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Amino Acid Sequence of the 8 Chain of Human Fibrinogen'

K. W. K. Watt, T. Takagi,} and R. F. Doolittle*

ABSTRACT: The 8 chain of human fibrinogen contains 461
amino acid residues, 15 of which are methionines. The
calculated molecular weight, independent of a single carbo-
hydrate cluster, is 52230. In this regard, we have isolated and
characterized all 16 cyanogen bromide fragments. In one case
(CNI), we have concentrated on a disputed portion of a
previously reported fragment. The arrangement of the
cyanogen bromide peptides was deduced by the use of overlap
fragments obtained from the tryptic digestion of modified and
unmodified § chains and from digestions with staphylococcal

Vertebrate fibrinogen molecules are composed of three pairs
of disulfide-linked nonidentical polypeptide chains (a,8,v,).
In the case of human fibrinogen, the «, 8, and v chains have
molecular weights of 65000, 55000, and 47 000, respectively
(McKee et al., 1966). The corresponding number of amino
acids in each is approximately 625, 460, and 420. The 8 and
v chains also contain carbohydrate clusters which contribute
to their overall molecular weights (Pizzo et al., 1972; Gaffney,
1972). During the past 5-10 years, major amino acid se-
quencing efforts on human fibrinogen and its fragments have
been under way in several different laboratories. In the case
of the 3 chain, the first major contribution to the sequence
was reported by Blombdck & Blombéck (1972) who reported
most of the sequence of a 115-residue fragment isolated from
a cyanogen bromide digest of fibrinogen. The fragment
corresponded to the amino terminal of the @8 chain and
contained the fibrinopeptide B. The size of the fragment was
subsequently amended to 118 residues, all but two residues
of which were positioned (Blombéck et al., 1976). Takagi &
Doolittle (1975a) reported the sequence of the carboxy-ter-
minal cyanogen bromide peptide, noting that it was homol-
ogous to the corresponding segment of the v chain. We also
reported the sequence of the peptide immediately adjacent to
the amino-terminal cyanogen bromide fragment which is found
in the plasmin-derived moiety known as fragment E (Takagi
& Doolittle, 1975b). Collen et al. (1975) reported the first
ten residues of fragment D, and Henschen & ILottspeich
(1976) published the sequence of a 42-residue segment which
overlapped and connected the fragment E and D sequences
noted above. Topfer-Peterson et al. (1976) then completed
the sequence of a 21-residue carbohydrate-containing section.

Recently we reported the amino acid sequence of most of
the cyanogen bromide fragments of the 8 chain and suggested
an arrangement for them based primarily on observed
homologies with « and/or v chains (Watt et al.,, 1977).
Subsequently, Lottspeich & Henschen published two pre-
liminary notes (1977a,b) which also reported the charac-
terization of the cyanogen bromide peptides and another
dealing with the homology of 8 and ¥ chains (Henschen &
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protease, as well as by considerations involving the plasmic
digestion products of fibrinogen. In one case two adjacent
fragments were aligned by homology with the corresponding
segments of the v chain. The homology of the § chain with
the v chain is especially strong over the course of the car-
boxy-terminal two-thirds of the sequence. Neither of these
chains appears to be homologous with the a chain in these
regions. With a few minor exceptions, the sequence reported
in this article is in agreement with data reported by other
groups in Stockholm and Munich.

Lottspeich, 1977a). Recently these same authors have
published a sequence for the segment corresponding to residues
119-461 (Henschen & Lottspeich, 1977b) which, combined
with Blomback’s data for residues 1-118, would complete the
sequence. At the time, we had submitted a communication
reporting a tentative sequence, noting that several ambiguities
remained because of not having all overlaps in hand (Watt
et al., 1978).

In this article we report the amino acid sequence of the 8
chain, complete with supporting data. In almost all cases we
note agreement with the sequences reported by Blombick et
al. (1976) and by Henschen & Lottspeich (1977b), although
in one significant case a difference is noted (at residues
108-114, as reported by Blombéck et al., 1976). There are
also two cases involving amides where we differ from Henschen
& Lottspeich (1977b); in a few other cases involving amides
we have not yet been able to make firm assignments.

Experimental Section

Materials and Methods. Almost all the materials and
methods used in this study have been described in detail in
previous publications from this laboratory, including the
preparation of fibrinogen, the isolation of the individual chains,
the production of plasmin degradation products, the cyanogen
bromide recipe employed, enzyme digestion conditions, gel
filtration and paper electrophoresis conditions, and amino acid
analyses, end-group, stepwise degradation, and solid-phase
sequencing procedures (Doolittle et al., 1967, 1977, 1977a,b:
Takagi & Doolittle, 1975a,¢).

Amino Acid Composition of 8 Chains. During the past
several years we have analyzed several different batches of 8
chains after total acid hydrolysis for 24, 48, and 72 h (5.7 N
HCJ, 108 °C). A set of average values recalculated for a chain
length of 461 residues is listed in Table I. In general, the
agreement with previous reports (McKee et al, 1966;
Cartwright & Kekwick, 1971; Henschen & Edman, 1972) is
good. Moreover, the agreement with the final derived sequence
is excellent (Table I).

Isolation of Cyanogen Bromide Fragments. CNBr!
fragmentation was routinely conducted on 50-60-mg lots of
the 8 chain (ca. 1 umol). The chains were dissolved in 70%
formic acid (57 mg/mL), and solid CNBr was added (10
mg/mlL). Digestions were for 16-24 h at room temperature.

' Abbreviations used: CNBr, cyanogen bromide; Dns, 5-(dimethyl-
arnino)naphthalene-I-suifonyl; PANCS, phenyl isothiocyanate.
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Table I: Amino Acid Composition of the 8 Chain
of Human Fibrinogen?®

amino acid av values®  from sequence

aspartic acid® 60.4 60
threonine 21.1 22
serine 31.7 31
glutamic acid? 57.7 56
proline 21.8 23
glycine 43.7 42
alanine 25.6 23
cysteine 10.0 11
valine 24.6 25
methionine 14.1 15
isoleucine 14,7 16
leucine 27.3 28
tyrosine 19.3 21
phenylalanine 9.9 10
histidine 7.4 7
lysine 31.4 31
arginine 27.5 27
tryptophan® 12.5 13

460.7 461

@ Calculated on the basis of 461 residues. The values given are
the averages of duplicate runs of 24-, 48-, and 72-h acid hydroly-
sates. Serine and threonine values were extrapolated back to
zero time; only 48- and 72-h results were used for valine and iso-
leucine. ° Aspartic and glutamic acid values include asparagine
and glutamine, respectively. € Measured by a scaled down modi-
fication of the method of Spies & Chambers (1949).

Table II: Sixteen CNBr Fragments Isolated from the 8 Chain
of Human Fibrinogen

no. of

G-50 amino-terminal no. of cyste- location
pool® sequence residues  ines in chain
I PCA-Gly-Val--b 118 3 1-118

I Tyr-Leu-Leu- 72 0 119-190
11} Asn-Thr-Glu--- 63 1 243-305
IVA Glu-Tyr-Cys-- 34 4 191-224
IVB Glu-Asp-Trp-+ 40 0 315-354
VA Phe-Phe-Ser-- 53 2 374-426
VB Gly-Glu-Asn.--€ 6 0 362-367
VIA Gly-Pro-Thr- 9 0 306-314
VIB1 Asn-Gly-Ala- 7 0 355-361
VIB2 Tyr-Leu-Ile-- 18 1 225-242
VIB3 Ser-Met 2 0 451-452
VIC1 Thr-Ile-His-- 6 0 368-373
VIC2 Ala-Lys-His: 12 0 427-438
VID Lys-Tle-Arg---¢ 9 0  453-461
VIF Arg-Lys-Met 3 0 448-450
VII Asn-Trp-Lys: 9 0 439-447

461 11

¢ Roman numeral indicates pool designation from G-50 column
(Figure 1). ® Starting from amino-terminal peptide of 8 chain.
¢ Carbohydrate-containing peptide. ¢ Carboxy-terminal peptide
(no homoserine).

After dilution and freeze-drying, the preparations were dis-
solved in 10% acetic acid and passed over a Sephadex G-50
column (Figure 1). In some early experiments (Takagi &
Doolittle, 1975a) we divided the column effluent into eleven
pools. Subsequently we revised the procedure to seven re-
producible pools (Figure 1). The Roman numeral designation
for all fragments refers to the G-50 pool in which it originated.

Pools I-IHI were purified further by rechromatography on
either G-100 or G-50 columns. Pools IV-VII were purified
by low-voltage paper electrophoresis at pH 6.5 and/or 2.0. The
amino acid compositions of the 16 purified CNBr fragments
are tabulated in Tables IIl and IV and compared with the
integral values obtained from sequencing. The yields of the
various peptides vary depending on how many steps were

VOL. 18, NO. 1, 1979 69
A

) "
E:z- e R e e [ e e e —vit—
It

280

“0

FRACTION NUMBER

FIGURE 1: Gel filtration (Sephadex G-50) of CNBr digest of car-
boxymethylated 3 chains from human fibrinogen. Column = 2.5 X
170 c¢m, solvent = 10% acetic acid, flow rate = 60 mL/h, fraction
size = 5 mL. Solid line = absorbance at 280 nm; broken line =
radioactivity due to carboxymethylation.

Table III: Amino Acid Compositions of Six Large CNBr
Fragments from the g Chain of Human Fibrinogen

residues/mole of peptide®
CNIb CNII CNIII CNIVACNIVB CNVA

CM-cyste- 2.5 (3) - 1.0(1) 374 - 1.5(2)
ine€

aspartic  12.6 (12) 11.1 (11) 10.4 (12) 1.4 (1) 6.1 (6) 9.2 (10)
acid!

threonine 3.6 (3) 2.3(2) 4.6(5) 3.2(3)138(2) 373

serine 86(9) 65(7) 25(2) 2.8(3) 1.1(1) 39

gutamic 17.3(17) 12.7(13) 6.7(6) 6.1(6) 4.2(4) 4.3(3)

acid

proline 9.7 (11) 16" 23(2) 25 2) - 3.0(2)

gycine 9.5 (10) - 9.7 (10) 3.6 (3) 4.9 (5) 8.5(7)

alanine 11.6(13) 19" 1.0D - 4.2 (4) 2.1(2)

valine 6.8(6) 4.7(6) 34(3) 3.2(3) 233 -

isoleu- 25(2) 3.7M4) 2002 293111y -
cine

leucine 9.2(9) 9910) 3.1(3) - 1.5 (1) 1.1 (D)

tyrosine 26(2) 3.503) 3.3(3) 0.9() 3.0(3) 3.8(5)

phenyl- 2.6 (3) - 2.0(2) - 1.1(1) 1.3(2)
alanine

histidine 1.8(2) 1.1(1) - - 1.1(1) 0.9 (1)

lysine 69(6) 74((7) 444 1.8(2)46(5 2002

arginine 85(9) 3644 28(3) 1.8(2)1.1(1)49@)

trypto- - +(1)  ++(3) - +({1) +(5
phan®

homo- 0.5(1) 08(1) 071y LI O7(Q) 08D
serine’

total (118) (72) (63) (34) (400 (53)

yield# % 41 40 35 26 27 22

@ Values given are for 24-h total acid hydrolysis. The values in
garentheses are the number of residues determined by sequencing.
The Roman numeral designation pertains to the original G-50
pool from which the material originated (Figure 1). ¢ CM-cyste-
ine = carboxymethylcysteine. The number of residues was deter-

mined independently by the amount of radioactivity present in
the peptide as a result of a alkylation with ['“C]iodoacetic acid.
d Aspartic and glutamic acid values include asparagine and gluta-
mine, respectively. € Tryptophan presence detected qualitatively
after acid hydrolysis as a peak on single-column amino acid analy-
sis which appears in the region preceding arginine. ’ Homoserine
values include homoserine lactone. # Yields are approximate and
vary with the number of steps involved in the purification.

k Even after repeated rechromatography CNII preparations con-
tained more proline and alanine than could be accounted for by
the sequence experiments. CNI is very rich in proline and alanine,
however, and even a slight contamination could raise the CNII
composition to the observed levels.

necessary for the particular purification. Also, the best
compositions obtained are shown; in fact most of these
fragments were isolated on numerous occasions, and several
different G-50 columns are represented in the tables.?
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Table IV: Amino Acid Compositions of Ten Small CNBr Fragments from the 8 Chain of Human Fibrinogen

residues/mole®

CNVB® CNVIA CNVIBI CNVIB2 CNVIB3 CNVIC2 CNVICI CNVID CNVIF  CNVII
CM-cysteine® 0.5()
aspartic acid? 1.1 (1) - 1.0(1) 2.4(2) 1.9(2) 1.2 (1) 0.9 (1)
threonine 0.9 (1) 1.0(1) - - 0.9 (1) 1.1 (1)
serine - 1.1 (1) 2.0(2) 1.1 (1) 1.9(2)
glutamic acid? 1.1 (1) 2.5(2) 1.1 (1) 1.2 2.0(2)
proline 1.1 (D) 1.9 (2) 2.1(2)
glycine 1.2(1) 1.5 (1) 1.2 (1) 2.1Q2) 1.2 (1) 1.2 (1)
alanine 0.8 (1) 0.9 (1)
valine 1.8 (2) 1.0 (2)
isoleucine 1.0 (1) 0.9 (1) 0.6 (1) 0.6 (1)
leucine 2.0(2) 0.9 (1) 0.9 (1)
tyrosine 2.2 (3) 0.8 (1)
phenylalanine 1.9 (2)
histidine 0.3 (0) 0.9 () 1.0 ()
lysine 1.0 (1) 1.0 (1) 1.5Q1) 1.3 (1) 0.9 ()
arginine 0.4 (1) 09 (1) 0.9 (1) 1.0 (1)
tryptophan® + (1) ++ (2)
homoserine 0.1 (1) 0.4 (1) 0.4 (1) 0.5 (1) 1.0 (1) 0.4 (1) 0.8 (1) 0.7 (1) 1.3
total (6) 9) (€D) (18) (2) (12) (6) ¢)) 3) (C)]
yield % % 22 12 15 19 13 19 11 26 10 12

@ Values given are for 24-h total acid hydrolysis. The values in parentheses are the number of residues determined by sequencing. b The

Roman numeral part of the designation pertains to the G-50 pool from which the material was originally purified (Figure 1).
The number of residues was also determined independently by the amount of radioactivity present in the peptide

= carboxymethylcysteine.

¢ CM-cysteine

as a result of previous alkylation with ['*C]iodoacetic acid. 4 Aspartic and glutamic acid values include asparagine and glutamine, respective-
}y ¢ Tryptophan presence detected qualitatively after acid hydrolysis as a peak on single-column analysis in the region preceding arginine.
Homoserine values include homoserine lactone. # Yields are approximate and vary with the number of steps involved in the purification.

In the following paragraphs brief descriptions and sum-
maries are given of the data obtained in sequencing each of
the CNBr fragments. Complete data, including amino acid
compositions of all subpeptides and details of stepwise deg-
radations, are available in the form of supplementary material.
(See paragraph at end of paper regarding supplementary
material.)

Cyanogen Bromide Fragments

CNI. The first material to emerge from the G-50 column
was rechromatographed on Sephadex G-100; a symmetrical
radioactive peak was well separated from a small amount of
larger undigested material. Its amino acid composition was
consistent with the 118-residue sequence reported by Blombéck
et al. (1976), including the presence of three cysteine residues
(Table IT). The fragment had no detectable amino terminus
either by the Dns procedure (Gray, 1972) or by thioacetylation
{Mross & Doolittle, 1977), an anticipated observation because
of the pyrrolidonecarboxylic acid known to exist at the amino
terminus of the 8 chains. Digestion of CNI with trypsin
followed by gel filtration on Sephadex G-50 and paper
electrophoresis gave rise to the readily recognized fibrino-
peptide B (14 residues) and eight other peptides, as well as
free arginine and lysine. A peptide of about 23-24 residues
and lacking arginine and lysine but containing homoserine was
identified as the carboxy-terminal segment of the fragment.
This peptide served as the starting material for an intensive
reinvestigation of the carboxy-terminal sequence, since am-
biguity has plagued that region since its original description
(Blombick & Blombdck, 1972). Accordingly, the tryptic
peptide was further digested with staphylococcal protease
(Houmard & Drapeau, 1972), and three peptides were readily
separated by paper electrophoresis at pH 6.5. The largest of
these contained 12 or 13 residues, including homoserine. The
amino-terminal section of the peptide was twice sequenced by
the Dns—PhNCS procedure (Gray, 1972). Also, on three

% Altogether more than 2 g of 3 chain was used in these studies.

separate occasions it was attached to glass beads by the
homoserine method (Horn & Laursen, 1972) and degraded
by the thioacetylation procedure. The data consistently yielded
a sequence beginning Ala-Val-Ser-GIn-Thr. These results
differ from the sequence reported by Blomback et al. (1976)
for this region, their corresponding order being Ala-Val-
Gln(Thr,Ser). Unfortunately, in none of our several efforts
were we able to sequence across the “polyserine bridge” to the
carboxy-terminal tetrapeptide. Thus, Blomback et al. (1976)
reported a string of four serines after the two residues in
parentheses (experimental details were not provided), but our
stepwise degradation technology was unable to verify this
section. It seemed especially important to establish that the
peptide actually contained 13 residues (as based on the report
by Blombdck et al., 1976), since the length of this peptide
affects the count of residues thought to exist in the “coiled
coils” interdomainal segment (Doolittle et al., 1977). As it
stands now, the connection stretching between disulfide rings
is exactly 111 residues in the a and v chains but is 112 residues
in the 8 chain if the peptide in question actually contains 13
residues. Accordingly, we undertook a series of amino acid
analyses (18-, 24-, and 36-h hydrolysis times at 108 °C) in
an attempt to verify the exact length of the peptide (Table V).
Although the uncertainty in establishing the exact size of a
peptide containing four to five serines cannot be overstated,
our analyses indicate that the correct number may actually
be four and not five. As a result, we have put the reported
fifth serine (it would be residue 8-114) in parentheses for the
time being. Clearly a stepwise degradation reaching all the
way across to the terminal residues will be necessary to es-
tablish the point with finality.

Verification of the Remainder of CNI. The remaining seven
tryptic peptides (i.e., other than the well-characterized fi-
brinopeptide B and the carboxy-terminal peptide discussed in
the preceding paragraphs) were all characterized with respect
to amino acid analysis and amino-terminal identification. All
were found to be in agreement with the sequence reported by
Blombick & Blombick (1972). Moreover, a set of six sta-



FIBRINOGEN (3-CHAIN SEQUENCE

VoL, 18, NO. 1, 1979 71

CNIL
—_ = — = = = — — = e
- - = — 3 s — = — = = — = = — = = = = = > = = — —
Tyr-Leu-Leu-Lys-Asp-Leu=Trp-Gln-Lys-Arg-GIn-Lys-GIn-Val-Lys-Asp-Asn-Glu-Asn-Val-Val-Asn-Glu-Tyr-Ser-
5 10 15 . 20 25
—_ — — —_ - — — - — — {—> —_——_— = = = — = —
TRd [[ TRc2 , TRg I-—TRfl—-+—TRe3 I TRa3——
—
GLf3— i "Lblb—-t«—
—_— e e e — — — = = — — —
_—— = = —— = = — — —
Ser-Glu-Leu-Glu-Lys-His-G1n-Leu-Tyr-I1e-Asp-Glu-Thr-Val-Asn-Ser-Asn-I1e-Pro-Thr-Asn-Leu-Arg-Val-Leu
30 35 40 45 50
—_ —
! TRcl ,L TRed
— Y _ a3 3 — = = = - = = = — =
GLblb——+—GLa—>' GLed GLg
_ 4 N
—_ — = — = —

| ————TRe-6Lb———s [+—TRe-GLd2—

Arg-Ser-Ile-Leu-Glu-Asn-Leu-Arg-Ser-Lys-I1le-GIn-Lys-Leu-Glu-Ser-Asp-val-Ser-Ala-Gln-Hser
55 60 65 70

— s — —3

l_,_._..—.—-;

| TRA2

|—Trf2 —TRez—|

—_ = T 3 5 T = = —

‘ +—TRc-GLb—— «—TRc-GLf—*I

FIGURE 2: Summary of data used to establish sequence of fragment CN1I. Full arrows = solid-phase sequencer run; half arrows = Dns identification.
TR = trypsin; TH = thermolysin; GL = staphylococcal protease peptide. * = residues lost during workup.

phylococcal protease peptides from CNI was similarly
characterized. Several of the latter were also attached to glass
beads and degraded by the thioacetylation procedure,

Finally, CNI was isolated from fibrin (as opposed to fi-
brinogen) 8 chains. This material, which lacks the fibrino-
peptide B and thus begins at residue 15, was attached to glass
beads and subjected to thioacetylation stepwise degradation
through 28 successful cycles. As a result of these studies, all
but a few of the residues in CN1 were independently verified.

CNII. The second pool from the G-50 column (Figure 1)
was purified by rechromatography on the same G-50 column.
The amino acid composition of the purified 72-residue
fragment (now designated 1Ib) is listed in Table III, and a
summary of the data used to obtain its sequence is depicted
in Figure 2. The fragment was attached to amino glass beads
by the lysine-coupling method (Laursen et al., 1972) and
successfully degraded through 35 cycles in a solid-phase se-
quencer (Doolittle et al., 1977). Its amino terminus begins
with the sequence Tyr-Leu-Leu (Table 1I). All the tryptic
and staphylococcal protease peptides were isolated and
characterized. The carboxy-terminal tryptic peptide was
attached to beads by the homoserine method, and the ly-
sine-containing peptides were attached by the lysine-coupling
procedure. Other peptides were coupled to beads by the
water-soluble carbodiimide procedure (Mross & Doolittle,
1977). Most of the peptides were also resequenced by the
Dns—PhNCS procedure (Figure 2). The tryptic subpeptides
of the staphylcoccal protease peptides and vice versa were also
isolated and characterized with regard to amino acid com-
position and amino terminals.

Fragment CNII includes the carboxy-terminal portion of
the plasmin-derived fibrinogen fragment E and the amino-
terminal portion of fragment D. Thus, a plasmin cleavage
leading to the carboxy terminus of ES occurs at Lys-122 and
another giving rise to the amino terminus of D@ at Lys-133.

Table V: Amino Acid Composition of SCNITR2bGL6
Calculated for 12 and 13 Residues?

residues/mole
hydrolysis time? of peptide®
18h 24h 30h mean res/12 res/13

aspartic acid 5.9 6.9 5.7 6.2

threonine 145 158 124 152 1.09 1.18

serine 56.1 56.4 609 57.7 4.12 4.49

glutamic acid  28.1 31.2 29.5 296 211 230

proline 3.6 4.2 3.5 39

glycine 6.6 7.3 6.8 6.9

alanine 16.0 17.5 158 164 117 1.28

valine 13.1 158 146 145 104 1.13

isoleucine 1.8 2.6 2.3 2.2

leucine 3.0 3.5 3.5 3.3

tyrosine 9.6 9.9 8.5 9.3 066 0.72

phenylalanine 10.7 11.9 12.0 11.5 0.82 0.89

histidine - - - - - -

lysine 2.1 2.7 3.1 2.6

arginine 1.1 1.3 1.2 1.2

homoserine? 10.2 11.0 106 10.6 0.75 0.82
(12) (13)

8 The proposed sequence of SCNITR20GL6 is A-V-S-Q-T-S-S-
S(S)Q-F-Y-M. Values given are in nanomoles and are the aver-
age of two determinations in each case. € Calculated on the basis
of ratios of underlined values. @ Sum of homoserine and homo-
serine lactone.

As such, data from both of these moieties were helpful in
reconstructing the sequence. In particular, a solid-phase
sequencer run on the B chain of fragment D (Doolittle et al.,
1977b) yielded successful identifications through 21 degra-
dative cycles for the segment corresponding to residues 16-37
of CNII.
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FIGURE 3: Summary of data used to establish sequence of fragment CNIII. See legend to Figure 2 for symbol designations; also, CH = chymotrypsin

and CT = citraconyl-trypsin.

CNIII. Fragment CNIII contains 63 amino acid residues,
including a single cysteine (Table III). The peptide was
attached to beads by the lysine-coupling method and suc-
cessfully degraded through 27 cycles. Digestion with trypsin
gave rise to six subpeptides, as well as free lysine and free
homoserine. The overlaps for those subpeptides not covered
by the sequencer run were obtained by the isolation of another
set of subpeptides after digestion with chymotrypsin (Figure
3). In addition, the fragment was citraconylated and subjected
to limited tryptic digestion; three major peptides were isolated,
two of which were attached to beads and subjected to stepwise
degradation {Figure 3). Amides were established on the basis
of the relative mobilities of the tryptic and chymotryptic
subpeptides (Offerd, 1966).

CNIVA. The fourth pool prepared from the G-50 column
(Figure 1) contained two CNBr fragments which were se-
parable upon paper electrophoresis at pH 6.5, one moving
toward the anode and the other slightly toward the cathode.
The electronegative peptide, CNIVA, was found to contain
34 amino acid residues, including four cysteines (Table II).
The peptide was attached to beads by the homoserine pro-
cedure and successfully degraded through 26 cycles. The
positions of the four carboxymethylcysteines were confirmed
by monitoring the release of radioactivity at each step. Di-
gestion with trypsin yielded four principal subpeptides and free
lysine, whereas digestion with staphylococcal protease gave
rise to four subpeptides and free glutamic acid (Figure 4).
Two of the tryptic peptides (TRb1 and TRd2) were attached
to beads (the former by the lysine-coupling method and the
latter by the homoserine procedure) and degraded by the
thioacetylation procedure. In addition, one of the peptides
obtained from the staphylococcal protease digestion was at-
tached to beads by the water-soluble carbodiimide method and
similarly cycled. The tryptic and staphylococcal protease
peptides were also sequenced to various degrees by the
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FIGURE 4: Summary of data used to establish sequences of fragments
CNIVA (upper) and CNIVB (lower). See legends to Figures 2 and
3 for symbol designations.

Dns-PhNCS procedure {Figure 4). Amides were established
on the basis of the electrophoretic mobilities of the tryptic and
staphylococcal protease peptides, as well as on a consideration
of the susceptibility to attack by the latter enzyme.
CNIVB. The more basic of the two peptides found in pool
IV (Figure 1) was fluorescent and stained for the presence of
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FIGURE 5: Summary of data used to establish sequence of fragment
CNVA. See legends to Figures 2 and 3 for symbol designations.

histidine. Amino acid analysis indicated that the peptide
contained 39 residues in addition to tryptophan. Subsequent
characterization limited the number of tryptophans to one, the
overall number of residues thus being 40 (Table III). The
peptide was attached to beads by the homoserine method and
carried through 15 successful steps. Tryptic digestion resulted
in the isolation of seven subpeptides, the amino acid com-
positions of which added up to the overall fragment com-
position. The three largest of these were attached to beads
and subjected to thioacetylation. In addition, a set of con-
stituent subpeptides was isolated after digestion with sta-
phylococcal protease (Figure 4). Finally, the fragment was
citraconylated and then digested with trypsin. Two fragments
were isolated, one arginine-containing peptide (n = 32) and
an octapeptide-containing homoserine which corresponded to
the carboxy terminus. The larger peptide was subsequently
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deblocked and retreated with trypsin, and six subpeptides were
isolated and characterized (compare Figure 4). Amides were
established on the basis of peptide mobilities and vulnerability
to the staphylococcal protease.

CNVA. Fragment CNVA is a sparingly soluble peptide
containing 53 residues, including five tryptophans and five
tyrosines. The peptide also contains two cysteine residues
(Table I1I). The peptide was attached to beads by the ly-
sine-coupling procedure on four different occasions; the most
successful of these runs carried through the 21st step, the
carboxymethyleysteine residue at that position being identified
by the radioactivity released. The fragment was digested with
trypsin, and six subpeptides and free lysine were isolated.
Digestion with staphylococcal protease produced three large
peptides which overlapped the tryptic peptides. The tryptic
and staphylococcal protease peptides were characterized in a
variety of ways to establish the final sequence (Figure 5).

CNVB. Pool V (Figure 1) also contained another cyanogen
bromide fragment, a hexapeptide with carbohydrate attached.
Acid hydrolysis of the electrophoretically purified fragment
revealed the presence of glucosamine. The peptide was se-
quenced both by thioacetylation after attachment to glass
beads and by the Dns—PhNCS procedure (Figure 6).
Glucosamine was found in the back-hydrolysate of residue 3
along with aspartic acid, indicating the precise position of
attachment. The peptide also includes the sequence Asn-
X-Thr, which is characteristic of glucosamine attachment
points.

Amino acid analyses of the peptide always indicated the
presence of approximately half a mole of histidine and less than
a full mole of arginine, leading us to believe at first that
polymorphism might exist in this peptide. Subsequently we
found that the methionyl-threonine bond which junctions this
peptide in the 8 chain does not fully cleave during the cyanogen
bromide reaction, and the histidine (and some isoleucine) is
evidently from the adjacent fragment (CNVIC1).
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FIGURE 6: Summary of data used in establishing the sequences of seven small CNBr fragments. See legends to Figures 2 and 3 for symbol

designations.
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Table VI: Basis for Arrangement of CNBr Fragments
overlap no. Met res peptide?® 1es sequence of overlap peptides

1 118 Es 43-122 from fragment EP

2 190 CTIVcl 177-194 S(K,LQ,K,L,E,S,D,V,S,A,Q.M,E,Y,C)R
GLf1 184-191 S-D-V(S)A-Q-M-E

3 224 CTV 217-237 K-G-G-E(T,S)E-M-Y-L-I-Q-P-D--
GLg2b 224-230 M-Y-L-I-Q-P-D

4 242 CTVIb 238-255 V-Y-C-D-M-N(T)E-N-G(---)R
GLf2 242-245 M-N-T-E

5 308 GLf5 302-309 L-T-R-M-G-P(T)E

6 314 CTIA 305-346 M-G-P(T)E-L-L-I-E-M-E-D(---)R
GLe4 314-316 M-E-D

7/8 354/361 CTIIIbl 347-365 G(T)A-G-N-A(LM,D,G,A,S,Q,LM,G,E,N)R
GLTRel 347-363 G(T)A-G-N-A-L-M-D-G-A(S,Q,LM,G)E

9/10 367/373 GLc 364-383 N-R(T)M(T)I-H-N-G-M-F(F,S,T,Y,D,R,D,N)D
CNVb 352-373 G-E-N-R(T)M(T)I-H-B-G(M)

11 426 TRVII 416-428 Y-Y(W)G-G-Q-Y(T,W)D-M-A-K
CTIb 416-448 Y-Y(W)G-G-Q-Y(-)R

12 438 - - homology with v chain

13 447 TRVIe 442-448 G-S(W)Y-S(M)R

14/15 450/452 TRIIIh 449-453 K-M(S)M-K

@ CT = citraconyl-trypsin; TR = trypsin without prior modification of peptide; GL = peptide from staphylococcal protease digestion.

b From Takagi & Doolittle (1975a).

Pool VI Peptides. Pool VI (Figure 1) contains six cyanogen
bromide fragments, ranging in size from 6 to 18 residues
(Table IV). The largest of these (CNVIB2) was attached to
beads by the homoserine method and successfully cycled
through all 18 residues, including the homoserine. The two
serine residues were confirmed by a nine-cycle degradation
using the Dns—PhNCS method (Figure 6). The two con-
stituent tryptic subpeptides were also characterized by the
latter procedure.

The characterization of three other peptides in this pool was
routine (Figure 6), and the details used in sequencing another
(CNVID) have been reported by us previously (Takagi &
Doolittle, 1975a). In the case of the sixth peptide we en-
countered some difficulty, however. This peptide (CNVIC1
in Figure 6 and Table II) occurs in rather low yield and is
difficult to purify. In our original procedure, whereby we
fractionated the cyanogen bromide digest into 11 pools (Takagi
& Doolittle, 1975a), we found this threonine-ending hexa-
peptide in pool X. It was separated from another pool X
peptide—now designated in VIB1-—by electrophoresis at pH
2. When the peptide did not reappear in our later
(streamlined) fractionation procedure, it was forgotten and/or
attributed to a contaminating substance, until the recent report
of Henschen & Lottspeich (1977b). Following that report,
we reisolated the peptide, attached it to beads, and successfully
identified the remaining five residues by the thioacetylation
procedure.

On the notion that one reason for the relatively low yield
might be incomplete cleavage of the methionyl-threonine bond
(Shroeder et al., 1969), especially since we had detected
histidine (and some isoleucine) in (what was reported to be)
the adjacent cyanogen bromide fragment (Henschen &
Lottspeich, 1977b), we reexamined the fragment CNVB by
the thioacetylation procedure, continuing the degradation
through 12 cycles. As anticipated, isoleucine and histidine
were revealed at positions 8 and 9. As it happens, the two
peptides have very similar amino acid compositions, each
having one aspartic acid (after hydrolysis), one threonine, one
glycine, and one homoserine (Table 1V); they differ in that
one has glutamic acid and arginine while the other has iso-
leucine and histidine.

Pool V1 also contained two small peptides which are not
shown in Figure 6. One of these was the tripeptide Arg-
Lys-Met. It was readily sequenced by attaching it to beads

by the homoserine method and degrading it by the thio-
acetylation procedure. The other was the neutral dipeptide
Ser-Met (CNVIB3). The amino-terminal serine was deter-
mined by the Dns method. The peptide occurs in low yield,
a fact which may also be related to the difficulty of cleaving
homoseryl-hydroxy amino acid linkages (Schroeder et al.,
1969). In fact, we originally isolated a basic peptide which
contained equimolar amounts of serine, arginine, and lysine,
as well as homoserine, in a yield greater than the dipeptide
(Watt et al., 1978). The isolation of an incongruous over-
lapping tryptic peptide (TRVIE), combined with the report
of Henschen & Lottspeich (1977b), led to a reexamination
and the conclusion that Ser-Met is the true peptide.

Pool VII Peptides. The seventh pool from the G-50 column
(Figure 1) contained a single cyanogen bromide fragment, a
fluorescent nonapeptide (CNVII in Figure 6). The valyl-
valine bond is very slow to hydrolyze. It was attached to beads
by the homoserine method and sequenced by thioacetylation;
the tryptic and chymotryptic subpeptides were also charac-
terized (Figure 6).

Overlapping Sequences

For the most part, the arrangement of the 16 CNBr
fragments was established by the isolation of key methio-
nine-containing peptides from various enzymic digests of 3
chains, although the positions of the amino-terminal and
carboxy-terminal fragments were self-evident. In this regard,
batches of 8 chains were digested with staphylococeal protease,
trypsin, and trypsin after the chains were first modified by
citraconylation (Attasi & Habeeb, 1972). Altogether, 13 of
the 15 methionines were accounted for in such overlapping
peptides (Table VI). Most of the peptides were characterized
by attachment to beads and subsequent stepwise degradation
of thioacetylation; some others were characterized by the
Dns—PhNCS procedure. The sequenced residues are listed
in Table VI.

Another of the junctions between CNBr fragments was
known from previous experiments on fragment E (Takagi &
Doolittle, 1975b). Similarly, we have previously presented the
case for the carboxy-terminal CNBr fragment’s not only being
homologous with the carboxy-terminal fragment of the v chain
(Takagi & Doolittle, 1975a) but also being the only fragment
not containing homoserine. The arrangement of the two
remaining peptides (CNVIC2 and CNVII), which involves
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FIGURE 7: Complete amino acid sequence of the 8 chain of human fibrinogen. The chain contains 461 residues; a carbohydrate site is located

at Asn-364,

a single junction (Met-438), was based on the strong homology
with the corresponding v-chain segments (Table VI).

Asparagines and Glutamines. The methodology we em-
ployed did not allow the unambiguous assignment of aspar-
agine/asparatic acid and glutamine/glutamic acid in every
case, and in two cases we note different results from those
reported by Henschen & Lottspeich (1977b). Thus, we report
aspartic acid at position 8-202, whereas those authors find
asparagine, and, similarly, we find glutamic acid at 8-301
where they report glutamine. In both cases our identification
is based on cleavages with the staphylococcal protease, which
has a specificity known to be directed to side-chain free
carboxylates (Houmard & Drapeau, 1972). On the other
hand, we cannot exclude the possibility that the conflicting
results are due to deamidation during peptide isolation. In
five other cases—all involving asparagine/aspartic acid—we
were unable to make a firm identification based either on
peptide mobilities or on vulnerability to the staphylococcal
protease.

Discussion

The completion of the amino acid sequence of the 8 chain
represents another milestone on the way to establishing the
complete structure of the human fibrinogen molecule. Already
a number of important structure—function aspects can be
appreciated. First, our early notions about the common
ancestry of the nonidentical chains of fibrinogen (Doolittle,
1970, 1973; Takagi & Doolittle, 1975a) have been completely
substantiated. Interestingly, homology among all three chains
is evident in the amino-terminal thirds of the chains, the
percent identity between any two of the chains running about
15%. On the other hand, there is little or no homology evident
between the « chain, on the one hand, and the 8 and v chains,
on the other, when the carboxy-terminal two-thirds are
compared. A comparison of the carboxy-terminal 142 residues
of the « chain (Cottrell & Doolittle, 1978) with the corre-
sponding regions of the 8 and + chains failed to show any
further relationship than was evident from a comparison of
the carboxy-terminal CNBr fragments (Cottrell & Doolittle,
1976). The homology between the 8 and « chains is especially

strong in this region, however, the two chains being about 35%
identical.

The strong resemblance between 8 and v chains in their
carboxy-terminal two-thirds—the portions which comprise
fragment D—extends to the arrangement of their disulfide
bonds. We have recently reported the pairing of the disulfide
bonds in fragment D (Bouma et al., 1978) and noted that the
situations in the 8 and v chains are exactly equivalent. We
are struck with the rather curious situation of a threefold
symmetry, extending through the portions of the molecule
which connect the central and terminal domains (Doolittle et
al., 1978), and a projected twofold symmetry in the terminal
domains per se, where the 8 and ¥ chains likely have equivalent
three-dimensional structures.

According to the model we currently favor (Figure 7),
fibrinogen comprises two terminal domains connected by
three-stranded ropes to a smaller central domain. As such,
the 8 chains can be divided into three sectors for discussion
purposes: those 75 residues at the amino terminus which are
thought to exist in the central region of the molecule, the next
122 residues which include two sets of disulfide rings deli-
neating a 112-residue coiled-coil connector (Doolittle et al.,
1978), and the remaining 264 residues which reside in each
of the distal (terminal) domains.

The distribution of amino acids in the three different sectors
is distinctive. Thus, 11 of the 12 8-chain tryptophans occur
in the distal region. Interestingly, nine of these have exact
counterparts at the equivalent positions in the 4 chain. In
contrast, 10 of the 23 prolines in the 8 chain and 11 of the
23 alanines occur among the first 75 residues which are a part
of the central domain. The most predominant amino acid in
the B3 chain is glycine (42 of 461 residues), and yet there are
no glycines at all in the 112-residue connector, consistent with
the a-helical nature of the region (Doolittle et al., 1978).
Charge distribution seems to be relatively equitable throughout
the chain, however, the sum of glutamic and aspartic acid
residues in each sector being roughly equal to the sum of
arginines and lysines.

In summary, the amino acid sequence of the 3 chain of
human fibrinogen has been determined. Its most interesting
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features are its extensive homology with the 4 chain—and to
a lesser extent with the a chain—and a nonrandom distribution
of amino acids, the nature of which is consistent with a fi-
brinogen molecule in which two compact terminal domains
are attached to a central region by coiled-coil connectors.
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