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Complete amino acid sequence of the A chain of human
complement-classical-pathway enzyme Clr*
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The amino acid sequence of human Clr A chain was determined, from sequence analysis performed on
fragments obtained from CTr autolytic cleavage, cleavage of methionyl bonds, tryptic cleavages at arginine
and lysine residues, and cleavages by staphylococcal proteinase. The polypeptide chain has an N-terminal
serine residue and contains 446 amino acid residues (Mr 51200). The sequence data allow chemical
characterization of fragments a (positions 1-211), fi (positions 212-279) and y (positions 280-446) yielded
from CIr autolytic cleavage, and identification of the two major cleavage sites generating these fragments.
Position 150 of Clr A chain is occupied by a modified amino acid residue that, upon acid hydrolysis, yields
erythro-,l-hydroxyaspartic acid, and that is located in a sequence homologous to the fl-hydroxyaspartic
acid-containing regions of Factor IX, Factor X, protein C and protein Z. Sequence comparison reveals
internal homology between two segments (positions 10-78 and 186-257). Two carbohydrate moieties are
attached to the polypeptide chain, both via asparagine residues at positions 108 and 204. Combined with
the previously determined sequence of CIr B chain [Arlaud & Gagnon (1983) Biochemistry 22, 1758-1764],
these data give the complete sequence of human C Ir.

INTRODUCTION
The first component of the classical pathway of

complement, Cl, is a complex comprising two loosely
interacting entities: Clq, the recognition unit, and the
catalytic unit, which is a Ca2+-dependent tetrameric
association of two serine proteinases, Clr and Cls,
sequentially activated through limited proteolysis during
Cl activation (Reid & Porter, 1981; Cooper, 1985).
Further studies (Villiers et al., 1985) have established the
domain structure and associated functions of Clr and
C Is. A model has been proposed for the isolated form of
the C Is-Clr-C1 r-C1 s catalytic unit, in which the (Clr)2
dimer forms a core and the Cl s molecules are located at
each extremity of the complex. Upon interaction with
Clq, the Cls-Clr-Clr-Cls complex is thought to adopt
a figure-8-shaped conformation in which each CIs
molecule comes into contact with the central (Clr)2
dimer (Colomb et al., 1984).
The first event of C1 activation is the activation of CIr

by itself. The proenzyme form of human CIr is a dimer
comprising two identical single-chain polypeptides of
Mr approx. 90000. Each monomer is activated through
proteolysis of a single Arg-Ile bond (Arlaud & Gagnon,
1985), which produces two-chain molecules consisting of
the disulphide-linked heavy (A) and light (B) chains, of
Mr approx. 58000 and 34000 respectively (see review by
Sim, 1981). Prolonged incubation of isolated activated
Clr at 37 °C produces further limited cleavages,
occurring in the N-terminal A chain, which splits into
three fragments, a, /, and y, located in that order within
the chain (Gagnon & Arlaud, 1985). Fragments a and fi,

which are removed from each monomer, are believed to
correspond to an interaction domain and a connecting
strand respectively (Villiers et al., 1985). The resulting
molecule, Clr II, is still a dimer, each monomer
consisting of fragment y disulphide-linked to the
C-terminal B chain and corresponding to a catalytic
domain that retains the functional properties ofthe serine
active site (Arlaud et al., 1980; Villiers et al., 1985).
The complete sequence of the catalytic B chain of

human Clr has 3been determined (Arlaud & Gagnon,
1983) and a partial sequence of the A chain has been
obtained, from N-terminal sequences of fragments
generated from autolytic and CNBr cleavage (Gagnon &
Arlaud, 1985). The present paper provides the detailed
proof of the entire amino acid sequence of human Clr A
chain, and thus completes the elucidation of the
sequence of human CIr.

MATERIALS AND METHODS
Materials

Trypsin [treated with 1-chloro-4-phenyl-3-L-tosyl-
amidobutan-2-one ('TPCK')] was obtained from
Worthington Biochemical Corp. V8 proteinase from
Staphylococcus aureus was from Miles Laboratories.
Iodo[2-3H]acetic acid (106 mCi/mmol) was obtained
from Amersham International. Spectrapor 6 dialysis
tubing (Mr cut-off 1000) was purchased from Spectrum
Medical Industries. Reagents used for h.p.l.c. were
purchased from Merck, and those used for automated
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amino acid sequence analysis were obtained as described
by Christie & Gagnon (1982).

Methods
Clr was purified from human serum as described

previously (Arlaud et al., 1979). Clr autolytic cleavage
and purification ofthe reduced and S-[3H]carboxvmethyl-
ated a, ft and y fragments were performed as described
by Gagnon & Arlaud (1985). Reduction of Clr,
alkylation by iodo[2-3H]acetic acid and separation ofClr
A and B chains were performed as described previously
(Arlaud et al., 1982).

CNBr cleavage of Clr A chain. Reduced and S-
[3H]carboxymethylated Clr A chain (300 nmol) was
dissolved in 70% (v/v) formic acid (3.5 ml). CNBr
(5 mmol) was added, and the mixture was kept in the dark
for 24 h at 4 'C. The digest was fractionated by gel
filtration on a Bio-Gel P-100 column (2.5 cm x 110 cm)
equilibrated in 9% (v/v) formic acid, and six pools were
collected. This method allowed direct separation of
CNBr-cleavage peptides CNIa and CNlb, which were
obtained from the second and the third pool respectively
and used for further proteolytic cleavages.

Peptide separation by reversed-phase h.p.l.c. Separa-
tions were performed on a,Bondapak C18 column
(Waters Associates) with two solvent systems as
previously described (Arlaud & Gagnon, 1983). Briefly,
system 1 consisted of 0.1 % NH4HCO3 and acetonitrile,
and system 2 consisted of 0.1 % trifluoroacetic acid and
acetonitrile/methanol/propan-2-ol (1: 1: 1, by vol.). Pep-
tides were detected from the absorbance at 215 nm.

Staphylococcal-proteinase digestion. Reduced and
S-[3H]carboxymethylated succinylated (3-carboxypro-
pionylated) fragment y (2.0 mg) and CNBr-cleavage
peptide CNIb (1.0 mg), S-[3H]carboxymethylated frag-
ment ft (1.1 mg) and CNBr-cleavage peptide CN1a
(4.2 mg) were dissolved at 0.5-2.0 mg/ml in 0.1 M-
NH4HCO3/2 mM-EDTA, pH 7.8, and digested with
staphylococcal proteinase (enzyme/substrate ratio 1: 30,
w/w) for 5-6 h at 37 'C. The digest of fragment y was
fractionated by gel filtration on a Sephadex G-50 (fine
grade) column (2.5 cm x 110 cm) equilibrated in 0.1 M-
NH4HCO3, pH 7.8. Three pools were collected, and
peptide ySP1 was obtained from pool 1. The digests of
fragment f8 and of CNBr-cleavage peptides CNIa and
CNIb were fractionated by reversed-phase h.p.l.c. with
solvent system 1. This allowed purification of peptides
ftSPI, /?SP4, CNIb SP8, CNIb SP12, CN1a SPI, CNIa
SP2, CN1a SP3 and CN1a SP9, whereas peptides CN1a
SP4, CNla SP7, CN1a SP8a and CNla SP8b required
further purification by reversed-phase h.p.l.c. with
solvent system 2.

Tryptic cleavages. Reduced and S-[3H]carboxymethyl-
ated succinylated fragment a (170 nmol), reduced and
S-[3H]carboxymethylated fragment ft (150 nmol) and
CNBr-cleavage peptide CN1b (70 nmol) were cleaved by
trypsin, as described previously for Clr B chain (Arlaud
& Gagnon, 1983). The tryptic digest of fragment a was
fractionated by gel filtration on a Sephadex G-50 (fine
grade) column (2.5 cm x 100 cm) equilibrated in 0.1 M-
NH4HCO3. This allowed purification of peptides aSTl
(Gagnon & Arlaud, 1985) and aST4, whereas peptides

aST3a, aST3b, aST3c, aST7a and a&ST7b were further
purified by reversed-phase h.p.l.c. with solvent system 1.
The tryptic digest of peptide CNlb was fractionated by
reversed-phase h.p.l.c. with solvent system 2, which
allowed purification of peptides CNlb T5 and CNlbT8.
Isolation of peptide /iT4c was obtained by successive
fractionations of the tryptic digest of fragment f by
reversed-phase h.p.l.c. with solvent systems 1 and 2.

Amino acid analysis. Peptides were hydrolysed for 24 h
under reduced pressure at 110 °C in constant-boiling HCI
containing 0.1% (v/v) 2-mercaptoethanol and 4 mm-
phenol. Cysteine was determined as S-carboxymethyl-
cysteine. Positive identification and quantification of
hexosamines was done in the same hydrolysates as amino
acids, although no correction was made for destruction
during acid hydrolysis. Analyses were performed on an
LKB 4400 analyser with the standard LKB sodium
citrate eluting buffers. For analysis of DL-erythro-,8-
hydroxyaspartic acid, the pH of the starting buffer was
lowered from 3.25 to 3.0, in order to increase resolution
of acidic amino acids. f8-Hydroxyaspartic acid was
synthesized and purified in accordance with Benoiton et
al. (1959) and Kornguth & Sallach (1960). DL-threo- fand
DL-erythro-,8-Hydroxyaspartic acid standards were
kindly provided by Dr. J. G. Morris, University College
of Wales, Aberystwyth, Dyfed, U.K.

Automated sequence analysis. Automated Edman
degradation was performed in a Beckman 890C
Sequenator with the 0.3 M-Quadrol programme of
Hunkapiller & Hood (1978), or in an Applied Biosystems
model 470 A gas-phase protein sequencer.

Identification of amino acid phenylthiohydantoin
derivatives by reversed-phase h.p.l.c. was performed as
described previously (Arlaud & Gagnon, 1985). The
protocol recommended by Applied Biosystems was also
used (Hunkapiller, 1985). The phenylthiohydantoin
derivative of f-hydroxyaspartic acid was obtained by
performing, in the sequencer, one cycle of Edman
degradation on synthetic DL-erythro-ft-hydroxyaspartic
acid.

Peptide nomenclature. Autolytic fragments are design-
ated a, f and y. Peptides obtained from CNBr cleavage,
staphylococcal-proteinase digestion, full tryptic cleavage
and tryptic cleavage after succinylation are designated
CN, SP, T and ST respectively. The next number
indicates the elution position of the peptide in the initial
separation used, and it is followed by a letter indicating
its elution position in the second separation.

RESULTS

Completion of the sequence of the C-terminal
y fragment

Previous studies (Gagnon & Arlaud, 1985) had
established the sequence of the 62 N-terminal residues of
fragment y of CIr A chain, and the sequence of its
C-terminal 95 residues. Cleavage of fragment y by
staphylococcal proteinase yielded a single large peptide,
ySPI, which was isolated by gel filtration on Sephadex
G-50. As judged from its N-terminal sequence and its
amino acid composition (Table 1), peptide ySPI resulted
from cleavage of the glutamyl bonds at positions 329 and
406 of Clr A chain (Figs. 1 and 3). Its N-terminal
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Table 1. Amino acid compositions of selected peptides from the p and y regions of Clr A chain

Amino acid compositions were calculated from duplicate 24 h HCI hydrolysates. Values less than 0.2 mol/mol are omitted, and
values obtained from the sequence are indicated in parentheses. Tryptophan was not determined.

Amino acid composition (mol of residue/mol)

Amino Peptide ... ySP1 ST8i fiSP1 flSP4 /T4c CNlaSP8a
acid Position in sequence. . . 330-406 364-371 275-279 250-274 254-279 275-288

3.0 (3) 0.9 (1) 4.8 (5)
1.9(2)

1.6 (2) 1.8 (2)
1.8 (2)

1.1(1) 2.0(2)
0.9 (1) 1.1 (1) 1.0 (1)

0.9 (1)
1.0 (1)
1.0(1)

1.0 (1) 2.9 (3)

1.0 (1) 2.8 (3)

1.0(1)
1.0 (1) 1.0 (1) 1.0 (1)

5.8 (6)
2.1 (2)
3.5 (4)
1.9 (2)
2.1 (2)
1.1 (1)
1.2 (1)
1.1 (1)

2.9 (3)

1.9 (2)

1.0(1)
1.9 (2)
1.8 (2)
1.0(1)

2.0 (2)

1.0 (1)
1.0(1)

1.3 (1)
2.1 (2) 2.0 (2)

(1)

CHO

K E R R EMM M ER
a aa a . . 11 . I a

Autolytic cleavage

CNBr cleavage

CHO
E

RR RIREREE
. 1.

EK ER E
I I .. I

RE RMR,RMRMREa . . I.
I

I

*i**i*.* 0.

7 26 87195112 12 1_ 3 29\
38 89 128 169 183 202 210 249 274 288 329 351 I' 384 399

363 371

CN1b CN2a CN3 CN2b

|* ~~~~~CNla_

CN4a CN4b

cxST3d aST1

| |caST3c

Tryptic cleavages

V8-proteinase
cleavages

CN 1 bT5

CN1bT8

CNlbSP12

CNl1bSP8

cxST4 otST3a

ocST3 f

/ ST7a
otST7b

CN 1 aSP2

CNjlaS CN 1 aSP7

CN 1 aSPE

PT4c

CN 1aSP8a

ST9 ST8h

INT

ST8i

YSP1

SP4

3b ,SFI

Fig. 1. Summary of the sequencing strategy

Standard one-letter abbreviations are used to designate residues defining the different fragments obtained from CIr A chain, and
the two carbohydrate attachment sites are indicated by -CHO. Black areas correspond to the portions of Ckr A chain that have
been sequenced.
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Asx
Thr
Ser
Glx
Pro
Gly
Ala
Val
Cys
Met
Ile
Leu
Tyr
Phe
His
Lys
Arg
Trp

8.0 (8)
5.9 (7)
2.5 (3)
8.4 (8)
3.8 (4)
6.4 (6)
4.5 (4)
3.5 (3)
3.8 (4)
2.0 (3)
2.3 (2)
2.5 (2)
6.1 (6)
2.1 (2)
2.7 (3)
3.6 (4)
6.8 (7)

(1)

n L-
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Pepti de

10 20 30
y SP1 G N Q V L H S F T A V C Q D D G T W H R A M P R C K I K D C

ST8i N L P N G D F R

fSP1 S G D S R

10 20

13SP4 F C G K Q R P P D L D r sS N A V D L L F F T D E

10 20
3T4c Q R P P D L D T S S N A V D L L F F T D E X G D

10
CNIaSP8a S G D S R G W K L R Y T T E

aST3a C Y S I R

10 20 30
aST3b S K S/L G E E D P Q P Q C Q H L C H X Y V G G Y F C S C R P G Y E L Q E D R

10 20 30
cxST3c V K L V F Q Q F D L E P S E G C F Y D Y V K I S A D K K S L G R

10
aST4 H S C Q A E C S S E L Y T E A S G Y I

aST7a V E R

aST7b S Y P P D L R

10
CN1aSP2 L Q E D R H S C Q A E

10 20
CN1aSP4 C A S R S K S/L G E E D P Q P Q C Q H L C

10 20
CNlaSP7 A S G Y I S S L E Y P R S Y P P D L R C Y S I R V E

10 20 30
CNlaSP8b R G L T L H L K F L E P F D I D D H Q Q V H C P Y D Q L Q I Y A N G K N I G E

10 20 30 40 50
CN1bSP12 T T T V I T V P T G Y R V K L V F Q Q F D L E P S E G C F Y D Y V K I S A D K K S L G R F C GQL G S P L G

CN1bT5 S I P I P Q K

10 20 30
CN1bT8 L F G E V T S P L F P K P Y P N N F E T T T V I T V P T G Y R

10 20
CN1b S I P I P Q K L F G E V T S P L F P K P Y P N N F E

Fig. 2. N-Terminal sequences of selected peptides from human Clr A chain

The single-letter abbreviations are used. _ indicates the presence of an asparagine-linked carbohydrate moiety.
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Complete sequence of the A chain of human CTr

10 20 30 40 50

SIP I PQK L F GE VT S P L FP K P YP N N FE T T TV IT VP T G Y RV K LV F Q Q F DL EP

60

SEGCFYDYVK I SADK
CHOlo

TDFSNEENGTIMFYK
160

YVGGYFCSCRPGYEL
CHO 210

LRCNYSIRVERGLTL

70 80 90 100
KSLGRFCGQLGSPLGNPPGKKEFMSQGNKMLLTFH

120
GFLAYYQAVD

170
QE DR H SCQAE

220
HLKFLEPFD I

260 270
CGKQRPPDLDTSSNAVDLLFFTDES

130 S 140
L DECASR SK-GEEDP0 PQ

180

CSSELY
230

DDHQQV
280

GDSRGWI
310 320 330

FTI IQNLQPQYQFRDYFIATCKQGYQLIEGN
360 370

MPRCK IKDCGQPRNLPNGDFRYTTT
410 420

GSRESEQGVYTCTAQG IWKNEQKGE

380

MGVNTY
430

K I PRCL

190

TEASGY I SSLEY
240

H C P Y D Q L Q I Y A N
290

KLRYTTEI IKCP
340

QVLHSFTAVCQD
390

KARIQYYCHEPY
440

PVCGKPVNPVEQ

150

CQHLCH3
200

PRSYPPID
250

GKN I GEF
300

QPK TL DE
350

D G TWH R A

YKMQT
446

RQR

400
RA

14 Ala A 21 Cys C 20 Ile 32 Pro P 18 Val V
23 Arg R 33 GIn Q 31 Leu L 27 Ser S
17 Asn N 29 Glu E 26 Lys K 27 Thr T
24 Asp D 33 Gly G 6 Met M 3 Trp W

1 j3-OH-Asp 10 His H 23 Phe F 28 Tyr Y

No. of residues: 446
Mr of the polypeptide chain: 51 208

Fig. 3. Amino acid sequence and composition of human Cir A chain

The amino acid composition indicated is that of a chain bearing a serine residue at position 135.

sequence was determined for 30 cycles (Fig. 2), providing
the overlap between the known N-terminal sequences of
fragment y and of CNBr-cleavage peptide CN3 (Fig. 1),
and confirming the location of peptide ST9e at the
junction between peptides CNIa and CN3, as proposed
previously (Gagnon & Arlaud, 1985).
The residue at position 367 ofClr A chain (Fig. 3) had

been provisionally assigned as aspartic acid/asparagine,
on the basis ofthe sequence ofpeptide CN3, which yielded
equivalent amounts of aspartic acid and asparagine at
this position (Gagnon & Arlaud, 1985). Peptide ST8i,
originating from cleavage of the arginyl bonds at
positions 363 and 371 ofClr A chain (Figs. 1 and 3), was
obtained from tryptic cleavage of reduced and alkylated
succinylated Clr A chain and purified as described for
the methionine-containing tryptic peptides (Gagnon &
Arlaud, 1985). The sequence of peptide ST8i (Fig. 2)
provided unambiguous identification of the residue at
position 367 as asparagine, suggesting that the unusually
low relative yield of asparagine previously observed at
this position was due to partial resistance of the Asn-Gly
bond to Edman degradation (Allen, 1981).
The above results completed the elucidation of the

sequence of fragment y, extending from the glycine
residue at position 280 of Clr A chain to the C-terminus
of this chain (position 446).

Completion of the sequence of fragment pf and
overlap fi-y
From previous studies (Gagnon & Arlaud, 1985), the

sequence of the N-terminal 50 residues of fragment ,
(positions 212-261 ofClr A chain) had been established.
Digestion of fragment , with staphylococcal proteinase
yielded peptide ,BSP4, originating from cleavage of the

glutamyl bonds at positions 249 and 274 of Clr A chain,
and peptide /)SPI, the C-terminal peptide of fragment ,
(Figs. 1 and 3), and the complete sequences of these
peptides were determined (Fig. 2). Full tryptic cleavage
of fragment /? yielded peptide flT4c, generated by
cleavage of the lysyl bond at position 253 of Cl r A chain
(Figs. 1 and 3). A partial sequence of peptide flT4c was
obtained (Fig. 2), providing the overlap between
peptides /?SP4 and flSPI and thereby establishing the
complete sequence of fragment f, (positions 212-279 of
Clr A chain). The overlap between fragments , and y
was provided by peptide CNlaSP8a, obtained from
digestion ofpeptideCN la with staphylococcal proteinase.
Peptide CNlaSP8a originated from cleavage of the
glutamyl bonds at positions 274 and 288 of Cl r A chain
(Figs. 1 and 3) and its complete sequence was established
(Fig. 2). These results completed the elucidation of the
sequence of the /)-y region of Clr A chain (positions
212-446) and established that the major peptide bond
cleaved between fragments /, and y is the Arg-Gly bond
at position 279, as suggested previously (Gagnon &
Arlaud, 1985).

Completion of the sequence of fragment a and
overlap a-p8
From previous studies based on the sequences of

CNBr-cleavage peptides CN4a, CN2a and CNla, and of
aSTl, the methionine-containing peptide obtained from
tryptic cleavage of succinylated fragment a, a continuous
sequence of 74 residues (positions 71-144 ofClr A chain)
had been established, representing about one-third of the
estimated length offragment a. (Gagnon & Arlaud, 1985).
Tryptic cleavage of succinylated fragment a, staphylo-
coccal-proteinase digestion of CNBr-cleavage peptides
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Table 2. Amino acid compositions of tryptic peptides from succinylated fragment a

Amino acid compositions were calculated from duplicate 24 h HCl hydrolysates. Values less than 0.2 mol/mol are omitted, and
values obtained from the sequence are indicated in parentheses.

Amino acid composition (mol of residue/mol)

Amino Peptide ... aSTl aST3a a.ST3b aST3c aST3d aST4 aST7a aST7b
acid Position in sequence ... 71-132 203-208 133-169 39-70 1-38 170-195 209-211 196-202

/1-OH-Asx -0.7 (1)
Asx 6.4 (7) 1.1 (1) 2.2 (2) 3.1 (3) 2.0 (2) 1.1 (1)
Thr 2.6 (3) 5.5 (6) 1.1 (1)
Ser 3.5 (4) 1.1 (1) 2.7 (3-2) 2.7 (3) 1.5 (2) 5.7 (6) 1.0 (1)
Glx 7.4 (7) 7.5 (8) 4.0 (4) 3.2 (3) 4.5 (5) 1.0 (1)
Pro 2.6 (3) 3.0 (3) 1.2 (1) 6.3 (7) 0.9 (1) 1.6 (2)
Gly 7.1 (7) 3.9 (4) 2.2 (2) 1.9 (2) 1.3 (1)
Ala 2.3 (3) 1.1 (1) 1.9 (2)
Val 1.0 (1) 1.1 (1) 2.8 (3) 2.8 (3) 1.0 (1)
Cys 1.9 (2) 0.9 (1) 3.5 (4) 1.0 (1) 1.9 (2)
Met 1.9 (3)
Ile 1.0 (1) 1.0 (1) 0.9 (1) 2.6 (3) 1.1 (1)
Leu 5.6 (6) 2.3 (2-3) 3.1 (3) 2.0 (2) 2.1 (2) 1.1 (1)
Tyr 3.5 (3) 0.7 (1) 3.0 (3) 2.0 (2) 1.9 (2) 2.6 (3) 0.8 (1)
Phe 5.9 (6) 1.0 (1) 2.9 (3) 2.9 (3)
His 1.1 (1) 1.8 (2) 1.1 (1)
Lys 3.6 (4) 1.2 (1) 3.5 (4) 1.8 (2)
Arg 1.0 (1) 1.1 (1) 2.1 (1) 1.2 (1) 1.3 (1) 1.0 (1) 1.0 (1) 1.3 (1)

CN1a and CNlb and full tryptic cleavage of peptide
CN1b were used to generate the necessary peptides for
completing the establishment of the sequence of
fragment a. Tryptic cleavage of succinylated fragment a
yielded eight peptides, purified by gel filtration on
SephadexG-50 and reversed-phase h.p.l.c. These peptides,
denoted aSTl, aST3a, aST3b, aST3c, aST3d, aST4,
aST7a and axST7b, originated from cleavage of arginyl
bonds at positions 38, 70, 132, 169, 195, 202 and 208 of
Clr A chain, the only arginyl bond of fragment a
resistant to enzymic cleavage being the Arg-Pro bond at
position 160 (Figs. 1 and 3). The amino acid compositions
of all the tryptic peptides from succinylated fragment a
are shown in Table 2, and their N-terminal amino acid
sequences are indicated in Fig. 2.
The N-terminal peptide, aST3d (positions 1-38), had

a blocked N-terminus, whereas the complete sequence of
peptide aST3c was obtained (positions 39-70). The
complete sequence of peptide aST3b was determined
with the exception of the residue at position 150. Amino
acid analysis of this peptide with a modified elution
programme (see the Materials and methods section)
indicated the presence of erythro-,6-hydroxyaspartic acid,
estimated as 0.7 mol/mol of peptide. Analysis of the
phenylthiohydantoin derivative of residue 150 also gave
positive identification of erythro-,J-hydroxyaspartic acid,
although two unidentified peaks were also detected. The
sequence of peptide cxST3b also indicated that position
135 of Clr A chain contained two different residues,
serine and leucine (Figs. 2 and 3), in good agreement with
the amino acid composition and full sequence of peptide
aST3b (Fig. 3 and Table 2). The N-terminal sequence of
peptide aST4 (positions 170-195) was determined for 19
cycles (positions 170-188), and peptides aST7a (positions
209-211) and aST7b (positions 196-202) were completely

sequenced. The complete sequence of peptide aST3a
(positions 203-208) was also obtained, with the exception
of the residue at position 204. This site probably
represents an asparagine-linked carbohydrate moiety, in
agreement with the amino acid composition of peptide
aST3a, which indicates the presence of aspartic acid/
asparagine (1.1 mol/mol of peptide) (Table 2), and with
identification of N-acetylglucosamine (1.7 mol/mol of
peptide). This is consistent with the characteristic
Asn-Tyr-Ser sequence, compatible with attachment of
that type of carbohydrate (Neuberger et al., 1972) and
with the previous detection of N-acetylglucosamine in
CNBr-cleavage peptide CN1a (Gagnon &-Arlaud, 1985).
Reduced and S-[3H]carboxymethylated CNBr-cleav-

age peptide CN1 a was digested with staphylococcal
proteinase, and 12 major peptides, accounting for the
whole sequence of peptide CNIa, were purified by
reversed-phase h.p.l.c. The amino acid compositions of
those peptides that originate from the a region are shown
in Table 3, and N-terminal amino acid sequences of some
of these peptides are presented in Fig. 2. Peptide
CN1aSP2 resulted from cleavage of the glutamyl bonds
at positions 164 and 175 and contained an uncleaved
Glu-Asp bond (Figs. 1 and 3). The complete sequence of
peptide CN1aSP2 was determined (Fig. 2), providing
the overlap between peptides acST3b and aST4 (Figs. 1
and 3). Peptide CNlaSP7 (positions 184-210) contained
a Glu-Tyr bond (position 192) resistant to enzymic
cleavage. With the exception ofposition 204, correspond-
ing to the carbohydrate-attachment site already identified
in peptide aST3a, the complete sequence of peptide
CN1aSP7 was determined (Fig. 2), overlapping peptides
aST4, aST7b, aST3a and aST7a (Figs. 1 and 3). The
complete sequence of peptide CNlaSP8b (positions
211-249) (Fig. 2) provided a one-residue overlap
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Table 3. Amino acid compositions of the peptides from staphylococcal-proteinase digestion of peptide CNla originating from the
a region

Amino acid compositions were calculated from duplicate 24 h HCl hydrolysates. Values less than 0.2 mol/mol are omitted, and
values obtained from the sequence are indicated in parentheses.

Amino acid composition (mol of residue/mol)

Amino Peptide ... CNlaSPI CNIaSP2 CNlaSP3 CNlaSP4 CNlaSP7 CNlaSP8b CNlaSP9
acid Position insequence... 176-179 165-175 180-183 129-164 184-210 211-249 113-128

,8-OH-Asx 0.6 (1)
Asx 1.1 (1) 1.2 (1) 2.0 (2) 5.6 (6) 2.2 (2)
Thr 0.9 (1) 1.0 (1)
Ser 1.6 (2) 0.9 (1) 3.4(4-3) 4.2 (5)
Glx 1.1 (1) 3.7 (4) 1.0 (1) 5.3 (6) 2.0 (2) 5.9 (6) 2.2 (2)
Pro 2.8 (3) 2.9 (3) 2.1 (2)
Gly 3.6 (4) 1.3 (1) 3.3 (3) 1.2 (1)
Ala 1.1 (1) 1.1 (1) 1.3 (1) 1.0 (1) 1.7 (2)
Val 1.0 (1) 1.2 (1) 1.2 (1) 1.0 (1)
Cys 0.9 (1) 1.1 (1) 4.7 (5) 1.0 (1) 0.9 (1)
Met
Ile 1.9 (2) 2.8 (3)
Leu 1.1 (1) 1.2 (1) 1.5 (1-2) 2.0 (2) 4.9 (5) 2.1 (2)
Tyr 1.0 (1) 2.8 (3) 3.8 (4) 1.9 (2) 2.6 (3)
Phe 0.9 (1) 1.9 (2) 1.7 (2)
His 0.9 (1) 1.9 (2) 2.7 (3)
Lys 1.1(1) 2.0(2) 1.1(1)
Arg 1.1 (1) 1.9 (2) 3.1 (3) 1.0 (1)

between fragments a and fi, and established that the
peptide bond cleaved between these fragments is the
Arg-Gly bond at position 21 1, as suggested by previous
studies (Gagnon & Arlaud, 1985). The above results thus
established the continuous sequence of residues 71-446
of Clr A chain. The amino acid composition of peptide
CN1aSP4 (positions 129-164) again indicated the
presence of erythro-fl-hydroxy aspartic acid (Table 3),
estimated as 0.6 mol/mol of peptide, and thus confirmed
the analysis ofpeptide aST3b. The presence of serine and
leucine at position 135 was also confirmed by the
N-terminal sequence ofCN1aSP4, which was determined
for 20 cycles (Fig. 2). Again, this result was in agreement
with the amino acid composition of peptide CN1aSP4
(Table 3).
The N-terminal CNBr-cleavage peptide of Clr A

chain, CNIb, was succinylated and digested with
staphylococcal proteinase. Complete cleavage of the
glutamyl bonds at positions 26 and 87 and partial
cleavage of the Glu-Val bond at position 11 were
obtained, whereas the Glu-Pro and Glu-Gly bonds at
positions 49 and 52 were resistant to enzymic cleavage
(Figs. 1 and 3). The N-terminal peptide CNlbSP8
(positions 1-26) was blocked with a succinyl group,
whereas the N-terminal sequence of peptide CN1bSP12
(positions 27-87) was determined for 54 cycles (Fig. 2),
providing the overlap between peptides aST3c and aSTl
and establishing the continuous sequence of residues
27-446 (Figs. 1 and 3).

In order to establish the structure of the unknown
N-terminal part of Clr A chain (residues 1-26), full
tryptic cleavage of peptide CNIb was performed. This
led to cleavage of the arginyl bonds at positions 38 and
70 and of the lysyl bonds at positions 7, 40, 60, 66 and
86, whereas the Lys-Pro bond at position 19 was

Vol. 241

resistant to enzymic cleavage (Fig. 3). The complete
sequence of peptide CN1bT8 was determined (Fig. 2),
allowing its location at positions 8-38 (Figs. 1 and 3).

Table 4. Amino acid compositions of selected peptides from
cleavage of peptide CNlb by staphylococcal proteinase
and trypsin

Amino acid compositions were calculated from duplicate
24 h HCI hydrolysates. Values less than 0.2 mol/mol are
omitted, and values obtained from the sequence are
indicated in parentheses.

Amino acid composition
(mol of residue/mol)

Peptide... CNlbSP8 CNlbSP12 CN1bT5 CNlbT8
Amino Position in
acid sequence... 1-26 27-87 1-7 8-38

Asx
Thr
Ser
Glx
Pro
Gly
Ala
Val
Cys
Met
Ile
Leu
Tyr
Phe
His
Lys
Arg

1.8 (2)
0.8 (1)
1.5 (2)
3.1 (3)
5.6 (6)
1.2 (1)

1.0 (1)

2.0 (2)
2.0 (2)
1.0 (1)
2.6 (3)

4.1 (4)
4.4 (5)
3.4 (4)
5.9 (6)
4.7 (5)
6.5 (7)
1.1 (1)
5.1 (5)
2.0 (2)

1.9 (2)
5.1 (5)
3.1 (3)
4.0 (4)

2.2 (2) 5.9 (6)
1.7 (2)

1.0 (1)
1.1 (1)
1.8 (2)

1.9 (2)
4.8 (6)
1.0 (1)
2.2 (2)
4.7 (5)
2.1 (2)

2.8 (3)

1.7 (2) 1.0 (1)
2.1 (2)
2.1 (2)
2.8 (3)

1.1 (1) 1.9 (1)
0.9 (1)
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Full tryptic cleavage of peptide CNlb also yielded
peptide CNlbT5, a heptapeptide that was submitted to
Edman degradation and sequenced completely (Fig. 2).
N-Terminal sequence analysis of peptide CNIb was
performed on the gas-phase sequencer and showed that
this peptide had the same N-terminal sequence as peptide
CNlbT5, giving a sequence of 26 residues that clearly
established the overlap between peptides CNlbT5 and
CN1bT8, thus completing the amino acid sequence of
Clr A chain.

DISCUSSION
N-Terminal sequence analysis of 31 selected peptides

obtained from Clr autolytic cleavage, cleavage of
methionyl bonds, tryptic cleavage at arginine and lysine
residues and cleavages by staphylococcal proteinase
provided sufficient information to establish the complete
amino acid sequence of human Clr A chain. The
polypeptide core of human Clr A chain comprises 446
amino acid residues, with an Mr of 51200. The validity
of the sequence Val-Glu-Arg-Gly at positions 209-212,
based on a one-residue overlap between peptides aST7a
and CNlaSP8b (Figs. 1 and 3), has been confirmed by
DNA sequence analysis (A. Journet, M. Tosi, T. Meo &
M. G. Colomb, unpublished work).

Previous N-terminal sequence analyses performed on
the whole A chain (Sim et al., 1977) and on the a
fragment, the N-terminal fragment of this chain
obtained from CIr autolytic cleavage (Gagnon &
Arlaud, 1985), proved unsuccessful, and led to the
conclusion that the A chain had a blocked N-terminus.
The same conclusion was drawn from the first N-terminal
sequence analysis of peptide CN1b, the N-terminal
CNBr-cleavage peptide (Gagnon & Arlaud, 1985),
although this analysis, performed in the liquid-phase
Sequenator, gave a faint sequence, identified as Ser-
Xaa-Pro-Ile-Pro-Gln-Lys-Xaa-Phe-Gly, and which,
because of its very low recovery yield (< 5% ), was
attributed to a contaminant. The present study shows
that this sequence represented the real N-terminal
sequence of CIr A chain. This sequence has been
unambiguously established from a new sequence analysis
of peptide CNlb, and from the complete sequence of
peptide CNlbT5, the N-terminal heptapeptide of the
chain, both performed in the gas-phase Sequenator. It
should be mentioned that the resistance of peptides
aST3d and CNlbSP8 to Edman degradation is explained
by the succinylation of their N-terminal seine residue,
as both were obtained from succinylated material.

However, no satisfactory explanation has been found of
the apparent resistance of the A chain and its a fragment
to Edman degradation, although it is noteworthy that
both are large polypeptides and were analysed only by
the liquid-phase technique. Another partial explanation
could arise from the particular structure ofthe N-terminal
end of Clr A chain (Fig. 3), which shows an unusually
high percentage of proline residues.

Position 150 of human Cir A chain is occupied by a
residue that, upon acid hydrolysis, yields erythro-/3-
hydroxyaspartic acid. This conclusion is based on amino
acid analysis of peptides aST3b (positions 133-169) and
CN1aSP4 (positions 129-164), which were found to
contain 0.6-0.7 mol of erythro-fl-hydroxyaspartic acid/
mol of peptide. Under standard analysis conditions,
erythro-,/-hydroxyaspartic acid was not resolved from
S-carboxymethylcysteine, whereas decreasing the pH of
the starting elution buffer from 3.25 to 3.0 improved the
resolution and allowed clear identification of erythro-
fl-hydroxyaspartic acid, eluted between cysteic acid and
S-carboxymethylcysteine. Erythro-fi-Hydroxyaspartic
acid has already been identified in several proteins,
namely the bovine and/or human species of Factor VII
(McMullen et al., 1983b), Factor IX (Fernlund & Stenflo,
1983; Sugo et al., 1984a), Factor X (McMullen et al.,
1983a,b; Sugo et al., 1984a), protein C (Drakenberg
et al., 1983), protein S and protein Z (Fernlund & Stenflo,
1983). In human Clr A chain, the residue at position 150
is located in a sequence that shows pronounced
homology with the ,J-hydroxyaspartic acid-containing
regions of protein C, Factor IX, Factor X and protein Z
(Fig. 4), and that, like these regions, contains six
half-cystine residues distributed in the characteristic
pattern of epidermal-growth-factor-like domains (Doo-
little, 1985). In bovine and human protein C (Long et al.,
1984; Foster et al., 1985) and in human Factor IX
(Anson et al., 1984) it is known that erythro-/3-
hydroxyaspartic acid is the result of a post-translational
hydroxylation of an aspartic acid residue, and its
involvement in the binding of Ca2+ has been proposed in
the case of bovine protein C (Esmon et al., 1983), Factor
IX (Morita et al., 1984) and Factor X (Sugo et al.,
1984b). Although definitive identification of the residue
at position 150 of Cl r A chain will require further
analysis at the residue level, its identity with erythro-
,f-hydroxyaspartic acid appears likely. This residue could
be involved in the binding of Ca2+ by human CIr, in
agreement with previous studies suggesting that the
Ca2+-binding site of this protein is located in its
N-terminal a interaction domain (Villiers et al., 1980;

130 140 150 160 170

Clr DL DECASRSKSGEEDPQ[E]QCC--QHLCH[Q]YVGGYF CfSCRPGY ELQEDRHS[C

C D 6 D O C LVLPLEHPCASL C CGHGT C I a GIGSFS C D C RS G WE GRF--- - C

IX D G D Q C E S--N- --- -CLNGGS C K DINSYE C W C PF G F E GKN- --- C
X S D CEY T S - - - - - -LJP- C Q NQGK C K GL GEY T C T C LE G F E GKN- - - C
Z GGSP

C
TSQ -

-
-

- - - - - -I LQNNG CS K I RGEYTA jTC PGFYEGPN----
Fig. 4. Sequence homology between the Ii-hydroxyaspartic acid-containing regions of human protein C, Factor IX, Factor X, bovine

protein Z and the region comprised between residues 125 and 172 of human Clr A chain

Sequence data for human protein C, Factor IX, Factor X and bovine protein Z are taken from Foster et al. (1985), Anson
et al. (1984), McMullen et al. (1983b) and Hojrup et al. (1985) respectively. - denotes that a gap was left to give maximum
homology. The residue numbering indicated is that of Clr. fi, fl-Hydroxyaspartic acid.
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Arlaud et al., 1985). In this hypothesis, it should be
stressed that Clr would represent a new class of
f,-hydroxyaspartic acid-containing proteins, as in con-
trast with Factors VII, IX and X and proteins C, S and
Z, this protein is not vitamin K-dependent.
The complete sequence of human Clr A chain allows

precise chemical definition of the three major fragments
a (211 residues), f (68 residues) and y (167 residues)
yielded from Clr autolytic cleavage. As indicated pre-
viously (Gagnon & Arlaud, 1985), fragment ft is
released from Clr A chain without reduction, which,
given that no free thiol group is detectable in Clr
(G. J. Arlaud & J. Gagnon, unpublished work), implies
that the two half-cystine residues located in this
fragment form a disulphide bridge in the native protein.
For the same reasons it can be concluded that the ten
half-cystine residues of fragment a are associated in five
internal disulphide bridges. Fragment y contains nine
half-cystine residues, of which one (position 434) is
probably involved in the single disulphide bridge
connecting theA and B chains (Gagnon & Arlaud, 1985),
the other eight residues forming four internal disulphide
bridges.
The sequence data also show that the autolytic

fragments originate from the cleavage of two Arg-Gly
bonds, located at positions 211 and 279 of CIr A chain,
as suggested previously (Gagnon & Arlaud, 1985).
Taking into account that Clr autoactivation (Arlaud &
Gagnon, 1985) and CIs activation by CIr (Spycher et al.,
1986) both involve cleavage ofan Arg-Ile bond, our data
strongly suggest that human CIr is a 'trypsin-like' serine
proteinase with a restricted specificity for arginyl bonds.

Inspection of the amino acid sequence of human Clr
A chain reveals the presence of internal homology
between two segments (Fig. 5), located in the N-terminal
part of the chain (positions 10-78) and at the junction
between the a and ft regions (positions 186-257). These
segments share 30% of identical residues, among them
two half-cystine residues (positions 54 and 72 and
positions 233 and 251) that in the native protein form
two homologous disulphide bridges (G. J. Arlaud &
J. Gagnon, unpublished work). This intrachain homo-
logy probably corresponds to that detected from partial
sequence of human Cls A chain (Spycher et al., 1986),
and its biological significance is unknown.
The data presented in this paper and previous studies

(Gagnon & Arlaud, 1985) indicate that two carbohydrate
moieties are attached to the polypeptide core of human
Clr A chain. These are linked to asparagine residues at
positions 108 and 204, in sequences Asn-Gly-Thr and
Asn-Tyr-Ser respectively. It is noteworthy that both sites
are located in the N-terminal a fragment, whereas, in
contrast with human Cls A chain (Spycher et al., 1986),
the C-terminal region ofhuman CIr A chain contains no
carbohydrate-attachment site.

N-terminal sequence analysis and amino acid composi-
tion of peptides aST3b and CNlaSP4 clearly establish
that two different amino acid residues, serine and
leucine, occur at position 135 of Clr A chain, in relative
proportions 2.5/1.0, as estimated from amino acid
analysis. The exact origin of this heterogeneity is
presently unknown, although it should be stressed that
Clr used for our sequence studies was always obtained
from pools of human plasma originating from several
donors. As this heterogeneity occurs in the vicinity of the
putative 8-hydroxyaspartic acid residue, it could have
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important functional consequences, which justify further
studies at the molecular level.
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