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ABSTRACT: Plasma factor Xlll is the zymogen of the transglutaminase factor Xllla. This enzyme catalyzes
the formation of isopeptide cross-links between fibrin molecules in nascent blood clots that greatly increase
the mechanical stability of clots and their resistance to thrombolytic enzymes. We have characterized the
solution interactions of factor Xl with two variants of fibrinogen, the soluble precursor of fibrin. Both
the predominant fibrinogema/ya and the major varianpa/y' form complexes wh a 2 fibrinogen:1

factor XIllII ratio. The absence of detectable concentrations of 1:1 complexes in equilibrium mixtures
containing free factor XIIl and 2:1 complexes suggests that this interaction is cooperative. Factor XIlI
binds fibrinogenya/y' ~20-fold more tightly than fibrinogema/ya, and the interaction with fibrinogen

yaly' (but not fibrinogenya/y,) is accompanied by a significant release ofCaaken together, these
results suggest that the strikingly aniopicC-terminal sequence contains features that are important for
factor Xl binding. Consistent with this notion, a synthetic 20-residue polypeptide containing’ the
sequence was found to associate with factor Xlll in a 2:1 molar ratio and act as an efficient competitor
for fibrinogenya/y' binding.

Fibrinogen is a plasma protein d¥l, ~340 000 that  subunits ). Activation is relatively slow in the absence of
functions as the major structural clotting factor. It is a fibrin, but is accelerated in the presence of fibribQ),
disulfide-bonded dimer of three polypeptide chaias(M, indicating that a significant amount of factor XllII activation
~65 000),8 (M, ~56 000), andy (M, ~47 000), with the occurs after fibrin formation. Fibrin therefore serves as a
stoichiometry ¢By)(afy) (1). The serine protease thrombin  positive modulator of factor Xl activation.

converts soluble fibrinogen to fibrin, which spontaneously  ap alternatively processed form of the mRNA encoding

polymerizes to form an insoluble cla?)( The polymerized e fibrinogeny chain gives rise to a variant chain termed
strands of fibrin are cross-linked by a transglutaminase, factor, . ory575(11-15) that comprises approximately-15%

Xllla, that catalyzes the formation of amide linkages between of the total fibrinogen found in plasma@). In they' variant,

glutamyl and lysyl side chaing). Without these cross-links, 3 20 amino acid sequence replaces the carboxyl-terminal 4
the fibrin clot is significantly less resistant to degradation gmino acids of thes chain (L7). Fibrinogen that contains
by the fibrinolytic enzymes4). The importance of these  ne )’ chain is a heterodimer with the stoichiometoy)-
cross-links in vivo is graphically illustrated by individuals (0fy') and is referred to aga/y’ fibrinogen, peak II
with factor Xl de-_ficiencies, who can have severe lifelong fibrinogen (L6), yalye fibrinogen (L8), or Fy5°575 (15).
bleeding tendencies and abnormal wound heal)g ( Although the function of the’ chain was unclear for many
Plasma factor XIll is a protein d¥l, ~320 000 composed years following its discoveryl3, 14), studies by Siebenlist
of two polypeptidea subunits of M, ~83 000 and two et al. 19) have shown thaya/y' fibrinogen binds nonco-
polypeptideb subunits ofM; ~80 000 6—8). Factor XIlI valently to the zymogen form of factor XlII, suggesting that
circulates as a zymogen until it is activated by the cleavage ya/y' fibrinogen serves as a carrier protein for factor XlIl in
of a 4000 Da activation peptide from eaehsubunit by plasma. Recent evidence has also shown that cross-linked
thrombin, which is followed by the dissociation of tiwe yaly' fibrin is more resistant to fibrinolysis tham/y  fibrin,
implying that the interaction of factor Xl withya/y’
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metrically using the extinction coefficieatgo = 4.42 x 10°
M-t cm™! (6—8).

The polypeptide VRPEHPAETEYDSLYPEDDL, corre-
sponding to the C-terminal 20 residues of the fibrinogén
chain, was the kind gift of Dr. Kathleen Berkner (The
Cleveland Clinic). Its purity was verified by protein sequenc-

- ing. Peptide concentrations were determined spectrophoto-
metrically using the extinction coefficieatgo= 1.79 x 10°
i M~ cm™ (Farrell, D. H., unpublished results).
Sedimentation EquilibriumSamples of fibrinogen and
factor XlII were dialyzed against Buffer A [L0 mM Tris (pH
7.4), 137 mM NaCl, 2.7 mM KCI, 1 mM Cagl 1 uM
leupeptin]. In a few experiments, buffer compositions differ
from those specified here. Where different buffers were used,
these conditions are identified explicitly in the text. Sedi-
mentation equilibrium experiments were performed using a
Beckman XL-A analytical ultracentrifuge fitted with an AN-
60Ti rotor, operating at 4.6 0.1°C. Six-sector centerpieces
were used, allowing nine samples of varying protein con-
centration, CaGl concentration, or fibrinogen/factor XIll

43 kDa-|

123

Ficure 1: SDS-polyacrylamide gel electrophoresis characteriza- i 1o pe analyzed simultaneously. For each set of solution
tion of fibrinogen and factor Xlll samples. Samples contained 2

ug of factor Xl (lane 1), fibrinogerya/ya (lane 2), or fibrinogen conqmons, data sets were collected at two rotor spee_zds
yaly' (lane 3). Samples were denatured in buffer containing SDS (typically 6000 and 8000 rpm, although other speeds ranging
and 2-mercaptoethanol and resolved on a 10% polyacrylamide gel.from 4000 rpm to 16 000 rpm were used on occasion).

The factor Xllla andb subunits comigrate under these conditions. Apsorbance values were measured at 280 nm as functions

The fibrinogenya/ya sample shows the characteristic, andya ; - ;
chain bands, while the fibrinogepw/y’ sample shows the., 4. of radial position. Five scans were averaged for each sample

va, andy’ chain bands. at each rotor speed. The approach to equilibrium was
considered to be complete when replicate scans separated
extension competes with fibrinogem/y’ for factor Xilil by =6 h were indistinguishable.

binding, indicating that this sequence contains features that For analysis of the independent sedimentation properties
are sufficient for functional binding. Taken together, these Of fibrinogen and factor XIlI, experimental data sets relating

central role in recruiting factor Xl from solution and fitto models based on eq 1, in which the proteins sedimented

transporting it to a nascent clot for activation. as homogeneous, ideal monomers. For a solution containing
n independent species at equilibrium in a centrifugal field,
MATERIALS AND METHODS the absorbance is specified at radial positidoy
Proteins Approximately 1OQ mg of Iyophiliz_ed plasmi- Alr) = Zao,n exp[an(r2 _ rg)] +e 1)
nogen-free human plasma fibrinogen (Calbiochem) was n

dissolved in 100 mL of 39 mM Trisphosphate (pH 8.6 at _ ) - _

4 °C) containing 5 mMe-aminocaproic acide(ACA) and ~ HereA(r) is the absorbance at radial positionao,, is the

0.2 mM phenylmethylsulfonyl fluoride (PMSF). This was absorbance of speciesat reference position,, oy is the
dialyzed against theel L changes of the same buffer over feduced molecular weight of species o, = My(1 —

a period of 3 days at 2C. Theya/y' fibrinogen was resolved ~ ?aP)@*/2RT, My is the species molecular weight, its
from the predominanga/ya component by DEAE-cellulose partial specm(; volumep the solvent densityg the rotor
chromatography, and both forms were further purified by angular velocity,R the gas constant, andl the absolute
chromatography using an affinity resin consisting of glycine- temperature. The baseline offset terg) is used to com-
L-proline+-argininet-proline+-cysteine (GPRPC) covalently ~Pensate for slight position-independent variations in the
linked to agarose2(). The resulting purified fibrinogens ~ Optical properties of individual samples and/or cell as-
were dialyzed against 150 mM NaCl, 10 mM Tris HCI (pH Semblies. Solvent densities were measured using a Mettler
7.5 at 4°C) and stored at 70 °C. Fibrinogen concentrations density meter. The partial specific volumes of fibrinogen and

were determined spectrophotometrically using the extinction factor Xlll are 0.715 and 0.730 mL/g, respective8; 24).
coefficientesgo = 5.15 x 106 M~t cm* (22). For a system in which two components are in equilibrium,

such asn(fibrinogen) + m(factor Xlll) == (fibrinogen):
(factor XIlIl)m, the absorbance distribution at sedimentation
equilibrium is given by

Purified plasma factor XIII was the kind gift of Dr. M.
Mosesson (Blood Center of Southeastern Wisconsin, Mil-
waukee, WI), or was obtained from Enzyme Research
Laboratories (South Bend, IN). Specific activities of the
thrombin-activated factor XlII preparations ranged from 1131
to 1500 units/mL according to the assay of Loewy et2@).( e €XPOEs (TP =TI +E (2)
Samples were judged to be free of contaminants detectable
by SDS-polyacrylamide gel electrophoresis (Figure 1). The Here, the absorbances of fibrinogen, factor Xlll, and the
concentration of factor XlIl was determined spectrophoto- fibrinogen—factor XIll complex atr, are represented by,

Alr) = o eXp[OF(rZ - r<2))] + oy eXploy (rz - rg)] +
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oxm, andogxn, respectively, and the reduced molecular
weights of fibrinogen, factor XIIlI, and the fibrinogerfactor
XIll complex are, respectivelygr = Me(1 — vep)w?2RT,
oxi = Mxu(l — vy p)0%2RT, and opxun = (@Me +
bMyin ) (X — vy p)w?2RT. The partial specific volumes of
fibrinogen—factor XllI complexes were estimated using

Ve = (@Mevg + bMyy, vy )/ (@M + bMy, ) (3)

Here, the numbers of fibrinogen and factor XIII molecules
present in the complex are representedatandb, respec-
tively. Equation 3 contains the assumption that the partial
specific volume of a complex is a weight-average of the
partial specific volumes of the constituent species and, hence
that there is no significant volume change upon association.
Although we do not know whether a volume change occurs,
it seems reasonable that any change would be concentrate
in the interacting domains and have little effect on the greater
part of each protein that is distant from the interacting
surfaces.

Estimation of Equilibrium ConstantBata presented below
are consistent with models of fibrinogefactor XIII as-
sociation in which one factor XllI molecule binds two of
fibrinogen. For this model, the absorbance of the fibrinegen
factor XIIl complex depends on those of free fibrinogen and
factor XIlIl according tooe.xm = K'(ag)?(oxn ), in which K’
is the apparent association constant of the binding reaction,
with concentrations given in absorbance units. Substitution
of this identity into eq 3 gives an expression that contains
too many adjustable terms to allow statistically meaningful
fitting to a single data set, and to our knowledge, the currently
available software for the simultaneous (“global”) analysis
of multiple data sets is not capable of treating hetero-
association reactions. However, because the reduced mole
ular weights of fibrinogen and factor XIIl are nearly equal
(oeloxm = 1.12), the equilibrium described by eq 2 can be
approximated, with small error, as a reversible trimerization:

Ar) = aexplo(r® — rd)] + oK’ exp[3o(r* — rd)] + g( )

4
in which a represents the absorbance of an effective
monomer (ofM, ~336 000) at, and other terms are defined

C_
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the association states of fibrinogengya andyaly' at 4°C

in Buffer A. Shown in Figure 2A are representative

sedimentation profiles; the solid curves through the data are

global least-squares fits of the expression for a single

macromolecular species (eq 1 with= 1) to data obtained

at two nominal protein concentrations and at least two rotor

speeds. The small, relatively symmetric residuals demonstrate

the compatibility of the single-species model with these data

sets. The values d¥l, returned by these analyses werg

va fibrinogen, 338 900+ 5800; andya/y" fibrinogen,

343 800+ 6300. These values are in good accord with

estimates of the molecular weight ofa/ya fibrinogen

calculated from its amino acid and carbohydrate compositions

IM; caic= 337 897 £6); 342 620 27—29)], and together they

demonstrate the absence of significant concentrations of
ggregation or degradation products in these fibrinogen
reparations.

Parallel experiments were carried out with purified factor
XIll. Representative data are shown for this protein, at
sedimentation equilibrium in Buffer A containing 10 mM
EDTA, or 2 mM CaC} (Figure 2B). Both data sets are well
fit by the expression for a single macromolecular species
(eq 1 withn = 1), with values oM, of 325 400+ 4400 and
319 200+ 4800, respectively. A closely similar valu#i(
= 325700) can be calculated from the amino acid and
carbohydrate compositions of the factor X#lb, tetramer
(30). The observation that factor XIII dissociates at elevated
[CaCl] (9, 31) raised the question of whether the protein is
partially dissociated at 2 mM Cag£br even in the presence
of EDTA. To test this notion, we fit data sets obtained in
the presence of either 10 mM EDTA (0 mM addec?Qar
2 mM CaC} (0 mM added EDTA) to a two-species version
of eq 1 in which the molecular weights were fixed at 325 000
and 155 000 (the latter is the average of predicted molecular
weights fora, andb, species). In both cases, this analysis
returned concentrations of the lower molecular weight
(dissociated) populations that were, within error zero (result
not shown). This indicates that our samples of factor XllI
are not significantly dissociated when [CalCk2 mM. This
concentration range overlaps that of free?Cia human
serum [1.05 mM< [C&'] < 1.3 mM @2)]. These observa-
tions support the previous conclusion that the predominant

as described above. We have used the average extinctioyuaternary form of factor Xl under physiological ionic

coefficienteae= (2¢r + exn)/I3=4.91x 1°* M 1cm?!as
the extinction coefficient of the effective monomer. This
choice, justified by the observation (described below) of a
2:1 fibrinogen/factor XIIl complex, leads to a smalt%%)

conditions is theayb, tetramer 6—8).

Factor XIII Binds Two Equialents of Fibrinogenya/y'.
At sedimentation equilibrium, solutions containing fibrinogen
yaly' and factor XlII contained mixtures of species that gave

overestimate of free fibrinogen concentrations and a modestyeight-average molecular weights significantly greater than
(~10%) underestimate of free factor XIll concentrations. those of fibrinogen or factor XIlI, alone. To better character-
Simultaneous least-squares fitting of this expression 10 jze this molecular system, we tested the two-species sedi-

multiple data sets was performed with the NONLIN program
(25), running on a Macintosh computeiTypical analyses
contained six data sets, corresponding to two samples
differing in total protein concentration (or fibrinogen:factor
X1l ratio), equilibrated at three rotor speeds.

RESULTS

Association States of Fibrinogen and Factor XHqui-
librium analytical ultracentrifugation was used to characterize

L NONLIN for the Macintosh was obtained from the website http://
bioc02.uthscsa.edu/.biochem/xla2.html.

mentation model (eq 1 witm = 2) against the data. The
globally best fit of this model to the data was one in which
M1 = 342 480+ 21 070 andV,, = 1 084 000+ 89 700
(Figure 3A). The small, symmetrical fitting residuals (upper
panel) demonstrate the compatibility of this model with the
data over the range of protein concentrations present in the
sample. (Assuming an average extinction coefficient for
fibrinogen and factor Xl ofexgo = 4.8 x 10° M~1 cm™4,

the sum of fibrinogen and factor Xlll concentrations in this
representative sample ranged frorl0.0 nM near the
meniscus to~3.7 uM near the bottom of the sample cell.)
In parallel experiments, data sets obtained from solutions
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< Ficure 3: Factor Xl binds 2 equiv of fibrinogepa/y’. (A) Lower
panel: Sedimentation equilibrium data for factor Xl along),(
fibrinogen alone ©), and a mixture of factor XIll and fibrinogen
0 ‘ ‘ , . ‘ yaly' (A). The data sets for fibrinogepn/y' and the factor Xl
0.0 0.050 0.10 0.15 0.20 fibrinogen mixture are offset vertically for clarity. The data are
r-1,cm plotted as a function of the reduced radial position— ro), to
0 accommodate samples centrifuged in different sectors of a 6-sector
FicURE 2: Sedimentation equilibrium characterization of fibrinogen centerpiece. All samples shown here were brought to equilibrium
and factor XlIl samples. (A) Fibrinogeng/ya andyaly' centri- at 8000 rpm in Buffer A at £C. The solid lines represent global

fuged to equilibrium at 8000 rpm and°€ in Buffer A. The solid fits to six data sets for each protein or protein mixture, as described
lines represent global fits of the single-species model (eq 1) to the under Materials and Methods. The factor XIll and fibrinogen
ensemble of data sets obtained with each protein as described undesamples are fit by the single-species model, which returned
Materials and Methods. These fits returned valuelof 338 900 Mt tactorxiit = 322 300+ 5800 andVi; fibrinogen yar,y = 343 800+ 6300,

4+ 5800 for fibrinogenyalya and M, = 343 800+ 6300 for respectively. Samples containing factor XIII and fibrinogeyty’
fibrinogenyal/y'. In both cases, the curve-fitting residuals (upper Wwere fit by the two-species model (eq 1 with= 2), which returned
panels) are small and, to a reasonable approximation, symmetricallyM,1 = 342 480+ 21 070 andM,» = 1 084 000+ 89 700. The
distributed, demonstrating that the single-species model is consistensmall, symmetrically distributed residuals demonstrate the good
with the mass distributions present in these samples. (B) Factoragreement of these models with the experimental mass distributions.
Xl sediments as a@ayb, tetramer in the presence of EDTA and 2 (B) Job plots of fibrinogenya/y" binding factor XIll. Lower

mM CacCb. Sedimentation equilibrium data were obtained at 8000 panel: Plots of relative concentration of fibrinogefactor Xl

rom and 4°C. In this case, the data are plotted as a function of the complex (normalized against the largest value in the series) as
reduced radial positiorr (— rg), to accommodate samples centri- functions of the nominal mole fractions of factor XIII in the
fuged in different sectors of a 6-sector centerpiece. The sample mixtures. The error bars indicate the 95% confidence limits for
buffers were 10 mM Tris (pH 7.4), 137 mM NacCl, 2.7 mM KCI, each value. The data were obtained from sedimentation equilibrium
2 mM CaC}, 1 uM leupeptin (Buffer A modified to contain 2 mM analyses such as the ones shown in panel A. Samples were brought
CaCl; O) or 10 mM Tris (pH 7.4), 137 mM NaCl, 10 mM EDTA, to equilibrium in Buffer A (which contains 1 mM Cagl1®) or in

2.7 mM KCl, 1 uM leupeptin (Buffer A modified to contain 10  Buffer A minus CaCJ, containing 10 mM EDTAM). The 10 mM

mM EDTA and no CaG} A). The solid lines represent global fits ~ EDTA data are offset vertically by a factor of 0.5 to enhance clarity.
of the single-species model (eq 1) to the ensemble of data setsThe solid lines are intended as guides only. Upper panels: relative
obtained with each protein as described under Materials and molecular weights of fibrinogenfactor XIll complexes obtained
Methods. These fits returned valueshf = 319 200+ 4800 for at the corresponding mole fractions of factor XllIl. The error bars
samples in 2 mM CaGlandM, = 325 400+ 4400 for samples in indicate the 95% confidence limits for each value. The solid lines
10 mM EDTA. In both cases, the curve-fitting residuals (upper are intended as guides only.

panels) are small and symmetrically distributed, demonstrating that L L .

a single-species model is consistent with the mass distributions containing factor XiIl and fibrinogema/y were also fit well
present in these samples. by the two-species model, with globally optimal values of
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M, = 338 200+ 17 350 andM,, = 1 060 000+ 73 600
(Figure 3A). The inclusion of a third species in the
sedimentation model did not significantly improve the quality
of the fits to either data set. In particular, fitting the data
with the expression for the model in which the molecular
weight of the third species was that of factor X#i or b,
dimers M; ~155 000) returned reference concentrations for

this species that were within error the same as zero (results

not shown).

What is the identity of the large species present in our
samples? The molecular weigiv{; = 1 084 000+ 89 700)
is incompatible with complexes formed by 1:1 association
of factor Xl with fibrinogen M predictea~669 200) or the
dimerization of fibrinogen M predgicea ~687 600) or factor
X1 ( My predictea~650 800). On the other hand, this molecular
weight is only narrowly distinguishable from the molecular
weight predicted for the trimerization of factor XIM predicted
~976 200), and it is fully compatible with the molecular
weights predicted for a trimer of fibrinogenVi{yredicted
~1031400) and for 2:1 and 1:2 fibrinogen/factor Xlll
complexes M predicted ~1 013 000 and~994 600, respec-
tively). To distinguish among these alternatives, we per-
formed a continuous variation (Job) analys8)( As shown
in Figure 3B, maximal complex formation is obtained at a
mole fraction of factor XIII of ~0.37, equivalent to an
optimal combining ratio of-1.7 fibrinogens per factor XIl.
The molecular weight of the complex is the same, within
error, at all mole fractions of factor Xlll, consistent with
the notion that only one type of complex is formed at all
molar ratios. This optimal combining ratio is strongly
consistent with a 2:1 fibrinogen/factor XIIl complex, and
rules out complexes with the inverse (1:2) molar ratio or
complexes containing a single protein (trimers of fibrinogen
or factor Xlll). A parallel experiment carried out in the
presence of 10 mM EDTA gave closely similar results
(optimal combining ratio of-1.7 fibrinogens per factor XlII,
M; = 1 066 000+ 65 500). These results indicate that the
fibrinogen/factor XllI stoichiometry of the complex does not

Moaddel et al.
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Ficure 4: Binding of factor XIII to fibrinogensya/y’ andyalya.
Dependence of equilibrium association constants oAfIC&8amples
contained factor XIII and fibrinogema/y' (®) or factor Xl and
fibrinogenya/ya (W). They were brought to sedimentation equi-
librium at 4°C in 10 mM Tris (pH 7.4), 137 mM NaCl, 2.7 mM
KCI, 1 uM leupeptin buffer containing the indicated concentration
of CaCb. The data indicated byEDTA were obtained in the same
buffer modified to contain 10 mM EDTA. The values shown
represent equilibrium constants (and 95% confidence limits)
returned by global fits of eq 4 to multiple data sets, as described
under Materials and Methods.

Sharply contrasting behavior is seen with fibrinogen
va. In Buffer A, its affinity for factor XlII is significantly
less than that of fibrinogepa/y’ [Kayaya = 1.3 x 108 M~
range (0.652.6) x 10 M~2. This affinity is, within
experimental error, independent of the concentration of added
CaCb (Figure 4). In addition, we were unable to detect
fibrinogen ya/ya—factor Xlll complexes in the absence of
added CaGland the presence of 10 mM EDTA, although
control samples brought to equilibrium at the same time
without added CaGl(and lacking EDTA) gave detectable
binding, as did samples equilibrated in parallel at 1.0, 1.5,
and 2.0 mM CaGl Although the lack of detectable binding
in the presence of EDTA limits our ability to interpret this
observation, its contrast to the enhanced binding of fibrinogen
yaly' indicates that the chelation of divalent cations has
significantly different consequences for fibrinogengya
andyaly'. Since fibrinogeng/alya and yaly' differ in the
presence of they’ sequence, these results support the

depend on the presence of a physiological concentration ofgnclusion that the’ sequence plays a significant role in

free C&" ions. An intriguing feature of these results is the

factor XlII binding and that [C&] modulates factor XI-

absence of detectable quantities of 1:1 fibrinogen/factor XIll ,+ interactions.

complexes in mixtures that contain free proteins and the 2:1° The y' Peptide Competes with Fibrinogepa/y' for
complex. This association pattern strongly suggests that theBinding Factor XIIL The difference in the affinities of factor

binding of fibrinogen by factor XllI is cooperative.

They' Sequence Influences Factor XlII Binding Affinity
in a[Ca"]-Dependent ManneAs a first step in evaluating
the role of they' sequence in factor Xlfibrinogen
interactions, we compared the affinity of factor XllII for
fibrinogen ya/ya (which lacks they' sequence) to that for
fibrinogenya/y’. Under our standard 1 mM CagQlonditions
(Buffer A), factor Xl binds 2 equiv of fibrinogenya/y’
with an apparent association const&gt= 3.6 x 10° M2
[95% confidence range (1-67.3) x 10° M~?; Figure 4]. This

Xl for yaly' and yalya fibrinogens is consistent with
binding models in which thg' sequence plays a crucial role.

It was therefore of interest to determine whether a 20-residue
polypeptide containing the’ sequence VRPEHPAETEYD-
SLYPEDDL can present at least the minimum set of features
necessary for factor Xlll binding. As a consequence of its
low molecular weight (2375), the binding of this polypeptide
to factor Xlll could not be directly detected by the
sedimentation equilibrium method (result not shown). How-
ever, appropriate factor Xlll binding should make the

value is increased somewhat in samples equilibrated in Buffer polypeptide an effective competitor of fibrinogen interactions.

A lacking CaC}, and significantly reduced when the CaCl
concentration is increased to 2 mM. The importance of

divalent cations to the association reaction is revealed by

the ~20-fold enhancement in affinity (relative to samples
in Buffer A) that is obtained when samples are brought to
equilibrium in the absence of added Ca&hd the presence
of 10 mM EDTA.

Such a binding competition can be represented as shown in
eq 5:
2F+ Xl -P, == F,:XIlll + nP (5)

Here F, XIIl, and P represent fibrinogen, factor XllII, and
peptide, respectively, andis the peptide’s binding stoichi-
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FiGurRe 5: They' peptide competes with fibrinogen/y' for factor
Xlll interaction. Plot of InKypsagainst In [peptide]. Measurements
were made at 4C in Buffer A, supplemented with the indicated
concentrations of the 20-residyé polypeptide. The error bars
represent 95% confidence intervals for the valuesKgfs As

described in eq 6, the slope is a measure of the peptide stoichiomet

of the reaction. Its value is1.86+ 0.56, suggesting that2 equiv
of y' peptide are released when 2 equiv of fibrinogety’ bind
factor XIlII.
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Ficure 6: Schematic model of a 2:1 fibrinogefactor Xl
complex. Shapes are arbitrary and are not drawn to scale. The
trinodular structure of fibrinogen (hatched figures) is consistent with
the original electron microscopic results of Hall and Slay#s) (

and with the recent crystal structure of the fibrinogen D-dimer
solved by Spraggon et ak44). Fibrinogen D- and E-domains are

r)Jabeled. Our sedimentation equilibrium data do not specify which

subunit(s) of factor Xl associate(s) with fibrinogen. Tieubunit

is modeled as the interacting subunit on the basis of results showing
that plasma factor XllI (thepb, tetramer) binds fibrinogepa/y’

while placental factor XllII, which contains ongychains, does not

ometry. The [peptide] dependence of the apparent macro-(19).

molecular association constant for this reactikip,{= [F»-
XIIY[F] 2[X11 -Py)) is given by 34)

91N Kops
ain[P]

Shown in Figure 5 is a graph of the dependence dfn
on In [peptide] for the binding of fibrinogepa/y' by factor
XII. The slope (-1.84+ 0.56) indicates that2 molecules
of peptide are released when fibrinogen binds factor XIII.
This value is equal, within error, to the fibrinogen fibrinogen

(6)

compete as a ligand of factor Xlll are both strong evidence
for the participation of they’ sequence in the binding
interaction. On the other hand, the ability of fibrinogex!

ya to form 2:1 complexes with factor XllI indicates that other
fibrinogen sequences are bound by factor Xlll. If these
sequences were bound independently of phesites, one
might expect the stoichiometry of the fibrinogen/y’
complex to be greater than that of the fibrinogex/ya
complex. Because it is not, we favor models in which both
the y' region and D-domain sequences presentyifiya

yaly' stoichiometry of the reaction and is thus consistent with jinogen contribute to the structure that is bound by factor

the competition model.

DISCUSSION

The existence of a complex between factor Xlll and
fibrinogen was postulated nearly 3 decades af). (We
have examined the binding of fibrinogeps/y’ and ya/ya
by factor Xl over a wide range of protein concentrations

XII.

Taken out of context, the binding affinities that we have
measured may appear to be too small to be consistent with
the proposal 19) that ya/y' fibrinogen serves as a carrier
protein for factor XIIl in plasma. For example, at 1 mM
CaClb, Kayay ~ 3.6 x 10® M2 and Kayapa ~ 1.3 x 10°
M~2 (Figure 4). Since the plasma concentrations of factor

and molar ratios and over a narrow, but physiologically X|iI, fibrinogen y'/ya, and fibrinogenya/ya are ~11 ugl

relevant, range of Ca concentrations. Both the molecular

mL (~34 nM), 200-400 ug/mL (0.6-1.2 uM), and 2.0-

weights of the observable complexes and the optimal 4.0 mg/mL (6-12 uM), respectively {6, 36, 37), these

combining ratios of fibrinogen to factor XllI are consistent
with the formation of complexes with a 2:1 fibrinogen:factor
X1l molar ratio. The release of2 equiv ofy' polypeptide

in the fibrinogeny’ peptide competition assay is also
consistent with the binding of two ligands by factor XIIlI.

Assemblies of significantly larger or smaller molecular
weight than that predicted for the 2:1 fibrinogen/factor XllI

equilibrium constants predict that only 6:0.5% of the total
factor XIll should be bound by fibrinogepa/y' and only
0.4—1.8% should be bound by fibrinogen/y.. However,

our measurements were made in dilute solutions, where
protein activity coefficients are close to unity. These solutions
do not replicate the crowded conditions that prevail in
plasma. Minton and colleagues have shown that at a serum

complex were not dete_cted..Th_e_ absence of 1:1 fibrinogen/ albumin concentration 0£80 mg/mL, roughly equal to the
factor XIIl complexes is a significant feature, because 1:1 total concentration of protein in plasmag, 39), the activity
complexes should be present at detectable levels in equilib-coefficient of dilute fibrinogen is~10 (40). When this factor

rium mixtures containing free proteins and the 2:1 complex, s taken into account, our equilibrium constants predict that
unless the binding reaction is highly cooperative. Such 11-349% of the total factor XIll should be bound by
cooperativity implies communication between the fibrinogen fibrinogenya/y" and 32-65% should be bound by fibrinogen
')/A/')/' blndlng sites of factor XllII. Since activated factor XIII '}/A/VA- These values are C|ear|y consistent with models in
efficiently cross-links fibriny-chain C-terminal segment8,(  which fibrinogen acts as a carrier for factor Xl in plasha
39), it seems likely that these portions of the fibrin D-domain (19, 23).

are in close proximity in the fibrinogerfactor Xl complex. One prediction of this analysis is that, at equilibrium, a
One assembly model that combines these features is showRy eater fraction of the total plasma factor Xlil is likely to
schematically in Figure 6. Sedimentation velocity experi-
ments to test hydrodynamic predictions of this model are

2 These values were calculated with the assumption that the activity

currently underway.
The elevated affinity with which factor Xl binds
fibrinogen ya/y' and the ability of they' polypeptide to

coefficient of fibrinogen in plasma is10 as described by Rivas et al.
(40). Smaller fractional occupancies should occur in less concentrated
solutions.
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be associated witlya/ya fibrinogen than with theya/y’
protein. This is a consequence of the fact that the ratio of
equilibrium constant&a,a/,/Ka,aya is smaller than the ratio

of fibrinogen concentrations [fibrinogem/y)/[fibrinogen
yaly']. This outcome was unexpected because factor Xl
has been isolated from plasma as a complex with fibrinogen
yaly' (19), but not, to our knowledge, as a complex with
fibrinogen ya/ya. On the other hand, the elevated affinity
of factor XllI for yaly' fibrinogen leads to the prediction
that the mole fraction ofa/y' fibrinogen bound by factor
X (~0.019) will be greater than that ¢f/ya fibrinogen
(~0.004). This may result in more facile detection of factor
Xl complexes withya/y' fibrinogen than with the/a/ya

Moaddel et al.

Several of the results discussed above raise important
questions for future research. First, why is factor XIII binding
to fibrinogenya/ya limited to a 2:1 stoichiometry? Fibrino-
genyalya molecules have two identical D-domains which,
all things being equal, should be capable of binding factor
XIll. Since factor Xl binds two fibrinogen molecules, the
result might be expected to be a linear polymerization,
yielding a heterogeneous population of complexes with
stoichiometries greater than 2:1. The fact that we obtained a
single, well-defined optimal combining ratio and a single
molecular weight for the factor XlHfibrinogen yalya
complex suggests the existence of a cooperative effect that
inhibits the binding of 2 equiv of factor XllI to a fibrinogen

protein. We emphasize that our results do not address anyya/ya molecule. Such long-range cooperativity has at least

differences in thekinetic stabilities of yalya and yaly'
complexes that may be responsible for the different isolation
efficiencies of these complexes. Ultimately, the stronger
association of factor XIII withya/y' fibrinogen may be
responsible for the more extensive cross-linkingyafy’
fibrin by factor Xllla (20; Moaddel et al., manuscript in

one precedent: the binding of plasminogen to its sites in
the D- and E-domains of fibrinogen has also been found to
be cooperative24). A second question is the following:
Which residues in the' sequence are important for factor
Xl binding? It is evident that this 20 amino acid C-terminal
sequence presents at least the minimum set of surface features

preparation), and may contribute to the increased resistancenecessary for stable binding and competition with fibrinogen

of yaly' fibrin clots to fibrinolysis.

The linked release of Ca@With fibrinogenya/y' binding
(but not fibrinogen ya/ya binding) and the significant
increase of binding affinity for fibrinogerya/y’ in the
presence of excess EDTA (Figure 4) suggest thay theotif
contains at least one binding site for®aThe presence of
8 carboxylate groups (7 aspartyl and glutamyl side chains
plus the C-terminus) and 2 potential sulfotyrosine residues
(41) in the 20-residue’ sequence is consistent with this idea.
We speculate that calcium binding by thesequence may
play a role in factor Xl activation that goes beyond the
modulation of binding affinities shown in Figure 4. The
dissociation of factor Xllla andb subunits and the exposure
of the active site cysteines in thesubunits are both calcium-
dependent event®,(31). Since calcium is released during
factor XllI binding (Figure 4), the'’ sequence may act as a
reservoir of calcium ions that are made available for factor
Xlll activation. Efficient factor XlII activation may account
for enhanced cross-linking ofa/y" fibrin (20; Moaddel et
al., manuscript in preparation), and may contribute to the
increased fibrinolytic resistance gf/y' fibrin.

Caveats The experiments described here were performed
under dilute solution conditions, using purified fibrinogen
and factor XIII proteins. Accordingly, our results do not
reflect the consequences of molecular crowding, nor the
presence of other macromolecular interactions that may
compete with factor XlIII binding to fibrinogenga/ya and
yaly' in vivo. In particular, we have not yet characterized
the binding of factor XIII with fibrinogeny'/y'. Although
this variant is likely to comprise only 0.42.25% of all
fibrinogen molecules, the resultant plasma concentration may
exceed that of factor XIII. If the association constant is high,
a significant fraction of factor Xl may be associated with
this variant in plasma. Finally, the use of highly purified
proteins, that have been dialyzed to equilibrium, eliminates
the effects of low molecular weight species (including
polypeptides, polysaccharides, and inorganic ions) that are
present in plasma but not represented in Buffer A. An
understanding of these factors will be necessary before our
results should be considered as fully representative of the
analogous interactions that take place in blood plasma.

yaly' under our solution conditions. Since clots formed with
yaly' fibrinogen are efficiently cross-linked by factor XIll

to form structures with enhanced resistance to fibrinolysis
(20), inhibitors based op' peptide structures may be useful
for the artificial control of clot stability. A related question
is: Whaty' residues are important for the Ca@lodulation

of factor XllII binding? Although crystal structures of fibrin-
(ogen) fragments containing thg sequence have been
published 42), the carboxyl terminus of thg' chain was
not visible, so any potential interactions of tpfechain with
Ca" were not evident. Finally, what is the relationship
between fibrinogen binding and factor XlII activation? Many
noncovalent interactions take place in plasma, and an
important challenge for the future will be to identify their
roles in the essential pathways of thrombosis and throm-
bolysis.
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