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ABSTRACT: Factor XI11 is a plasma protein that participates in the final stages of blood coagulation. The 
complete amino acid sequence of the b subunit of human factor XI11 was determined by a combination 
of cDNA cloning and amino acid sequence analysis. A Xgtl 1 cDNA library prepared from human liver 
mRNA was screened with an affinity-purified antibody against the b subunit of human factor XIII. Nine 
positive clones were isolated from 2 X 106 phage and plaquepurified. The largest cDNA insert was sequenced 
and shown to contain 2180 base pairs coding for a portion of the leader sequence (19 amino acids), the mature 
protein (641 amino acids), a stop codon (TGA), a 3’ noncoding region (187 nucleotides), and a poly(A) 
tail. When the b subunit of human factor XI11 was digested with cyanogen bromide, nine peptides were 
isolated by gel filtration and reverse-phase high-performance liquid chromatography. Amino acid sequence 
analyses of these peptides were performed with an automated sequenator, and 299 amino acid residues were 
identified. These amino acid sequences were in complete agreement with the amino acid sequence predicted 
from the cDNA. The b subunit of factor XI11 contained 10 repetitive homologous segments, each composed 
of about 60 amino acids and 4 half-cystine residues. Each of these repeated segments is a member of a 
family of repeats present in human &-glycoprotein I, complement factor B, and haptoglobin a1 chain. Three 
potential Asn-linked carbohydrate attachment sites were also identified in the b subunit of factor XIII. 

F a c t o r  XIII (fibrin stabilizing factor, fibrinoligase, or plasma 
transglutaminase) is a plasma glycoprotein that circulates in 
blood as a proenzyme. During the final stages of blood co- 
agulation, thrombin converts the proenzyme to an active form 
called factor XIII,. Factor XIII, is a transglutaminase that 
catalyzes the polymerization of fibrin monomers through the 
formation of intermolecular e-(y-glutamy1)lysine bonds. This 
reaction occurs in the presence of Ca2+ [see Folk and Finlayson 
(1977) and Lorand et al. (1980) for reviews]. 

The cross-linking reactions catalyzed by factor XIII, lead 
to dimerization of the y chains of fibrin (y-dimerization) 
(Chen & Doolittle, 1970) followed by polymerization of the 
a chains of fibrin (a-polymerization) (Pisano et al., 1972). The 
y-dimerization and a-polymerization reactions result in a fibrin 
with considerable mechanical strength (Lorand, 1972; Roberts 
et al., 1973; Mockros et al., 1974; Shen & Lorand, 1973; Shen 
et al., 1975) and an increase in its resistance to proteolytic 
degradation by plasmin (Lorand & Jacobsen, 1962; Gaffney 
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& Whitaker, 1979). Factor XIII, also catalyzes a cross-linking 
between the a chain of fibrin with fibronectin (Mosher, 1975; 
Tamaki & Aoki, 1981) and the a chain of fibrin with a,- 
plasmin inhibitor (Sakata & Aoki, 1980; Tamaki & Aoki, 
1981). The cross-linking of collagen and fibronectin is also 
catalyzed by factor XIII, (Mosher & Schad, 1979), and this 
reaction appears to be related to wound healing (Duckert, 
1972; Folk & Finlayson, 1977; Lorand et al., 1980). 

The cross-linking of a,-plasmin inhibitor to fibrin (Tamaki 
& Aoki, 1981) or fibrinogen (Ichinose & Aoki, 1982) in the 
presence of factor XIII, occurs at a faster rate than with other 
proteins. Accordingly, in plasma, a,-plasmin inhibitor and 
fibrin are considered to be the best amino acceptor and amino 
donor, respectively, for factor XIII, (Tamaki & Aoki, 1982; 
Carmassi & Chung, 1983). Deficiencies of either factor XI11 
or a,-plasmin inhibitor result in “delayed bleeding”, while 
primary hemostasis in individuals with these traits is normal 
(Folk & Finlayson, 1977; Aoki et al., 1979; Lorand et al., 
1980). This suggests that these proteins also play an important 
role in the protection of the fibrin clot from digestion by 
plasmin (Sakata & Aoki, 1980, 1982). 
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Factor XI11 (M,  300 000) circulates in blood as a tetramer 
(a2b2) consisting of two a subunits (M,  75 000 each) and two 
b subunits (M,  80 000 each) (Schwartz et al., 1973; Chung 
et al., 1974). The a subunit contains the catalytic site(s) of 
the enzyme (Chung et al., 1974). The precise function of the 
b subunit is not known, but it is thought to protect or stabilize 
the a subunit (Cooke, 1974; Folk & Finlayson, 1977; Lorand 
et al., 1980) or to regulate the activation of the zymogen 
(Lorand et al., 1974). During the conversion of factor XI11 
to factor XI& an activation peptide (M,  4000) is released 
by thrombin from the amino terminus of each of the a subunits. 
The sequence of this peptide has been determined (Takagi & 
Doolittle, 1974; Nakamura et al., 1975) as well as the amino 
acid residues around the catalytic site(s) of the a subunit 
(Holbrook et al., 1973). At present, little is known about the 
amino acid sequence of the b subunit of factor XI11 other than 
the amino-terminal sequence of Glu-Glx-Lys-Pro (Takagi & 
Doolittle, 1974). 

As a step toward understanding the structure-function re- 
lationship of factor XI11 and the gene organization of the a 
and b subunits, clones coding for the b subunit of factor XI11 
have been isolated from a human liver cDNA library and their 
complete nucleotide sequences determined. Also, nearly 50% 
of the amino acid sequence for the b subunit was established 
by amino acid sequence analysis. These experiments have 
made it possible to establish the primary structure of the b 
subunit for factor XIII. 

MATERIALS AND METHODS 
Materials. Restriction endonucleases, nuclease BAL-3 1, 

and T4 DNA ligase were purchased from Bethesda Research 
Laboratories or New England Biolabs. The Klenow fragment 
of Escherichia coli DNA polymerase, bacterial alkaline 
phosphatase, adenosine 5'-triphosphate (ATP),' deoxy- 
nucleotides, dideoxynucleotide triphosphates, M13mp10, 
M13mpl1, M13mp18, and M13mp19 were supplied by 
Bethesda Research Laboratories. Na1251 was obtained from 
New England Nuclear, and [ c Y - ~ ~ S I ~ A T P ~ S  was purchased 
from Amersham. Normal human plasma was obtained from 
Blood Services Pacific Northwest Region, Portland, OR. 

Polyclonal antibody against the b subunit of human factor 
XI11 was raised in rabbits, and the immunoglobulin fraction 
was purified by ammonium sulfate fractionation, chroma- 
tography on a DEAE-Sephadex column and an immobilized 
antigen-Sepharose column (Canfield & Kisiel, 1982). 

Preparation of the b Subunit of Factor XIII and the Amino 
Acid Sequence of the Cyanogen Bromide Fragments. Factor 
XI11 was purified from human plasma according to the method 
of Curtis and Lorand (1976). After incubation with thrombin, 
the b subunit of factor XI11 was separated from the a subunit 
by gel filtration (Chung et al., 1974). The purified b subunit 
(10 mg) was then S-pyridylethylated (Friedman et al., 1970) 
and digested with cyanogen bromide. The resulting fragments 
were separated by gel filtration on a Sephadex G-50 superfine 
column using 5% HCOOH. The peptides obtained in the 
subfractions from the gel filtration column were further pu- 
rified on a Waters HPLC system using an Ultrapore C3 re- 
verse-phase column (Altex). The gradient employed consisted 
of 0.1% trifluoroacetic acid as a mobile phase and 0.8% tri- 
fluoroacetic acid in 80% acetonitrile as a mobile phase mod- 
ifier. The column was run at a flow rate of 1.5 mL/min. The 
eluant was monitored by absorbance at 214 nm. Sequence 

' Abbreviations: ATP, adenosine 5'-triphosphate; HPLC, high-per- 
formance liquid chromatography; PTH, phenylthiohydantoin; SDS, so- 
dium dodecyl sulfate. 
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FIGURE 1: Restriction map of the cDNA insert in XHFXIIIb2.2 that 
codes for the b subunit of human factor XIII. The open, solid, and 
hatched bars represent a portion of the leader peptide, the mature 
protein, and the 3' noncoding region, respectively. The extent of DNA 
sequencing is shown by the length of each arrow, and the direction 
of the arrow indicates the strand that was sequenced. Restriction 
sites used in subcloning and DNA sequencing are also identified. 

analysis of the intact protein and the cyanogen bromide pep- 
tides was performed with a Beckman automated sequenator, 
Model 890C, by the method of Edman and Begg (1967). 
PTH-amino acids were identified by two complementary re- 
verse-phase column systems (Ericsson et al., 1977; Glajch et 
al., 1985). 

Screening of the cDNA Library. The hgtl 1 cDNA library 
prepared human liver mRNA (Kwok et al., 1985) was kindly 
provided by Dr. Savio L. C. Woo. Approximately 2 X lo6 
phage were screened by the method of Young and Davis 
(1983) as modified by Foster and Davie (1984). The purified 
antibody was labeled with NalZ51 to a specific activity of 4 X 
lo6 cpm/pg and was used to screen filters containing phage 
plated at a density of 1.5 X lo5 plaques per 150-mm plate. 
Positive clones were isolated and plaque-purified. 

DNA Sequence Analysis. Phage DNA was prepared from 
positive clones by the liquid culture lysis method (Silhavy et 
al., 1984), followed by centrifugation and banding on a cesium 
chloride step gradient (Degen et al., 1983). The cDNA insert 
was isolated by digestion of the phage DNA with EcoRI 
endonuclease and subcloned into plasmid pUC9 (Vieira & 
Messing, 1982). Appropriate restriction fragments from the 
insert were then subcloned into M13mplO or M13mp18 fqr 
sequencing by the dideoxy method (Sanger et al., 1977) using 
[ Q - ~ ~ S I ~ A T P ~ S  and buffer gradient gels (Biggin et al., 1983). 
Controlled digestions with nuclease BAL-3 1 were performed 
to generate suitable fragments, which provided overlapping 
sequences with the restriction fragments (Poncz et al., 1982). 
All sequence determinations were performed on both strands 
of DNA at least 3 times. DNA sequences were analyzed with 
the computer program of Textco (West Lebanon, NH) using 
an Apple Macintosh computer (Gross, 1986). 

RESULTS AND DISCUSSION 
A Xgtl 1 expression library containing cDNAs prepared 

from human liver mRNA was screened for the b subunit of 
human factor XI11 by employing a '251-labeled affinity-purified 
rabbit antibody. Nine positive clones were isolated by 
screening 2 X lo6 phage, and each was plaque-purified. The 
clone with the largest cDNA insert (approximately 2.2 kilo- 
bases) was named XHFXIIIb2.2 and was selected for further 
study. The cDNA insert released by treatment of the phage 
DNA from XHFXIIIb2.2 with EcoRI endonuclease was 
subcloned into plasmid pUC9, and the nucleotide sequence 
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-1 9 -1 t 1  
R L K N L T F I I I L I I S G E L Y A E E K P C G F P H V  

5' G AGG TTG AAA AAC CTG ACT TTT ATC ATC ATA TTG ATA ATC TCA GGA GAA CTC TAT GCA GAA GAG AAA CCC TGT GGT TTT CCT CAT GTG 

E N G R I A Q Y Y Y T F K S F Y F P ~ S I D K K L S F F C L  
GAR M T  GGA AGA ATT GCC CAR TAT TAC TAT ACT TTT AAA AGC TTT TAC TTT CCA ATG AGC ATA GAC AAA AAA TTG TCA TTT TTC TGC TTG 

A G Y T T E S G R Q E E Q T T C T T E G W S P E P R C F K K  
GCT GGT TAT ACC ACT GAA AGT GGA AGA CAA GAR GAG c n A  ACC ACG TGT ACA ACA GAR GGC TGG TCT CCA GAG CCA AGG TGC TTC n n A  AAA 

C T K P D L S N G Y I S D W K L L Y K I Q E N ~ H Y G C A S  
TGC ACT RAG CCT GAC CTG AGT RAT GGT TAC ATC TCT GAT GTA RAG TTA TTG TAT AAA ATT CAA GAG ARC ATG CAT TAT GGT TGC GCT TCA 

G Y K T T G G K D E E W W Q C L S D G W S S Q P T C R K E H  
CM; TAC AAA ACC ACT GGA GGG AAG GAT GAA GAA GTG GTT CAA TGT CTC TCT GAT GGA TGG TCT TCT CAA CCA ACC TGT AGG AAA GAA CAT 

E T C L A P E L Y N G N Y S T T Q K T F K W K D K V Q Y E C  
GAR ACG TGT TTG GCT CCT GAA TTA TAT ART GGA RAT TAT TCC ACA ACA CAG AAA ACA TTC AAA GTG AAG GAC AAA GTA CAA TAC GAR TGT 

A T G Y Y T A G G K K T E E V E C L T Y G W S L T P K C T K  
GCT ACT GGC TAC TAC ACA GCT GGA GGA AAG RAG ACA GAG GAG GTA GAA TGT CTC ACA TAC GGA TGG TCT CTC ACA CCA AAA TGT ACC AAA 

L K C S S L R L I E N G Y F H P W K Q T Y E E G D W W Q F F  
TTA AAG TGC TCT TCT TTA AGA TTA ATT GAA RAT GGT TAT TTT CAT CCT GTR AAG CAR ACC TAT GAA GAR GGA GAT GTC GTT CAG TTT TTC 

C H E N Y Y L S G S D L I Q C Y N F G W Y P E S P W C E G R  
TGT CAT GAR RAT TAT TAT CTA ACT GGA TCT GAT TTA ATT CAA TGC TAT AAC TTT GGT TGG TAC CCA GAR TCT CCT GTA TGC GAA GGA AGA 

R N R C P P P P L P I N S K I Q T H S T T Y R H G E I V H I  
0 

AGA AAC AGA TGT CCT CCT CCA CCT CTG CCC ATA AAC TCC AAA ATT CAR ACA CAT TCA ACA ACT TAT CGT CAT GGA GAA ATA GTT CAT ATA 

E C E L N F E I H G S A E I R C E D G K W T E P P K C I E G  
GAA TGT GAA CTT AAT TTT GAG ATC CAT GGG TCA GCA GAA ATA CGT TGT GAA GAT GGA AAA TGG ACA GAA CCT CCA AAA TGC ATT GAA &A 

~ E K V A C E E P P F I E N G A A N L H S K I Y Y N G D K V  
CAG GAG AAG GTA GCC TGT GAG GAR CCA CCC TTC ATT GAR AAT GGT GCA GCA RAT TTA CAC TCT RAG ATT TAT TAC RAT GGG GAT AAA GTG 

T Y A C K S G Y L L H G S N E I T C N R G K W T L P P E C V  
ACA TAT GCA TGT AAA AGC GGC TAC CTT CTC CAT GGA TCC RAT GAG ATA ACT TGT AAT CGT GGA AAA TGG ACA CTT CCT CCT GAG TGT GTT 

E N N E N C K H P P V V ~ N G A V A D G I L A S Y A T G S S  
GAA AAT ART GAG RAT TGT RAG CAT CCT CCT GTT GTA ATG RAT GGG GCT GTT GCA GAC GGG ATA TTG GCA AGC TAT GCA ACA GGA TCC TCA 

V E Y R C N E Y Y L L R G S K I S R C E Q G K W S S P P V C  
GTG GAA TAT AGA TGC AAT GAR TAT TAC TTA CTG AGG GGA TCA AAA ATA TCT CGT TGC GAR CAR GGA AAA TGG TCA TCC CCA CCT GTT TGC 

L E P C T V N W D Y ~ N R N N I E ~ K W K Y E G K V L H G D  
TTG GAA CCA TGT ACT GTT AAT GTG GAT TAC ATG AAC AGA RAT AAC ATA GAR ATG RAG TGG AAA TAT GAA GGG AAA GTC TTA CAT GGA GAT 

L I D F V C K Q G Y O L S P L T P L S E L S W Q C N R G E U  
TTA ATA GAT TTT GTA TGT AAA CAG GGA TAT GAC TTA TCT CCA TTA ACC CCA TTG TCT GAA TTA TCT GTG CAG TGC AAC AGA GGA GAR GTG 

K Y P L C T R K E S K G M C T S P P L I K H G V I I S S T V  
AAA TAT CCT TTA TGT ACT AGA AAA GAR TCT AAA GGA ATG TGC ACA TCT CCT CCT CTT ATT AAA CAT GGA GTC ATT ATT ACT TCA ACA GTA 

D T Y E N G S S V E Y R C F D H H F L E G S R E A Y C L D G  
GAC ACC TAT GAA AAT GGC TCT TCA GTA GAA TAC AGA TGT TTT GAT CAC CAT TTC CTA GAA GGA TCT AGG GAG GCC TAT TGT TTA GAT GGA 

~ W T T P P L C L E P C T L ~ F T E ~ E K N N L L L K W D F  
ATG TGG ACT ACA CCA CCA TTG TGT TTA GAG CCA TGC ACA TTA TCT TTT ACT GAA ATG GAR AAG AAT AAT TTA CTT CTG AAA TGG GAT TTT 

D N R P H I L H G E Y I E F I C R G D T Y P A E L Y I T G S  
GAC RAT AGA CCA CAC ATT TTG CAT GGT GAA TAT ATT GAG TTT ATT TGT AGA GGA GAT ACT TAT CCA GET GAA TTA TAT ATT ACT GGA TCT 

I L R ~ Q C O R G Q L K Y P R C I P R Q S T L S Y Q E P L R  
ATA CTT AGA ATG CAA TGT GAC AGA GGG CAG TTA AAA TAT CCA AGA TGT ATT CCA AGA CAA AGC ACT CTG TCT TAT CAA GAR CCC TTA AGA 

T STP 
ACA TAG AAATGAATGGCAGAAAGAGGAGTCATATTTCAATACATCATGAAATTCCTTATAAAATATAATTTTGAGGAAATAAGTTAAAAACTTCGGAGTTTTTCCTTGCTTAAATATTTG 

AATCTAAATTATTTGTGCTGAACATTTCATTATTTATAAATGAAAACC TGTCTAATTTTTAGTTTGT II\RAAAAAAd 3' 

FIGURE 2: Nucleotide sequence of the cDNA insert coding for the b subunit of human factor XI11 and predicted amino acid sequence. The 
amino acids numbered -19 to -1 represent a portion of the leader or signal sequence, while those numbered +1 to 641 represent the amino 
acids present in the mature b subunit circulating in blood. The amino acid residues that are overlined were also determined by amino acid 
sequence analysis. (Residues 394, 536, and 537, however, were not identified by this analysis.) Residues marked with solid diamonds are 
potential Asn-linked glycosylation sites at an Asn-X-Ser sequence, while the residue marked with an open diamond is a potential Asn-linked 
glycosylation site at an Asn-X-Cys sequence. The nucleotide segments that correspond to the polyadenylation signal and the poly(A) tail are 
shown in boxes. 

was determined by the strategy shown in Figure 1 .  The 
cDNA insert was found to be composed of 2180 base pairs 
coding for the entire amino acid sequence for the b subunit 

of factor XI11 that circulates in blood (Figure 2). The b 
subunit is composed to 641 amino acids starting with an am- 
ino-terminal Glu (nucleotides 56-58). The amino-terminal 
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Table I: Amino Acid Sequences of the Intact Molecule and 
Cyanogen Bromide Peptides of the b Subunit of Factor XI11 

X I I I b  E E K P - G F P H V  E N G R I A Q Y Y Y  

C N E  1 E E K P C G F P H V  E N G R I A Q Y Y Y  T F  

C N B  2 S I D K K L S F F C  L A G Y T T E S G R  Q E E Q T T C T T E  

C N E  3 H Y G C A S G Y K T  T G G K D E E V V Q  C L S D G W S S P P  T C R  

C N E  4 N G A V A D G I L A  S Y A T G S S V E Y  R C N E Y Y L L R G  S K I S R C E P G K  WS 

C N E  6 K W K Y E G K V L H  G D L I D F V C K P  G Y D L S P L T P L  S E L S V Q C N R G  E V K Y P L  

C N B  7 C T S P P L I K H G  V I I S S T U D T Y  E - G S S V E Y R C  F D - H F L E G S R  E A Y C L D G  

C N B  8 W T T P P L C L E P  C T L S F T E  

C N B  9 E K N N L L L K W D  F D N R P H I L H G  E Y I E F I C R G D  T Y P A E L Y I T G  

C N E  10  Q C D R G Q L K Y P  R C I P R Q S T L S  Y P E P  

sequence of Glu-Glx-Lys-Pro for the b subunit of human factor 
XI11 was established earlier by Takagi and Doolittle (1974) 
and extended in the present studies (see below). The car- 
boxyl-terminal Thr (nucleotides 1979-1981) is followed by 
a stop codon (TAG), 187 base pairs of noncoding sequence, 
and a poly(A) tail of 9 base pairs. The polyadenylation or 
processing signal of AATAAA (Proudfoot & Brownlee, 1976) 
was identified 19 nucleotides upstream from the poly(A) tail. 

The cDNA clone also codes for 19 amino acid residues that 
constitute a portion of a leader peptide. The cDNA did not, 
however, extend to the 5' end of the mRNA and, thus, did not 
include the initiation Met residue. The partial leader sequence 
of 19 amino acids includes a hydrophobic core and an Ala 
residue at position -1 and Leu at position -3. These residues 
are consistent with the "-1 and -3 rule" in which the -1 
position is occupied predominantly by Ala in signal sequences 
(Perlman & Halvorson, 1983; von Heijne, 1984). 

Amino acid sequence analysis of the intact protein was then 
carried out in a Beckman sequenator and 19 amino acids were 
identified (Table I). This extended the amino-terminal se- 
quence originally reported by Takagi and Doolittle (1974). 
Amino acid sequence analyses were also performed on the 
cyanogen bromide fragments of the b subunit of human factor 
XIII. In these experiments, the b subunit was S-pyridyl- 
ethylated and digested with cyanogen bromide. The resulting 
peptide fragments were separated by gel filtration (Figure 3) 
and further purified by reverse-phase HPLC. Nine of the ten 
cyanogen bromide fragments expected from the amino acid 
sequence obtained from the cDNA were isolated and corre- 
sponded to cyanogen bromide fragments 1-4 and 6-10 as 
numbered from the amino-terminal to the carboxyl-terminal 
end of the protein (Figure 2). Each of these fragments was 
then subjected to amino acid sequence analysis, and a total 
of 299 residues were unequivocally identified (Table I) .  These 
amino acid sequences were in complete agreement with those 
predicted by the cDNA and the amino-terminal sequence 
analysis of the intact protein. The third peak (Figure 3) 
contained cyanogen bromide peptides 1 and 2, which appar- 
ently were aggregated or incompletely digested with cyanogen 
bromide. 

The b subunit of factor XI11 consists of 641 amino acid 
residues and has the following composition: Alal7, Arg,,, 

Lys4, Met9, Phezo, Pr041, Ser45, Thr4, Trp,,, Tyr,,, Val,,. The 
molecular weight of the polypeptide portion was calculated 
to be 69973. The addition of 8.5% carbohydrate (Bohn, 1970; 
Bohn et al., 1972) gives a molecular weight of approximately 

Asn30, Asp22, ' IZCYS~O, Gln20, G ~ o ,  Gly48, HiS18, Ile29, Leu47, 

0 60 80 100 120 140 160 

VOLUME ( ml 1 
FIGURE 3: Fractionation of the cyanogen bromide fragments of the 
b subunit of human factor XI11 by gel filtration. The b subunit (10 
mg) was S-pyridylethylated, digested with cyanogen bromide, dissolved 
in 2 mL of 5% formic acid, and applied to a Sephadex G-50 column 
(1.6 X 90 cm) previously equilibrated with 5% formic acid. The 
column was eluted with 200 mL of 5% formic acid at  approximately 
12 mL/h. Eight separate peaks were collected for further fractionation 
by reverse-phase HPLC as described under Materials and Methods. 
The numbers above each peak refer to the cyanogen bromide fragments 
and correspond to their position (1-10) in the intact protein. 
76 500 for each of the b subunits of human factor XIII. This 
is in good agreement with the value of 80 000 estimated by 
SDS-polyacrylamide gel electrophoresis (Schwartz et al., 1973; 
Chung et al., 1974). 

The protein sequence predicted from the cDNA includes 
two potential Asn-linked glycosylation sites with the sequence 
of Asn-Tyr-Ser and Asn-Gly-Ser starting with amino acid 
residues 142 and 525, respectively. In addition, a third po- 
tential carbohydrate attachment site is present in the sequence 
of Asn-Arg-Cys starting at  residue 252. The attachment of 
carbohydrate chains to Asn residues in a sequence of Asn-X- 
Cys was first reported in bovine protein C (Stenflo & Fern- 
lund, 1982) and later in human von Willebrand factor (Titani 
et al., 1986). The differential glycosylation of these Asn 
residues may be in part responsible for the microheterogeneity 
of the b subunit of human factor XI11 (Curtis et al., 1974; 
Board, 1980). The 20 potential disulfide bonds identified by 
the cDNA coding for the b subunit of factor XIII are in 
reasonably good agreement with the 16-17 disulfide bonds 
reported earlier (Chung et al., 1974). The b subunit of factor 
XI11 is free of -SH groups (Chung et al., 1974). 

The amino acid sequence of the b subunit of factor XI11 
shows evidence of considerable internal gene duplication, in- 
volving 10 repetitive sequences of approximately 60 amino 
acids. These repetitive sequences were subclassified into four 
distinct groups (Figure 4). The identities within groups 1, 
2,3, and 4 were 34-42%, 34-42%, 38%, and 41%, respectively. 
Although the identities among the four groups of repeats are 
obviously less than each internal identity, high alignment scores 
employing the Dayhoff program (Dayhoff et al., 1983) indicate 
that these four groups have diverged from one prototype. For 
instance, the alignment scores were 7.7 between repeats 3 and 
4, 12.1 between repeats 5 and 7, and 3.4 between repeats 6 
and 8. The ten repeats (1-10) are aligned consecutively 
throughout 98% of the molecule and include amino acid 
residues 1-626. A short sequence of 15 amino acids (residues 
627-641) following the last repeat at the carboxyl end of the 
molecule was not homologous with repeats 1-10. 

Computer-assisted analysis using a Dayhoff program 
(Dayhoff et al., 1983) revealed that the repeated sequences 
in the b subunit of factor XI11 are members of a family of 
repeats that are very similar to three repeated segments present 
in the Ba chain of factor B of human complement (Mole et 
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G r o u p  4 

FIGURE 4: Alignment of the ten amino acid repeats present in the b subunit of factor XIII. The repeats were subclassified into four groups, 
including repeats 1, 2, 3; 4, 5, 6; 7,9; and 8, 10. The numbers prior to each repeat identify the residue number of the first amino acid in each 
repeat. Two or more identical residues at the Same position in each group of repeats were boxed. Gaps were inserted to obtain maximal alignment 
between the ten repeated segments. 

- - - - - - - - - F.XIII b R4 1 8 9  - - - -  
R S  2 4 0  - - - -  

R 2  6 1  - - - -  

- - - - N K A W G D K L  

FIGURE 5 :  Comparison of the amino acid sequence in repeats 4,5, and 6 of the b subunit of factor XI11 with the five repeats in human &-glycoprotein 
I, the three repeats in the Ba chain of factor B of human complement, and human haptoglobin a' chain. Four or more identical residues in 
the same position were boxed, Gaps were inserted to obtain maximum alignment. The numbers prior to each repeat identify the residue number 
of the first amino acid in each repeat. *From Mole et al., 1984; +from Lozier et al., 1984; **from Kurosky et al., 1980. 

al., 1984), five repeated segments in human B2-glycoprotein 
I (Lozier et al., 1984) [a protein identical with activated 
protein C binding protein (Canfield & Kisiel, 1982)], and 
human haptoglobin a' chain (Kurosky et al., 1980). This 
sequence homology is shown in Figure 5 .  The fourth segment 
of p,-glycoprotein I, the second segment of complement factor 
Ba, and human haptoglobin CY' chain show the highest align- 
ment scores (1 1 ,  8.0, and 4.2, respectively) with repeat 6 of 
the b subunit of human factor XIII. These data indicate that 
these four proteins share a common ancestry and have prob- 
ably resulted from exon shuffling during evolution. Accord- 
ingly, it will be of interest to determine the location of the 
introns in the gene coding for the b subunit for factor XI11 
and to determine whether introns are located between the 
repeated segments. 

The location of five disulfide bonds in the five homologous 
segments in p2-glycoprotein I has been established and shown 
to occur between the first and third and the second and fourth 
Cys residues in each segment (Lozier et al., 1984). Thus, it 
seems probable that a similar pairing occurs with the disulfide 
bonds in the ten repeats in the b subunit of factor XIII. 
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