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ABSTRACT: Factor XIlI catalyzes the formation of isopeptide bonds between noncovalently associated
fibrin monomers in the final stages of the blood coagulation cascade. This results in a rigid, covalently
linked network that is much more resistant to proteolytic degradation. Calcium ion is critical to this process,
and its continued presence after activation aids in maintenance of Factor Xl activity. Hydrogen/deuterium
exchange experiments were conducted on recombinant FactorXiBireg matrix-assisted laser desorption
ionization time-of-flight mass spectrometry. The method revealed changes in the structure of Factor XIII
& localized to different areas of the protein that were related to the manner in which the enzyme was
activated and the calcium environment in which it was maintained. A possible substrate recognition region
in the catalytic core (226230) shows an increase in deuteration upon activation. The degree of deuteration
varies depending on the calcium environment in which the active enzyme is maintained. A portion of the
B-sandwich domain (98104) exhibits a decrease in deuteration upon activation by exposure to calcium
alone. A third change occurs in thebarrel 1 domain of the protein, a portion of which (52%6)

shows a decrease in deuteration upon activation by calcium exposure, but almost none at all when the
enzyme is activated by thrombin. The pattern of observed changes reveals individual contributions of
calcium and thrombin to activating the enzyme toward substrate binding and exposure of the active site.

The blood coagulation cascade is a complex and tightly each, respectively. The second form is found in platelets and
regulated sequence of biochemical reactions. The events ofplacenta and consists solely of thedimer. The catalytic
the latter portion of the cascade have been well studied, butmachinery of the enzyme is contained within the a-subunit.
are not as well understood with regards to substrate specific-The b-subunit is proposed to play a regulatory role, or
ity and reactivity. In these final steps, the serine protease perhaps act as a carrier for the a-subunits, and dissociates
thrombin cleaves thB-terminal fragments from the@and from the a-subunit upon activation of plasma FXIIl. Re-
B chains of the large structural protein fibrinogexoBfy)., combinant human placental FXIII (rFXIII), containing only
exposing sites that allow fibrin monomers to aggregate the g dimer and overexpressed$accharomyces cefisiae
linearly and laterally. The resultant loose, noncovalently (3), was used in the current study.
associated network is converted into a covalently cross-linked The FXIII a-subunit consists of five distinct structural
mesh through the action of Factor XIlI (FXII).This domains (Figure 1). A 37-residubl-terminal activation
coagulation enzyme catalyzes the formation of isopeptide peptide is cleaved upon thrombin activation of the enzyme.
bonds between certain glutamine and lysine side chainsThe g-sandwich domain spans residues-383. The cata-

located in thex andy chains of fibrin (reviewed ir). The lytic core is comprised of residues 1:8815. Thes-barrel 1
cross-linking action of FXIII also serves to incorporate other and g-barrel 2 are composed of residues 5827 and
proteins, such agz-antiplasmin, into the fibrin network?j. residues 628731, respectively. The enzyme contains a

Factor Xill is a 731-amino acid transglutaminase occurring catalytic triad very similar to that of a cysteine protease in
naturally in two forms. The plasma form circulates within = the catalytic core domain, consisting of Cys314, His373, and
the bloodstream as a tetramer composed of two a-subunitsasp396 (reviewed in 4). The transglutaminase mechanism
and two b-subunits (&), of approximately 83 and 80 kDa s proposed to be the reverse of the proteolysis mechanism

; for cysteine protease$)
This work was supported by a University of Louisville Research : ; ; ot
Initiation Grant. Thrombin activates FXIIl by hydrolyzing the activation

* Corresponding author. Tel: (502) 852-7008. Fax: (502) 852-8149. Peptide between residues-338. Calcium is also critical to
E-mail: muriel.maurer@louisville.edu. the activation of FXIII. A putative calcium-binding site has

! Abbreviations: rFXIIl, recombinant human placental factor Xlll;  heen located by X-rav crvstallography that consists of
MALDI-TOF MS, matrix-assisted laser desorptieionization time- y y ey grapny

of-flight mass spectrometnyg,, zymogen form of rEXIILay’, rEXIII ASp438' Glu48s, and QIU49(BX' It is also anW” Fhat
activated by thrombin cleavage in the presence of calcium and thrombin-cleaved rEXIIl in the absence of calcium is less
resuspended in a calcium-free buffar, rEXIIl activated by thrombin active than the same enzyme in the presence of calcium (

cleavage in the presence of calcium and resuspended in a buffer ; ; ;
containing 1 mM CaGl a;*°a rFXIIl activated nonproteolytically by Previous studies have shown that zymogenic rFXIll can

exposure to 50 mM Caghlnd resuspended in a buffer containing 1 attain activity in the presence of high, nonphysiological
mM CaCbk; CAPP, Centroid Application software. concentrations of calcium alone>$0 mM), or at low
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Ficure 1. Domain structure of Coagulation Factor Xlll, single
a-subunit. Ribbon diagram from the X-ray crystal structure 1FIE
(thrombin-cleaved FXIII a-subunitlLé). The figure is color-coded

to highlight the five domains: activation peptide (AP, purple),
p-sandwich S, orange), catalytic core (CC, light blughbarrel

1 (6B-1, green), angs-barrel 2 (3B-2, red). The residues of the
catalytic triad (Cys 314, His 373, and Asp 396) are depicted as
black sticks within the catalytic core domain.

calcium concentrations and high sodium chloride 9).
Fibrin also plays a substantial role in FXIII activation; its

Turner and Maurer

percent deuteration of different portions of the protein. If a
conformational change occurs upon activation, certain re-
gions of the enzyme should become more exposed to the
solvent and thus more susceptible to H/D exchange. Other
regions may become buried and resist isotope exchange.
Peptides bearing an increased or decreased number of
deuterons in the activated enzyme when compared to the
same sites in the inactive zymogen form would offer
evidence in favor of such conformational changes.

Our current study examines the enzyme in four different
forms, differing in the mode of activation of the enzyme and
the calcium environment in which it is maintained: (1) the
zymogen form (g, to which all other states are referenced,
(2) the thrombin-cleaved form maintained in the absence of
calcium (@'), (3) the thrombin-cleaved form maintained in
the presence of 1 mM calcium 3 and (4) the enzyme
nonproteolytically activated by exposure to 50 mM calcium
and maintainedni a 1 mMcalcium buffer (ax“3. Note that
12 mM CaC} was present in the activation medium in each
of the thrombin-cleaved cases before it was either removed
or reduced to lower levels.

We utilized the H/D exchange method to study the changes
occurring upon the activation of FXIII by thrombin and
calcium. Moreover, we have conducted our experiments in
such a way as to separate the effects of thrombin cleavage
from calcium binding. NMR spectroscopy has previously

presence has been shown to greatly accelerate the rate opeen used to characterize isotope exchange. NMR is of

activation of FXIII (10—12).

The roles of thrombin cleavage and calcium ion in the
activation of FXIIl have been thoroughly investigated
kinetically, but their effect remains unclear from a structural
standpoint. In platelet FXIII, thrombin cleavage alone is
sufficient for the generation of activityl 8). This activity is

enhanced by the addition of calcium. The active site residues

of FXIII buried within the catalytic core of each a-subunit

are thought to become more exposed upon calcium binding

through a conformational change. Calcium has been propose
to act as an allosteric effector that could trigger such a

conformational change in one of the two a-subunits, perhaps

the one uncleaved by thrombii, (12).
X-ray crystallography shows that the activation peptide

appears to mask the active site of the opposite a-subunit

within the dimer (4). The zymogenic form of FXIlI, the
thrombin-cleaved activated form, and the uncleaved form

in the presence of calcium have all been subjected to

numerous crystallographic studieg 7, 14—17). However,

all of these structures have proven to be quite similar to one
another, and there is no evidence of a large conformational

change that would expose the active sité)( It has been
hypothesized that the very act of crystallizing the calcium-
bound enzyme may restrict it from assuming its active
conformation 17) by confining it to the unnatural constraints
of a unit cell.

Crystallography has contributed much to our understanding

of FXIII on a structural level; however, it provides only static
“snapshots” of this complex biological molecule in one of

limited utility in this instance; however, where the protein
being studied is extremely large, yielding many overlapping
resonances that are difficult to interpret. An alternative
technique for observing H/D exchange is mass spectrometry,
both electrosprayl® and MALDI-TOF (19). MALDI-TOF
MS is used here to characterize the extent of deuteration at
each portion of the enzyme. Fragmentation of the deuterated
protein using a protease such as pepsin allows the localization
of changes in percent deuteration. The technique has been
sed to study a number of protein systems, including
methylesterase CheB2(@), protein kinase A Z1), MAP
kinase kinase |242), SH2 domains Z3), and viral coat
proteins R4, 25).

Our results reveal subtle changes in the structure of rFXIlI
upon activation localized to different areas of the protein.
These changes appear to be related to the manner in which
the enzyme is activated and the calcium environment in
which it is maintained. Specifically, a portion of the
B-sandwich domain exhibits a decrease of 8.37% in deu-
teration upon activation by calcium exposure. A particular
segment of the catalytic core shows a 4.55% increase in
deuteration when activated. The degree of deuteration varies
depending on the calcium environment of the active enzyme.
The third significant change occurs in a portion of the
pB-barrel 1 domain, which shows a 6.83% decrease in
deuteration upon activation by calcium exposure but almost
none at all when the enzyme is cleaved by thrombin. The
pattern of changes observed may reveal individual contribu-
tions of calcium and thrombin to the activity of the enzyme.

many possible conformations. This dynamic system should expERIMENTAL PROCEDURES

be studied under solution conditions, if possible. One method

that could complement and expand upon the information

Protein PreparationRecombinant human placental Factor

obtained from crystal structures involves the use of hydrogen/ XIll, consisting of the a dimer, was generously provided
deuterium exchange of amide protons as a measure of theby Dr. Paul Bishop of ZymoGenetics, Inc. (Seattle, WA)
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(3). Stock solutions were prepared by dissolving the pow- of the supernatant liquid were withdrawn, placed in plastic
dered material in deionized water. The concentration was microfuge tubes, and immediately immersed in liquid
verified by measuring the absorbance of the solution at 280 nitrogen. Samples were stored-af0 °C until analysis. Each
nm (extinction coefficient= 1.49 mL mg?! cm™). The H/D exchange timepoint experiment was performed in
concentration of protein in the stock solution was adjusted triplicate.

to 40/,¢M (3.15 mg/mL), based on the molecular weight of Analysis of Peptic Digests by MALDI-TOF Mass Spec-
a single a-subunit, 83 kDa. trometry. Frozen samples were rapidly defrosted and mixed
rEXII stock solution was activated by thrombin cleavage with equal volume of chilled matrix solutionafcyano-
to the & or * forms in a 20 mM borate buffer, pH 8.3.  hydroxycinnamic acid [Aldrich], 5 mg/mL in 1:1:1 ethanol/
The activation medium contained calcium chloride (12 mM) acetonitrile/0.1% TFA, pH 2.2). One microliter of the mixture
and activated bovine thrombin (37 nM). The thrombin was spotted to a pre-chilled stainless steel MALDI plate.
employed was purified from bovine citrate eluate using the Sample spots were dried under moderate vacuum for no more
method of Trumbo and Maure2). The activation medium  than 90 s in the SpeedVac device. The plate was immediately
was incubated at 37C for 12 min. PPACK (PhePro— transferred to the Voyager DE-Pro mass spectrometer (Ap-
Arg chloromethyl ketone) was then added to inhibit thrombin, plied Biosystems, Forest City, CA). A spectrum was acquired
and the mixture was incubated an additional 12 min at 37 within 5 min of defrosting the sample. Spectra were acquired
°C. FXIII activity was verified by the Berichrom coupled in reflector mode over a mass range of 8(BD00m/z with
assay 27), using reconstituted kit components purchased 256 laser shots per spectrum.
from commercial vendors. Antihuman thrombin monoclonal  peptide Identification Approximately 50 peptides are

antibody covalently bound to Protein G beads was then addedypserved in peptic digests of rEXIIl, spanning the mass range
to the activation medium. The mixture was incubated at room gno—3000 m/z. A number of the peptides were identified
temperature for 10 min, and antibody beads were removedpy 5 combination of accurate mass matching and MALDI-
by centrifugation. Mass spectra of the purified FXIIl show TOF post source decay (PSD). Other peptides were identified
no signs of thrombin contamination. The supernatant liquid by C-terminal ladder sequencing using Carboxypeptidase-Y
containing the activated FXIII was placed in Slide-a-Lyzer (28). Peak masses from the mass spectrum of a peptic digest
dialysis cassettes (Pierce) with a 10 kDa molecular weight of yndeuterated FXIIl were calibrated against peptides of
cutoff (MWCO) and dialyzed fo3 h at 4°C against 6.67  nown molecular mass. Monoisotopic masses were then
mM borate buffer at pH 8.3 with or without 0.33 mM Call  gypmitted to the program GPMAW (General Protein/Mass
depending on whether it was desired to retain calcium. Buffer onajysis for Windows-Lighthouse Data, Denmark) for
exchange was achieved in some experiments by loading thematching to all possible continuous sequences derived from
material into Centricon-50 concentrator tubes (Amicon, the hyman Factor XIIl a-chain. Best results for PSD and CPY
Beverly, MA) of 50 kDa MWCO, adding excess buffer, and  |adder sequencing were obtained when the peptic digest was
centrifuging until the desired concentration of protein was geparated into fractions containing no more than three
reached. The dialysate was divided into aliquots ofl86  peptides each using high-performance liquid chromatography
each and evaporated to dryness using a SpeedVac concentrgsy 3 3.9x 150 mm NovaPak C18 column (Waters). Elution

tor (Savant). was performed using a water/acetonitrile gradient (5 to 50%
Alternatively, rEXIIl was left in the zymogen formpar organic over 80 min), each containing 0.09% TFA.

tion procedure, rEXIIl stock solution was combined with - procedure using GRAMS 386 software (Galactic). Reference
equal quantities of 20 mM borate buffer at pH 8.3 and 150 peptides selected for calibration had molecular weights of
mM CaC} solution (final calcium concentratioa 50 mM). 849.4708 and 1215.6975 Da (singly protonated monoisotopic
The mixture was incubated at 3T for 2 h. The Berichrom  ma5ses 850.4787 and 1216.7054 Da, respectively). These
assay shows the material has an activity equal to that of yeptides had been previously identified by post-source decay
rEXINl az*. The material was exchanged into a buffer analysis. Deuterium content of each peptide present in the
containing 6.67 mM boric acid and 0.33 mM CaGind digest was determined by integration of the isotopic envelope

dehydrated as described above. using CAPP (Centroid APPlication) for Windows (Dr. J. G.
HydrogerDeuterium Exchange ExperimenBry protein Mandell, UCSD) 19). The centroids of peptides derived from

aliquots were reconstituted in 12L of 99.996% DO a digest of undeuterated FXIIl were then subtracted from

(Cambridge Isotope Laboratories) to produce a 40 these numbers to obtain the number of deuterons present in

solution of FXIII in a 20 mM borate buffer (with or without  each peptide at a particular time point. The data were then
1 mM CacCl}). These solutions were allowed to incubate at fitted to a two-parameter exponential equation of the form
room temperature for 1, 2, or 5 min. Following the prescribed D = a(1 — e™) using SigmaPlot, in whicP represents the
incubation period, the H/D exchange was rapidly quenched average number of deuterons incorporated by a peptide at
by 11-fold dilution in chilled 0.1% trifluoroacetic acid (TFA) timet. Thea parameter represents the maximum amount of
at pH 2.5. A small amount of 2% TFA was also added to deuterium uptake by a peptide over a 5-minute period. The
ensure that the solution pH was 2.5. This amount was parameteb serves as a rate constant for isotope exchange
determined by tests conducted on nondeuterated proteinwithin this particular peptide. Due to the small number of
solutions. The quenched solution was added to immobilized data points used for the fitting, thie value obtained is
pepsin gel (pepsin covalently bound to 6% agarose, Piercebelieved to be unreliable as a measure of the rate of isotope
Chemical) and incubated on ice for 10 min. Pepsin was exchange. The fitting is performed primarily to obtain the
removed by centrifugation at 4C. Ten microliter aliquots  value ofa.
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1 SETSRTAFGG RRAVPPNNSN AAEDDLETVE LQGVVPRGVN LQEFLNVTSV 50 4 4
51 HLFKERWDTN KVDHHTDKY‘E‘ NNKLIVRRGQ SFYVQIDFSR PYDPRRRDLER 100 g 3 3
101 VEYVIGRYPQ ENKGTYIPVP IVSELQSGKW GAI.(_I_V_M.R.I.Z_;;)_;R- SVRLSIQSSP 150 g 2 2
151 KCIVGKFRMY VAVWTPYGVL RTSRNPETDT YILENPWCED DAVYLDNEKE 200 % 1 1
201 REEYVLNDIG VIEYGEVNDI KTRSWSYGQF EDGILDTCLY VMDRAQMDLS 250 -d;’ 0 A 0 B
251 GRGNPIKVSR VGSAMVNAKD DEGVLVGSWD NIYAYGVPPS AWTGSVDILL 300 5'1 0 1 2 3 4 5 & 7 0 1 2 3 4 5 &
301 EYRSSENPVR YGQCWVFAGV FNTFLRCLGI PARIVINYFS AHDNDANLOM 350 _5 Time (minutes)
351 DIFLEEDGNV NSKLTKDSVW NYHCWNEAWM TREDLEVGEG GWQAVDSTEG 400 g 4 10
401 ENSDGMYRCG PASVQATKHG HVCFQFDAPF VFAEVNSDLI YITAKKDGTH 450 g 3 8
451 VVENVDATHI GKLIVTKQIG GDGMMDITDT YKFQEGQEEE RLALETALMY 500 g 2 i
501 GAKKPLNTEG VMKSRSNVDM DFEVENAVLG KDFKLSITFR NNSHNRYTIT 550 '; 1 2
551 AYLSANITFY TGVPKAEFKK ETFDVTLEPL SFKKEAVLIQ AGEYMGOLLE 600 g 0 (o3 0 D
601 QASLHFEVIA RINETRDVLA KQKSTVLTIP ELLIKVRGTQ VVGSDMTVTV 650 - 0 1 2 3 4 5 6 2 0 1 2 3 4 5 &

651 QFTNPLKETL RNVWVHLDGP GVTRPMKKMF REIRPNSTVQ WEEVCRPWVS 700

Ficure 3: Representative deuteration profiles for peptides derived
from the peptic digest of rFXIIl. Deuterium incorporation of three
peptic peptides derived from the Factor Xl a-subunit as a function

701 731

FIGURE 2: Sequence coverage of the rPXIIl a-subunit by peptic f time. Filled circles are for the zymogeny&tate of the protein
digest. Peptides identified are represented by solid and dashe : h S
ur?derlinedpsequences. The covergge is 45.5‘% of the a—subunit’sdhe ht?”gvg (l:lrclelsE rep[)esenft anOtT]te sttate .OI the tﬁrot?m,dasd
. : : o escribed below. Error bars for each data point are the standar
sequence. The peptides considered most suitable for obtaining H/D,~>." . A .
exchange data cover approximately 29% of the total sequence anodg?ﬂta;'\?vgrgfﬁmg trr?:znu]:;? (ELEG Ilngeép_%[r)l%enéie;pfgigegghe?ata
are indicated by the solid lines. Peptide sequences indicated by the© Residues 98104 %on rot;o?(ticall actK/atgd £59) Panel
dashed underlines are less suitable due to the degree of overlap of: » nonp ytically :

I : : : : . Residues 226230, thrombin-cleaved £§. Panel C: Residues
?ff; '383?2;;%%8&6 with those of other peptides either before or 220-230, nonproteolytically activated £4%. Panel D: Residues

526—546, nonproteolytically activated £&9).

GHRKLIASMS SDSLRHVYGE LDVQIQRRPS M

relative to their nondeuterated counterparts yield the average
number of deuterons the peptide has incorporated. The
kinetics of deuteration for each peptide were fit to a single-
exponential equation to obtain the average number of
deuterons a peptide incorporated within a five minute period.

RESULTS

Sequence Gerage of FXIII in Peptic DigestsTreatment
of rEXII with pepsin results in 50 peptide fragments in the
molecular weight range of 868000 Da that display peaks
of acceptable intensity1000 counts on a scale of-®4000 Representative results are shown in Figure 3.
counts) when subjected to MALDI-TOF mass spectrometry.  njote that all of the peptides under observation reached a
Pepsin is most often used in studies of this variety because,sximum deuterium incorporation within 5 min of exposure
it is the only commercially available protease that is most . D,0. Exposure to BO for longer times (1615 min, data
active at pH 2.5, the condition at which isotope exchange is ot shown) did not result in further significant deuterium
at its minimum rateZ9, 30). Pepsin cleavage of a protein is  jncomoration. Short times were chosen to ensure that only
quite nonspgcmc, and it is difficult to pre.dlct what sites will  g51ent-accessible surface amide hydrogens would exchange
be cleaved in advance. However, pepsin’s cleavage patterry, geyterium. Longer deuteration times may have resulted
for a particular protein is reproducible. in the deuteration of protein regions not normally accessible

Of the 50 product peptides, 35 have been identified using to the solvent. Side chain protons, such as the acidic or basic
sequence matching, post-source decay sequencing and Gprotons of aspartic acid and lysine residues, also undergo
terminal ladder sequencing with the endopeptidase carboxy-exchange, although at a much more rapid rate. Almost all
peptidase-Y. High-performance liquid chromatography was of the deuterium incorporated in these side chains, as well
used to separate peptic digests for sequencing. The peptidegs by the N- and C-termini of the protein, is lost within
identified represent 45.5% coverage of the FXIIl a-chain seconds of quenching. Their contribution to the total
sequence, as seen in Figure 2 (solid and dashed underlinedeuterium content is proportional to the amount ofOD
sequences). Similar digests performed with trypsin (data notremaining in the quenched peptide solution and is therefore
shown), a much more specific protease, have resulted in nominor.
more than 50% coverage of the protein’s sequence. Of the Back-exchange of deuterated amides for hydrogen after
50 peptides observed in a typical mass spectrum, 22quenching accounts for an approximately 40% loss of the
nonoverlapping peptide peaks were routinely monitored for |abel under normal sample handling conditions, as judged
gathering H/D exchange data (solid underlined sequencespy deuteration experiments performed on small model

only, Figure 2).

HydrogeriDeuterium Exchange Experimentd=XIll in
four different states,a&’, &*, and a8 was subjected to
periods of deuteration ranging from 1 to 5 min by dissolving
the lyophilized protein in 100% f®. As deuterium is

peptides (data not shown). The back-exchange reaction is
believed to occur at a constant rate, as evidenced by a low
degree of variance among independent experiments. No effort
has been made to correct for this loss in the results shown.
If only the difference in percent deuteration between two

incorporated at the amide positions of a protein, the massstates of a protein is desired, the deuteration profiles of the
envelope of a peptide peak derived from an affected regiontwo states of the protein should be directly comparable.

of the protein changes appearance and shifts to hig¥er

Changes in Percent Deuteratiohree peptides display

Centroids of deuterated peptide mass envelopes measurethe greatest degree of change in deuteration among the three
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Table 1: Changes in Percent Deuteration of Portions of Factor XlII's a-Subunit

*xCa ' *
peak mass theoretical mak % & &
(m/2) amino acids (no. of D’s) D-or? % change D-on % change D-on % change
925.5171 98-104 6.45 —0.54 —8.37 n/a n/a n/a n/a
1013.4779 2406247 7.54 0.28 ~4 0.23 ~3 0.39 ~5
1198.5746 513522 9.72 —0.20 —2.06 -0.11 —-1.13 —0.24 —2.47
1372.7456 226230 10.77 0.49 4.55 0.31 2.88 0.49 4.55
1800.9217 420 17.125 0.31 1.81 0.36 2.10 0.49 2.89
2431.3052 526546 21.215 —1.45 —6.83 —0.09 —0.42 —0.76 —3.58

aTheoretical max represents the maximum number of exchangeable protons present in a particular peptide. It is composed of all the backbone
amide protons plus a fraction of C- and N-terminal protons and exchangeable side chain protons dependent upon the ay@opreseibin the
system under quench conditions (approximately 5%). A peptide that is “100% deuterated” would be expected to contain this number of deuterons.
b All D-on’s and % changes measured relative to zymogen rEXb). € % change is calculated by dividing the D-on value by the theoretical max
for the peptide in question and multiplying by 1009d’he D-on and % change figures for the 2447 peptide are calculated using an overlapped
peak cluster. The values themselves are approximations. The measurements here should be considered more qualitatively than quantitatively due
to the degree of overlap with a previous peak cluster.

% change in deuteration

98-104 240-247 513-522 220-230 4-20 526-546
peptide L
Ficure 4: Observed changes in percent deuteration. This figure is
a graphical representation of the information presented in Table 1.
Black bars indicate & white bars for g, and gray bars &2 Ficure 5: lllustration of observed changes in solvent accessibility
in the context of the 1FIE X-ray crystal structure of the FXIII
states of the enzyme being observed. Each of these peptideg-subunit. The colors used in this figure represent the degree of

. : - . _deuteration upon activation and whether it is increasing or decreas-
experienced an increase or decrease in percent deuteratloring_ Increases are depicted in orange (less than 4.5%) and red

representing at least 4.5% of the theoretical maximum (greater than 4.5%). Decreases are depicted in green (less than 4.5%)
number of deuterons that can be accepted. More minor, andand blue (greater than 4.5%). Panel A: the activation peptide and
perhaps less reliable, changes are observed, each characte@=sangw'ch dg_malm- Pda?e| B:thth?faCtlt\'{e?tlr?n pe_ptl?et_aﬂddcaFat'ng

; . : : core domain displayed from the “fron e orientation depicte
ized by a 2.5-3% change !n de.uterat|on per pepude. in Figure 1), to dgmgnstrate the proximity of the activation p%ptide

The results are summarized in Table 1 and Figure 4. The gnq the short helix spanning residues 2287. The active site

three peptides exhibiting the most significant changes in residues are depicted as pink sticks (here and in Panel C). Panel
percent deuteration are derived from distinct domains of C: the domains displayed in Panel B are rotated*¥8te “back”
rEXII1. All have been identified. The peak at 925.517z of the enzyme, relative to Figure 1). Note the segment spanning

. . - . . residues 226230 (part of the peptide 7 region) and its proximity
corresponds to amino acid residues-884 and is localized to the active site residues. Panel D: thearrel 1 domain. A small

to theS-sandwich domain of the enzyme. A second peak at portion of the catalytic core is visible in this view. The pink sticks
2431.3052m/z represents residues 52646 of the enzyme  here represent the residues of the putative calcium binding site in
and is from thg3-barrel 1 domain. A third peak, 1372.7456 the enzyme.
m/z, is from the peptide spanning residues 2230, which
is located in the catalytic core of the enzyme. The percentageThe magnitude of this change is reduced to half when the
change shown represents the difference between the peptid@nzyme is in the A state. There is almost no change in
centroids of a particular enzyme state and the zymogen (thepercent deuteration in this segment for thestate of the
value stated as “D-on” in Table 1) divided by the theoretical €nzyme.
maximum shown in Table 1. There is also a portion of th&sandwich domain, residues

A noteworthy change on exposure to calcium occurs in 98—104, that shows a large decrease in percent deuteration
the peptide spanning residues 5Z816 in theS-barrel 1 in the a*“@ state (Figure 5A). The decrease of 0.55 Da in
domain (see also Figure 5D). The 1.37 Da decrease in thethe centroid of this mass envelope equates to a 8.37%
centroid of this peptide due to calcium exposurg“@ decrease in deuteration. The discovery that another peptide,
represents a net decrease in degree of deuteration of 6.8%1508.7861n/z, residues 108111, overlapping part of this
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particular peptide shows no change in percent deuterationto calcium are sufficient to initiate the large-scale confor-
at all upon exposure to calcium leads to the conclusion that mational change that is believed to be necessary to expose
this effect is localized to the residues 98 and 99. It was not the catalytic triad of FXIII {6). Indeed, in the current isotope
possible to observe the behavior of this region of the protein exchange/mass spectrometry studies, no peptic fragments
in the a* or &' state of the enzyme, as this peak is not have yet been isolated that contain residues of the catalytic
observed in the peptic digest of the thrombin-cleaved triad, Cys 314, His 373, and Asp 396. The catalytic core’s
enzyme. resistance to proteolysis makes it likely that even in solution,
A portion of the catalytic core of the enzyme spanning activation of the enzyme by cleavage with thrombin or
residues 226230 becomes slightly more deuterated upon exposure to calcium does little to expose this portion of the
activation (Figure 5C). The magnitude of the increase protein to the bulk solvent environment.
(~4.5%) is almost equivalent for both thg' and a*“2states Effects of Thrombin Claeage and Calcium Binding on
of the enzyme. There is a decrease in the degree ofthe Actvation Peptide.Changes in percent deuteration
deuteration of this region, from 4.5% to 2.9%, when the observed range from 2.5% to 8.37% in the current study.
enzyme goes from the $o the @' state, hinting at a distinct ~ There is precedence for accepting changes -e1®% as

role for calcium in this activation event. significant @5, 31). The emphasis here will be placed on
Another portion of the catalytic core is represented by the pPercent deuteration changes of 4.5% or higher.
peptide spanning residues 24P47. This is a short helical The observation that rFXIII can assume the same level of

region of the core that is very close to the activation peptide activity when incubated in the presence of 50mM calcium
segment, as shown in Figure 5B. This helix exhibits an chloride as it does when cleaved by thrombin in the presence
approximately 5% increase in solvent accessibility which of much lower levels of calciumg( 9) forms much of the
cannot be reliably quantified, due to the presence of a peakbasis of this study. Although rEXIll#2 loses its activity
cluster that overlaps with this mass envelope upon deutera-When itis exchanged into a calcium-free buffer, the addition
tion. The behavior of the centroid, however, when referenced of calcium can restore the enzyme to full activity. In either
to the zymogen state of the enzyme allows us to classify activation scenario, the active site must become exposed
this region of the core as increasing in percent deuterationsomehow, possibly through movement of the activation
in all of the activation events investigated. peptide or other domains of the enzyme. This leads one to
Other portions of the protein are experiencing even smaller Wonder if thrombin cleavage and calcium binding result in
changes in percent deuteration upon activation. These area§imilar structural changes in platelet FXIlI, or if each event
include the activation peptide itself, which appears to become results in activation of the enzyme by a different pathway.
slightly more deuterated in all of the activation events studied ~ X-ray crystallography has shown that the activation peptide
(Figure 5A,B). When the enzyme is activated solely by remains noncovalently associated with the enzyme, even after

exposure to high levels of calcium, the degree of deuteration P€ing cleaved by thrombirig). This has since been verified
is slightly less. through mass spectrometry. Activation of FXIII by thrombin

cleavage followed by ultrafiltration through a membrane
small decrease in deuteration, shown in Figure 5D. TheseN@ving a molecular weight cutoff of 50 kDa is expected to

residues are a part of a linker between fhbarrel 1 and ~ 'esult in the loss of the~4000 Da segment. However,
the catalytic core. The effect may be sensitive to the presencd/ALDI-TOF mass spectra on samples prepared in this
of calcium, as the enzyme in the atate, with no additional ~ manner clearly show the presence of a peak at 79 kDa
calcium in the buffer, appears to be slightly lower. This result (corresponding to thrombin-cleaved FXIll) and a second peak
correlates with the previously observed larger decrease inat 3910 Da (data not shown). These results agree substantially

In the 5-barrel 1 domain, residues 53322 experience a

percent deuteration in residues 5Z46. with previous studies of the thrombin-cleaved enzyme
performed by electrospray mass spectrome3).(
DISCUSSION The activation peptide segment spanning position2@!

(Figure 5A, in orange) experiences a small increase in percent
This study addresses from a structural standpoint the deuteration following activation of the enzyme that seems
observed differences between FXIll activated proteolytically to be at its highest in theyastate. This does not differ
by thrombin cleavage and nonproteolytically by exposure substantially, however, from the change that is observed for
to high levels of calcium. The results seek to provide further g+«Ca The results therefore agree with previous results
insight into the separate roles of thrombin and calcium in reported from X-ray crystallography, which predicts no
bringing the enzyme to full activity. significant movement of the activation peptide upon activa-
Sequence Gerage by Enzymatic DigesBoth pepticand  tion. It is possible that such a large-scale conformational
tryptic digests of the protein result in a moderate degree of change in this region or the departure of the activation peptide
sequence coverage, although fragments from several strucwill not occur until substrates are introduced.
turally important regions of FXIIl were observed in atypical  Increased Deuteration of a Possible Substrate Recognition
enzymatic digest. Several of the peaks observed also occuiSite in the Catalytic CoreA region of the catalytic core
as overlapping clusters, and it is possible that missing spanning residues 22@30 becomes up to 4.55% more
sequence coverage may be associated with some of thesdeuterated upon activation of the enzyme. This increase in
overlapped mass envelopes. Other fragments representingleuteration occurs to a greater degree in the presence of
further sequence coverage may also be generated, but mayalcium, as evidenced by the lower degree of deuteration
not be susceptible to ionization in the MALDI-TOF MS.  observed when the enzyme is thrombin-cleaved and deprived
X-ray crystallographers have previously concluded that of calcium. (Figure 5C, in red) A fragment of FXIII termed
neither activation of the enzyme by thrombin nor exposure “peptide 7” spans residues 19230 and has been reported
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to be an inhibitor of FXIII @3). It was shown to compete  upon exposure of the zymogen to 50mM calcium to produce
with the enzyme for the binding of glutamine-containing a*“& The thrombin-cleaved enzym¢ ahows no change at
substrates, and thus peptide 7 was believed to be a possiblall compared to the zymogen, avhereas theaform shows
substrate recognition region in the enzyme. Attempts to a smaller decrease in percent deuteration with respect to the
localize the binding area of peptide 7 comprised of manu- zymogen. A more minor change is observed in the same
facturing synthetic peptides representing various regions of protein domain, in a peptide spanning residues-8&
peptide 7. Although the inhibitory properties of whole peptide (Figure 5D, in green), that also exhibits the same dependence
7 were demonstrated to be much greater than the sum ofon calcium. The magnitude of the change in 53@6 points
those of its individual parts, one portion, spanning residues to a dependence on calcium; the change is greatest when
221-230, exhibited modest inhibition of fibrin cross-linking the enzyme is activated only by exposure to calcium and is
and the incorporation of artificial peptide substrates into reduced to half when thrombin is used to cleave the enzyme
lysine-containing donors by FXIII. and a low level of calcium is left in the buffer. The effect
The increased degree of deuteration of residues-230 disappears almost completely when the enzyme is cleaved
upon activation may provide an insight into the mechanism by thrombin and then exchanged into a calcium-free buffer.
of FXIII. It may result from increased exposure of this It appears to support the view of calcium as an allosteric
possible substrate recognition region to the bulk solvent aseffector, as proposed by Hornyak and Shai@r (
a necessary first step in preparing the enzyme for binding The fact that the changes observed are subtle is in line
glutamine-containing substrates. This is known to be the first with the observation that X-ray crystal structures of the
substrate that binds to the enzyme according to the ping-enzyme in each of these states are not fundamentally different
pong mechanism (reviewed in 4). from one another. Previous studies have reported increased
A portion of the catalytic core spanning residues 240 exposure of the active site thiol group (Cys 314) upon
247 exhibits an increase in deuteration in thestate. The cleavage of the activation peptide and/or exposure to calcium
degree of the change cannot be accurately quantified due tdbased on the rate of incorporation*€-iodoacetamidet,
the fact that a second peak cluster (monoisotoplz = 13). Yet X-ray crystallography fails to show any sign of a
1011.4549) overlaps with this peak cluster. A qualitative large-scale conformational change in the enzyme upon either
analysis of this overlapped mass envelope allows us toof these activation event&4, 16, 17). The apparent conflict
conclude that this small, helical portion of the protein exhibits may be resolved by noting that iodoacetamide is substantially
a slight increase in degree of deuteration upon activation andsmaller than other macromolecular substrates processed by
in the presence of calcium. The proximity of this helix to Factor Xlll. Therefore, the more subtle conformational
the activation peptide segment in rEXIIl is intriguing. (Figure changes suggested by our observations may be sufficient to
5B, in orange). permit access of small molecule substrates to the active site
Changes in thg-Sandwich Domain: A Long-Range Effect while being undetectable by X-ray crystallography.
of Calcium BindingThe most interesting observation within Placing the Results in the Context of the Total Model.
the f-sandwich domain is a peptide spanning residues 98 number of conclusions can be drawn regarding the mecha-
104 of the protein (Figure 5A, in blue). It shows a decrease nism of FXIII activation on the basis of the H/D exchange
in percent deuteration of 8.37% in the*& state. This results. The activation peptide remains associated with the
particular peptide is not observed at all in the mass spectraenzyme, even after proteolytic cleavage by thrombin. It
of digests of either Aor &*. It was first believed that this  experiences a modest increase in percent deuteration which
might be a portion of the activation peptide, which is cleaved may be best characterized as relatively insensitive to the
by thrombin. However, the identity of this peptide by post- method of activation.
source decay analysis precludes this possibility. Furthermore, Increased deuteration of the peptide 7 region might be
MALDI-TOF mass spectrometry on the whole thrombin- correlated with increased exposure of this region to the bulk
cleaved enzyme as described above shows that the activatiosolvent, possibly in preparation for binding a glutamine-
peptide is still present even after being cleaved by thrombin. containing substrate. The decreased deuteration observed in
A peptide segment (160111) that has been identified as the §-barrel 1 domain may be related to a previously
overlapping the 98104 peptide shows no change in degree proposed mechanism in which tifebarrel 1 domain must
of deuteration at all under the same conditions, leading usroll away from the catalytic corelf) to permit greater access
to the conclusion that the change is localized to the residuesto the active site. These changes in percent deuteration may
Leu 98 and Phe 99. intensify upon introduction of a substrate. Earlier studies have
Residues 98104 are quite distant from the proposed suggested a conformational change in Factor XllI triggered
calcium binding site in the enzyme. It is not known why by the glutamine-containing substra@).
this particular peptide cannot be observed in the mass spectra In all cases, the presence of calcium appears to intensify
of pepsin digests derived from thrombin-cleaved rEXIIl. It the observed changes in percent deuteration. Activation by
is possible that this portion of the protein becomes inacces-exposure of the enzyme to high levels of calcium appears to
sible to peptic cleavage after the enzyme is activated by mimic the effects observed in activation catalyzed by
thrombin. lonization of this peptide may be suppressed by thrombin cleavage. This strongly suggests a role for calcium
an unknown mechanism following thrombin activation as as an allosteric effector. The effects of calcium binding can
well. The role of a conformational change in this region is be local, as observed in tifebarrel 1 domain’s decrease in
similarly unclear, but may be linked to calcium binding. percent deuteration, but can also be truly long-range, as
p-Barrel 1 Domain: Decreased Deuteratiofihe decrease  evidenced by its impact on thgsandwich domain. The
in percent deuteration of thg-barrel 1 domain peptide decrease in percent deuteration observed in residues 98
spanning residues 52646 (Figure 5D, in blue) is 6.83% 104, relatively distant from the calcium binding site, is unique
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and will certainly warrant further study to elucidate its cause
and function.

In summary, our results complement findings from X-ray
crystallography and kinetics by presenting a view of protein
dynamics under solution conditions. Future work will focus
on measuring changes in the percent deuteration of FXIII
upon binding to both natural and artificial peptide substrates
and in the presence of a fibrin surface.
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