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Complete Amino Acid Sequence of a Papain-Solubilized Human 
Histocompatibility Antigen, HLA-B7. 2. Sequence Determination and 
Search for Homologiest 

Harry T. Orr, Jose A. Ldpez de Castro, Doron Lancet, and Jack L. Strominger* 

ABSTRACT: The complete amino acid sequence of the pa- 
pain-solubilized heavy chain of a human histocompatibility 
antigen (HLA-B7) has been elucidated. It consists of a po- 
lypeptide of 271 residues (31 333 daltons). A single glycan 
moiety is attached to an asparagine residue at position 86 by 
an N-glycosidic bond. Two intrachain disulfide bonds, ar- 
ranged linearly, involve half-cystine residues at positions 101 
and 164 and at positions 203 and 259. They form two loops 
of 62 and 55  residues, respectively, separated by 38 residues. 
Computer analysis of the sequence suggests the existence of 

A relationship between the highly polymorphic HLA-A and 
HLA-B antigens and immunoglobulins has been suggested as 
the consequence of several properties of these antigens. p2- 
Microglobulin, an immunoglobulin-like polypeptide (Peterson 
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internal homology between the amino-terminal portion (res- 
idues 1-90) and the region of the first disulfide loop (residues 
91-180). There is a significant homology between the second 
disulfide loop region of the chain (residues 182-271) and 
immunoglobulin (Ig) constant domains and &-microglobulin 
[Orr, H. T., Lancet, D., Robb, R. J., Ldpez de Castro, J. A,, 
& Strominger, J. L. (1979a) Nature (London) (in press)]. 
However, no such homology to Ig is apparent in the amino- 
terminal or in the first disulfide loop regions. 

et al., 1972; Smithies & Poulik, 1972), is one of the two 
components of the HLA-A and -B molecule (Cresswell et al., 
1973, 1974; Nakamuro et al., 1973; Grey et al., 1973; Peterson 
et al., 1974). The presence in the heavy chain of these antigens 
of two disulfide loops similar in arrangement and size to those 
in immunoglobulins added credibility to this speculation 
(Strominger et al., 1974; Peterson et al., 1975; Terhorst et al., 
1977; Ferguson et al., 1979). Subsequently, the amino acid 
sequence of the second disulfide loop region of the HLA-B7 
heavy chain has provided strong evidence that this region of 
a histocompatibility antigen is related to an Igl constant do- 
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main (Orr et al., 1979a). Obviously, a detailed knowledge of 
the chemical structure of the histocompatibility antigen 
molecule is essential both to define the molecular basis of the 
genetic polymorphism and to determine the extent of the re- 
lationship with the immunoglobulin system. 

The existence of genetically defined strains of mice and the 
development of methods for the metabolic incorporation of 
virtually all radioactive amino acids have made possible ex- 
tensive sequence studies of murine histocompatibility antigens 
(Coligan et al., 1979). A more conventional approach has been 
used in the elucidation of the complete amino acid sequence 
of papain-solubilized human histocompatibility antigen 
(HLA-B7) heavy chain presented in this paper. The sequence 
data have been analyzed by statistical methods to assess sim- 
ilarities to other proteins, as well as possible internal homol- 
ogies. The results are discussed in terms of the overall 
structure of HLA-B7 and its relation to immunoglobulins. 

Materials and Methods 

The isolation of papain-solubilized HLA-B7 heavy chain 
and its chemical and proteolytic cleavage are described in the 
preceding paper (L6pez de Castro et al., 1979), except for the 
cleavage at tryptophan residues. Such cleavage was performed 
according to Mahoney & Hermodson (1979). Briefly, 5 mg 
of HLA-B7,, heavy chain was dissolved in a 4 M solution of 
guanidine hydrochloride in 80% (v/v) acetic acid-H20, and 
then 10 mg of o-iodosobenzoic acid, pretreated with 0.1 mol 
of p-cresol per mol of iodosobenzoic acid for 2 h in the dark 
at room temperature, was added to the protein and the mixture 
was allowed to react for 24 h in the dark at room temperature. 
The fragments generated were separated on a Sephadex G-50 
column (0.9 X 200 cm) in 200 mM NH4HC03. 

Carboxypeptidase Analysis. The carboxy-terminal residues 
were determined by amino acid analysis after carboxypeptidase 
A digestion of papain-solubilized HLA-B7 heavy chain (Am- 
bler, 1967). Digestion was performed in 20 mM N-ethyl- 
morpholine at 25 "C. At various times, aliquots were removed 
and acid precipitated and the supernatants were lyophilized 
and analyzed in a Beckman 121M automatic amino acid an- 
alyzer. Aliquots were taken, and protein was determined after 
acid hydrolysis. All results were normalized to an added 
internal standard of norleucine. 

Sequence Determination. All large fragments and most 
peptides were sequenced by using an updated Beckman 890 
sequenator. A few peptides, generally those of less than five 
residues, were sequenced by using a modification of the 
three-step manual Edman method (Sauer et al., 1974). In all 
automatic degradations, 3 mg of Polybrene (Tarr et al., 1978; 
Klapper et al., 1978) was added to the cup and a complete 
blank cycle run before the addition of the peptide sample. The 
0.1 M Quadrol program (Brauer et al., 1975) with double 
coupling at the first step was used for most degradations. To 
prevent Quadrol retention in the sequencing of small glyco- 
peptides, DMAA buffer (1 l mL of pyridine, l l mL of HzO, 
2.8 mL of DMAA, and 50 pL of trifluoroacetic acid) was 
substituted as the coupling buffer. The remainder of the 
program was identical with the 0.1 M Quadrol program. 
Repetitive yields varied from 90.7 to 94% (see Table 11). In 
all cases, the yield at step 1 was between 70 and 80% of the 
total amount added to the cup. 

' Abbreviations used: Ig, immunoglobulin; Ig C, constant domains; 
Ig V, variable domains; DMAA, N,N,-dimethyl-N-allylamine; Pth, 
phenylthiohydantoin; CNBr, cyanogen bromide; HLA-B7p,, HLA-B7 
heavy chain solubilized after papain digestion; &m, &microglobulin. 

Pth Determination. Conversion of the anilinethiazolinone 
fractions to the corresponding phenylthiohydantoin (Pth)- 
amino acid derivatives was performed with 0.1 N HCl at 80 
OC for 10 min. Pth derivatives were identified by gas-liquid 
chromatography (Pisano & Bronzert, 1969), two-dimensional 
thin-layer chromatography (Summers et al., 1973; Kulbe, 
1974), and back hydrolysis followed by amino acid analysis 
(Smithies et al., 1971). Cysteine was identified as Pth-S- 
(carboxymethy1)cysteine. Pth-leucine and Pth-isoleucine were 
distinguished either by silylation using N,O-bis [ (trimethyl- 
sily1)acetamidel and gas-liquid chromatography on a SP-400 
column (Niall, 1973) or by back hydrolysis (Smithies et al., 
1971). Pth-arginine and Pth-histidine were identified by amino 
acid analysis after back hydrolysis. 

Reagents. The following commercial sources were used to 
obtain reagents: [3H] iodoacetic acid (New England Nuclear); 
polyamide thin-layer plates, Polybrene, o-iodosobenzoic acid, 
and DMAA (Pierce Chemical); benzene, 1-chlorobutane, 
heptane, heptafluorobutyric acid, phenyl isothiocyanate, 1,2- 
cyclohexadiene, ethyl acetate, and Quadrol buffer (Beckman 
Instruments); pyridine and hydriodic acid (Fisher Scientific). 
DMAA was refluxed with phthalic anhydride and pyridine 
with ninhydrin. Both were then redistilled twice before use 
in the DMAA buffer. 

Computer Analysis. Two computer programs have been 
used. The first, IH04, is analogous to SEARCH (Dayhoff, 1976) 
and compares a segment of a sequence to all possible segments 
of the same length, in the same sequence or in other sequences, 
looking for best alignments without gaps. The elements of the 
mutation data matrix [cf. Dayhoff et al. (1972); revised values 
taken from Schwartz & Dayhoff (1978)l were used to assess 
pairwise matches of amino acids, and those were summed to 
yield the alignment score. The second program, A L O ~ ,  is 
equivalent to ALIGN (Dayhoff, 1976) and is described in Orr 
et al. (1979a). It is based on the algorithm of Needleman & 
Wunsch (1970), locating the best alignments between two 
sequences of comparable size, with gaps introduced in both. 
The same mutation data matrix is used to assess pairwise 
residue matches. Gap introduction is controlled and stand- 
ardized by the method of Dayhoff (1976). A gap penalty of 
-2 and a bias parameter of 2 were used unless otherwise 
mentioned. The statistical scores (Z factors) were calculated 
as described in Barker & Dayhoff (1972). In short, alignment 
scores (see above) were calculated for the two sequences in 
question and then, using the same gap control parameters, also 
for one of the sequences with many random permutations of 
the other. The statistical score is defined as Z = (s - p ) / o ,  
where s is the score for the actual proteins and p and (T are 
the mean and standard deviation, respectively, for the dis- 
tribution of scores for randomized sequences. Thus, Z is a 
measure, in standard deviation units (SD), of how likely any 
particular value of s is to arise by chance (e.g., Z equal to 3 
and 6 corresponds to such probability of and re- 
spectively). 

Results 
NH2- Terminal Sequence Analysis of HLA-B7 Heavy 

Chain. Automatic Edman degradation of HLA-B7 heavy 
chain was carried out for 26 cycles (Table I). A single 
methionine residue was identified at position 5. Thus, this 
sequence extends through the amino-terminal CNBr penta- 
peptide and into the h l  region. Previous sequence data from 
this portion of the HLA-B7 heavy chain are very similar to 
those reported here (Terhorst et al., 1976), the exceptions being 
residues 21 and 24, where Terhorst et al. (1976) found Pro 
and Ala, respectively. These discrepancies are likely due to 
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Table I: N-Terminal Sequence of HLA-B7 Heavy Chain and Its Fragmentsd 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 

15 ~ 1 0 ~  16 8 7 13 7 b Q 1 4 a  5 6 11 4 8 6 4 3 5 9 a 6 3 
HLA-B7 heavy chain Gly-Ser-His-Ser-Met-Arg-Tyr-Phe-Tyr-Thr-Ser-Val-Ser-Arg-Pro-Gly-Arg-Gly-Glu-Pro-Arg-Phe-Ile-Ser-VaI-Gly ... 

99 100 101 102 103 104105106 107 108109 110 111 112 113114 116 116 117 118 119 120 121 122 123124 
Tyr-Gly-Cy s-Asp-Val-Gly-Pro-Asp-Gly-Arg-Leu-Leu-Arg-Gly-His-Asp-Gln-Tyr-Ala-Ty r- Asp-Gly-Lys- Asp-Ty r-He- 
31 22 18 20 29 18 10 12 11 8 14 13 7 10 7 9 11 12 9 10 S 6 7 6 7 8 

125 126 127 128 129 130 131 132 133 134 135136 
Ala-Leu- Asn-Gln- -Leu- - -Trp-Thr-Ala-Ala... 
7 5 4 3  3 c b 2 1  

CNBr-2 

184 185 186 187 188 189 190 191 192 193 194 195 196 197 198 199 200 XI1 202 203 204 205 206 207 206 

8 5 6 b 4 6 b 3 2 8 3  Q 2 1 2  2 b 2 1 1  c 2 1 1  1 

168 169 170 171 172 173 174 175 176 177 

7 2 9 6 5 c c 2 c c  

h3  (ac-2) Pro-Pro-Lys-Thr-His-Val-Thr-His-His-Pro-Ile-Ser-Asp-His-Glu-Ala-Thr-Leu-Arg-Cys-Trp-Ala-Leu-Gly-Phe. . . 

1-6 Leu-Arg-Arg-Tyr-Leu-Glu- Asn-Gly-Lys-Asp. .. 

Identified as the Pth derivative by gas-liquid chromatography but not quantitated. Pth derivative identified by gas-liquid chromatogra- 
Denotes Pth derivatives identified only by thin-layer chro- 

Numbers under residues are yields in nanomoles of the Pth derivatives. Yields were calculated from GC data or, in the case 
phy, thin-layer chromatography, and after back hydrolysis but not quantitated. 
matography. 
of Pth-Arg and Pth-His, from amino acid analysis after back hydrolysis. Numbers above residues indicate the position in the HLA-B7,,, mol- 
ecule. Peptides sequenced to the carboxyl termini end with COOH. Peptides and fragments which were not sequenced completely end with 
(...J. Repetitive yields were 93.3% for the HLA-B7 heaw chain. 94% for CNBr-2. and 90.7% for h3  (ac-2). 

Table 11: Sequence of Peptides from the h l  Fragment of HLA-B7 Heavy Chaind 

22 23 24 25 26 27 28 29 30 31 32 33 34 35 

28 42 Q 45 19 24 22 18 12 b 10 7 4 3 

36 37 38 39 40 41 42 43 44 
Phe- Asp-Ser- Asp- Ala- Ala-Ser-Pro- Arg-COOH 
19 20 a 18 16 35 a 6 5 

45 46 47 48 

25 22 9 8 

49 50 51 52 53 54 55 56 57 58 59 60 61 62 

8 3 ~ 8 3 3  3 4 1  2 1  c 1 1  

T-4 Phe-Ile-Ser-Val-Gly-Tyr-Val-Asp-Asp-Thr-Gln-Phe-Val-Arg-COOH 

T-5 

T-6 Glu-Glu-Pro- Arg-COOH 

T-7 Ala-Pr o-Trp-Ile-Glu-Gln-Glu-Gly-Pro-Glu-Tyr-Trp-Asp-Arg-COOH 

63 64 65 66 67 68 

5 b 4 6 3 2  
T- 8 Asn-Thr-Gln-Ile-Ty r-Ly s-COOH 

69 70 71 72 73 74 75 

45 32 24 21 b 20 15 

76 77 78 79 

22 a 17 20 

80 81 82 

45 41 32 

83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 

30 20 16 7e 14 a 12 11 7 a 5 b 4 c Q 

34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 

6 4 6 6 Q 5 3 3 a 1 10.50.50.50.5 1 a c 

T-9 Ala-Gln- Ala-Gln-Thr- Asp- Arg-COOH 

T-10 Glu-Ser-Leu- Arg-COOH 

T-1 1 Asn-Leu- Arg-COOH 

T-12 Gly-Tyr-Tyr-Asn-Gln-Ser-Glu-Ala-Gly-Ser-His-Thr-Leu-Gln-Ser ... 

c- 3 Val-Arg-Phe-Asp-Ser-Asp-Ala-Ala-Ser-Pro-Arg-Glu-Glu-Pro-Arg-Ala-Pro-Trp-COOH 

61 62 63 64 65 66 67 

1 0 . 5 ~  5 c 1 1  
C-4b Asp- Arg- Asn-Thr-Gln-Ile-Tyr-COOH 

68 69 70 71 72 73 74 75 76 71 78 
Lys- Ala-Gln- Ala-Gln-Thr- Asp- Arg-Glu-Ser-Leu-COOH 
10 9 6 6 5 b 3 1 0 . 5 ~  1 

79 80 81 82 83 84 85 86 81 

1 1 2 1 2 2 1  1 c  

c-5 

C-6 Arg-Asn-Leu-Arg-Gly-Tyr-Tyr-Asn-Gln.. . 

a-d See footnotes a-d in Table I. e Yield calculated from amino acid analysis after back hydrolysis of both organic and aqueous phases. 

the use of a nonquantitative identification method in the earlier 
study. 

Sequence of h l .  This fragment extends from h& to Met9*. 
The sequence of tryptic peptides isolated from h l  [see Ldpez 
de Castro et al. (1979)l is depicted in Table 11. Peptides T-1, 
T-2 (T-2a, T-2b), T-3, and T-4 were characterized by amino 
acid composition [see Ldpez de Castro et al. (1979)l and 
aligned by the amino-terminal sequence of HLA-B7 heavy 
chain. Peptide T-12 was the only tryptic peptide which did 
not contain Arg or Lys. Its amino acid composition included 

homoserine, and therefore it was assigned as the carboxy- 
terminal peptide of the fragment. Edman degradation of 
chymotryptic peptides (2-3, C-4b, (2-5, and C-6 (Table 11) 
provided the remaining overlaps required to establish the 
complete sequence of h l  . 

Fragment hl  is the only large fragment of papain-solubilized 
HLA-B7 heavy chain which does not contain a disulfide loop. 
It contains the single glycan moiety of HLA-B7, attached to 
As1-186 through an N-glycosidic bond (Parham et al., 1977). 
Unlike mouse H-2Kb, there is no evidence for a second car- 
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Table 111: Sequence of Tryptic Peptides from h2 and h3 Fragments of HLA-B7 Heavy Chaind 
112 113 114 115 116 117 118 119 120 121 

T-16 Gly- -Asp-Gln-Tyr-Ala-Tyr-Asp-Gly-Lys-COOH 
C c c c c ' c c c c  

T-2 0 
152 153 154 155 
Glu-Ala-Glu-Gln. .. 
9 8 5  4 

158 159 160 161 162 163 164 165 166 167 168 169 170 
T-21 Ala-Tyr-Leu-Glu-Gly-GluCys-Val-Glu-Trp-Leu-Arg-Arg-COOH 

8 6 6  4 3 5 2 4 2 ~ 1  1 

171 172 173 

3 2 2  
T-22 Tyr-Leu-Glu ... 

177 178 179 180 

6 4 5 2  
T-23 Asp-Lys-Leu-Glu ... 

T-26 

T-27 

187 188 189 190 191 192 193 194 195 196 197 198 199 200 mi 202 
Thr-His-Val-Tnr-His-His-Pro-Ile-Ser-Asp-His-Glu-Ala-~r-Leu-Arg-COOH 
b 3 6 b 3 2 1 4  4 1 0 . 5  1 3 b 1 1 

203 204 205 206 m 208 209 210 211 212 213 214215 216 217 218 219 
Cys-Trp-Ala-Leu-Gly-Phe-Tyr-Pro-Ala-Glu-Ile-Thr-Leu-Th r-Trp-Gln-Arg-COOH 
b c 5 6 5 2 3 2 4 2 4  b 3 b c 1 0 . 5  

220 221 222 223 224 225 226 227 228 229 230 231 232 233 234 235 236 237 238 2x1 
T-28 Asp-Gly-Glu-Asp-Gln-Thr-Gln-Asp-Thr-Glu-L~u-Val-Glu-Trr-Arg-Pro-Ala-Gly-Asp-ArgCOOH 

3 4 2 2 2 b 1 1 b 1 I 1 1 c 0.50.2 1 0 . 5 ~  0.2 

T-30 

T-3 1 

244 245 246 247 248 249 250 251 252 253 254 255 256 
Trp-Ala-Ala-Val-Val-Val-Pro-Ser-Gly-Glu-GluGln-Arg-COOH 

c 9 8  9 9 6 2 a  4 3  2 1 1  

257 258 259 260 261 262 263 264 265 266 267 
Ty r-Thr-Cy s-His-Val-Gln-His-Glu-Gly-Leu-Pro ... 
4 b b 2 4 3 1 2 2 . 7 4  

a-d See footnotes a-d in Table I. 

Table IV: Sequence of Chymotryptic Peptides from the h2,3 Fragment of HLA-B7 Heavy Chaind 

c- 9 

c-10 

c-1 1 

c-13 

'2-14 

c-1.5 

C-17 

c-18 

C-19 

119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 
.4sp-Gly-Lys-Asp-Tyr-Ile-Ala-Leu-Asn-Glu-Asp-Leu-Arg-Ser-Trp-COOH 
3 2 3  2 3 4 3 4  2 2 1 2  l a 1  

134 135 136 137 138 139 140 141 142 143 144 145 146 147 
Thr-Ala-Ala-Asp-Thr-Ala-Ala-GIn-Ile-Thr-Gln-Arg-Lys-Trp-COOIi 
b 9  7 6 5 8 7 5 7  b 3 2 1  1 

Glu-Ala-Ala-Arg-Glu-Ala-Glu-Gln-Arg-Arg-Ala-Tyr-COOH 
148 149 150 151 152 153 154 155 156 157 158 159 

2 0 1 6 1 7  6 8 1 0  6 5 5 4 3 3 

172 173 174 175 176 177 178 179 180 181 182 183 184 185 186 187 

4 3 4 2 3 4 3 2 1 1 2  1 1 0 . 5 ~  c 
Leu-Glu-Asn-Gly-Lys-Asp-Lys-Leu-Glu-Arg-Ala-Asp-Pro-Pro-Lys-Thr . . . 

202 203204 
Arg-Cys-Trp-COOH 
8 5 c  

205 206 207 208 209 210 211 212213 214 215 216 217 
Ala-Leu-Gly-Phe-Tyr-Pro-Ala-Glu-Ile-Thr-Leu-Thr-TrpCOOH 
1413 1 3 1 1  10 4 9 5 7 b 3 b c 

242 243 244 
GIu-L~s-TIP-COOH 
8 6  c 

245 246 247 248 249 2 W  251 252 253 254 255 256 257 
Ala-Ala-Val-Val-Val-Pro-Ser-Gly-Glu-Glu-Gln-Arg-Tyr~OOH 
18 15 11 15 14 4 4 11 6 6 5 2 2 

258 259 260 261 262 263 264 265 266 267 268 
Thr-Cys-His-Val-Gln-His-Glu-Gly-Leu-Pro-Lys. .. 
b b 5 9 4 . 7 2 3 2 1 ~  

a-d See footnotes a-d in Table I. 

bohydrate moiety in HLA-B7 heavy chain. In fact, the tri- 
peptide Asn-Gln-Ser is the only one in the molecule which fits 
the general sequence of Asn-X-Ser/Thr common among 
N-linked glycosylation sites (Kronquist & Lennarz, 1978). 

Sequence ofh2 and h3. This portion of the molecule extends 
from Tyrg9 to T ~ T ~ ~ , .  Fragments CNBr-2 and h3 provided 
starting points for automatic Edman degradation at positions 
99 and 184, respectively. The results of these degradations 
are given in Table I. In addition, tryptic peptides were ob- 
tained from the h2 and h3 fragments and chymotryptic pep- 
tides were obtained from the CNBr-2 fragment [see Ldpez 
de Castro et al. (1979)l. The sequence of some of these 

peptides is given in Tables I11 and IV. Peptides T-14-T-18 
and C-7-C-10 were aligned based on the amino-terminal se- 
quence of CNBr-2 and their amino acid compositions (Ldpez 
de Castro et al., 1979), thus establishing the sequence to Trp,,,. 
The sequence from Trp,,, to Glu152 was deduced from the 
sequence of C-1 1 and T-20 and the amino acid composition 
of T-19 since T-19 was not obtained in amounts suitable for 
sequencing. Overlapping peptides (T-20, T-2 1, C- 1 1, and 
C-12) extended the sequence to Arg,,,. Assignment of Arg 
at position 170 was based on the amino acid composition of 
T-21 [see Table I1 in Ldpez de Castro et al. (1979)l. Peptides 
T-22-T-25 were positioned based on the sequence of peptide 
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I 5  30 4 5  60 min 

FIGURE 1 : Release of amino acids from the HLA-B7,, heavy chain 
upon digestion with carboxypeptidase A. Only Leu and Thr were 
released in significant amounts. Other amino acids were detected 
at  less than 1 mol of amino acid per mol of protein after digestion 
for 60 min. 

C-13. Overlap between T-21 and T-22 was provided by the 
amino-terminal sequence (see Figure 2) of a fragment (1-6) 
isolated after cleavage at tryptophans with iodosobenzoic acid. 
The amino-terminal sequence of h3 confirmed the positioning 
of T-25. Proline-184 and -185 resulted in a high degree of 
overlap (50% by Valls9) during the sequence analysis of h3. 
This overlap made the assignment of residues during the au- 
tomatic degradation of h3 difficult and is a likely explanation 
for the erroneous sequence reported earlier (Terhorst et al., 
1977). The sequences of peptides T-26, T-27, C-14, and C-15 
confirmed the sequence as deduced from the degradation of 
h3. In addition, TragArdh et al. (1979) have recently reported 
sequence data from this region of HLA and found a sequence 
consistent with the present one. The positioning of T-28 
(residues 220-239) was based on the composition of C-16 
(residues 218-241). Although C-16 was isolated in amounts 
sufficient for sequencing, attempts to obtain its sequence were 
unsuccessful. A likely explanation may be the cyclization of 
the amino-terminal Glnzle to pyrolidonecarboxylic acid. The 
remainder of the HLA-B7 sequence, to LysZ6*, was provided 
by sequencing overlapping tryptic and chymotryptic peptides. 

Since the degradations of T-31 and C-19 failed to reach the 
carboxyl-terminal residues, the sequence Pr0z69-Le~270-Thr271 
at the carboxyl terminus of HLA-B7 was deduced from the 
compositions of T-31, C-19, and C-20 and carboxypeptidase 
A digestion. Since C-19 and C-20 had a common amino- 
terminal sequence, the extra Thr, present in C-20, indicated 
that Thr is the carboxyl-terminal residue of this peptide. 
Carboxypeptidase A digestion of HLA-B7 heavy chain re- 
leased only Leu and Thr (Figure 1). This result agrees with 
the presence of which is not released by carboxy- 
peptidase A (Ambler, 1967). Thus, Thrz7, is likely the car- 
boxyl terminus of HLA-B7 and Leu270 the penultimate residue. 
While the recovery of two chymotryptic peptides, C-19 and 
(2-20, from the carboxyl terminus of HLA-B7 might be due 
to partial cleavage at Leu27o by chymotrypsin, a more likely 
explanation is that papain digestion produced a heterogeneous 
carboxyl terminus. This is supported by the fact that a cor- 
responding tryptic peptide in this region (T-31) does not 
contain the COOH-terminal threonine as indicated by amino 
acid composition [see Table 111 in Lbpez de Castro et al. 
(1979)l. 

Peptides Providing Overlaps between Large Fragments. The 
CNBr and acid cleavages of HLA-B7 heavy chain produced 
overlapping fragments. Fragment ac- 1 provided the overlap 
for CNBr-1 and CNBr-2 fragments, and CNBr-2 provided 
the overlap between ac-1 and ac-2 fragments. These fragments 

Table V: Statistical Scores (Z Factors) for HLA-B7 and 
Human Ig Regionsa 

V a 2  or3 P,m C Or1 

a1 - - 5.Zb 2.7 1.1 1.5 0.0 
a2 5.2b - 0.1 0.9 1.1 0.6 - 
a3 2.7 0.1 - 8.4 8. 7 0.8 - __ 
p2m 1.1 0.9 8.4 - 5.5 1.0 
C 1.5 1.1 8.7 S_r 1.6 
V 0.0 0.6 0.8 1.0 1.6 10.5 

~~ ~ 

a l ,  a2, and a3 are, respectively, the amino-terminal and first 
and second disulfide loop regions of the HLA-B7 heavy chain. V, 
human Ig variable regions [sequences used are V,I (AG) and VhIII 
(SH)] ; C, human Ig constant regions [sequences used are C, (EU),  
Ch (SH), C,1, C,2, and C,3 (EU) and C,3 and C,4 (,GAL)] ; all 
taken from Barker & Dayhoff (1976). Values involving Ig regions 
are averages of several individual comparisons. 2 factors are cal- 
culated as described under Materials and Methods. Values of 2 
> 3.0 are underlined to indicate statistical significance. Thc table 
is symmetric, each value appeaing twice for facile reference. All 
Z values are obtained with a gap penalty of - 2 and a bias parame- 
ter of 2. 
obtained for this pair (see Table VI). In all cases 50 randomiza- 
tions were performed, except for internal HLA-B7 comparisons 
where 150 randomizations were performed. 

Under stricter gap control parameters, a value of 2.9 is 

were used to obtain the corresponding overlapping peptides. 
Overlap between CNBr- 1 and CNBr-2 was established 

through the characterization of the tryptic glycopeptide T- 13 
and its correlation with peptides T-12 and T-14, as discussed 
in the preceding paper. Overlap between the two acid cleavage 
fragments (ac-1 and ac-2) was determined by sequencing the 
chymotryptic peptide, C-13, from CNBr-2. Amino acid 
composition [Table I11 in LBpez de Castro et al. (1979)l 
suggested that this peptide extended from residue 172 to 201 
(Figure 2). The sequence of the first 15 residues confirmed 
that C-13 started at position 172, spanned the acid cleavage 
site at A ~ p ~ ~ ~ - P r o ~ ~ ~ ,  and overlapped with the amino-terminal 
residues of fragment h3. Therefore, these overlaps establish 
that, during both CNBr and acid cleavage, no residues are lost 
due to multiple cleavage at neighboring peptide bonds. 

Sequence of the HLA-B7 Heavy Chain. The complete 
sequence of papain-solubilized HLA-B7 heavy chain is pres- 
ented in Figure 2, along with the peptides used in obtaining 
the sequence. This sequence agrees well with the calculated 
amino acid composition as determined after acid hydrolysis 
(Lbpez de Castro et al., 1979). The linear arrangement of 
the two disulfide loops has been previously established 
(Strominger et al., 1974; Peterson et al., 1975; Terhorst et al., 
1977). Therefore, the first disulfide loop of HLA-B7 heavy 
chain extends from CYS,~ ,  to CyslM and the second disulfide 
loop extends from CyszO3 to C Y S ~ ~ ~ .  The distance between loops 
is 38 residues. The calculated polypeptide molecular weight 
of 31 333 is in agreement with a size of 33000 determined for 
deglycosylated, papain-solubilized HLA-B7 heavy chain by 
using NaDodS04 gel electrophoresis (Parham et al., 1977). 

Analysis of the HLA-B7 Heavy-Chain Sequence for Hom- 
ologies. ( a )  Homology to Other Proteins. The second di- 
sulfide loop region of the HLA-B7 heavy chain has been found 
to be homologous to Ig constant domains (Orr et al., 1979a). 
This has prompted a search for homology between other re- 
gions of the HLA heavy chain and Ig domains. Comparisons 
have been performed by using the program ALM (see Materials 
and Methods) in which the three heavy-chain regions (ami- 
no-terminal and first and second disulfide loops) were com- 
pared to selected Ig C and V domains. The results are shown 
in Table V. No homology has been found except the pre- 
viously documented one between the second disulfide loop 
region and Ig constant domains and &m. 
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FIGURE 2: Complete sequence of HLA-B7 heavy chain. Tryptic (T) and chymotryptic (C) peptides used to determine the sequence are 
indicated. Residues sequenced automaticaf$ are indicated by - a w o s e  released by carboxypeptidase A by +-. CHO denotes the site of 
carbohydrate attachment. The disulfide bridges are indicated by Cys 0. 

The whole Dayhoff protein sequence library was subse- 
quently scanned for homology to 30-residue long segments of 
the HLA heavy chain (search kindly performed by M. Dayhoff 
and W. Barker of the National Biomedical Research Foun- 
dation, Washington, D.C., using the SEARCH program). The 
results were in complete agreement with the data of Table V .  
In addition, no homologies were found with any other se- 
quenced protein. 

( b )  internal Homology. As a first step in the search for 
internal homologies, program [ H O ~  (see Materials and Meth- 
ods) was used. Test segments of different length and location 
in the HLA-R7 heavy chain were aligned without gaps with 
respect to all possible segments of equal Yize in the same chain. 
For test segments starting at position 1 and ranging in length 
from 50 to 90 residues, the best alignment obtained in this 

search was when residue 1 aligned with residue 91 (a difference 
of 90 residues). For a test segment spanning from residues 
5 1  to 90, the best alignment was when positions 51 and 136 
matched (a difference of 87 residues). Both alignments could 
be reconciled by using program AL04, where a single break, 
including three gaps, was introduced (see Table VI). A 2 
value of 5 .2  was obtained, which is significantly higher than 
3.0, considered to be the limit of significance for homology 
between functionally related proteins (Barker & Dayhoff, 
1972).* Under stricter gap penalty (see Materials and 
Methods), no gaps formed in the alignment (Table VI) and 

Similarly, when a RELATE-type program (Dayhoff, 1976) is used for 
assessing internal homology without gap formation, Z = 3.0 is taken as 
the lowest significant value (Barker et al., 1978).  
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Z = 2.9 was obtained, very close to the limit of 3. Thus, the 
first and second 90-residue segments of the HLA heavy chain 
appear to be homologous. 

Another prominent alignment in the search by program IHM 
was located at the match between residues 1 and 182, sug- 
gesting possible homology between the first and the third 
90-residue segments. Program AL04 did not introduce gaps 
in this case, and a 2 factor of 2.7 was obtained. This lower 
2 value, together with the finding of three other alignments 
with comparable scores (matching residue 1 with residues 52, 
77, or 117), renders the significance of this homology more 
dubious. 

In parallel, the segment 1-90 was compared to the whole 
protein sequence library by using a slightly different mutation 
data matrix than the one used on our programs (comparison 
kindly performed by Dr. M. Dayhoff and Dr. W. Barker of 
the National Biomedical Research Foundation, Washington, 
D.C., using the SEARCH program). Four HLA segments ap- 
peared in the first best 200 comparisons (out of roughly los). 
These were the 90-residue segments starting at  positions 77, 
88, 91, and 182. 2 factors of 3.2, 3.2, 3.1, and 2.9. respectively, 
were obtained with relation to the distribution of scores of real 
proteins. Three out of these four alignments are related either 
to the suggested homology of the first and second regions (88 
and 91) or to the putative relationship of the first and third 
regions (182). 

When the segment 9 1-1 80 was searched by program I H O ~  
against the whole sequence, the only prominent alignment score 
was with residues 1-90, although a local maximum was ap- 
parent at  the match of residues 91-180 with 182-271. 
However, an ALW run confirmed that no significant homology 
existed between the first and second disulfide loop regions 
(Table VI). 

Discussion 
The complete amino acid sequence of the papain-solubilized 

HLA-B7 heavy chain has been determined. This was achieved 
by a combination of automatic Edman degradation of large 
polypeptides, including the whole heavy chain, fragment 
CNBr-2, and fragment h3, and sequencing of 19 tryptic and 
13 chymotrypic peptides out of a total of 33 major tryptic and 
22 major chymotryptic peptides. The availability of nanomole 
amounts of HLA-B7 antigen from a human lymphoblabtoid 
cell line, combined with cleavage methods which generated 
overlapping large fragments (Terhorst et al., 1977; Ldpez de 
Castro et al., 1979), has made the HLA-B7 molecule a for- 
tunate choice for sequence studies of histocompatibility an- 
tigens. I n  addition, use of Polybrene (Tarr et al., 1978; 
Klapper et al., 1978) enabled nanomole amounts of peptides 
to be sequenced, in most cases, to their carboxyl-terminal 
residues. 

The papain-solubilized HLA-B7 heavy chain is 271 residues 
long. Papain cleaves the molecule at positions 270 and 27 1. 
resulting in a heterogeneous carboxyl terminus. It is not known 
whether other peptide bonds are also cleaved by the enzyme 
between position 271 and the cluster of hydrophobic residues 
in the membrane (Springer & Strominger, 1976). A car- 
boxyl-terminal serine residue, as reported previously (Hen- 
riksen et al., 1976), was not found in the present study during 
carboxypeptidase digestion or in the characterization of pep- 
tides corresponding to the carboxyl-terminal part of the 
molecule. It is possible that slight differences in the carboxyl 
terminus may be obtained, depending upon specific papaino- 
lysis conditions. 

On the basis of the general features of the polypeptide chain, 
the papain-solubilized HLA-B7 heavy chains can be considered 
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in terms of three regions of -90 residues each: (1)  the am- 
ino-terminal region, with no disulfide bonds, which extends 
approximately to the single, N-linked, carbohydrate moiety 
at Am8,; (2) the region of the first disulfide loop; (3) the region 
of the second disulfide loop. Fortuitously, the existence of a 
methionine residue at  position 98 and of an acid-labile as- 
partyl-proline bond at  positions 183-184 permitted the 
chemical dissection of these three regions. 

The disulfide bonds span residues 101-164 and 203-259, 
thus defining two loops of 62 and 55 residues, respectively, 
which are 38 residues apart. The analogy of this situation with 
the immunoglobulin molecule was noted earlier and prompted 
the speculation that the HLA molecule may also consist of 
several domains (Strominger et ai., 1974; Peterson et al., 1975). 
For investigation of the possibility of internal homology regions, 
the HLA-B7 heavy-chain sequence was searched by using 
computer methods designed to detect distant evolutionary 
relationships (Dayhoff et al., 1976). This analysis resulted 
in the detection of possible homology between the amino- 
terminal region (residues 1-90) and the region of the first 
disulfide bond (residues 9 1-1 80). The statistical significance 
of this homology was evaluated in terms of the Z factor and 
compared with the minimum score of 2 = 3.0 SD which may 
be taken as indicative of internal duplication (Barker & 
Daphoff, 1972; Barker et al.. 1978). On the basis of this 
criterion, the value of Z = 2.9, obtained for the alignment of 
these two segments without gaps, is suggestive of internal 
homology. The fact that the introduction of only a single gap 
of three residues in the alignment significantly improves the 
alignment score strongly suggests that the amino-terminal 
portion and the region of the first disulfide loop may constitute 
two homology regions of the molecule. 

It is interesting that, in the alignment of the first and second 
heavy-chain regions (with gaps introduced), the two cysteines 
of the second region match the two serines in the first, this 
substitution being one of the most favorable for cysteines by 
the mutation data matrix (Schwartz & Dayhoff, 1978). Also, 
in H-2 antigens, the murine counterparts of HLA, the two 
carbohydrate moieties appear in what would be homologous 
positions of the first and second heavy-chain regions by our 
alignments (Nathenson et al., 1979). It should, however, be 
pointed out that, although the above structural implications 
are likely to be general, other sequences of HLA or its 
counterparts in other species may display different degrees of 
internal homology, since both the first and the second 
heavy-chain regions contain some variability (Orr et al., 
1979b). 

When residues 1-90 were compared with the region of the 
second disulfide loop (residues 1S2-271), a Z score of 2.7 SD 
was obtained. KO improvement was obtained by a controlled 
allowance for gaps. Therefore, the significance of this hom- 
ology appears dubious. Similar analysis fails to detect any 
homology between the first and the second disulfide loop re- 
gions. It is possible that these two regions may have anaiogies 
at the three-dimensional level in spite of a lack of detectable 
sequence homology, as I S  the case, for instance, between im- 
munoglobulin V and C regions (Poljak et al., 1973) and be- 
tween the chymotrypsin domains (McLachlan, 1979). 

A picture emerges in which the papain-solubilized HLA-B7 
antigen n a y  be composed of four domains, three in the heavy 
chain and one in the light chain. This situation is somewhat 
different from the earlier suggestion of two extracellular 
heavy-chain domains (Strominger et al., 1974; Peterson et al., 
1975). Two of these domains, Pam and the second disulfide 
loop region of the heavy chain. are homologous to each other, 

as well as to Ig constant domains (Strominger et al., 1978; Orr 
et al., 1979a). The two others (amino-terminal and first di- 
sulfide loop regions) are also homologus to each other, but not 
to Ig domains or to the other regions of the molecule. It is 
conceivable, based on the organization of the Ig molecule [see, 
for example, Davies et al. (1975)], that homologous domains 
in the HLA molecule may also interact extensively. However, 
the isolation (although in only 20% yield) of a fragment 
containing Pam, but lacking the second disulfide loop region 
(TragArdh et al., 1979), suggests that &m interacts signifi- 
cantly with nonhomologous regions of the molecule. A dif- 
ference in the quaternary interactions between HLA and Ig 
is also suggested by the fact that the conformation of the heavy 
chain appears to be very dependent upon interactions with pzm 
(Ploegh et al., 1979; Lancet et al., 1979; Krangel et al., 1979). 

The primary structure of the HLA-B7 heavy chain does not 
provide incontestable data to formulate a mechanism for the 
evolution of the histocompatibility antigens. However, on the 
basis of the detectable homology between the amino-terminal 
and the first disulfide loop regions, it would appear plausible 
that a distant gene duplication of an ancestral region coding 
for - 90 amino acid residues took place during the evolution 
of the molecule. The same mechanism may be invoked in 
relation to the second disulfide loop region, as suggested by 
the similar size of both disulfide loops. 

If this is the case, a common ancestry between histocom- 
patibility antigens and immunoglobulins could be postulated, 
given the convincing evidence of a structural relationship 
between the second disulfide loop region and immunoglobulin 
constant domains and &-microglobulin (Strominger et al., 
1978; Orr et al., 1979a). However, the fact that the first two 
regions of HLA-B7 heavy chain are homologous neither to the 
second disulfide loop region and Barn nor to Ig constant or 
variable domains requires that this hypothesis be considered 
with caution. The recent elucidation of the importance of gene 
splicing in the Ig system (Sakano et al., 1979) offers an ad- 
ditional mechanism of possible relevance in the evolution of 
HLA antigens. 

A comparison of the sequence of HLA-B7 heavy chain with 
a partial sequence of the murine H-2Kb heavy chain (Coligan 
et al., 1979; see Table VII) reveals a high degree of conser- 
vation in the primary structure: 31 differences out of 96 
residues compared (68% homology). The substitutions are 
scattered throughout the polypeptide chain. However, a 
striking cluster of differences appears between residues 60 and 
S2, where 14 substitutions are present in a segment of 22 
residues (36% homology). Large differences in amino acid 
sequence are observed with respect to the same region in 
HLA-A2 heavy chain (Orr et al., 1979b). It is possible that 
this region may contribute significantly to the alloantigenic 
determinants of the molecule. Obviously, many more se- 
quences are necessary to define precisely the molecular nature 
of the alloantigenic site(s), but this clustering of differences 
certainly suggests that the allotypic substitutions may lie in 
a limited number of positions in the heavy chain which are 
at the surface of the native molecule. In this sense, it may 
be relevant to note that the attachment point for the carboh- 
ydrate moiety of the molecule, Ams6, is close to the segment 
in which unusual variability is observed. It is conceivable that 
the three-dimensional structure of the histocompatibility an- 
tigen molecule provides for a rigid framework capable of ac- 
commodating a large number of amino acid substitutions in 
regions of the surface, without significant variations in the 
overall conformation. 
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Cell-Specific Antigens in Chicken Erythroid Nuclei: Species 
Specificity+ 
Wanda M. Krajewska, Robert C. Briggs, and Lubomir S. Hnilica* 

ABSTRACT: Antisera raised to dehistonized chicken reticulocyte 
chromatin were tested for their cell and species specificity. 
Quantitative microcomplement fixation and immunohisto- 
chemical localization revealed the presence in chromatin of 
erythroid cell-specific nonhistone protein antigen(s). The 
antigenic specificity was shown to depend on the association 
of the antigenic protein(s) with deoxyribonucleic acid (DNA). 
Although the antisera were exceptionally cell specific, they 
cross-reacted with erythroid cells of other avian species. The 
extent of cross-reactivity was found to approximate the phy- 
logenetic distances of the tested avian species. Erythroid cells 

Production of antibodies against cellular antigens represents 
one of the most powerful tools for probing macromolecular 
diversity and specificity. While most of the tissue antigens 
described in the literature are of extracellular or cytoplasmic 
origin, the presence of specific antigens in the cell nucleus has 
only recently been appreciated. 

First notions that chromatin of eucaryotic cells may contain 
cell- or tissue-specific antigens were pointed out by Henning 
et al. (1962) and Messineo (1961), who studied the immu- 
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from fish and amphibians were not reactive. Reconstitution 
experiments of partially purified chicken reticulocyte chro- 
mosomal nonhistone protein antigens with DNAs isolated from 
several vertebrate species showed that the species specificity 
of the antigenic complexes is determined principally by the 
species origin of the nonhistone proteins. Our results show 
that a cell-specific chromosomal nonhistone protein(s) has 
undergone evolutionary change and the relative immunological 
differences observed are consistent with the accepted phylo- 
genetic distances of the species examined. 

nological properties of nucleohistones isolated respectively from 
calf thymus and leukocyte nuclei. Development of techniques 
for isolation of chromatin permitted detailed studies on its 
biological and structural properties. Using dehistonized 
chromatin from chick oviduct, Chytil & Spelsberg (1971) 
elicited antibodies which specifically recognized chromatin 
from this tissue. The immunological specificity of chromo- 
somal complexes was confirmed by Wakabayashi & Hnilica 
(1 973), who found that maligant growth significantly altered 
the antigenic properties of rat liver chromatin. A similar 
observation was also made by Zardi et al. (1973), who reported 
the antigenic properties of chromatin from SV40-transformed 
WI 38 cells to be different from those of the nontransformed 
controls. According to Wakabayashi et al. (1974), the anti- 
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