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KEY POINTS

-Fibrinogen y-chain residues 390-396 bind FXIILB; and mediate its activation in a FXH-

subunit-dependent mechanism.

-Excess FXIII-B in plasma circulates bound to fibrinogen.



ABSTRACT

The coagulation transglutaminase factor Xl (FXIII) egist circulation as the heterotetrameric
proenzyme FXIII-AB.. Effectively all FXIlI-A2B2 circulates bound to fibrinogen, and excess
FXIII-B 2 circulaesin plasmaThe motifs that mediate interaction of FXIIkBe with fibrinogen
have been elusive. We recently detected reduced binding df&x. to murine fibrinogen
that has y-chain residues 39896 mutated to alanines (Fiby3°®3°%4). Here, we evaluated binding
features using human components, including recombinandipen variants, FXIl1-AB>, and
isolated FXIII-A and -B homodimersFXIlI-A 2B co-precipitated with wildeype (YA/yA),
alternativelyspliced (y'/y"), and aC-truncated (Aa251) fibrinogens, whereas co-precipitation with
human Fiby39®3%Awas reduced by 75%&0.0001).Surface plasmon resonance showed YA/YA,
Y'/y', and Ao251 fibrinogens bound FXIII-AB; with high affinity (nM); howeverFiby390-3964

did not bind FXIII-AB.. These data indicate fibrinogen residy&30-396 comprise the major
binding motif for FXIII-A2B>. Compared to YA/yA clots, FXIII-A2B> activation peptide release
was 2.7-fold slower iffiby3°®3%6Aclots (P<0.02). Conversely, activation of recombinant FXIII
A (lacking FXIII-B2) was similarin yA/yA and Fiby3°%3%A clots, suggesting fibrinogen residues
v390-396 accelerate FXIII-#B> activation in a FXIII-B-dependent mechanism. Recombinant
FXIII-B 2 bound YA/yA, y'/y', and Aa251 with similar affinities as FXIII-A2B2, but did not bind

or coprecipitate with Fiby39®39A EX|I1-B, alsoco-precipitated with fibrinogen in plasma from
F13a" mice. Collectively, these data indicate that FXIBRBAbinds fibrinogen residues y390-

396 via the B subunits, and that excess plasma FXll§-Bot free, but rather, circulates bound
to fibrinogen. These findings provide insight into assembthe fibrinogen/FXIII-AB:

complex in both physiologic and therapeutic situations.



INTRODUCTION

Factor Xl (FXIII) is a plasma protransglutaminase tietulates at 14-28 pg/mL (43-86
nM, reviewed iﬁ. Zymogen FXIIl is composed of two A subunits (FXIIbAand two carrier B
subunits (FXII-B) assembled as a non-covalent heterotetramer (FXBkAIn plasma, FXIII-
A: is tightly-associate@p ~100 pl\/mwith FXI11-B2. Excess FXII-B (43-62 nM) is present in
circulatiorﬁﬂ During coagulation, FXIII-AB: is activated by thrombin-mediated cleavage of an
N-terminal, 37-amino acid activation peptide from the FAlsubunits (FXIII-A"). After
activation peptide release, calcium promotes the dasme of the inhibitory FXIII-B subunits,
yielding fully activated FXlll-A>* (FXIIIa). Once activated, FXIIla catalyzes the formation of ¢-
N-(y-glutamyl)dysyl crosslinks between y- and a-chains of fibrin and between fibrin and other
plasma proteins. Crosslinking is essential for clot meichhand biochemical stability
(reviewed inr). Fibrin a-chain crosslinking also promotes red blood cell retentiovenous
thrombi and consequently, mediates thrombus composhiosia

FXIII-A 2B> circulates in complex with fibrinogen (10 nMJy| and these proteins are
readily co-precipitated from plasvlﬁla-lowever, the fibrinogen residues that mediate binding to
FXIII-A 2B2 in humans have not been defined. Early studies suggesteliatratively-spliced
fibrinogen y’-chain contained the FXIII-A; binding sitﬁﬂ However, studies using recombinant
fibrinogen showed that FXIII-/B2 binds to y- and y’-containing fibrinogen with similar
afﬁnitﬂ suggesting the y’-extension is not necessary for FXIIbBy binding. More recently,
Smith et al. observed high affinity binding of non-aated FXIlI-A:B> to a glutathione-S-
transferase-fused peptide containing amino acid residue4237df-the fibrinogen aC domainEfl
However, whethethe fibrinogen aC domain fulfills the carrier function of FXIII-AB, remains
unclear.

We recently observed decreased co-precipitation of FAJHB, with murine fibrinogen that
has alanine substitutiomathin residues y390-396 (NRLSIGE to AAAAAAA, Fiby3903%4)
suggestinghese y-chain residues mediate the FXIIkBe carrier function in micﬁAccordingly,
Souri et al. subsequently detected binding of FXUBAo the human fibrinogep-chain at
residues Germinal of yLys35€1?_7| Notably, fibrinogen residueg8890-396 are highly conserved in
mammals (NRLTIGE [humamorilla, dog] NRLSIGD [rat], and NRLAIGE [giant panda]),

suggesting these residues fulfill this essential, consduvetion across species.



Herein, we used entirely human components, includingmbo@nt human fibrinogen
variants and human FXIII heterotetramers and homodjrasraell as FXIII-deficient mice, to
define the interaction between these proteins. Our datalr@wBrect interaction between human
fibrinogen residues y390-396 and the FXIII-B subunits, and uncover a fundamental amesim
mediating FXIII-fibrinogen complex assembly in blood. Thdsata have important implications
for both physiologic assembly of this complex in healtidividuals, and assembly in FXI1I-A
deficient patients receiving therapeutic recombinant FXHI-A



METHODS

Proteinsand Materials. Anti-human fibrinogen antibody was from Dako (Carpintedid) and
AlexaFluor 488 anti-rabbit and anti-sheep secondary antibogbee from Jackson
Immunoresearch (West Grove, PA). Two rabbit polyclonéitXIll-B antibodies were used:
HPAQ003827 (Sigma Aldriclst. Louis, MO) and A074 (Zedir®armstadt, Germany), as
indicated Plasma FXIII-AB>, anti-human FXIII-A antibody, and peak 1 human fibrinoge
(FXIlI-depleted)were from Enzyme Research Laboratories (ERL, South BNind,

Recombinant FXIII-A (rEXIII-A 2) was a generous gift of Novo Nordisk (Bagsvagrdnmark)
FXIlI-A 2B (plasma-derivedysed for surface plasmon resonance and recombinant FXllII-B
(rEXIINI-B 2, produced in insect ce)lsvere from Zediralnsect cell-derived FXIII-Bundergoes
different post-translational modification than humdasma-derived FXIII-B and migrates
slightly faster on SDS-PAGBurine studies were approved by the Institutional Animal Care
and Use Committees of the Cincinnati Children’s Hospital Medical Center and the University of
North Carolina at Chapel Hill. Additional materials andrees are detailed in the Supplemental
Materials

Expression of recombinant fibrinogen variants. A vectorexpressing recombinant Fiby39¢3964
was constructed as detailed in Supplemental Material@rR@nant human wildype (yA/yA),
alternatively-splicedy(/y"), aC-truncated Aa251), andFiby39396A (Fiby3903%A) fibrinogen
variants were expressed in Chinese Hamster Ovary cellaféinity-purified as previously

describe@>°

Fibrinogen precipitation experiments. Fibrinogen (1 mg/mL2.9 uM], final) was incubated
with FXI11-A2B2 (20 ug/mL [60 nM], final), rEXIII-Az (10 pg/mL [60 nM], final), or rEXIII-B.
(10 pg/mL [63 nM], final) at room temperature for 15 minutes. Glycine (165mhyAvas then
added and samples were rotated for 1 hour, after which ¢ogpate was pelleted by
centrifugation (7000xg, 15 minutes) and resuspended in HEPESdulialine (HBS; 20 mM
HEPES [pH 7.4], 150 mM NacCl). Fibrinogen, FXIII-A, and FXBlcontent of the initial
sample, pellet, and supernatant were assessed by Westéinghinder reducing conditions,
unless otherwise specified. Briefly, samples were separat8®8yPAGE on 10% Tris-Glycine

gels, transferred to polyvinylidene fluoride membram@sl, probed with primary antibodies



(rabbit anti-human fibrinogen [1:70D0sheep anti-human FXIII-A [1:1000], or rabbit anti-
human FXIII-B [HPA0038271:500]) overnight at 4°C before incubation with fluorescently
labeled secondary antibodies for 1 hour at room tempetalots were visualized using a
Typhoon FLA9000 Imager (GE Healthcare, Little Chalfont, UB@nsitometry was performed
with ImageJ 1.48v. Percentage of FXIII-A or FXIII-B in tpellet was determined by dividing
the intensity of the subunit band in the pellet by tha sefithe band intensities in both the pellet
and the supernatant.

For experiments with mouse plasma, blood was drawn viaférgor vena cava and
processed to platelet-poor plasma by centrifugation (5000xg, 10 mirfitesnogen was
isolated from wild-type (F134"), heterozygous (F138), FXIII-deficient (FlSa(ﬂEI or
afibrinogenemrtZI mouse plasma by glycine precipitaﬂ)ﬁor experiments with
immunodepleted humgrlasma (Affinity Biologicals, Ancaster, ON, lacks botKIF-A and
FXIII-B), plasma was first reconstituted with 2g/mL rFXIII-B> prior to glycine precipitation.
Precipitated fibrinogen and FXIII-A were detected asvab&oth murine and human FXIB-
were detected using anti-human FXIII-B antibody (A074, 1:1000niyketr at room

temperature).

Surface plasmon resonance (SPR). SPRIigands and analytes were prepared as detailed in
Supplemental Materials. SPR was performed on a Sensi@dtiplatforndescribed in the
Supplemental Material&ibrinogen analytes were diluted to 50 nM or 1 uM using theesa
batch of running buffer for blanks and the OneStep® titrafinction. Fibrinogen analytes were

injected into the sensor chamber at a flow-rate of 3MnirLusing the OneStep® titration

function°|with a loop-inject of 75% following 5 leadoff blanks and 3ktatandard injections

of 3% sucrose in running buffer. The 50 nM and 1 uM sampkslisgociation times of 500 and
1000 seconds, respectively. The chip surface was regeneratétdM/ibaCl (30 pL/min, 60
seconds), followed by 3 M NaCl (30 pL/min, 60 seconds)



Data were analyzed with Qdat data analysis software (Seresih®logies Inc., Oklahoma
City, OK). Binding data were fit using a simple/lks model and aggregation/retention
parameters adjusted per binding curve according to goodnesamd fturve type. Sensorgrams
from experiments with 50 nM fibrinogen analytes (maximuetpgnized one binding site and
were fit using a one-site model. Sensorgrams with 1 pihében analyte (maximum)
identified two binding sites for some FXIII ligands, bede data were fit using a two-site
binding model; however, given the plasma concentratiofxdf-A 2B> and fibrinogen,
affinities for the second binding sité%.7-21 uM)were considered too weak to be

physiologically-relevant. Thus, only data from the fitsgh-affinity site are reported.

FXI11 activation and fibrin crosslinking. FXIII-A 2B2 (20 pg/mL [60 nM], final) or rEXIII-A2
(10 pg/mL [60 nM], final) were incubated with fibrinogen (0.15 mg/mL [448]nfinal) at room
temperature for 15 minutes. Reactions were triggered witimibin (2 nM, final) and calcium
(10 mM, final). This thrombin concentration enabled us to visualize earlylF&Xtivation and
fibrin crosslinking.Reactions were quenched and clots dissolved with 50 mM dhthitil/12.5
mM EDTA in 8 M urea (60°C, 1 hour). Samples were boile8D$&-containing sample buffer
and separated using SDS-PAGE on 10% Tris-glycine gels bedmsddr to polyvinylidene
fluoride membranes. Membranes were probed with primdilgaties (sheep anti-human FXIII-
A [1:1000] or rabbit anti-human fibrinogen [1:7000]; overnighCYiefore incubation with
fluorescently-labeled secondary antibodies (1 hour, renpérature). Blots were visualized
using a Typhoon FLA9000 Imager. Densitometry was performedimilgeJ 1.48v. FXIII
activation was determined by dividing the intensity of th&lIFA ' band by the sum of the
FXIII-A and FXIII-A' bands to obtain % of FXIII-ACrosslinking of fibriny-chains was

determined as previously descri )‘%ﬁo

Statistics. Descriptive statistics (mean, standard deviation [SDjdstal error of the mean
[SEM]) were calculated and Lilliefors test was used to assmssality. FXIII-A2 and FXIII-B;
co-precipitation with each fibrinogen variant was compaoceyA/yA using ANOV A with
Dunnetts post-hoc testing (Kaleidagraph, Synergy Software, vEXIII activation and fibrin
crosslinking rates were compared usingild Student’s t-tests for equal or unequal variances,

as appropriate. P<0.05 was considered statistically sigrifican






RESULTS

Fibrinogen residues y390-396 mediate FX111-A2B2 binding to soluble human fibrinogen.
Previous studies have suggested FXI}BAbinds to fibrinogerat the alternatively-spliced-
chaiﬁﬂ residues in theC domaim or residues in the—chaiﬂl’j To compare FXIII-AB2
binding to these regions of fibrinogen, we expressed and purd@ mbinant human fibrinogen
proteins: wild-type¥A/yA), alternatively-splicedy(/y"), aC-truncated (Aa251), and Fiby390396A,

As expectgtF 4| each of these fibrinogen variants contained all thhedéns, polymerized

normally, and were >95% clottable (Figure 1 and data not shaMapre-incubated these
fibrinogen variants with FXIII-AB>, precipitated fibrinogen with glycine, and performed SDS-
PAGE and Western blotting to identify FXIII2B2 present in the pellets and supernatant. FXIII-
A2B: co-precipitated with YA/yA, y'/y', and A251 fibrinogen constructs (Figure.Jhlowever,
co-precipitation of FXIII-AB; with Fiby3®%3%A was reduced by 759%&0.0001, Figure 1).

We also quantified binding of the fibrinogen variants tolFR:B> using SPRConsistent
with the co-precipitation datgA/yA andy'/y’ fibrinogens bound FXIl1-A:B> with similar, high
affinity (Table 1, Supplemental Figure Qompared to yA/yA and y'/y’ fibrinogens Aa251
fibrinogen binding to adherent FXIII-B2 was slightly reduced, consistent with the finding that
the aC domain contributes to FXIlI-AB2-binding functbrﬂ Regardless, givethese affinity
constants (Table 1), greater than 99% of circulating FXiB- (plasma concentration ~43-86
nl\/m would bind each of these varianhotably, Fby3°%3%A fibrinogen did not bind FXIII-
A2B> (Table 1, Supplemental Figure Dollectively, these data indicate the primary binding site
for zymogen FXIII-AB:is present in YA/yA, y'/y’, and Aa251 fibrinogens, but absent in Fiby3®
3%Afibrinogen Together with previous findirﬁsthese results suggest the highly-conserved
fibrinogen residues y390-396 mediate binding of zymogen FXIII;B: to fibrinogen in both

mice and humans.

Human fibrin(ogen) residuesy390-396 mediate the ability of fibrin to accelerate FXI11-
A2B: activation. During fibrin formation, FXIII-AB> binding to the fibrin D:E:D/thrombin

complex accelerates FXIII activation peptide cleavageRafitl activation*4>*¥|Using mice

expressing murinEiby3°%3% fibrinogen, we previously detected delayed FXIII activatiosh an
fibrin crosslinking in plasnﬁ.To directly determine the contribution of fibrin(ogea¥idues

v390-396to these functionsve now assessed the ability of huniaihy3°%394 fibrin(ogen) to
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support FXIII-AB: activation in a purified system. Compared to reactionis manyA/yA
fibrin(ogen), reactions witRiby3°%3%A fibrin(ogen) showed 2.7-fold slower release of the FXIll
activation peptide (2.350.46% vs. 0.87 = 0.20% FXIII-Aninute, respectively, P<0.02, Figure
2A-C), and was similato that observed in the absence of fibrinogen (0.96 + 0.16% FXIII-
A'/minute P=0.8 Figure 2A-Q.

The rate of fibrin formation was simil&sr yA/yA andFiby*°®3%4(Figure 2D and data not
shown) However, the rate of fibrin crosslinking was slower fdwyPi°3%A, Specifically,y-y
dimer formation was 2.5-fold slower (6.7 + 1.5 versus 17108% y-y/minute, forFiby3°039A
versusyA/yA, respectively, Figure 2D-F). Tiedelaysin both FXIII-A2B. activation and
crosslinking activity are consistent with a lack of bindirigymogen FXIII-AB; to Fiby39¢396A
fibrinogen.

The ability of fibrin(ogen) residuesy390-396 to accelerate FXI 11 activation isFXI11-B
subunit-dependent. Souri et al. previously suggested Hueeleratory effeadf fibrin(ogen) on
FXIlI-A 2B> activation is FXIII-B subunit-dependﬁWetherefore also measured activation of
FXIN-A2 (rEXI-A>2) in the absence of FXIII-Band compared these rates in the presence of
yA/yYA andFiby39%3%A fibrin(ogen) Compared to activation of FXI1-/B,, activation of rEXIII-
A2 was slower (Figure 2A-C and Figure 3A#x0.02)consistent with a critical role for the
FXIII-B subunits in this reaction. Interestingly, howewvercontrast to that seen with FXIII-
A2B,, activation of rFXIII-A was similar in the presenceof/yA andFiby3°®39A fibrin(ogen)
(0.60 £ 0.06vs. 0.46 + 0.06% FXIII-A/minute respectively, Figure 3A-ICMoreover, in the
presence of rEXII-A, the brmation rate of y-y dimers was more similar for yA/yA andFiby3°®
3%A (15.6 + 0.5 versus 12.6 + 0.5f4y/minute, respectively, Figure 3D-F), relative to reactions
in the presence of FXIII-M,. These findings showiby3°%3%A can be crosslinked, indicating
the delayed crosslinking seen with FXIIkBy (Figure 2D-F) was not due to a substantial
disruption of structure in this region. Rather, thesa d#tribute the delay seen with FXIIBe
(Figure 2D-F) to decreased interaction between fibrin(pgesidues390-396 and the FXIII-B
subunit. Together, these data suggiestpresence dibrin(ogen) residueg390-396accelerate

FXIII activation, and do so in a FXIIB subunit-dependent mechanism.

The FXI11-B subunit bindsfibrinogen residuesy390-396. We then directly testthe
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hypothesis that FXIII binding fibrinogen residues y390-396 is mediated by the B subunits
using both precipitation and SPR assays. First, we fitaeiprecombinant yA/yA or Fiby3903%A
fibrinogen in the presence of rEXII2ArEXIINI-B 2, or rEXII-A2 plus rEXII-B;. rEXII-A2did
not co-precipitate with eitherA/yA or Fiby3°%3%A fibrinogen (Figure 4AB). However, rEXIII-
B readily co-precipitated withA/yA fibrinogen (Figure 4A), but ndtiby3°%3964 fibrinogen
(Figure 8). Addition of rFXIII-B2 to rFXIII-A2 promoted co-precipitation of rEXII-Awith
YA/YA fibrinogen (Figure A), likely through the formation of rEXIII-4B2 heterotetramers.
Conversely, rFXIII-B did not promote rFXIII-A co-precipitation withFiby3°%3°6A(Figure 48).
Experiments using purified, plasma-derivedyA (peak 1) fibrinogen fully recapitulated
findings withrecombinant yA/yA (data not shown).

Second, we examined binding of the fibrinogen variants tocastsaund rFEXIII-B. These
data revealed thatA/yA bound rEXIlI-B with similar affinty as seen with FXI11-AB> (Table
1, Supplemental Figure .2)'/y' and Aa251 fibrinogens also bound rFXIII-B2 (Table 1,
Supplemental Figure 2), indicating both that the binding nfatiFXIII-B2 is present on each of
these fibrinogen molecules and that the presence of ®XItloes not enhance FXIll-Binding
to fibrinogen These data also confirm that rEXIIkBo-precipitation with fibrinogen in the
previous experiments was not due to the presence of glycinebl)ydtawever, we were unable
to detect binding oFiby3°®3°¢Afibrinogen to rEXII-B; (Table 1, Supplemental Figr2).
Collectively, these co-precipitation and SPR data ateithat the FXIII-B subunit(s) of FXIII-
A->B> mediate binding to fibrinogeresidues y390-396.

Excess FXI11-B2 in plasma circulates bound to fibrinogen. FXIII-B 2 is present in ~2-fold
molar excess over FXIII-Ain plasma and is thought to circulate as free (unbouXd)-B 2
homodimeﬁﬂ However, theco-precipitation and SPR data indicating FXII-8an bind
fibrinogen in the absence of FXIlI2AFigure 4A, Table 1) raise the interesting possibility that
“free” FXIII-B: in plasma actu8l circulates bound to fibrinogemdeed, given the measured
affinity of FXIII-B 2 to fibrinogen (0.4 nM, Table 1) and the estimated plasmaesdration of
“free’ FXIII-B 2 (~43—62nMﬁE| greater than 99% of circulating FXIIIsBhouldbe bound to
fibrinogen Therefore, to determine whether FXIIb-Birculates with fibrinogen in plasma, we
precipitated fibrinogen from plasma from FXIll-Aufficient (F13&"*) and FXIlI-Ax-deficient
(F13a’ and F134) micmand used SDS-PAGE and Western blotting to detect Bl the
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precipitate Consistent with previous observat@ﬁhere was a FXIII-A subunit dose effect on
the total amount of FXIIB present in the initial plasma sample (Figure 5A), suggeBil-

Az influences the circulating level of FXIlI-BRegardless, Figure 5A shows that FXIH-d&-
precipitated with fibrinogen from FXIlI-A-deficient plasmaxperiments using human FXIlI-A-
deficient plasma fully recapitulated findings with FXAkdeficient mouse plasma (Figure bB
To test the specificity of the precipitation protocol, subjected afibrinogenemic mouse plasma
to glycine precipitation. As expected, no fibrinogen wasipitated (Figure &). Importantly,
glycine did not precipitate FXIII-Bfrom afibrinogenemic mouse plasma (Figu@®,5ndicating
that FXIII precipitation in these experiments is filmgen-dependenthus, these data suggest
excess FXIII-B in plasma does not circulaiiea “free” state, but instead circulates bound to

fibrinogen.
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DISCUSSION

The observation that FXIII-A: circulates in complex with fibrinogen is well-establidhe
however, the motifs on fibrinogen and FXIIkLBe that mediate this interaction have been
controversialOur study that integrates both solid- and solution-phasengrekperiments and
functional assays reveals critical components df fibtinogen and FXIII-AB> necessary for
binding. First our data indicate that the primary binding site for zymadgehl-A 2B> on human
fibrinogen is not found in the alternativedpticed y’-extension or the aC region, but instead lies
within y-chain residues 390-396. Together with data fromlﬂwttﬂs finding suggests these
highly-conserved fibrinogen residues mediate this intemaati multiple species. Second, we
showed that FXIII-AB> binds fibrinogen residueg90-396 via the FXIII-B subunitsThese data
support previous studies suggesting an interaction between tHeB=3lbunit and

fibrinogef*“| and extend these findings by defining the FXIII-B binding mmtiffibrinogen.

Third, we showed that FXIII-Bcan bind fibrinogen in the absence of FXIl}-Ahis intriguing
finding suggestsfree” FXIII-B: in plasma actually circulates bound to fibrinogen, and has
important implications for understanding assembly of tkenibgen/FXIII-AB2 complex in
both physiologic and therapeutic situations.

Our finding that fibrinogen residug890-396 support FXI11-AB> binding are consistent
with several prior studies implicating the D-domigimesidues C-terminal to residue Lys356 of
the y-chaiE"I and residues y390-396 of murine fibrinoggmnin this interactionHowever, our
findings are discordant with studies implicating themlativeIy-spliced('-chaiﬁﬂas the
primary mediatoof this interactionThe reasons for this discord may relate to differemncése
assay systems used. For example, although experimergsamgim exchange chromatography
suggested FXII1-AB; elutes in the same fraction@&/y’, this study did not directly compare
binding of FXIII-A2B: to these fibrinogen variarﬁn contrast we tested this interaction by both
co-precipitation and direct binding assays that enabled oitatain fibrinogen in solution
during the binding events. This assay design may be particirigportant because the same
residues we have implicated in FXIll2Be binding have previously been shown to support
fibrin(ogen) binding to the CD11b (am) subunit of CD11b/CD18 (Mac-1) integrin present on
monocytes, macrophages, and neutroﬂﬁ]’he observation from those studies that CD11b
binds to residues y390-396 in insoluble fibrin and adherent fibrin(ogen), but nditsle

fibrinogen, has led to the hypothesis that fibrin fororaor fibrinogen adherence to a surface

14



induces structural changes withhese residues. Thugtevious experimental designs that used

surface (or resin)-bound fibrin(ogen) or fiﬂff“- ~4°°|may not have recapitulated the

conformation of residueg90-396 that would bind zymogen FXIIl when fibrinogen is in
solution. This possibility is also interesting when cdesng the role of the nearby fibrin(ogen)
y'" extension (residues 407-427) in FXIII-A2B2 binding. If residues in thg-extension influence
structure withinresidues y390-396, data from assays using surface- or resin-bound fibrin{oge
or fibrin may have indicated the alternativelyisgd y'-chain has different affinity for FXIII-
A2Bo2. Similarly, ultracentrifugation experiments with/y’ fibrinogeﬂmay have been
confounded by the presence of gel-like fibrin(ogen) d@ﬁhus, these conditions may have
led to the conclusion thétte zymogerbinding motif is contained within the y’-extension.

More recent findings that FXIII-/: binds to a peptide derived from the fibrinogen aC
domain (residues 0371-425) suggested FXIII-A2 binds to the fibrinogenC regiorE"IIn that
studﬂit was not possible to distinguish the relative contrimgiof theaC region versus the D-
region to this interaction in full-length fibrinoge@ur SPR data suggestidg251 fibrinogen
has weaker binding to FXIII-A> than doegA/yA fibrinogen suggests some FXIII-binding
character is alsderived from the aC domain. Future studies using variant fibrinogens with
combined mutations in the anda-chains may resolve the relative contribution ofd@eregion
in this interaction.

The high degree of intepecies homology within fibrinogen residues y390-396 has
traditionally been attributed to their other essential fionan supporting fibrin(ogen) binding to
CD11Rh= 7 {Interestingly, the earliest FXIII-fibrinogen sysﬁnnd the am I-domain that binds
fibrir|®

homozygous mutations have been identified in this regimphasizing the physiologic

o9

appeared together with the rise of vertebrates over 406mykars ago. No

importance of this fibrin(ogen) sequence. Therefore, tile o mology in this region may result
from strong evolutionary pressure to maintain both e$¢hfunctions. Although the same
fibrinogen residues mediate binding to both FXIHBA and CD11b, it is unlikely that these
binding events compete. First, there is a vast excedwinbigen relative to FXIII-AB..
Second, FXIII-AB: circulates with soluble fibrinogﬁwhereas CD11b binds insoluble fi@
Thus, these interactions likely occur in distinct physi@egttings.

Based on our and published findings, we propose the followinglrtieidare 6) FXIII-

A2B: circulates bound to fibrinogen at a site comprised siflteesy390-396 and supported by
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theaC regionEI During coagulation, fibrinogen transports FXIIbBY into the nascent clot ai
its interaction with the FXIII-B subunit@s fibrin polymerizes, FXIII-AB> bound to the D-
domain of one fibrin monomer contacts thrombin boundh¢oE-domain of another fibrin

monomer at the D:E:D interfaﬁFormation of this complex promotes FXIII activatiorptige

cleavage and release from the FXIII-A sub }ﬁﬁTO followed by dissociation of the FXIB-

subunits from the FXIII-A subur‘W These sequential steps yield fully-activated FXI-A

Generation of FXIII-A* at residueg390-396 conveniently localizes FXIllla nege y-chain

crosslinking sitegresidues YQ398/399 and yK406), which are the first fibrin residues to undergo

crosslinking<f"~**| Thisy-chain crosslinking also promotes FXIIk-Bissociation from the fibrin
clotEIThe FXIII-A2* interaction withaC residue EBSFEH“ “lthen facilitates the translocation of

its active site to thébrin a-chain, where it catalyzes the formation of crosslindisveen fibrin
a-chains and betweanichains and other plasma proteins. Formation of thesslnks is
critical for the ability of FXIlI(a) to promote resistamof clots to biomechanical and
biochemical disruption. Moreover, we recently showed ti@spatio-temporal regulation of
FXIII activation kinetics during coagulation is also icall for determining red blood cell
retention in contracted cl(ﬂsThus, this model reconciles data from studies on thergnd
activation, and activity of FXIII and reveals the impaorda of the FXIII-B subunits in
fibrinogen/FXIII-A2B: interactions, in FXIII-AB2 activation, and consequently, in fibrin
crosslinking and clot composition and stabiliéthough we did not identify the specific FXIII-
B residues that mediate this interaction, previous stindies implicated sushi domains 1 and/or
10 in this interactioEl Further studies are ongoing to localize the FXIII-Bdess that support
binding to fibrinogen residue890-396.

A major finding from this work is the observation thatlf~-B > can bind fibrinogen in the
absence of FXIII-A Notably, the tight affinity of FXIII-B binding to fibrinogen, together with
the plasma concentrations of FXIIk-Bnd fibrinogen, suggests essentially all FXIbiB
plasma is bound to fibrinogemhis observation appearsdontradict the tenet that “free B”
circulates in plasrrﬁHowever, FXIII-B used in the previous repﬁwt/as prepared by
ammonium sulfate precipitation and heat denaturation tfg@dly remove fibrinogen. Thus,
that study was not designed to characterize FXIII binding to ptasma proteinsaand “free B”
was likelyonly meant to imply “not bound to FXIII-A,.” Description of this material has been

(incorrectly) interpreted more broadly since that ti®mce both FXIII-B ard fibrinogen are
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synthesized by hepatocytes, these proteins may assdaraig or imnmediately following their
secretion. Subsequent association of the FXH#bunits, which are synthesized by cells of
bone marroworigin, with the fibrinogen/FXIlI-B complex would then result in formation of the
complete fibrinogen/FXI11-AB,> complex. Consequently, our data that suggest FXJII-B
circulates bound to fibrinogen may reveal part of a-stese mechanism that leads to production
of fibrinogen/FXIII-A2B, complexes. In addition, these data may have impomagsitdations for
understanding the mechanism of action of therapeutic HAdinfusion for FXIII-A-
deficiency. Binding of infused rFXIlI-Ato fibrinogen-bound FXIII-B(versus “free” FXIII-B2)
ensures that rFXIII-Awill become incorporated into a functional, fibrinogen-boaathplex
which is crucial for normal FXIII activation and function

Our study has potentitimitations. First, the loss of FXIII binding to the Fiby39®39A mutant
may reflectdisrupted structure within the y-domain. However, this possibility seems unlikely

because crystallographic studies suggest this region iemhedisordered even in the native

moleculg®*“**|Moreover, although the pattern of fibrin crosslinkinguibty altered in both

mousEIandhuman Fiby39%39A clots both murinﬁlz_'rl and humarFiby3®3%4 can be fully
crosslinked at the canonical residues located immediatedyn@nal to y390-396 (yQ398/399
and yK406). Thus, mutations within these residues do not appear to optastlly alter
structure within this domain. Second, the protocol used to pieedibrinogen may also
promote FXIII precipitation and/or FXIII interaction withbfinogen, and we and otfﬁﬁsave
observed spontaneous precipitation of isolated FXIII-B stbuimicertain experiments.
However, glycine did not precipitate FXIII from afibrinagamic plasma or in the presence of
non-bindingFiby3°%3%6 fibrinogen. Moreoverdata from the precipitation experiments were
supported by both SPR analyses and functional FXIll @abin assays performed in the absence
of glycine.

In summary, our data expose critical molecular imtgwas mediating FXIII binding to
fibrinogen Identification of these motifs advances our understandf this interaction in both

physiologic and pathophysiologic situations.
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TABLE

Immobiliz Equilibrium di iation constai
Liggnd ed Analyte N quilibriu (g DS)S,OnC N?t on consta
FXII-A 2B> YA/YA 6 3.8+24
Y 6 104+11.1
Ao251 3 71.C+16.2
Fiby390396A 6 No Binding
rEXII-B 2 YA/YA 4 0.4+£0.3
v 6 53.Cx75.1
Aa251 4 58.€+ 26.5
Fiby390396A 6 No Binding

Table 1. SPR analysis of fibrinogen variant binding to immobilized FXI111-A2B> and
rEXI111-B2. Equilibrium dissociation constant values are me&D for the number of

experiments indicated

19



REFERENCES

1. Muszbek L, Bereczky Z, Bagoly Z, Komaromi |, KatdhaFactor XllI: a coagulation
factor with multiple plasmatic and cellular functiofysiol Rev. 2011;91(3):931-972.
2. Katona E, Penzes K, Csapo A, et al. Interactidaaibr Xl subunits. Blood

2014;123(11):1757-1763.

3. Yorifuji H, Anderson K, Lynch GW, Van de Water L, McDagtaJ. B protein of factor
XIlI: differentiation between free B and complexed B. Blob888;72(5):1645-1650.

4. Aleman MM, Byrnes JR, Wang JG, et al. Factor XlIhaigt mediates red blood cell
retention in venous thrombi. J Clin Invest. 2014;124(8):3590-3600.

5. Byrnes JR, Duval C, Wang Y, et al. Factor Xllla-dependatention of red blood cells
in clots is mediated by fibrin a-chain crosslinking. Blood. 2015;126(16):1940-1948.

6. Greenberg CS, Shuman MA. The zymogen forms of blood aiagufactor XIII bind
specifically to fibrinogen. J Biol Chem. 1982;257(11):6096-6101.

7. Loewy AG, Dahlberg A, Dunathan K, Kriel R, Wolfinger HL, Bibrinase. Il. Some
physical properties] Biol Chem. 1961;236:2634-2643.

8. Siebenlist KR, Meh DA, Mosesson MW. Plasma factor Kiiilds specifically to
fibrinogen molecules containing y’ chains. Biochemistry. 1996;35(32):10448-10453.

9. Moaddel M, Farrell DH, Daugherty MA, Fried MG. InteraoBmf human fibrinogens
with factor XIII: roles of calcium and the y’ peptide. Biochemistry. 2000;39(22):6698-
6705.

10.  Gersh KL, S.T. An investigation of factor XIII binding to recombinant y'/y"' and y/y'
fibrinogen. Blood. 2006;108(11):Abstract 1705.

11. Smith KA, Adamson PJ, Pease RJ, et al. Interactions between factor XIII and the aC
region of fibrinogen. Blood. 2011;117(12):3460-3468.

12. Souri M, Osaki T, Ichinose A. The non-catalyticibnit of coagulation factor Xl
accelerates fibrin cross-linking. J Biol Chem. 2015;290(19):12027-12039.

13. Lord ST, Binnie CG, Hettasch JM, Strickland E. Purifaraaind characterization of
recombinant human fibrinogen. Blood Coagul Fibrinolysis. 1993;4(1):55-59.

14. Gersh KC, Nagaswami C, Weisel JW, Lord ST. ffilesence of y’ chain impairs fibrin
polymerization. Thromb Res. 2009;124(3):356-363.

15. Gorkun OV, Henschelhfdman AH, Ping LF, Lord ST. Analysis of Aa251 fibrinogen: the
0oC domain has a role in polymerization, albeit more subtle than anticipated from the
analogous proteolytic fragment X. Biochemistry. 1998;37(44):15434-15441.

16. Souri M, Koseki-Kuno S, Takeda N, et al. Male-spedciéirdiac pathologies in mice
lacking either the A or B subunit of factor XIll. Thromb éfaost. 2008;99(2):401-408.

17. Ploplis VA, Wilberding J, McLennan L, et al. A total fimwgen deficiency is compatible
with the development of pulmonary fibrosis in mice. ARathol. 2000;157(3):703-708.

18. Quinn JG. Modeling Taylor dispersion injections: deternonatf kinetic/affinity
interaction constants and diffusion coefficientsaibdl-free biosensing. Anal Biochem
2012;421(2):391-400.

19. Quinn JG. Evaluation of Taylor dispersion injectionseeining kinetic/affinity
interaction constants and diffusion coefficientsaibdl-free biosensing. Anal Biochem
2012;421(2):401-410.

20. Samokhin GP, Lorand L. Contact with the N termini in thereéE domain enhances
the reactivities of the distal D domains of fibrin totéacXllla. J Biol Chem
1995;270(37):21827-21832.

20



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

Flick MJ, Du X, Witte DP, et al. Leukocyte engagementlwirf{ogen) via the integrin
receptor aMpB2/Mac-1 is critical for host inflammatory response in vivaClin Invest
2004;113(11):1596-1606.

Credo RB, Curtis CG, Lorand L. Ca2+-related regulatamgtion of fibrinogen. Proc
Natl Acad Sci U S A. 1978;75(9):4234-4237.

Janus TJ, Lewis SD, Lorand L, Shafer JA. Promotidhrofnbin-catalyzed activation of
factor Xl by fibrinogen. Biochemistry. 1983;22(26):6269-6272.

Lewis SD, Janus TJ, Lorand L, Shafer JA. Regulatidormation of factor Xllla by its
fibrin substrates. Biochemistry. 1985;24(24):6772-6777.

Naski MC, Lorand L, Shafer JA. Characterizatiothefkinetic pathway for fibrin
promotion of alpha-thrombin-catalyzed activation ofpta factor XllII. Biochemistry
1991;30(4):934-941.

Hornyak TJ, Shafer JA. Interactions of factor Xlittwiibrin as substrate and cofactor.
Biochemistry. 1992;31(2):423-429.

Greenberg CS, Miraglia CC. The effect of fibrin polysnem thrombin-catalyzed plasma
factor Xllla formation. Blood. 1985;66(2):466-469.

Shemirani AH, Haramura G, Bagoly Z, Muszbek L. The combiffedtef fibrin
formation and factor XIII A subunit Val34Leu polymorphismtbe activation of factor
X1l in whole plasma. Biochim Biophys Acta. 2006;1764(8):1420-1423.

Souri M, Koseki-Kuno S, Takeda N, Degen JL, IchinosAdiinistration of factor XIlI
B subunit increased plasma factor Xl A subunit level&ator XIIl B subunit knock-
out mice. Int J Hematol. 2008;87(1):60-68.

Mary A, Achyuthan KE, Greenberg CS. FactdH Xinds to the Aa- and Bf- chains in
the D-domain of fibrinogen: an immunoblotting study. Biochem Bioftgs Commun
1987;147(2):608-614.

Ugarova TP, Solovjov DA, Zhang L, et al. Identificatidmmovel recognition sequence
for integrin aM B2 within the y-chain of fibrinogen. J Biol Chem. 1998;273(35):22519-
22527.

Greenberg CS, Dobson JV, Miraglia CC. Regulation ehpdafactor XllI binding to
fibrin in vitro. Blood. 1985;66(5):1028-1034.

Achyuthan KE, Mary A, Greenberg CS. The binding sitestwimfogen) for guinea pig
liver transglutaminase are similar to those of blood coaguléctor XIIl.
Characterization of the binding of liver transglutaminasébtinf J Biol Chem
1988;263(28):14296-14301.

Lord ST. Coming full circle with factor XIIl. Blood. 2011;117(13255-3256.
Siebenlist KR, Meh DA, Mosesson MW. Protransglutamifiastor XIIl) mediated
crosslinking of fibrinogen and fibrin. Thromb Haemost. 2001;86(5):1221-1228.
Doolittle RF. The structure and evolution of vertebfiaténogen. Ann N Y Acad Sci
1983;408:13-27.

Yakubenko VP, Solovjov DA, Zhang L, Yee VC, Plow EF, Ugardvaldentification of
the binding site for fibrinogen recognition peptide gamma 383within the a(M)I-
domain of integrin a(M)B2. J Biol Chem. 2001;276(17):13995-14003.

Johnson MS, Chouhan BS. Evolution of integrin | domaids Exp Med Biol
2014;819:1-19.

21



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Lishko VK, Kudryk B, Yakubenko VP, Yee VC, Ugarova TP. Regulated uantpef
the cryptic binding site for integrin aMf2 in the y C-domain of fibrinogen. Biochemistry
2002;41(43):12942-12951.

Philippou H, Rance J, Myles T, et al. Roles of low spegjifand cofactor interaction
sites on thrombin during factor XllI activation. Competitior cofactor sites on
thrombin determines its fate. J Biol Chem. 2003;278(34):32020-32026.

Ryan EA, Mockros LF, Stern AM, Lorand L. Influerafea natural and a synthetic
inhibitor of factor Xllla on fibrin clot rheology. Biophyk 1999;77(5):2827-2836.
Kurniawan NA, Grimbergen J, Koopman J, Koenderink GH. Fagdtbstiffens fibrin
clots by causing fiber compaction. J Thromb Haemost. 2014;12(10):1687-1696.
Aleman MM, Holle LA, Stember KG, Devette Cl, Monroe DMolberg AS. Cystamine
preparations exhibit anticoagulant activity. PLoS One. 2015;10(4):e0124448.
Procyk R, Bishop PD, Kudryk B. Fibrinecombinant human factor XlII a-subunit
association. Thromb Res. 1993;71(2):127-138.

Smith KA, Pease RJ, Avery CA, et al. The activapeptide cleft exposed by thrombin
cleavage of FXIIIA(2) contains a recognition site for the fibrinogen a chain. Blood.
2013;121(11):2117-2126.

Yee VC, Pratt KP, Cote HC, et al. Crystal structure3ff kDa C-terminal fragment
from the y chain of human fibrinogen. Structure. 1997;5(1):125-138.

Doolittle RF, Yang Z, Mochalkin I. Crystal structuradiés on fibrinogen and fibrin.
Ann N Y Acad Sci. 2001;936:31-43.

Kollman JM, Pandi L, Sawaya MR, Riley M, Doolittle RFrystal structure of human
fibrinogen. Biochemistry. 2009;48(18):3877-3886.

22



FIGURES

Figure 1. Fibrinogen residues y390-396 are necessary for FXI11-A2B2 binding. Recombinant
human fibrinogen variants (YA/yA, y'/y', Aa251, and Fiby3°%3%4) were mixed with FXIII-AB;

(2 mg/mL and 20 pg/mL, final, respectively) and precipitatetl gigcine. @A) Representative
Western blots for fibrinogen (Fgn), FXIII-A, and FXIII-4B the initial sample (1), pellet (P), or
supernatant (SNote that P and S samples were taken after the additgpligcde and are
therefore subject to a dilution effect relative to tharhple.(B) Quantitation of all blots,
indicating percent of FXI-A or FXIII-B in the pellet, relative to total FXIII inhe pellet and

supernatant. Bars are means = SEM, n=3.

Figure 2. Fibrin(ogen) residues y390-396 mediate the acceleratory effect of fibrin(ogen) on
FXI11-A2B> activation. FXIII-A2B> (20 pg/mL [60 nM], final) was mixed with recombinant
fibrinogens (YA/yYA or Fiby39%3964 150 ug/mL, final) or buffer (No Fgn). Reactions were
triggered by addition of thrombin (2 nM, final) and Ca@l0 mM, final), quenched at the
indicated time points, and analyzed by SDS-PAGE with Wesletting and densitometry.
Activation peptide cleavage was detected using anti-FX@Rfbody. Fibrin crosslinking was
detected using anti-fibrinogen antibodsx) (Representative Western blots aBJ uantitation of
FXIII-A 2B2 activation over time from all blotsC) Maximal rates of FXIII-AB: activation
calculated from panel BD|) Representative Western blots of fibrin crosslinkingl an
guantitation of E) y-y dimer formation and ) y-y dimer formation rate. Data are means = SEM,

n=3-6replicates per time point

Figure 3. Fibrin(ogen) residues y390-396 do not accelerate FXI11-A; activation.

Recombinant FXIII-A (10 pg/mL [60 nM], final) was mixed with yA/yA or Fiby3903%A

fibrinogen (150 pg/mL, final). Reactions were triggered bytamtdof thrombin (2 nM, final)

and CaCl (10 mM, final), quenched at the indicated time points,aaradyzed by SDS-PAGE
with Western blotting and densitometry. Activation peptitteivage was detected using anti-
FXIII-A antibody. Fibrin crosslinking was detected using ditiinogen antibody.A)
Representative Western blots aBj quantitation of rFXIlI-A activation over time from all
blots. (C) Maximal rates of rEXIII-A activation were calculated from quantified Western blots

(D) Representative Western blots of fibrin crosslinking guantification of [£) y-y dimer
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formation and ) formation rate. Data are means + SEM, n=4 experisnent

Figure 4. FXI11-A2B2 bindsfibrinogen residues y390-396 via the FXI11-B subunits.
Recombinant FXIII-A (10 pg/mL [60 nM], final), rEXII-B (10 pg/mL [62 nM], final), or both,
were mixed with &) YA/yA or (B) Fiby3°%3%6Afibrinogen (1 mg/mL, final) and precipitated with
glycine (A-B) Representative Western blots for fibrinogen (Fgn),IFX| and FXIII-B in the
initial sample (1), pellet (P), or supernatant (Spte that P and S samples were taken after the
addition of glycine and are therefore subject to a dilueibect relative to the | samplBlots are

representative of n=3 experiments.

Figure5. In the absence of FXII1-Az, FXI11-B2 co-precipitates with plasma fibrinogen.
Fibrinogen was precipitated fromAY F13d”*, F13a", or F13d" mouse plasmdB) FXIII-
depleted human plasmar (C) afibrinogenemic mouse plasma using glycine. Panels show
representative Western blots for fibrinogen (Fgn), FAllland FXIII-B in the initial plasma (1),
pellet (P), or supernatant (S) under reducing (Fgn) or nduciieg (FXIII-A, FXIII-B)
conditions. Note in panel,Alasma albumin in I and S samples causes the Aa-chain to migrate
faster than in the P samples. Blots are represeatatt n=3 experiments with mouse plasimas

andn=2 experiments with human plasma.

Figure 6. FXI11-A2B> binding to fibrinogen residues y390-396 promotes FXI11-A2B>
activation and activity. (A) Fibrinogen is comprised of two Aa- (medium grg), two Bp- (dark
gray), and two y-chains (light gray) arranged in a trinodular structuré wito distal D-domains
and a central Fdomain. The Aa-chains have a Grminal domain (aC) that extends beyond the
D-domain. FXIII-A:B: circulates bound to fibrinogen y-chain residues 390-396 via the FXBI-
subunits. B) Once coagulation is initiated, thrombin interacts wlith fibrinogen E-domain and
cleaves fibrinopeptides A from the Aa-chains. As fibrin monomers polymerize, FXIIbBe
associated with y390-396 is brought into contact with thrombin at the D:E:D irstegfto form a

ternary compleﬁlThis complex facilitates thrombin-mediated activapeptide cleavage from

the FXIII-A subunit$2*§°| Following activation peptide cleavage, fibrin promotesctieium-
mediated FXIII-B subunit dissociation from the FXIII-Atinits to yield FXIIIT& 24(C) FXllla

then crosslinks (black line) the nearpghains yieldingy-y dimersF_UI Thisy-chain crosslinking
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also promotes dissociation of FXIII2Brom the fibrin cIoEI(D) FXllla translocates from the

chain to thexC region, binding at or nearchain residue E3P1" ™| and catalyzes the

formation of crosslinks between fibriachains and between fibrin and other plasma proteins.

25



