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ABSTRACT: The c D N A  sequence of the /3 chain of lamprey fibrinogen has been determined. To that end, 
an oligonucleotide probe was synthesized that corresponded to an amino acid sequence from the carb- 
oxy-terminal region of the lamprey fibrinogen p chain. The insert actually began with residue 3 of the fibrin 
/3 chain; it ran through to a terminator codon following the carboxy-terminal residue a t  position 443 and 
then continued for an  additional 606 nucleotides of noncoding sequence to its 3/ end. The inferred amino 
acid sequence was verified by comparison with assorted cyanogen bromide fragments isolated from the P-chain 
protein, including two carbohydrate-containing peptides that corresponded to segments containing the 
carbohydrate-attachment consensus sequence. Overall, the lamprey chain is 49% identical with the p chain 
from human fibrinogen. This is the same degree of resemblance as was found for the lamprey and human 
y chains. Moreover, the principal regions of conservation are the same in both the P and y chains. Differences 
and similarities in the physiological behavior of the two fibrinogens are assessed in terms of the observed 
amino acid replacements. 

F. ibrinogen, the principal protein of blood clotting, is found 
in the blood of all vertebrates. The protein has been char- 
acterized from numerous mammals, and its properties have 
been found to be similar among them. In the case of primitive 
vertebrates, however, certain unique aspects have been re- 
ported, even though the principal features of the molecule 
appear to have been conserved. For example, when lamprey 
fibrinogen is clotted with a mammalian thrombin, only the 
fibrinopeptide B is removed (Doolittle, 1965; Cottrell & 
Doolittle, 1976). Lamprey thrombin, on the other hand, clots 
lamprey fibrinogen by removing both fibrinopeptides A and 
B. The lamprey fibrinopeptides themselves are noteworthy 
in being the smallest and longest fibrinopeptides, respectively. 
Also, the lamprey fibrin f? chain is known not to have a his- 
tidine at  position 2, a residue that others have reported to be 
essential for polymerization (Shimuzu et al., 1983; 1986). 

On the other hand, lamprey fibrinogen has much in common 
with its mammalian counterparts, including the fundamental 
six-chain structure (a2P2y2). The transformation into fibrin 
is inhibited by synthetic peptide analogues beginning with the 
sequence Gly-Pro- Arg, which corresponds to the amino ter- 
minus of the fibrin a chain (Laudano & Doolittle, 1980). The 
protein also binds P-chain analogues of the Gly-His- Arg type, 
even though its own @ chain lacks the histidine residue. 

Because of the ancient divergence, lamprey fibrinogen 
represents a unique material for exploring the evolution of 
fibrin formation. In this regard, we recently reported the 
construction of a lamprey liver cDNA library and, in our initial 
report, presented a complete cDNA sequence for the lamprey 
fibrinogen y chain (Strong et al., 1985). We now report a 
cDNA sequence for the lamprey fibrin @ chain. Although the 
cloned insert begins at fibrin residue 3, we had previously 
determined the amino acid sequence for the amino-terminal 
portion of the protein by conventional means (Cottrell & 
Doolittle, 1976); as a result we have in hand a complete se- 
quence for the lamprey fibrinogen @ chain, including its 36- 
residue fibrinopeptide B. 

This investigation was supported by a grant from the National In- 
stitutes of Health (HL26873). 

*Present address: Lorna Linda University, Lorna Linda, CA. 

MATERIALS AND METHODS 
Most of the methods and materials employed in this study, 

including the preparation of a lamprey liver cDNA library in 
pBR322, were described in detail in a previous article (Strong 
et al., 1985). The library was made up of about 6500 clones 
ordered on eight 96-well microtiter plates; it was screened by 
colony hybridization after transfer to Whatman 541 paper 
(Gergen et al., 1979) with an oligonucleotide based on an 
amino acid sequence deduced from small cyanogen bromide 
fragments from the lamprey fibrinogen P chain. The probe 
was synthesized manually by the phosphate triester method 
as described by Itakura and co-workers (Broka et al., 1980; 
Ito et al., 1982); it was labeled with [y-32P]ATP through the 
action of T4 polynucleotide kinase. Hybridizations were 
performed at 45-50 "C in Sears Seal-A-Meal bags with 100 
ng of probe per filter (sp act. = lo8 cpm/pg) as described by 
Wallace et al. (1981). Filters were washed at 40-50 OC at 
the same ionic strength as used in hybridization (0.9 M NaC1) 
prior to autoradiography. 

Minipreps of plasmids from hybridization-positive clones 
were prepared, and the plasmid DNA was treated with ap- 
propriate restriction enzymes before electrophoresis on agarose 
gels (Maniatis et al., 1982). Larger preparations of two P- 
chain-positive clones were grown (Norgard et al., 1979) and 
the plasmids purified by RPC-5 Analog chromatography 
(Thompson et al., 1983). In some cases fragments were ob- 
tained upon isolation of the insert after digestion with PstI and 
preparative electrophoresis on agarose gels. DNA restriction 
fragments were labeled either by the T4 kinase procedure 
(5'-label) or through the action of terminal transferase (3'- 
label). DNA sequencing was accomplished by the method of 
Maxam and Gilbert (1980) with some additional modification 
(Rubin & Schmid, 1980). 

The amino acid sequences of several small cyanogen brom- 
ide peptides isolated from the lamprey fibrin @ chain were 
determined by stepwise degradation after attachment to glass 
beads (Doolittle, L., et al., 1977). 

RESULTS 
Peptide Sequences and Back- Translated Probe. A number 

of small cyanogen bromide peptides were isolated by a com- 

0006-2960/86/0425-6512$01 .50/0 @ 1986 American Chemical Society 



L A M P R E Y  F I B R I N O G E N  @ C H A I N  V O L .  2 5 ,  N O .  2 1 ,  1 9 8 6  6513 

GCc GGG AGG CCC CTG CCG ACT GGC ACC AGG G I G  AGG AGG CCA CCG CTC CGC CAC CGG CGT CTG GCT CCG GGC GCC CTT ATG AGC CGC GAC CCA CCA GCG TCC CCA 
Arg Pro Leu Pro Ser Gly  mr Arg Va l  Arg Arg Pro Pro Leu Arg H i s  B g  Arg Leu Ala Pro Gly  Ala Val tkt Ser Arg Asp Pro Pro Ala Ser Pro 
3 20 

AGG CCG CAG GAG GCC CAG AAG GCG ATC CGC GAC GAG GGG GGC TGC ATG CTG CCC GAG AGC GAC CTG GGT GTG CTC TGC CCA ACG GGC TGC GAG CTG CGC GAG GAG 
Arg Pro Gln G lu  Ala Gln Lys Ala I l e  Arg Asp G lu  G ly  Gly  Cys Met Leu Pro G lu  Ser Asp Leu G ly  Val Leu Cys Pro mr Gly  Cys G lu  Leu Arg G lu  G l u  

C’IC CTC AAG CAG CGC GAC CCG GTG CGC TAC AAG ATC TCC ATG C k  AAG CAG AAC CTC ACC TAC TTC ATC AAT AGC TTC GAC CGC ATG GCC TCC GAC TCC AAC ACG 
Leu Leu Lys Gln Arg Asp pro Val Arg Tyr Lys I l e  Ser tkt Leu Lys Gln Asn Leu Ihr Tyr Phe I l e  Asn Ser Phe Asp Arg Met A la Ser Asp Ser Asn h r  

40 60 

80 CHO 100 

CTC AAG CAG AAC GTG CAG ACG TIC CGC AGA CGC CTC AAC TCT CGA AGC AGC ACC CAC GTG AAC GCG CAG AAG GAG A’IC GAG AAC CGC TAC AAG GAG G I G  AAG ATC 
Leu Lys Gln Asn Val Gln mr Leu Arg Arg Arg Leu Asn Ser Arg Ser Ser Thr H is  Val Asn Ala Gln Lys G lu  I l e  G lu  Asn Arg Tyr Lys G lu  Val Lys I l e  

CGC A n :  GAG TCA ACG GTG GCC CGC TCG CTG CGC TCC ATG AAG TCC G I G  CTG GAG CAC CTG CGA GCC AAA ATG CAG CGC ATG GAG GAG GCC ATC AAG ACG CAG AAG 
Arg I l e  G lu  Ser mr Val A la Gly  Ser Leu Arg Ser Met Lys Ser Val Leu Glu H i s  Leu Arg A la  Lys Met Gln Arg Met G lu  G lu  Ala I l e  Lys mr Gln Lys 

120 140 

160 

GAG CTG TGC AGC GCG CCT TGC ACC G I C  AAC TGC CGC G I G  CCC GTC G I G  TCC,GGA ATG CAC TCT GAG GAC ATC TAT CGA AAC GGT GGC CGA ACA A G I  GAA GCG TAC 
G lu  Leu Cys Ser Ala Pro Cys mr Val Asn Cys Arg Val  Pro Val Val  Ser Gly  Met H i s  Cys G lu  Asp I l e  Tyr Arg Asn Gly  G ly  Arg mr Ser G lu  A la  Tyr 

180 200 

I A C  ATC CAG CCG GAC CTC T I C  TCG GAG CCC TAC AAG GTC T I C  TGC GAC ATG GAG AGC CAC GGA GGA GGC TGG ACG GTC GTC CAG AAC CGA G I G  GAT GGC AGC TCC 
Tyr I l e  Gln Pro Asp Leu Phe Ser G lu  Pro Tyr Lys Val Phe Cys Asp Met Glu Ser H i s  Gly  G ly  Gly  T rp  mr Val Va l  Gln Asn Arg Va l  Asp Gly  Ser Ser 

220 240 

AAC TTC GCA AGA SAC TCC AAC ACG TAC AAG GCT GAA TTT GGA AAC ATT GCC TIC GGT AAC GGA AAG TCC ATC TGC AAC ATT C C A  GGC GAG TAC TGG CTG GGC ACG 
Asn Phe Ala Arg Asp Trp Asn mr Tyr Lys A la  G lu  Phe G ly  Asn I l e  Ala Phe Gly  Asn Gly  Lys Ser I l e  Cys Asn I l e  Pro G ly  G l u  Tyr Trp Leu G ly  mr 

2 60 280 

A A A  ACC GI1 CAC CAG CTG ACT AAG CAG CAC ACG CAG CAG G I G  CTG TIC GAC ATG AGC GAC TGG GAG GGC AGC AGC GTG TAC GCT CAG TAC GCC AGC TTC CGG CCG 
Lys mr Val H i s  Gln Leu hr  Lys Gln H i s  h r  Gln Gln Val Leu Phe Asp Met Ser Asp Trp G lu  G ly  Ser Ser Val Tyr A la Gln Tyr A la Ser Phe Arg Pro 

300 

GAG AAC GAG GCG CAG GGC TAC CGC CTC TCG G I G  GAG GAT TAC AGC CGG AAC GCG GGC AAC GCG CTG CTG GAA GGA GCC ACG CAG CTC ATG CGC GAC AAC CGC ACC 
G lu  Asn Glu  Ala Gln Gly  Tyr Arg Leu Trp Val G lu  Asp Tyr Ser Gly  Asn Ala Gly  Asn Ala Leu Leu G lu  Gly  Ala Ihr G l n  Leu Met Gly  Asp Asn Arg mr 

320 340 CHO 

ATG ACC ATC CAC AAC GGC ATG CAG TTC AGC ACG TIC GAC CGA GAC AAT GAC AAC TGG AAC CCC GGC GAT CCA ACC AAG C A C  TGC TCG CGC GAG GAC GCT GGT GGT 
Met Thr I l e  H is  Asn Gly Met Gln Phe Ser mr Phe Asp Arg Asp Asn Asp Asn T rp  Asn Pro Gly Asp Pro Thr Lys H i s  Cys Ser Arg G lu  Asp Ala Gly  Gly  

360 380 

TGG TGG TAC AAT CGC TGC CAT GCG GCC AAT CCC AAC GGA CGC TAC TAC TGG GGC GGC ATC TAC ACC AAG GAG CAG GCG GAC TAC GGC ACG GAC GAC GGC G I C  GTG 
T r p  Trp Iyr h n  Arg Cys H i s  Ala Ala Asn Pro Asn Gly Arg Tyr Tyr Trp G ly  G ly  I l e  Tyr mr Lys G lu  Gln Ala Asp Tyr Gly  h r  Asp Asp G ly  Val Va l  

400 420 

TGG ATG AAC TGG AAG GGC TCC TGG TAT TCT ATG CGC CAA ATG GCC ATG AAG CTT CGA CCC AAG TGG CCC TAG CCG T I T  TIC TGT CAA TTA AAA AAA ATA CTC TCA 
Trp Met Asn Trp Lys G ly  Ser Trp Tyr Ser Met Arg Gln Met A la Met Lys Leu Arg P ro  Lys Trp Pro Stop 

440 443 

AGA GCC CTT TCG ATG CGT TGA CGG GTT GTT CCA CGT CTT TGI CGG CAT GAC CCC AAA AAA CAT CGG AGA ACC ATA CAG CAC AAC CTT GAA AAC CTA CGT AGA AGC 

ATG CTT TCA TAA GGC CCC ACG AAA TTT GCA TGG GAT TCT T I T  TTT AAA AAT CAG TIC GAA CTT CCA TCA GAA TTA TTG TGT TCT TIC ATA GGG TAC AGG ACC GTT 

CTG GTT TGC TGC AGG GTT TTG GAG TTG TAG AAA CTG AAT GCA TAG AAT TAT A I T  GTG GGA TAT GAT TAA AAT GTG GCC GTC AAT GAG ATA CTC ACT ATG TCA A l l  

TGA TGT GAC AAG TGA CCA AGC TGT CCG C A A  TTA TGI AGG C I A  AAA CAA AGA GTG CAG TGA GTA AAG CTA ACA ATC ATG CCT TGT TTC CCG C I A  ACC CAT CTC TGT 

TGC ATT TTG AAT TCC TAT TAA AAA TAA CGC TTA CAT CAA AAG ITA  AAA TAA ATC AAT ACA AAA GGG CTT TGT T I C  GAG T IC  TIC TGT CAG CCC CTT GAA AAA TAA 

TGC ATT TTA AAT TAA G I G  ITA  AAA GAA AGC CAG TGC ATT TCT GTT C I A  CCC CCC CCC CCC CCC 

FIGURE I : Nucleotide sequence of lamprey fibrin 0-chain cDNA and corresponding amino acid sequence. CHO = carbohydrate attachment 
sites. Numbers refer to amino acid location in fibrin 0 chain. A potential polyadenylation site near the 3’ end is underlined. 

bination of gel filtration and paper electrophoresis and their 
amino acid compositions found. Selected peptides were at- 
tached to glass beads and their sequences determined, in whole 
or part, by stepwise degradation. Among these was a homo- 
serine-free heptapeptide that was similar in sequence to the 
reported carboxy terminus of the human /3 chain (Takagi & 
Doolittle, 1975). This peptide in combination with a tripeptide 
and dipeptide allowed a 12-residue stretch to be aligned with 
the known sequence for the carboxy terminus of the human 
/3 chain (Henschen & Lottspeich, 1977; Watt et al., 1979). 

human sequence ...( M) RKMSMKIRPFFPQQ 

lamprey sequence ...( M) RQMAMKLRPKWP 

A 17-mer mixed oligonucleotide probe was synthesized on the 
basis of a portion of this sequence: 

Gln Met Ala Met Lys Le(u) 

C A R A T G G C X A T G A A R Y T  
where R = both purine nucleotides, Y = both pyrimidine 
nucleotides, and X = a mixture of all four nucleotides. Ac- 
tually, the anticomplement of the sequence was made: 

5’-ARYTTCATXGCCATYTG-3’ 

Screening. Only two clones among the 6500 screened were 
found to hybridize strongly with the labeled probe. Both were 
about 2 kb in length. One, P610-2C, was found to begin at  
residue 3 of the fibrin @ chain. The other contained only a 
small coding section amounting to the carboxy-terminal 
one-fifth of the chain, the remainder being composed of a very 
long 3’ noncoding region. Neither reached to a 3‘ poly(A), 
although a potential polyadenylation sequence (AATAAA) 
was found to occur 499 nucleotides downstream from the 
terminator. 

DNA Sequencing. The insert from the clone P610-2C was 
sequenced in its entirety; it contained 1932 nucleotides, in- 
dependent of terminal poly(G) and poly(C) tails. The com- 
plete cDNA sequence of the insert from plasmid P610-2C is 
presented in Figure 1, as is the corresponding amino acid 
sequence. The sequence was corroborated by several lines of 
independent evidence. First, the inferred amino acid com- 
position is in good agreement with the experimentally deter- 
mined composition of the isolated fibrin @ chain (Doolittle et 
al., 1976). Second, the inferred sequence matches residues 
3-6 of the fibrin /3 chain as determined by direct stepwise 
degradation (Cottrell & Doolittle, 1976). Finally, we had 
sequenced several small cyanogen bromide peptides from 
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. . . . . . . .  . a .  . . . . . . .  
Table I: Codon Usage in Lamprey Fibrin (3 Chain 

TTT (F) 1 T C T  ( S )  2 T A T  ( Y )  2 TGT ( C )  1 
T T C  (F) 10 TCC (S) 1 0  TAC ( Y )  17 TGC ( C )  10 
T T A  (L) 0 T C A  (S) 1 TAA (t) 0 TGA (.) 0 
T T G  (L) 1 TCG ( S )  3 TAG ( * )  1 TGG (W) 13 

C T T  (L) 1 C C T  ( P )  1 C A T  (H) 1 CGT (R) 1 
CTC (L) 10 CCC ( P I  8 CAC (H) 9 CGC ( R )  20  
CTA (L) 0 CCA (P) 7 CAA ( Q )  1 CGA ( R )  7 
CTG (L) 15 CCG ( P )  7 CAG ( Q )  20  CGG (R) 2 

A T T  (I) 2 ACT (T) 1 A A T  (N) 4 ACT ( S )  2 
ATC (I) 12 ACC ( T )  9 AAC ( N )  23  AGC (S) 14 
ATA (I) 0 ACA ( T )  1 AAA (K) 2 AGA ( R )  2 
ATG (M) 17 ACG ( T )  1 2  AAG (K) 20 AGG ( R )  5 

G T T  (V) 2 GCT ( A )  4 G A T  (D) 3 GGT (G)  5 
GTC ( V )  6 GCC ( A )  11 GAC (D) 20  GGC ( G )  2 1  
GTA (V) 0 GCA ( A )  1 GAA ( E )  3 GGA ( G )  7 
G T G  (V) 15 GCG ( A )  10 GAG ( E )  24  GGG ( G )  2 

Total codons ( i n c l u d i n g  terminator) = 442 

lamprey fibrin /3 chains, and these were all identified by cDNA 
translation. The latter included two carbohydrate-containing 
peptides that match consensus sequences for asparagine-linked 
sugars. One of these is situated at  Asn-88 and the other at 
Asn-348. 

3' Noncoding Region. Although the 3' noncoding region 
in each of the two clones was extensive, no poly(A) region was 
found in either one. It has been reported that human @-chain 
cDNA is heterogeneous in the 3' untranslated region (Chung 
et al., 1983). Morever, Kant et al. (1983) found a poly(A) 
region in a human @-chain clone only 85 nucleotides down- 
stream from the terminator but no polyadenylation signal 
sequence. In our lamprey clone there is a consensus signal 
499 nucleotides downstream from the terminator. 

Codon Usage. The cDNA sequence of clone P620-2C re- 
vealed further evidence of an unusual codon preference in 
lampreys, there being an unusually high frequency of G or C 
at position 3 of most codons (Table I). 

DISCUSSION 

The primary objective in determining the amino acid se- 
quence of lamprey fibrinogen is to compare it with those of 
mammalian fibrinogens in order to find which features have 
been conserved over the course of 400 million years of ver- 
tebrate evolution. In this regard, a direct comparison of the 
lamprey fibrin @-chain amino acid sequence with the human 
fibrin @-chain sequence reveals that 21 8 of 443 comparable 
residues are identical (Figure 2). A single gap of one residue 
in the human chain and two small gaps (one and two residues, 
respectively) in the lamprey chain are required for this optimal 
alignment. In addition, the human p chain extends two res- 
idues further at the carboxy terminus. All ten cysteine residues 
occur at the same locations in both chains. 

Carbohydrate Locations. The location of carbohydrate 
attachment points is another matter, however. It is well-known 
that the human p chain contains a single carbohydrate cluster 
located at Asn-350 (human fibrin numbering) (Henschen & 
Lottspeich, 1977; Watt et al., 1979), and carbohydrate is 
indeed found at the same place (Asn-348) in the lamprey p 
chain. In addition, however, carbohydrate is also found at 
residue-88, which is situated at the midpoint of the coiled-coil 
regions that connect the central and terminal globules that 
constitute fibrinogen molecules. Its presence was confirmed 
by characterization of the corresponding CNBr peptide, which 
was found to contain carbohydrate. The finding is of con- 
siderable interest since we had previously found that the 

Human 
Lamprey 

Human 
Lamprey 

Human 
kmprey 

Human 
Lamprey 

Human 
Lamprey 

Human 
Lamprey 

b a n  
Lamprey 

numan 
Lamprey 

WRPLDK KREEAPSLRPAPPPISGGGYRARPA~AATQKKVERMPDAGGcWADPDLC 
CVRPLPSCTRVRRPPLR HRRUffiA~SRDPPASPRPQEAQMIRDECCcMLPESDLC 

. . . . . . . . . . . . . . . .  .. 
ncPTGcPLgALLWERPIRKSVDEWlNNVEAVSQISSSSf QYHYLLKDLWQKRQKQVK 
ncPTCc ELREELLKQRDPVRYKISMLKQNLTYF'INSf DRMASDSNTLKQNVQTLRRRLN 

. .  . . . . . . . . . . . . . .  
DNENWNEYSSELEKHQLnDETVHSNIPTNLRnRSILENLRSKIQKLESDVSAB*IEYc 
S R S S T H V H A Q K E I E N R Y K E V I R I E S T V A G S L R S n K S n E H  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
RTPcTVScNIPVVSCKEcEEIIRKGGErSEMYLIQPDSSVKPY RWcDnNTENGGYTVIQ 
SAPcT Wc RVP WSCnHc EDIYR NCGRTSEAWI QPDLf SEPY KVfcDn ESHCGWTWQ 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  
NRODCSVDf CRKWDPYKWf CNVATNTffiKWYcGLPGErYLGNDKISPLTRnGPTELLIE 
NRVDGSSNFARWNTYMEGNIA FGNGKSIcNIPGEmLGTKTVHQLTKQHTWYLf D 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

............................................ 

..................... 
CWY"WffiSWYSMRKnS(K1RPFFPW 
GvWnwffiSUYSnRB*IMKLRPKWP 

FIGURE 2: Alignment of lamprey and human @-chain sequences. Dots 
denote identical residues. 

carbohydrate cluster located in the equivalent location in 
mammalian y chains is absent in the lamprey y chain (Strong 
et al., 1985). Thus, lamprey and mammalian fibrinogens both 
have a carbohydrate cluster in the middle of the coiled coils, 
but in mammals it is on the y chain and in lampreys on the 

chain. 
Resemblance Profiles. Although the lamprey fibrin @-chain 

sequence is 49% identical with that of the human chain, the 
degree of conservation varies considerably along the length 
of the chain. A computer-generated resemblance profile re- 
veals that the region of the coiled coils (residues 66-177, 
lamprey fibrin numbering) is only 20-30% identical, whereas 
there are peaks of resemblance near the carboxy terminus that 
are greater than 80% identical (Figure 3). A similar profile 
had been obtained for a comparison of lamprey and human 
y chains. It is not altogether surprising that the resemblance 
profiles for the two sets of chains follow similar courses, given 
the common ancestry of p and y chains. In this regard, lam- 
prey and human y chains are 50% identical (205 identities 
among 408 comparable residues), indicating that @ and y 
chains have been evolving at very similar rates since the gene 
duplication that gave rise to their separate identities about 700 
million years ago, a time based on the fact that in both lam- 
preys and humans p chains and y chains are 33% identical 
with each other. The chief evolutionary restraints likely have 
to do with folding and the necessity for the chains to interact 
with each other, as well as quasi-equivalent roles in fibrin 
formation. For reference purposes, it is interesting to note that 
lamprey hemoglobin is only 33% identical with mammalian 
globins and lamprey cytochrome c is 80% identical with 
mammalian cytochromes c. 

Conserved Sequences and Fibrin Formation. In its simplest 
guise, fibrin formation depends on the uniform packing of 
individual units in a half-staggered overlapping polymer two 
molecules thick. The particular interactions leading to this 
regular system are thought to involve the amino-terminal 
segments of fibrin a chains and a complementary site situated 
somewhere in the carboxy terminus 109 amino acid residues 
of the y chain [for a recent review, see Doolittle (1984)l. 
Binding studies with peptides corresponding to the amino- 
terminal segments of fibrin a and @ chains, combined with 
observations on the common ancestry of p and y chains, have 
led to the hypothesis that the carboxy-terminal regions of @ 
chains ought to contain a complementary site for binding the 
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5 I 

I I i l i  l i  I I II v I I  

I 1 iy\ 

A 
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I 
i lJL 

c 
0 1 0  4 0  K O  B O  I O 0  1 2 0  I 4 0  1 6 0  1 8 0  1 0 0  2 1 0  2 4 0  2 6 0  2 8 0  3 0 0  3 2 0  3 4 0  3 6 0  3 8 0  4 0 0  

R E S I O U t  W U Y B f R  

FIGURE 3: Resemblance profiles of lamprey and human fibrin @ chains (top) and lamprey and human fibrinogen y chains (bottom). A, B, 
and C denote equivalent and alignable sections of both f l  and y chains. Note that f l  chains are longer than y chains, having some additional 
residues at  the amino terminus, but lacking some others at the carboxy terminus. 

amino terminus of fibrin /3 chains (Doolittle & Laudano, 
1980), thereby allowing the lateral involvement of the two 
molecule thick protofibrils. If this were the case, then it might 
be possible to gauge which residues contribute to these ho- 
mologous sites on the basis of similarities and differences in 
lamprey and human /3 and y chain sequences. 

For example, one of the features that most distinguishes /3 
chains from y chains in their carboxy-terminal regions is the 
presence of carbohydrate in the former. The carbohydrate, 
which is present in lamprey fibrinogen /3 chains at precisely 
the same place as in humans, may prevent intermolecular 
interaction at  a site that is homologous with the authentic 
polymerization site on the y chain. Certainly there is good 
reason to think that the carbohydrate at /3-350 (human fibrin 
numbering) is what limits degradation by plasmin in this region 
of the /3 chain. Similarly, the y chain carboxy terminus is 
well-known to be the primary site of intermolecular cross- 
linking during fibrin stabilization. The equivalent residues, 
amounting to a skein of 19 amino acids, are absent in both 
lamprey and mammalian 0 chains. 

We would cautiously extend this line of reasoning to a 
comparison of similarities and differences in sequence with 
the observed binding of peptide analogues by lamprey and 
human fibrinogen. The relevant considerations are as follows: 
(a) Homologous sites ought to exist in equivalent positions on 
homologous chains. (b) Lamprey and human fibrinogens both 
bind Gly-Pro-Arg and Gly-His-Arg type peptides. (c) Lam- 

.. . . . .  . .. 
LB . , VHPLTKPHT PQVLF3MSdUECSSWAQYASFRPEHEAPCYRLUVE~Y SCNAGYALLFGA 
HB . . ISQLTRHGP TELL1EHEaUK;dKVKAHYGGFTVQNEANKYPISVNKY RZTACNALHdCA 
LC . , IHLLTGWA YRLRIdLTdUENTHRYAdYGHFKITPESdEYllVYSHndCdACNAF dCF 
HC . . ~ H L I S T Q S A I P Y A L R V E L F d U ~ ~ ~ T S I A d Y A M F K V G P E  !gL 

* . . . . . .  . e . .  . . ... . ... .. * .  
LB TPLHMNR?HTIHNCMPFSrrdRdNdNWNPGdPTKHCSREdAGCWWYNRCHAANPNGRYY 
HB SCLYCENRNTIHN;MFFSTYdRdNdb. ILTSdPRKQCSKEaG~U~R~HAANPUGRYY 
LG dFMdPWK?Y?TH:GHLFSTPeRdNdKYEGS CAEWGSGWWMNR':HAGHLYGKYY 
HC cl'dpSdKFFTSHN;HQ'S1d~aNdKFECN CAEWCS(WWt4NKCHACHL'ICVfY 

I --------- 
.. . . * * . ... .. * 

LB i l C C I Y I K E P A d Y G T d d C V ' V W H N W K S S W Y S H R ~ ~ ~ ~ R P K U P  
H B  )i:CPY?l'dHAKHCTddGV'VWM~~~SUYSHRKHY(KIRPFFPPP 
L Z  F~GNYRKTdVEFPYdaCI~~AIWHdRIYSLK\TMKLLWCRdLSGHCCPQQSKjNSRCDN 
HC ~ G T Y S K A S I P N Z Y d N G I n l A I W I W K T R W Y S Y K K T M K I I P F N R L T I G E G Q Q H H L ~ A K P A C ~ V  

FIGURE 4: Four-way alignment of carboxy-terminal regions of lamprey 
and human 0 and y chains. Dots denote positions with identical 
residues in all four chains. Aspartic acid residues are shown in lower 
case. The asterisk (*) identifies an asparagine (K) in the two B chains 
that has carbohydrate attached. The arrow denotes a plasmin-sensitive 
bond that removes a portion of the human y chain essential to the 
binding of Gly-Pro-Arg-type peptides. The dashed lines (- - -) indicate 
two segments that  may be involved in binding to amino-terminal 
"donor" sites. 

prey fibrinogen binds Gly-Val-Arg peptides but human fi- 
brinogen does not. (d) The peptide binding sites are likely 
negatively charged pockets. (e) The Gly-Pro-Arg binding site 
is situated somewhere among the carboxy terminus 109 res- 
idues of the y chain. (f) Gly-Pro-Arg-type peptides can ef- 
fectively fit into Gly-His-Arg and Gly-Val-Arg sites, but not 
vice versa. 
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These considerations led us to align the carboxy-terminal 
segments of all four sequences and assess the situation with 
regard to the conservation of aspartic and glutamic acid 
residues (Figure 4). In this regard, aspartic acid residues are 
much more prevalent in this region than are glutamic acids 
and are more rigorously conserved. In the end, it would appear 
that the putative homologous binding sites are most likely 
situated between residues Glu-339 and Asp-382 (lamprey 
fibrin /3 (chain numbering) a region containing several sets 
of regularly spaced aspartic acids. In particular, the segment 
delineated by Asp-363 and Asn-370 best suits all the con- 
straints imposed by the binding studies. 

Importance of the Coiled Coils. Early amino acid sequence 
data led to the proposal that the coiled-coil regions of fibri- 
nogen must extend across equivalent l 10-residue segments 
between similar braces of cysteines in all three chains 
(Doolittle, R., et al., 1977). There are two important aspects 
in maintaining the integrity of these interdomainal connections. 
First, the number of residues involved in all three chains must 
be kept constant, since any gap of more than a residue or two 
would destroy the synchrony of the cysteines involved in the 
disulfide rings. Second, the polarity of the side chains must 
be conserved to the extent that the formation of compounded 
CY helices can form. Beyond that there appears to be little in 
the way of restraint on amino acid replacement, and as a result 
of these regions of both /3 and y chains have experienced a 
rapid replacement rate since the divergence of lampreys and 
other vertebrate groups. There does seem to be one more 
require-nent, however: a carbohydrate cluster must exist in 
the central region of the coiled coils. In mammalian fibri- 
nogen, the carbohydrate is attached to the y chain. In lam- 
preys it is situated at an equivalent position on the p chain. 
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