Elution Volume (L) 

FIGURE 3: Gel filtration of 125 mg of CNBr fragments of hp /3 chain on 
Sepharose 6B in 5.2 M guanidine-HCI, 0.1 M Tris-HCI, pH 7.0. The 
column (2.5 X 140 cm) was eluted at 3 ml/h and 3-mi fractions were 
collected. 

the disulfide-linked fragments were separated, as shown in 
Figure 5B. Compositional analyses of the fragments before and 
after reduction and alkylation are given in Table 111. Sequence 
analysis of fraction B identified two chains corresponding to 
CNBr I11 and the CY' chain (Table IV). CNBr I11 and al chain 
isolated after reduction and alkylation were confirmed by 
several cycles of automated sequence analysis, as indicated in 
Table IV. CNBr IV was also purified from the CNBr cleavage 
mixture of H p  1-1 and gave an  identical composition and 
partial sequence analysis as CNBr IV purified from CNBr 
reaction with isolated p chain. 
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I - I C i I I R t  4: Gel filtration of CNBr fragments of hp /3 chain on Bio-Gel. 
(A) Separation of 125 mg on a column of P10 (2.5 X 110 cm) eluted wi th  
5.2 M guanidine-HCl, 0.1 M Tris-HCI, pH 7.0, at 3 ml/h. Fractions of 
3 ml were collected. (B) Rechromatography of the first peak obtained from 
the P I 0  column on a column of P60 (2.5 X 110 cm) eluted with 5.2 M 
guanidine-HC1, 0.2 M sodium formate, pH 3.5, at  3 ml/h. Fractions of 
3 ml were collected. The first fraction obtained from the PI0 column (4A) 
was dialyzed, lyophilized, and redissolved in the guanidine-formate buffer 
prior to application onto the P60 column. 

Anomalous Cyanogen Bromide Cleavage Products, During 
the course of this study, several anomalous minor cleavage 
products were identified. The composition and partial sequence 
analysis of two of these peptides are illustrated in Table V. 
Peptide CNBr 2C2 represented an anomalous cleavage com- 
prising residues 14- 18. The occurrence of tryptophan was not 
positively established due to low recovery; however, amino- 
terminal analysis by dansylation gave negative results con- 
sistent with the occurrence of a tryptophanyl residue. More- 
over, alanine was positively identified after two Edman deg- 
radations. A second anomalously cleaved peptide (CNBr Ia) 
was obtained from the Bio-Gel P10 fraction containing CNBr 
I .  High-voltage electrophoresis (pH 6.5) of this pool resulted 
in several peptide fractions, two of which were CNBr I (resi- 
dues 1-1 8) differing only by deamidation of Gln-15. Peptide 
CNBr la represented the first 20 residues of CNBr I11 and 
gave a negative reaction with Ehrlich reagent (Bennett, 1967). 
Amino acid analysis of CNBr Ia indicated half-cystine in the 
composition and not CM-Cys as expected. The absence of the 

FIGURE 5 :  Isolation and characterization of CNBr 111-u' obtained from 
a CNBr reaction mixture of Hp 1 - 1 .  (A) Gel filtration of 480 mg o f  
CNBr-reacted Hp 1 - 1  on aSephadex G-100column ( 5  X 120cm) eluted 
with 30% acetic acid at 20 ml/h. Fractions of 5 ml were collected. Fraction 
B was pooled and subsequently purified by further gel filtration (see 
Methods). (B) About 400 nmol of purified fraction B (CNBr 111-nl) was 
reduced and alkylated and subjected to gel filtration on a column of Se- 
phadex (3-75 (2.5 X 140 cm) eluted with 30% acetic acid at 20 mljh. 
Fractions of 5 ml were collected. The last peak was the result of salt pri- 
marily from the 6 M guanidine-HCI used in the reduction-alkylation re- 
action. 

carboxymethyl derivative is unexplained. Both of the anoma- 
lously cleaved fragments were generated by cleavage of a 
tryptophanyl peptide bond. 

Molecular Weight Estimation. Molecular weights of the 
CNBr fragments were estimated by sodium dodecyl sulfate- 
urea-polyacrylamide gel electrophoresis (Figure 2), in addition 
to gel filtration. The calculated molecular weights of the 
fragments and whole p chain are summarized in Table VI. 

Compositional Analysis. The amino acid compositions of 
the hp (3 chain and CNBr fragments are presented in Table I. 
The total number of residues calculated for hp /3 chain was 
251-257. This range of values is in reasonable agreement with 
the total number of residues obtained from the CNBr frag- 
ments (248-253). The number of residues for the @ chain was 
derived from a preliminary calculation using a molecular 
weight of 38 500 and a carbohydrate percentage of 19.8 (mean 
of reported values summarized in Table VII). The composition 
was then adjusted to best integral values to agree with 4 
methionines and 5 half-cystines determined from sequence 
analyses of fragments of the intact molecule. The @-chain 
composition presented in Table I is in accord with that reported 
by Cleve et al. (1969) when adjusted to the same molecular 
weight. As indicated in Table VII, the reported ultracentri- 
fugational molecular weights of hp @ chain ranged from 32 950 
to 42 582, giving a mean of about 38 500 f 4100. The molec- 
ular weight of @ chain, as calculated from composition, was 
35 172 f 371. This estimation included 19.8% carbohydrate. 
The molecular weight for intact Hp 1-1 would, therefore, be 
approximately 88 900 (2(35 170 + 9300)). The molecular 
weight for the a1 chain (9300) was obtained from sequence 
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TABLE 111: Amino Acid Compositiona of Hp 1-1 CNBr 1II-a '  
before and after Reduction and Alkylation.6 

TABLE I V :  Automated Sequence Analysesa of CNBr 1II-a '  
before and after Reduction and Alkylation. -_ 

CNBr Residue (nmol) 
01' ,Id 

Cycle CNBr 111-cu'b CNBr IIIC 01' ChainC 
Amino Acid 111-CY' CNBr I I I C  

Lysine 
Histidine 
Arginine 
CM-cysteine 
Aspartic Acid 
Threonine 
Serine 
Glutamic Acid 
Pro line 
Glycine 
A la n ine 
Half-cystine 
Valine 
Methionine 
I soleu cine 
Leucine 
Tyrosine 
Phenylalanine 
Homoserine 
Tryptophane 
Glucosamine 

11.3 3.0 i 0.1 (3) 
3.1 1.0 i 0.04 (1) 
3.8 1.7 (2) 
0 0.9 i 0.01 (1) 

18.6 4.7 i 0.1 (4) 
4.3 1.1 +_ 0.04 (1) 
4.1 1.7 t 0.1 (2) 

10.7 1.6 t 0.1 (1) 
9.3 2.3 i 0.2 (2) 

11.2 4.0 i 0.01 (4) 
7.1 2.1 i 0.1 (2) 
3.7 0 

11.4 4.1 t 0.04 (4) 
0 0 
3.7 1.0 i 0.1 (1) 
5.5 2.0 i 0.1 (2) 
6.7 2.8 t 0.1 ( 3 )  
2.1 1.8 i 0.1 (2) 
+ 0.9 (1) 
ND ND (1 1 
0 0 ( 0 )  

8.3 8 
2 . 2  2 
2 .o 2 
3.5 0 

13.9 15 
3.2 3 
2.2 2 
9.5 9 
7.4 7 
7 .O 7 
4.9 5 
0 4 
8.3 8 
0 0 
2.8 3 
3.2 3 
4.5 5 
0 0 
0 0 
ND 1 
0 0 

aValues are given in residues per molecule. bCNBr 111-a' after 
reduction and alkylation was fractionated on  (2-75 to give CNBr 
111 and CY' chain. CAverage of two analyses. Values in parentheses 
obtained from final sequence (Kurosky et al., 1974a). dResidues 
determined by sequence analysis (Black and Dixon, 1968; Malchy 
and Dixon, 1973b). eNot  determined. 

data (Black and Dixon, 1968; Malchy and Dixon, 1973a,b). 
Acid hydrolysis of the /3 chain in 2 N HCI a t  100 O C  for 12 

h released only about 67% of the glucosamine determined after 
hydrolysis with 5.7 N HCI a t  107 OC, as reported in Table I .  
All of the glucosamine occurred in CNBr 11. After sodium 
dodecyl sulfate-urea and acid-urea-polyacrylamide gel 
electrophoresis, CNBr 11, CNBr IV, and CNBr V stained 
positively for carbohydrate using the periodic acid-Schiff 
technique. CNBr IV and V stained faintly, whereas the stained 
band for CNBr I1 was distinctly pronounced. 

The occurrence of galactosamine in hp  /3 chain was unex- 
pected. Using two-column methodology of amino acid analysis, 
the hexosamines eluted after phenylalanine. The galactosamine 
peak in the /3 chain possessed an A440/A570 ratio which was 
identical to the standard galactosamine ratio. Also, typical for 
hexosamines, the concentration of the galactosamine decreased 
with increased hydrolysis time. Almost all of the galactosamine 
could be accounted for in CNBr 11. 

Carboxyl- Terminal Analysis. The results obtained from 
time-course CPA hydrolysis of the CNBr peptides are sum- 
marized in Table VIII. CPA hydrolysis of CNBr V released 
only 0.4 mol of either asparagine, glutamine, or serine/mol of 
peptide in 24 h with no evidence of homoserine or homoserine 
lactone. Although these three amino acids were not resolved 
by the amino acid analyzer conditions routinely employed for 
protein hydrolyzates, amino acid analysis after acid hydrolysis 
of the CPA digests indicated aspartic acid. Identical results 
were obtained from CPA hydrolysis of intact hp /3 chain. 

Amino- Terminal Sequence Analysis. Automated sequence 
analysis of 36 residues of the intact hp /3 chain was previously 
reported by Barnett et al. (1972). These sequence data were 
obtained from tryptic and chymotryptic peptides, from se- 
quencer analysis of intact hp /3 chain, and from preliminary 
sequencer analysis of CNBr 11, and indicated that residues 2-9 
were reiterated a t  positions 20-27. However, sequence analysis 

1 Pro (157), Val(147) Pro (170) Val (184) 
2 Ile ( loo) ,  Asn(0)  Ile (152) Asx(75)d 
3 HalfCys (ND), Asp (ND) CMCys (0) ASP (ND) 
4 Leu@@, Ser ( 0 )  Leu (125) Ser (65)d 

UResults from a single analysis of each fragment. Residue assign- 
ments made by gas chromatographic analysis, except as denoted. 
Gas chromatographic column performance low, Pth-Ser, Pth-Asn, 
and PthCMCys were not obtained. b 100 nmol applied to reaction 
cup; however, each mole of CNBr 111-a' contains 2(CNBr 111 plus 
CY' chain). C250 nmol applied. dDetermined by amino acid analysis 
after HI hydrolysis. 

TABLE V:  Amino Acid Compositions and Sequence Dataa of 
Anomalously Cleaved Cyanogen Bromide Peptides of hp p Chain. 

~~ ~ 

Analyses (Molar Ratios) Residue Recovery 
Peptide and Sequence Data Positionc (%) 

CNBr Ia - Pro-* (Cy$ $-E 101-120 18e 

0.8 0.9 0.9 1.1 0.8 
(Ser, Lys, Asx, Tyr ,  Ala, 
0.8 0.9 1.1 0.8 1.0 
Glx, Val, Gly, Arg, Val, 
1.2 0.9 1.1 0.9 0.9 
Gly, Tyr ,  Val, Ser, Gly) 
1.1 0.8 0.9 0.8 1.1 

ND 1.2 0.8 1.0 1.0 

CNBr 2C2 (Trp, Glx) Ala (Lys, Metf) 14- 18 1.3 

a BY dansyl-Edman. b See Methods for purification. C According 
to Figure 8. dAs  half-cystine, see Discussion. eRelative to CNBr I 
after high-voltage paper electrophoresis. fAs homoserine plus 
homoserine lactone. 

obtained from /3 chains, prepared from hp isolated from sera 
of other animal species, gave no evidence of a sequence reit- 
eration (Kurosky et al., 1976a) and led us to reinvestigate the 
amino-terminal sequence of human hp /3 chain. The residue 
recoveries obtained from automated sequence analysis of intact 
/3 chain and the cyanogen bromide fragments are presented in 
Table IX. Figure 7 is a plot of the recovery data for the /3-chain 
residues from a typical sequencer run. Repetitive yields gen- 
erally ranged 90-93%. Figure 8 is a summary of the amino- 
terminal sequence analyses obtained for intact /3 chain and the 
cyanogen bromide fragments. As indicated in Figure 8, resi- 
dues 2-9 are not reiterated and the sequence is corrected as 
shown. Misinterpretation of earlier data was due to incomplete 
cleavage of CNBr I and I1 resulting in CNBr 1-11, which 
readily copurified by gel filtration with CNBr 11. The nature 
of the residues, especially the coincident occurrence of Leu-6 
and -27 and the absence of an identifiable residue due to car- 
bohydrate at  position-23, led to the interpretation that residues 
2-9 were reiterated in human hp /3 chain. In addition, residues 
17, 29, and 33 have been corrected, as indicated in Figure 8. 

Further evidence to substantiate the amino-terminal se- 
quence correction and confirm the presence of carbohydrate 
attached to asparagine-23 was obtained from a tryptic peptide, 
T2C, isolated from a tryptic hydrolysis of intact S-carba- 
moylmethylated /3 chain. The tryptic hydrolysate was frac- 
tionated by gel filtration on Sephadex G-75, followed by ion- 
exchange chromatography on Bio-Rad Aminex A5 (Bradshaw 
et al., 1969). PeptideT2C was comprised of residues 18-41 and 
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T A B L E  V I :  Molecular Weight Estimatesa of hp  p Chain CNBr Fragments. 

Sample 

CNBr I 
CNBr I1 
CNBr I11 
CNBr IV 
CNBr V 

____ 

Gel Filtrationb 

P10 P60 
2 l o o t  100 

5 400 i 300 

10 900 i 300 

17 900 i 400 

11 600 i 300 

Polyacrylamide Gel Electroohoresis 

Sodium Dodecyl Sodium Dodecyl 
Sulfate- Ur eac Sulfated 

2 450 t 200 
21 600 i 1500 
4 500 i 30 

14 600 t 200 
10 300 i 700 

Composition 

1 9 4 0  
I 6 0 5 1  = 131e 

4 205 
6 029 T 92 
6 572 

~- 

34 191 I 223e 
hp p Chain 42 000 i 400 35 172 ?- 371e 

1 3  737 i 92 
~~ 

13 200 
-~ p, f 

aResults obtained from three separate analyses. bFish et al. (1969).cSwank and Munkres (1971). dWeber and Osborn (1969). elncludes 
carbohydrate, 19.8% of the p chain. fPlasmin cleavage fragment consisting of residues 129 through 253 inclusive (Kurosky et a l . ,  1974b; Hay. 
Kurosky and Bowman. to be published). 

TABLE VI1: Summary of Reported Molecular Weight and Carbohydrate Composition of Human Haptoglobin 

Molecular Weight 

Hp 1-1 p Chain Method 
Carbohydrate 

(5P Reference 

84 500 
ND 
S D  
98 770 
ND 
96 795 
ND 

ND 

M e a d  

32 950C 
ND 
ND 
40 085C 
38 000 
42 582 
38 400e 

42 000 

38 5 0 0 i  4 100 

Ultracentrifugation 

Ultracentrifugation 
Gel filtration 
Ultracentrifugation 
Sodium dodecyl sulfate, gel 

Sodium dodecyl sulfate gel 
electrophoresis, and ultracentrifugal 

electrophoresis 

.ion 

17.3b 
18.6 
17.8 
23.5 
23Sd 
19.4 
ND 

S D  

19.8 i 2.5 

Jayle et al. (1956)  
Schultze et al. (1 963) 
Gerbeck et al. (1965) 
Cheftel and Moretti (1 966) 
Gordon et al. ( 1967) 
Black et al. (1970) 
Fuller et al. (1973)  

This report 

UPercentage of p chain. bDoes not include fucose or sialic acid. CCalculated from Hp 1-1 value using cy1 chain molecular weight of 9300. 
dNot  included in mean value; value obtained from Cheftel and Moretti (1966). eCalculated from molecular weight difference of Hp 2-2 
polymers using cyz chain molecular weight of 16 100,fUltracentrifugation values only. 

TABLE V I I I :  Carboxyl-Terminal Sequences of the Cyanogen 
Bromide Fragments. 

Fragment Sequence and Relative Yieldsa 

CNBr I N Db 
CNBr I1 IVal-HsrC 

CNBr 111 

CNBr 1V /Ala Gly-H src 

CNBr V /Am. 
0.4 

hp p chaine /Trp-ValGlx-Lys-Thr-Ile-AlaGlu-Asn. 

1.0 1.0 
/Le u-L y s-T y r -Val-H src, d 

0.3 0 .3  0.5 

_ _ _ _ _ ~  

ahlole of amino acid released by CPA per mole of peptide in 24 h. 
b Established by sequence analysis of whole 2 chain. CHQmOSerine 
plus homoserine lactone. dEstablished by timecourse hydrolysis 
(see Figure 6) .  eDetermined by Barnett et al. (1972) (see Discus- 
sion). 

amino acid analysis confirmed the presence of glucosamine. 
The amino acid composition and sequence analysis of peptide 
T2C are summarized in Table X. Hydrolysis of peptide T2C 
with CPA for 24 h released 1 .O mol of Lys, 1 .O mol of Ala, 2.0 
mol of Thr, and 2.0 mol of Leu in agreement with the sequence 
shown for residues 18-41 in Figure 8. Automated sequence 
analysis of CNBr I1 (Table IX) confirmed the sequence de- 
termined for tryptic peptide T2C. Sequence analysis of intact 
p chain, peptide T2C, and CNBr I1 gave no results for residue 
23, presumably because the attachment of carbohydrate at  this 

l i  
80 0 20 40 60 

TIME (mini 

F I G U R E  6: CPA hydrolysis of CNBr 1 1 1 .  

residue makes it insoluble in the 1-chlorobutane used for ex- 
traction of the residues from the reaction cup of the sequen- 
cer. 

Discussion 
Characterization of the cyanogen bromide fragments of 

the 0 chain of human haptoglobin presented here is consistent 
with a composition of 4 methionyl residues and 5 CNBr frag- 
ments per molecule. Previous preliminary evidence (Barnett 
et al., 1972) indicated 6 cyanogen bromide fragments in the 
hp 0 chain; however, no evidence for the 6th fragment was 
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TABLE Ix: Automatic Sequence Analyses0 of the Amino-Terminal Regions of the CNBr Peptides and Whole p Chain. 

Residue (nmol) 
Edman 
Cycle 0 Chain CNBr Ib CNBr I1 CNBr I11 CNBr IV CNBr V 

OC 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13  
1 4  
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

(200) 
Ile (185) 
Leu (141) 
Gly (ND)d 
Gly (102) 
His (130) 
Leu (115) 
ASP (81) 
Ala (109) 
Lys (123) 
Gly (61) 
Ser (53) 
Phe (59) 
Pro (43) 
Trp (66)e 
Glu (57) 
Ala (66) 
LYS (45) 
Met (ND)f 
Val (51) 
Ser (35) 
His (44) 
His (30) 
Asn (0 )g  
Leu (27) 
Thr (20) 
Thr (45) 
Gly (ND) 
Ala (44) 
Thr (30) 
Leu (34) 

(100) 
Ile (47) 
Leu (52) 
GIY (22) 
Gly (28) 
His (ND) 
Leu (31) 
ASP (33) 
Ala (17) 
LYS (32) 

(200) 
Val (179) 
Ser (138) 
His (ND) 
His (ND) 
Asn (0)f 
Leu (149) 
Thr (101) 
Thr (77)* 
Gly (71) 
Ala (79) 
Thr (64) 
Leu (88)* 
Ile (91) 
Asn (27) 
Glu (21) 
Gln (38) 
Trp (OF 
Leu (56)* 
Leu (ND) 
Thr (38) 
Thr (37) 
Ala (30) 
LYS (24) 
Asn (19) 
Leu (41) 

(400) 
Pro (333) 
Ile (300)* 
CM-Cys (256) 
Leu (315) 
Pro (360) 
Ser (240) 
Lys (267) 
Asp (243) 
Tyr (266) 
Ala (271) 
Glu (317)* 
Val (263) 
Gly (171) 
Arg (ND) 
Val (307) 
Gly (186) 
Tyr (316) 
Val (265) 
Ser (179) 
Gly (142) 
Trp (20)* 
Gly (148) 
Arg (ND) 
Asp (65) 
Ala (74) 
Asn (76) 
Phe (40) 
LYS (46) 
Phe (41) 

(150) 
Leu (139)* 
Pro (96) 
Val (107)* 
Ala (103) 
ASP (63) 
Gln (72) 
ASP (52) 
Gln (44) 

Ile (57) 
Arg (43) 
His (17) 
TYI (24) 
Glu (31) 
Gly (25) 
Ser (32) 
Thr (21) 
Val (27) 
Pro (46)* 
Glu (21) 

CM-Cys (61) 

LYS (14) 
LYS (23) 

(350) 
Ser (189) 
LYS (269) 
Tyr (333) 
Gln (245) 
Glu (261) 
Asp (186) 
Thr (132) 

Tyr (176) 
Gly (135) 
Asp (119) 
Ala (146) 
Gly (102) 
Ser (93) 
Ala (131) 
Phe (111) 
Ala (123) 
Val (67) 
His (ND) 
ASP (61) 
Leu (80) 
Glu (48) 
Glu (51) 
Asn (37) 
Thr (26) 
Trp (0)h 
Tyr (33) 
Ala (46) 
Thr (21) 
Gly (29) 
Ile (24) 
Leu (24) 
Ser (31) 
Phe (16) 

CM-Cys (153) 

0Pth residues quantitated by amino acid analysis after HI hydrolysis, except those marked with asterisk which were quantitated by gas 
chromatography. Results given are for a single analysis; however, except for CNBr I, analysis of fragments and p chain were repeated two to 
five times on different preparations. b After purification by high-voltage electrophoresis. CInitial nmol applied to sequencer. dNot  determined 
or lost; identified on repeated analysis. eIdentified by gas chromatography and quantitated from increased Gly and Ala. fconfirmed in T2C, 
see Table X. gcarbohydrate attached. hEstablished from chymotryptic peptides (Lee, Kurosky, and Bowman, to be published). 

obtained in this study. Since the amino-terminal of CNBr VI 
reported by Barnett et al. was a tryptophanyl residue, this 
fragment probably occurred as a result of an anomalous 
cleavage. Two such anomalous fragments were identified in 
this study, CNBr Ia and CNBr 2C2, which were the result of 
cleavage at tryptophan, probably on the amino-terminal side. 
The yield of CNBr Ia (1 8%) was relatively substantial, al- 
though somewhat exaggerated because of the fact that we 
could estimate it only relative to the recovery of CNBr I. 
Anomalous cleavages of protein by cyanogen bromide have 
also been reported by Sterner et al. (1974). These authors 
obtained three significant CNBr cleavage products from yeast 
inorganic pyrophosphatase in yields of about 15%, in addition 
to several others with yields of less than 5%. Only one of the 
anomalously generated fragments was characterized with 
regard to the type of bond cleaved. Their CNBr VI1 was an 
anomalous hydrolysis product of an X-Pro bond; however, this 
cleavage may have resulted from acid catalysis of Asp-Pro, 
as reported by Piszkiewicz et al. (1970). Our evidence suggests 
that some tryptophanyl (probably X-Trp) bonds are also 
susceptible to cleavage by cyanogen bromide, but to a lesser 
extent than methionyl peptide bonds. Whether or not this 
cleavage is unique to glycoproteins is an open question. 

The adjusted compositional molecular weight estimate of 
35 172 f 371 for the /3 chain is in reasonable agreement with 

the molecular weight determined by ultracentrifugation 
(38 500 f 4100) shown in Table VII, as well as the sum of the 
compositional molecular weights of the CNBr fragments 
(34 797 f 223) given in Table VI. Ultracentrifugational 
analysis of the molecular weight of the hp p chain is prob- 
lematic because of protein aggregation. Attempts to avoid these 
difficulties by succinylation (Black et al., 1970) may have led 
to an exaggerated molecular weight. Since the succinylation 
was not followed by reaction with hydroxylamine, the many 
hydroxyl groups on the protein and on the carbohydrate portion 
may have been succinylated as well. It should also be noted that 
discrepancies in the partial specific volume reported by various 
authors have raised some doubt concerning the reported mo- 
lecular weights of Hp  1-1 (Putnam, 1975). The apparent 
molecular weight obtained by sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis (42 000) was undoubtedly ex- 
cessive, due to the occurrence of carbohydrate on the p chain. 
The presence of covalently bound carbohydrate has been re- 
ported to increase molecular weight estimations by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (Segrest 
et al., 1971). 

Molecular weight estimates of the CNBr fragments by gel 
filtration and sodium dodecyl sulfate-urea-polyacrylamide 
gel electrophoresis were in reasonable agreement (& 18%, 
Swank and Munkres, 1971) with the molecular weights cal- 
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TABLE X :  Composition and Partial Sequence of Peptide T2C.Q 
- ~~ __- __--________ 200 

Phenylalanine 0 17 Gln (21) 
Tryptophan ND 18 Trp (1W 
Glucosamine 3.1 (3) 19 Leu (14) 

20 Leu(2 1 ) 
Residues 18-41 

=Tryptic peptide isolated from a tryptic hydrolysate of S-carba- 
rnoylmethylated hp p chain (see text). b After 24-h hydrolysis. 
Based on 1 lysine. CFrom a chymotryptic peptide (see Table IX). 
dAutomated analysis. Pth residues identified by amino acid analy- 
sis after HI  hydrolysis, except as  indicated. ePtli derivative identified 
by gas cliromatograpliy. fh’o residue identified because of carbo- 
hydrate attachment to Asn. gcalculated from increased Gly and 
Ala. 

---.--~-.-~.-~.~ 

i i 

culated from compositional analysis. The exceptions are CNBr 
IV and CNBr V, which differed 42 and 31%, respectively, from 
the lowest estimated values. The reason for these differences 
is presently unknown; however, a number of small polypeptides, 
cg. ,  bovine trypsin inhibitor, ACTH, glucagon, and polymyxin, 
showed similar anomalous behavior (48-83% differences) 
during polyacryalamide gel electrophoresis (Swank and 
Munkres, 197 I ) .  Our compositional analyses of CNBr IV and 
V are compatible with the partial sequence data obtained from 
tryptic and chymotryptic peptides of whole /3 chain, as well as 
from CNBr fragments (Kurosky, Lee, Barnett, Hay, and 
Bowman, to be published). In addition, tryptic peptide maps 
of CNBr IV and V gave profiles in agreement with the calcu- 
lated number of lysyl and arginyl residues in these fragments. 
Finally, a plasmin cleavage fragment, comprising CNBr V, 
IV,  and the last 9 residues of CNBr 111 (Kurosky et al., 1974b), 
gave a molecular weight of 13 200 after sodium dodecyl sul- 
fate-urea-polyacrylamide gel electrophoresis, which agrees 
with the compositional molecular weight of 13 737 f 92 for 
this fragment. 

The occurrence of a small amount of carbohydrate in CNBr 
IV and V was probably due to some minor contamination 
(about 2%) from a portion of CNBr 11, or, more likely, may 
be the result of some nonspecific carbohydrate attachment 
caused by reaction with cyanogen bromide analogous to cy- 
anogen bromide activation of Sepharose. Further studies are 
underway to confirm the presence of galactosamine in the @ 
chain, since i t  is conceivable that, in view of the large amount 
of carbohydrate, the peak observed as galactosamine may, in 
fact, be due to some amino acid-sugar complex. 

Sequence analysis of the cyanogen bromide fragments 
(summarized in Figure 8) established the positions of some 139 
residues in the hp @-chain molecule corresponding to 55% of 

DEGRADATION CYCLE 

FIGURE 7: Semilogarithmic plot of Pth residue recoveries obtained from 
analysis of hp 6 chain. About 8 mg of /3 chain was applied to the reaction 
cup. Residue recoveries were calculated from amino acid analysis after 
HI hydrolysis of the Pth derivatives. 

the molecule. The alignment of CNBr I and I1 was achieved 
by sequence analysis of intact 6 chain. An overlapping se- 
quence for CNBr 111 and IV was obtained from a plasmin 
fragment resulting from cleavage of the Lys-Phe bond a t  po- 
sitions 128-129 (Kurosky et al., 1974b). CNBr V must rep- 
resent the carboxyl-terminal fragment, since it contained no 
homoserine or homoserine lactone and yielded results (0.4 mol 
of Asn/mol of CNBr V) after CPA hydrolysis which were 
identical to CPA hydrolyses of intact /3 chain. Further evidence 
for carboxyl-terminal asparagine was provided by Barnett et 
al. (1970, 1972). In addition, tryptic peptides of intact /3 chain 
have also provided overlapping sequences in agreement with 
those reported in Figure 8 (Kurosky, Rasco, and Bowman, to 
be published; Barnett, 1971). Other sequence studies of human 
hp @ chain have been reported (Hew, 1970; Malchy, 1970; 
Malchy and Dixon, 1973a; and Malchy et al., 1973). Hew 
(1 970) characterized a large fragment overlapping CNBr I1 
and 111, which, for the most part, agrees with the CNBr 
alignment presented here. The only differences were residues 
104 and 105, which were reported as Pro-Leu (also see Malchy 
and Dixon, 1973a), whereas we have found Leu-Pro. We have 
reexamined this region several times and have confirmed our 
initial findings. Residues 140-146 and 196-201, reported by 
Malchy (1970), agree with our data, except that we found 
residue 145 to be glutamine rather than glutamic acid. 

The absence of an identifiable residue a t  position 23, to- 
gether with the occurrence of glucosamine in peptide T2C, is 
reasonable confirmation that carbohydrate is attached at  this 
residue. The presence of a threonyl residue a t  position 25 sat- 
isfied the general sequence requirement of Asn-X-Ser/Thr 
(Hunt and Dayhoff, 1970) for attachment of carbohydrate to 
Asn. 

Cyanogen bromide cleavage of intact H p  1-1 yielded a 
fragment after gel filtration which contained the /3 chain CO- 

valently linked by disulfide bonding to CNBr 111. The a chains 
of Hp contain neither methionine nor phenylalanine. Since the 
amino acid sequence of CNBr 111 possessed only one half-Cys, 
the attachment of the a] chain must be to Cys-103. This evi- 
dence confirmed the identical findings of Malchy and Dixon 
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C Y A N O G E N  B R O M I D E  F R A G M E N T S  O F  H U M A N  H P  B C H A I N  

1 5 10 15  20 CHO 25 

Ile-Leu-Gly-Gly-His-Leu-Asp-Ala-Lys-Gly-Ser-Phe-Pro-T~-Gln-Ala-Lys-Met-Val-Ser-His-His-Asn-Leu-Thr- 

26 30 35 40 101 

T h r - G l y - A l a - T h r - L e u - I l e - A s n - G l u - G l n - T r p - r - A l a - L y s - A s n - L e u /  (55 residues) /Val-Met-Pro- 

102 CL 106 111 116 121 126 

Ile-Cys-Leu-Pro-Ser-Lys-Asp-Tyr-Ala-Glu-Val-Gly-Arg-Val-Gly-Tyr-Val-Ser-Gly-Trp-Gly-Arg-Asp-Ala-Asn- 

127 131 136 141 146 151 

Phe-Lys-Phe/T;!~,Asx,His/Leu-Lys-Tyr-Val-Met-Leu-Pro-Val-Ala-Asp-Gln-Asp-Gln-Cys-Ile-Arg-His-Tyr-Glu- 

152 156 193 198 203 

Gly-Ser-Thr-Val-Pro-Glu-Lys-Lys/ (31 residues) /Ala-Gly-Met-Ser-Lys-Tyr-Gln-Glu-Asp-Thr-Cys-Tyr-Gly- 

204 208 213 218 223 

Asp-Ala-Gly-Ser-Ala-Phe-Ala-Val-His-Asp-Leu-Glu-Glu-Asn-Thr-T~-Tyr-Ala-~r-Gly-Ile-Leu-Ser-Phe/ (25 

I 

I 

253 

residues) / A m .  

FIGURE 8: Alignment of the amino acid sequences of hp /3 chain determined from the CNBr fragments. The numbering of the fragments was obtained 
from compositional analysis in Table 1. The higher total residue value was chosen for those CNBr fragments in which a range of residues was given. 

Protein Sequences of Serine-195 Region 

189 190 191 192 193 194 195. 196 197 198 199 

hp B-chain /Asp Thr Cys Tyr Gly Asp Ala Gly Ser Ala Phel 

Chymotrypsin A or B /Ser Ser Cys Met Gly Asp Ser Gly Gly Pro Leu/ 

Trypsin /Asp Ser Cys Gln Gly Asp Ser Gly Gly Pro Val/ 

Elastase /ser Gly Cys Gln Gly Asp Ser Gly Gly Pro Leu/ 

Thrombin /Asp Ala Cys Glu Gly Asp Ser Gly Gly Pro Phe/ 

F I G U R E  9: Comparison of hp P chain to serine proteases in the serine-195 
active-site region. Protease sequences were taken from Hartley (1970b). 
All serine proteases were bovine, except elastase which was porcine. The 
numbering is that of chymotrypsinogen A and corresponds to hp P-chain 
residues 199-209 in Figure 8. 

(1973a) and Malchy et al. (1973). Two half-cystinyl residues 
were identified per molecule of CNBr IV and V. The isolation 
of CNBr IV from whole Hp  1-1 without any modification of 
the half-cystinyl residues negated any possibility of disulfide 
linkage between CNBr IV and V. Therefore, possible disulfide 
combinations are: (1) intrachain, (2) symmetrical interchain, 
or (3) asymmetrical interchain. The possibility of inter-@-chain 
disulfide bonds was eliminated by Malchy et al. (1973) who 
isolated a labeled half-molecule of Hp  after 35S sulfitolysis of 
Hp  1-1. Only one major labeled sequence was obtained, which 
represented the a-chain sequence about Cys-2 1. Therefore, 
the disulfide linkages in CNBr IV and in V are intrachain. Our 
evidence for the disulfide bond arrangement in human Hp 1-1 
(Kurosky et al., 1974b) essentially agrees with that presented 
by Malchy et al. (1973). 

Comparison of hp P-chain sequences to sequences reported 
for the chymotrypsin family of serine proteases was made 
elsewhere (Kurosky et al., 1974a,b). A more complete com- 
parative study will be undertaken after completion of the hp 
@-chain primary structure. However, several relevant com- 
ments regarding new data presented here need mentioning. The 
number of residues calculated for the P chain (251-257) is 
comparable to the number of residues reported for many of the 
serine proteases (Dayhoff, 1972). Furthermore, sequence 
analysis of the amino-terminal region of CNBr V established 
the hp @-chain sequence, which is positionally analogous to the 
active site Ser- 195 sequence. This comparison is illustrated in 
Figure 9. Although the hp @ chain compares reasonably well 
to the serine proteases in the Ser-195 region, the most notable 

exception is the replacement of alanine for Ser-195. Since all 
of the residues in the /3 chain analogous to the catalytic residues 
in the serine proteases are dissimilar, a proteolytic function in 
haptoglobin comparable to that defined for the serine proteases 
could not be possible. As indicated in Figure 9, the serine loop 
(Cys- 19 1 to Cys-220, chymotrypsinogen numbering) is con- 
served. Interestingly, the specificity residue for the trypsin-like 
enzymes, Asp- 189, is also found in the hp @ chain. This em- 
phasizes the possibility that, although the proteolytic function 
was lost during evolution, hp @ chain may be utilizing the 
binding capacity of the “tosyl-hole” region for its function, 
which presumably is the binding of hemoglobin. Chemical 
modification studies will better define the function of hapto- 
globin and will establish the regions essential for the binding 
of hemoglobin. 

Note Added in Proof 
Repeated reexamination of the amino terminus of the hp a 

chain sequence (Black and Dixon, 1968) indicates that Asp-3 
does not exist. Automated sequencer evidence points to the fact 
that Asn-2 undergoes a concerted deamidation and a - @ 
rearrangement resulting in only partial cleavage of residue 2 
and extensive carry-over of subsequent residues, Le., serine was 
found in positions 3 and 4, glycine in 4 and 5, etc. (see Table 
IV). 
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