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ABSTRACT: A Agtll cDNA library prepared from human liver poly(A) RNA has been screened with
affinity-purified antibody to human factor XI, a blood coagulation factor composed of two identical po-
lypeptide chains linked by a disulfide bond(s). A cDNA insert coding for factor XI was isolated and shown
to contain 2097 nucleotides, including 54 nucleotides coding for a leader peptide of 18 amino acids and 1821
nucleotides coding for 607 amino acids that are present in each of the 2 chains of the mature protein. The
c¢DNA for factor XI also contained a stop codon (TGA), a potential polyadenylation or processing sequence
(AACAAA), and a poly(A) tail at the 3’ end. Five potential N-glycosylation sites were found in each of
the two chains of factor XI. The cleavage site for the activation of factor XI by factor XII, was identified
as an internal peptide bond between Arg-369 and Ile-370 in each polypeptide chain. This was based upon
the amino acid sequence predicted by the cDNA and the amino acid sequence previously reported for the
amino-terminal portion of the light chain of factor XI. Each heavy chain of factor XI, (369 amino acids)
was found to contain 4 tandem repeats of 90 (or 91) amino acids plus a short connecting peptide. Each
repeat probably forms a separate domain containing three internal disulfide bonds. The light chains of factor
X1, (each 238 amino acids) contain the catalytic portion of the enzyme with sequences that are typical of
the trypsin family of serine proteases. The amino acid sequence of factor XI shows 58% identity with human
plasma prekallikrein.

Factor XTI (plasma thromboplastin antecedent) is a zymogen
to a serine protease that participates in the early or contact
phase of blood coagulation (Davie et al., 1979). Patients
deficient in this plasma glycoprotein have a mild bleeding
disorder or are asymptomatic (Rapaport et al., 1961; Ratnoff
& Saito, 1979). The physical and chemical properties of factor
XI have been determined with purified preparations isolated
from human (Bouma & Griffin, 1977; Kurachi & Davie, 1977,
1981) and bovine plasma (Koide et al., 1976, 1977a; Kurachi
et al., 1980). Factor XI is unique in that it is a zymogen to
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a serine protease that is composed of two identical polypeptide
chains linked by a disulfide bond(s). Its molecular weight has
been reported to be between 125000 and 160000 for the dimer
and between 55000 and 63000 for the monomer. Human
factor XI contains 5% carbohydrate (Kurachi & Davie, 1977),
whereas bovine factor XI contains 11% carbohydrate (Koide
et al., 1977a).

Factor XI circulates in plasma as a complex with high
molecular weight kininogen (HMW kininogen)! (Thompson
et al,, 1977). It is converted in vitro to factor XI, by factor

! Abbreviations; HMW kininogen, high molecular weight kininogen;
SDS, sodium dodecyl sulfate; TBS, 50 mM Tris-HCI buffer, pH 7.5,
containing 150 mM NaCl; Tris-HCl, tris(hydroxymethyl)aminomethane
hydrochloride; kb, kilobase(s).

© 1986 American Chemical Society
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XII, (or factor XII) in the presence of an anionic surface and
HMW kininogen (Griffin & Cochrane, 1976; Bouma &
Griffin, 1977; Kurachi et al., 1980; Ohkubo et al., 1982).
During the activation of factor XI, an internal peptide bond
is cleaved in each of the two chains, resulting in factor XI,,
a serine protease composed of two heavy and two light chains,
and these four chains are held together by disulfide bonds
(Bouma et al., 1977; Kurachi & Davie, 1977). Trypsin also
activates factor XI by cleaving the same internal peptide bonds,
but this reaction readily occurs in the absence of a surface and
HMW kininogen (Mannhalter et al., 1980). When factor XI,
is formed, it in turn activates factor IX in the presence of
calcium ions (Fujikawa et al., 1974; DiScipio et al., 1978;
Osterud et al.,, 1978). This latter reaction results in the
cleavage of two internal peptide bonds in factor IX and triggers
the middle phase of the intrinsic pathway of blood coagulation.

The heavy and light chains of factor XI, have been sepa-
rated after mild reduction and S-alkylation. The heavy chains
originate from the amino-terminal portion of the molecule and
are responsible for the binding of the protein to HMW Kkini-
nogen. The light chains contain the catalytic activity of the
enzyme (van der Graaf et al., 1983). The presence of two
catalytic sites per mole of factor XI, has been demonstrated
by titration with antithrombin III (Kurachi & Davie, 1977).
More recently, the interaction of the heavy chain of human
factor XI, with factor IX has been reported (Sinha et al.,
1985).

Considerable sequence homology has been shown in the
amino-terminal portion of factor XI and plasma prekallikrein
(Kurachi et al.,, 1980; Heimark & Davie, 1981). The ami-
no-terminal sequence of the light chain and the region near
the catalytic serine residue of factor X1, have also been
published (Koide et al., 1977b; Kurachi et al., 1980). In this
paper, the nucleotide sequence of a cDNA coding for human
factor X1 is reported along with the predicted amino acid
sequence. The high degree of amino acid sequence homology
of factor XI and plasma prekallikrein is also reported.

EXPERIMENTAL PROCEDURES

Purification of Human Factor XI. The procedure of
Heimark and Davie (1981) for the isolation of plasma pre-
kallikrein was employed up to the step of the heparin—agarose
column. The fractions from the heparin—agarose column were
assayed for factor XI activity (Kurachi & Davie, 1981). The
fractions containing factor X1 activity were pooled and dia-
lyzed against 20 L of 20 mM Tris-HCt buffer, pH 7.2, con-
taining 70 mM NaCl. The dialyzed sample was stirred for
15 min with 200 mL of CM-Sephadex C-50 that had been
equilibrated with the same buffer. The gel was poured into
a plastic column (5 X 10 ¢m) and washed with the buffer until
the absorbance at 280 nm reached approximately 0.05. Ad-
sorbed proteins were eluted with a linear gradient composed
of 500 mL. of 0.07 M NaCl in 20 mM Tris-HCI buffer, pH
7.2, and 500 mL of 0.6 M NaCl in the same buffer. Virtually
all of the factor XIT clotting activity was eluted in a single broad
protein peak in approximately one-third of the gradient. The
protein fractions were pooled and dialyzed against 50 mM
Tris-HCI buffer, pH 7.5, containing 0.15 M NaCl (TBS). The
protein sample was then applied to a HMW kininogen—Se-
pharose column (20 mL, 2 X 6.5 cm) that had been previously
equilibrated with TBS. After the column was washed with
TBS, the adsorbed proteins were eluted with 50 mM Tris-HC],
pH 7.5, containing 1 M NaCl. A single, broad protein peak
with factor XI activity was obtained. The protein fractions
were pooled and concentrated by an Amicon ultrafiltrator with
a PM-10 membrane. The final preparation showed one major
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FIGURE |: Summary of sequencing strategy of the cDNA inserts in
AHXI-12, AHXI-13, and AHXI-9. Restriction sites used for the
sequence determination are shown. The arrows under the bars indicate
the direction and extent of sequence analysis of the respective clones.
The open, solid, and slashed bars represent the noncoding region, the
leader peptide, and the mature protein, respectively.

protein band on SDS~polyacrylamide gel electrophoresis along
with a faint contaminant corresponding to IgG. Approxi-
mately 3 mg of factor XI was obtained from 4.5 L of fresh
frozen human plasma. Molecular weights of 130000 before
reduction and 80000 after reduction were obtained for the
purified factor X1 by SDS-polyacrylamide gel electrophoresis
(Weber & Osborn, 1969).

Preparation of Antibody to Human Factor XI. Antibody
to human factor X1 was raised in rabbits by repeated injections
of 0.5 mg of the purified protein. A total of 200 mL of blood
was withdrawn from two rabbits 5 weeks after the first in-
jection, and the IgG fraction was prepared according to
Harboe and Ingild (1973). The rabbit antibody was dialyzed
against TBS and passed through a column containing 2 mL
of human IgG-Sepharose in order to remove contaminating
antibodies to human 1gG. The unadsorbed fraction from this
column was applied to a 4-mL column containing human
factor XI-Sepharose equilibrated with TBS. After the column
was washed extensively with 1 L of TBS, the adsorbed anti-
body was eluted with 0.2 M glycine hydrochloride, pH 2.5.
The eluate was mixed immediately with an equal volume of
1 M Tris-HCI buffer, pH 8.0, and the fractions that contained
protein were pooled, concentrated, and dialyzed against TBS
by using a MicroProDiCon concentrator.

Approximately 0.13 mg of affinity-purified antibody to
human factor XI was then radiolabeled with 0.2 mCi of Na'®1
(Amersham) using Iodogen (Pierce). The antibody had a
specific activity of 2 X 10° cpm/mg.

Human IgG was prepared by the method of Harboe and
Ingild (1973). Human factor XI-Sepharose and human
IgG-Sepharose were prepared by coupling 4 mg of each pu-
rified protein to 0.5 g of activated CH-Sepharose (Pharmacia)
mixed with 2 mL of Sepharose 4B. HMW kininogen-Se-
pharose was prepared by coupling 200 mg of the purified
protein to 6 g of activated CH-Sepharose according to the
manufacturer’s instructions.

Screening of \gt!! Library. A human cDNA library cloned
into Agtll phage as described by Kwok et al. (1985) was
kindly provided by Dr. Savio Woo. Approximately 4.5 million
phage were screened by using affinity-purified antibody by
the method of Young and Davis (1983a,b) as modified by
Foster and Davie (1984). Antibody containing 1.6 X 10° cpm
was used for each 132-mm nitrocellulose filter during the first
screen and 5.0 X 10° cpm for each 72-mm filter for subsequent
screenings. Positive clones were amplified by the plate lysis
method, and the phage were purified by CsCl banding.

Restriction fragments from the isolated inserts were cloned
into either M13mp18 or M13mp19 vectors for sequencing by
the dideoxy chain termination method (Sanger et al., 1977),
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FIGURE 2: Complete nucleotide sequence of the cDNA in AHXI-12 and its predicted amino acid sequence. The amino acid sequence corresponding
to the mature protein is numbered from 1 to 607, and the amino acid sequence that corresponds to the leader peptide is represented by the
minus numbers in the opposite direction. The residues marked by the overline have been determined by amino acid sequencing (Kurachi &
Davie, 1977). The residues with a solid overline agreed and those with a dotted overline disagreed with those predicted by the nucleotide sequence.
The Arg—Ile bond shown by the arrowhead is the site of cleavage by factor XII, (or factor XII). The Asn residues shown by open diamonds
are the potential glycosylation sites. The catalytic triad of His, Asp, and Ser is identified by solid circles. The nucleotide sequence that is
underlined is the potential recognition signal for polyadenylation or processing.

incorporating [**S]dATP for sequencing on a 6% polyacryl-
amide buffer—gradient gel system (Yoshitake et al., 1985). All
endonucleases were purchased from BRL except for Xholl
which was a product of New England Biolabs.

RESULTS AND DISCUSSION

A Agtll expression library containing cDNAs prepared
from human liver mRNA was screened for factor XI by em-
ploying an affinity-purified antibody. Five positive clones were
isolated and plaque purified. Phage DNA was isolated from
the positive clones, and the cDNA insert was released after
digestion with endonuclease EcoRI. These phage were found

to contain cDNA inserts of the following size: AHXI-12, 2.1
kb; AHX1-13, 1.1 kb; AHX1-9, 1.8 kb; AHXI-10, 1.1 kb; and
AHXI-11, 1.1 kb. The cDNA inserts in AHXI-12, AHXI-13,
and AHXI-9 were then subjected to nucleotide sequence
analysis by the dideoxy chain termination method of Sanger
et al. (1977) to establish their terminal sequences. The insert
in AHXI-12 was found to be a near full-length cDNA coding
for human factor XI. It was then subcloned into the EcoRI
site of plasmid pBR322 in order to establish its entire nu-
cleotide sequence. Sequencing was performed on both strands
of the cDNA insert in AHXI-12, except for nucleotides
440-743 and 1451-1568 where the analysis was done in only
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FIGURE 3; Alignment for the four tandem repeat sequences in the heavy chain of factor XI,. Gaps were inserted in two places for maximal
alignment. The positions that have two or more identical residues are boxed. The numbers indicate the length of the peptide for each repeat.
R1, R2, R3, and R4 represent the first, second, third, and fourth repeats, respectively.

one direction. Sequencing of the complementary strand for
these regions was performed with the cDNA insert in AHXI-13
or AHXI-9. A summary of the sequencing strategy and re-
striction mapping is shown in Figure 1.

The complete nucleotide sequence of the insert in A\HXI-12
is presented in Figure 2. This cDNA contained 2097 nu-
cleotides including 43 nucleotides of 5’ noncoding sequence,
54 nucleotides coding for a leader peptide of 18 amino acids,
1821 nucleotides coding for the mature protein, a stop codon
of TGA, 166 nucleotides of 3’ noncoding sequence, and a
poly(A) tail of 10 nucleotides. A poly(A) tail of 53 bases was
observed in the cDNA insert in AHXI-9. The typical poly-
adenylation or processing sequence of AATAAA (Proudfoot
& Brownlee, 1981) was not present in AHXI-12 or AHXI-9
near the 3’ noncoding region. A sequence of AACAAA that
is similar to AATAAA was present 21 nucleotides upstream
from the poly(A) tail. Accordingly, it seems likely that this
sequence is the recognition site for polyadenylation or pro-
cessing. Sequences of AAGAAA that are also similar to
AATAAA are present 27 and 40 nucleotides upstream from
the poly(A) tail. This sequence, however, has been shown to
inhibit the cleavage step preceding polyadenylation (Montell
et al., 1983) and thus is probably not involved in the processing
of the mRNA for factor XI.

The predicted amino acid sequence for factor XI reveals the
presence of a leader peptide which is rich in hydrophobic amino
acids (12 of 18 residues). This leader peptide is typical of
secreted proteins and is removed by the cleavage of a Gly-Glu
peptide bond by signal peptidase during biosynthesis and se-
cretion across the rough endoplasmic reticulum (Blobel et al.,
1979). A stop codon (TAA) was present at nucleotides 5-7,
indicating that the methionine codon at nucleotides 44—46 was
the correct initiation site. The mature protein that circulates
in plasma contains 607 amino acid residues in each chain.
Thus, the dimer of factor X1 is composed of 1214 residues with
the following composition: Aspse, Asng,, Thrgs, Sergg, Glug,,
Glng,, Glygs, Prog, Alag, Valyg, 1/,-Cyso,, Met,o, Leugs, Tleq,,
Phes,y, Tyrys, Trpso, Lysgs, Hisyy, and Args. A molecular
weight of 135979 was calculated from the composition for the
two polypeptide chains. Addition of 5% carbohydrate gives
an approximate molecular weight of 143 000 for human factor
XI1. This is in fair agreement with the reported values of
130000 (Kurachi & Davie, 1977) and 160000 (Bouma &
Griffin, 1977) as determined by SDS-polyacrylamide gel
electrophoresis. The existence of a large excess of basic amino
acids (182 residues) compared to the acidic residues (118) in
the monomer of factor XI is reflected by the basic nature of
the protein. This is further evident from the fact that factor
X1 does not adsorb to DEAE-Sephadex at pH 7.5 with a low
ionic strength buffer (5 mQ™! conductivity) (Fujikawa &
Davie, 1981).

During the activation of factor XI, a single internal peptide
bond in each polypeptide chain is cleaved by factor XII, (or
factor XII). This converts factor XI into factor XI, which
is composed of two heavy chains and two light chains, and all
four chains are held together by disulfide bonds. The ami-
no-terminal sequence of the light chain of human factor XI,
has been reported as Ile-Val-Gly-Gly- (Kurachi & Davie,
1977). Therefore, the cleavage site in factor XI by factor XII,
occurs at the peptide bonds between each Arg-369 and Ile-370.
Each heavy chain in factor XI, consists of 369 amino acid
residues starting with the amino-terminal sequence of Glu-
Cys-Val-Thr- and ending with the carboxyl-terminal sequence
of Ile-Lys-Pro-Arg. The presence of Pro-368 adjacent to
Arg-369 could explain the previous failure in identifying the
carboxyl-terminal residue of the heavy chain of factor XI, by
digestion with carboxypeptidase B (K. Kurachi, unpublished
results). The light chain contains 238 amino acids, starting
with Ile-Val-Gly-Gly- and ending with Thr-GlIn-Ala-Val.

Four repeated sequences are present in the heavy chain of
factor XIa when an alignment was made by the !/,-Cys res-
idues (Figure 3). Each tandem repeat consists of 90 (or 91)
amino acids and includes 6 conserved '/,-Cys residues. Al-
though the pairings for the disulfide bonds in factor XI have
not been determined, it is likely that the six !/,-Cys residues
form three intrachain disulfide bonds within each of the four
repeats. Consequently, four separate domains are probably
present in each of the two identical heavy chains of factor XI.
The identity in these repeats ranges from 23% to 34%.

Out of 36 !/,-Cys residues, 34 in the monomer of factor XI
match perfectly with those in plasma prekallikrein (Figures
4 and 5). In the heavy chain of factor XI,, the first and fourth
repeats have seven !/,-Cys residues, while six ' /,-Cys residues
are present in the second and third repeats. Six of the seven
1/,-Cys residues in the first and fourth repeats are located in
the same positions as those in the second and third repeats,
suggesting all four domains are similar. In the fourth repeat
of plasma prekallikrein, one extra intrachain disulfide bond
is present between !/,-Cys-321 and !/,-Cys-326 (employing
the factor XI numbering). This extra disulfide bond is not
present in factor XI, since !/,-Cys-326 in plasma prekallikrein
has been replaced by Gly. The two polypeptide chains in
human factor XI are known to be connected by one or more
disulfide bonds (Bouma & Griffin, 1977; Kurachi & Davie,
1977). Therefore, the two unmatched !/,-Cys residues at
position 11 in the first repeat and position 321 in the fourth
repeat are very likely involved in the interchain disulfide bridge
between the two monomers. This assumes the remaining
!/,-Cys residue 362 in the connecting region forms a disulfide
bond with !/,-Cys-113 in the light chain or catalytic domain
(Figures 4 and 5). In the catalytic domain of the molecule,
it is highly likely that eight ' /,-Cys residues form disulfide
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Factor XI FLYjQlVvY -|L FIT S|V sl|G
Plasma PK LFKIQIAT SIL FIA T{V S|C
10 20 30 40
Factor XI E[C]vITQLlL xk DT c[F|E[G ITTVF S QVVY CLLFTTA
Plasma PK  G|C|L|T Q L{Y E N a F{F|R[C VASMY N M RIC T|F CLLF|SIFjLP
50 8 90
Factor XI E|s}P s E[D|]P T R W[F|T DSVTIEfFL P TlaA]1[s G KQC|sS[HQTIS
Plasma PK A{s|s 1 N|D|M E Kk R|F|G DSVT|GITLP R T|GJAJVIS G K QCIGIHQ IS
100 Q110 120 130
Factor XI ACINK[DTY|]VDL[/DM Y[N]s[s]v a k[s QERCT|DD CHTYAT
Plasma PK AC/HR[DIYIKGV[DM FIN[V|S]k v s|S QKR CTINN CIQIF FISTAT
140 ¢ 160 170 180
Factor XI R Q[F}P s L[E]H[R N]I TQT[GTPTIR[T DX[|VISGF K|S[CALSINL
Plasma Pk Q T|F|H K A|E{Y[R N|N SPGIGTPT|AlL SNNVI|E[SGF K|IPICALS|ET
190 200 210 220
Factor XI A[CITIRD[TF|P NT V[F]A[D|S NI DS|VIM a[P D GRICT]H CLFFTF|FS
Plasma PK GICJHM N{T FIQH L A|F|S{DJVDV AR|VLT|PD RT{ICT|Y CLFFTPFIYT
230 25 260 270
Factor XI QE[W|P K|[ES QR N|L TSESG|L[PS|T kKsxaL[sGlF[lsL]josclrRrs I
Plasma PK N V|W|K I|E S QR NlV TS ESG|T[P S|S QENTI|sGlYISLILTIC[KRTL
280 290 300 310
Factor XI VFCHSSFHDT LGEEL|IDIVaAA A[CQIKLICTINAVIRCQFFTYIT
Plasma PK EP[CHS|K I|Y|JPGV GIGEELINVTFV|[K VICQIETICTIKMI[IRCQFFTY|S
2
320 O 3 _ 350
Factor XI P A Q A S[CIN[E]GIX LS|SN[GSPT GRGISGYTLRLCKM-D
Plasma PK L L P E D|C|K|E]E|K LSIMDIGSPT G|T Q6JS{S G Y|SILRL CINTGJD
60 0 20 30
Factor XI N[E-[CTTK|IKP A[SJIVR[GEW P TICJHTTSPT[QRHLCGG S|IfT
Plasma PK N[SVICTTERITST N|s[swlcEwWP SILIQVKLTA[QRHLCGGS|L|T
40 L ’ 0
Factor XI GIN[Qw|lI[LTA A H Y SPKIL[R|VIY LNQSEK SFGVQEI
Plasma PK G|/H|Q W|VILT A A H D L QD vVWR|I]Y L NjLisipli|T PIF[SQIK|EI
80 ‘ 100 110 120
Factor XI T1H|DQ[Y XM A LILRLIET TV SRPICL KGDRNV[TY
Plasma PK I 1IH[QN|Y kv s LIk LjoaPrL FIQRjpI1CL KGDTSTIIY
130 1
Factor XI TID[CWVTGWG|YR TQN|T[L QKlA VTINEECQ YIRGH[K I T|H
Plasma PK T|N|[CWVTGWG|FS IQN|[IlL QK|v VTNEECQ YIQD YK I T|Q
170 180 ® 190 200 210
Factor XI KMI[CAGYREGCGKDACKGDSGGPL|S[CKHANJEVWH[LVGITSWGEGC A|Q
Plasma PK RIMVICAGYJRIEGGKDACKGDSGGPL|VICKHN|IGMWRILVGITSWGEGCAJR
220 230 238 248
Factor XI RE[R[PG VY TIN[VIVIEYJvVIDWILEKTQJaV
Plasma PK RE[QIPGVYT|X|V[A|[E YfMIDWILERTQ[SSDGREAQMQSPA

FIGURE 4: Comparison of the amino acid sequence of human factor XI and plasma prekallikrein. The alignment was made by inserting two
gaps in the factor XI sequence following residues 358 and 361. The amino acid sequence corresponding to the mature proteins is numbered
from 1 to 369 for the heavy chain. The numbering system differs from that in Figure 2 in that the catalytic or light chain of factor XI, and
of plasma kallikrein are numbered 1-238 and 1-248, respectively. The sequence that corresponds to the leader peptide is represented by minus
numbers in the opposite direction. The positions that have identical residues in both proteins are boxed. The Asn residues marked by the
solid diamonds in prekallikrein are the glycosylation sites that have been proven by amino acid sequencing. The Asn residues marked by the
open diamonds in factor XI are potential glycosylation sites. The Arg-Ile bond marked by the arrowhead is the cleavage site catalyzed by
factor XII, (or factor XII). The catalytic triad of His, Asp, and Ser is identified by the solid circles. The sequence of plasma prekallikrein

was taken from Chung et al. (1986).

bonds in a manner analogous to other serine proteases, such
as plasmin (Wieman 1977), trypsin, and chymotrypsin (Figure
5). In these proteins, the disulfide bonds have been established
by chemical methods. If two interchain disulfide bonds occur
between the monomers in factor X1, two different structures
are possible for the dimer. These are either a parallel or an
antiparallel structure.

The catalytic triad, including His-44, Asp-93, and Ser-188,
is present in the light chain of factor XIa (Figures 4 and 5).
Asp-182 which is probably located at the bottom of the sub-
strate binding pocket indicates that factor XI, is a typical
trypsin-like serine protease. These structural features are

characteristic of the trypsin family of proteases and are con-
sistent with the substrate specificity of factor XI,. During the
coagulation process, factor XI, catalyzes the activation of
factor IX by the cleavage of an internal Arg~Ala bond and
an Arg-lle bond (Fujikawa et al., 1974; Lindquist et al., 1978;
DiScipio et al., 1978; Katayama et al., 1979; Kurachi & Davie,
1982). Factor XI, also hydrolyzes arginyl ester or arginyl-
amide bonds, such as those in tosylarginyl methyl ester (Ku-
rachi et al., 1980) and pyro-Glu-Pro-Arg-pNA (Scott et al.,
1984).

Short amino acid sequences for factor Xla have been de-
termined in three different regions of the molecule (Kurachi
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Plasma Prekallikrein

FIGURE 5: Amino acid sequence and tentative structures of the monomer of factor XI (top) and plasma prekallikrein (bottom). The disulfide
bonds in the light chains are placed by analogy with the B chain of plasmin (Wieman, 1977). The cleavage sites by factor XII, (or factor
XI1) are shown by curved arrows. The glycosylation sites are marked by the solid diamonds, and the catalytic triad of His, Asp, and Ser is
identified by the solid circles. The numbering system is the same as that in Figure 4.

& Davie, 1977). These sequences correspond to position 1
through Ile-17, to Ile-370 through Val-385, and to Ile-541
through Pro-560 (Figure 2). These data are consistent with
the present results except for the following amino acids: Gly

was reported at position 1 by protein sequencing instead of
Glu [Glu was also identified in bovine factor XI (Kurachi et
al., 1980)], and Gin was originally reported at position 11
(Kurachi & Davie, 1977) but corrected later to !/,-Cys
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(Kurachi et al., 1980). Also the sequence of Val-Ala-?-His
at positions 375-378 was reported instead of Ala-Ser-Val-Arg.
The latter amino acid sequence was also predicted by the
nucleotide sequence in AHXI-13. The reasons for the last
discrepancy are not known.

Five potential Asn-linked carbohydrate attachment sites are
present in the monomer of factor XI. These are located at
residues 72, 108, and 335 in the heavy chain and 63 and 104
in the light chain (Figures 4 and 5). Each is present in the
consensus sequence of Asn-X-Ser or Asn-X-Thr. Three other
Asn residues (145, 235, and 360 in the heavy chain) are
followed by X-Cys and are also potential glycosylation sites
that have been identified in protein C (Stenflo et al., 1975)
and von Willebrand factor (Titani et al.,, 1985). Plasma
prekallikrein has five Asn-linked carbohydrate attachment sites
including two in the heavy chain and three in the light chain
(Figures 4 and 5). The glycosylation of these five Asn residues
has been demonstrated by protein sequencing (Chung et al.,
1986). Three of the five potential Asn-linked carbohydrate
attachment sites in factor Xla are located at positions identical
with those in plasma kallikrein, including Asn-108 in the heavy
chain and Asn-63 and -104 in the light chain. The carbohy-
drate content of factor XI, however, is 5% and is much lower
than the highly homologous plasma prekallikrein (15.5%).
Accordingly, glycosylation is probably absent in some of the
potential carbohydrate attachment sites, or the lengths of the
carbohydrate chains are shorter in human factor XI.

The amino acid sequences of human factor XI and plasma
prekallikrein are highly homologous (58% identity) (Figures
4 and 5). The leader peptide of factor X1 is shorter by one
amino acid than that of plasma prekallikrein. These leader
peptides show 50% amino acid identity. The polypeptide chain
of the factor XI monomer (607 amino acids) is also slightly
shorter (12 residues) than plasma prekallikrein. This is due
to the presence of 10 additional amino acids at the carbox-
yl-terminal end of plasma prekallikrein and 2 extra amino acids
in the connecting region located between the fourth repeat and
the light chain (Figure 4). Overall, there is a very high degree
of sequence identity between both proteins throughout the
whole molecule. The degree of homology, which includes
similar amino acids such as Ile/Val, Leu/Val, Leu/lle,
Thr/Ser, and Tyr/Phe, is 67% between the two proteins. An
extremely high degree of identity (81%) is present, starting
with Ile-150 in the light chain and extending to the carbox-
yl-terminal end of the catalytic domain (Figure 4). This region
includes the substrate binding pocket and the active-site serine
residue.

In spite of the high homology between factor X1 and plasma
prekallikrein, the biological functions of these two proteins are
distinct. The major function of factor XI, is in the activation
of factor IX during blood coagulation, whereas kallikrein is
incapable of activating factor IX. Plasma kallikrein also has
a somewhat broader substrate specificity. For instance, plasma
kallikrein is the principal enzyme that activates factor XII in
the presence of an anionic surface and HMW kininogen. In
contrast, factor XI, has weak activity in the activation of factor
XII (Davie et al., 1979; Griffin & Cochrane, 1979; Colman,
1984). Plasma kallikrein releases the vasoactive peptide
bradykinin from HMW kininogen (Kato et al., 1981) and is
also involved in the intrinsic pathway of fibrinolysis where it
is capable of activating prourokinase (Ichinose et al., 1985).
Recently, factor X1, also has been shown to release bradykinin
from HMW kininogen (Scott et al., 1985). The efficiency of
factor X1, in the release of bradykinin, however, is substantially
less than that of kallikrein.
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Factor XI and plasma prekallikrein each circulate as a
complex with HMW kininogen in blood. The competitive
binding of these two proteins to the light chain of HMW
kininogen has been reported (Thompson et al., 1979). This
suggests that these two proteins share the same binding site
in the HMW kininogen molecule. The binding constant of
prekallikrein, however, is higher than that of factor XI
(Thompson et al., 1979; Bouma et al., 1983). These results
are consistent with the present experiments in which an affinity
column of HMW kininogen has been employed to separate
the two proteins. In these experiments, a higher salt con-
centration was required for the elution of prekallikrein than
for factor XI.

The isolation of the cDNAs for factor XI and plasma
prekallikrein (Chung et al., 1986) makes it possible to study
and compare the organization of the genes for these two closely
related proteins. It will be of particular interest to identify
the location of the introns in the genes for the two proteins
and determine whether or not they occur between the four
homologous tandem repeats that are present in each of these
two proteins.
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