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ABSTRACT: Factor XIII can be activated proteolytically by thrombin cleavage of the activation peptide or
non-proteolytically by exposure to 50 mM Ca2+. The resultant transglutaminase cross-links Q and K
residues within the noncovalently associated fibrin clot. Hydrogen deuterium exchange coupled with
MALDI-TOF MS demonstrated that FXIII activation protects regions within theâ sandwich (98-104)
and theâ barrel 1 (526-546) from deuterium, while exposing the potential Q substrate recognition site
(220-230) to deuteration (Turner, B. T., Jr., and Maurer, M. C. (2002)Biochemistry 41, 7947-7954).
Chemical modification indicated the availability of several residues upon activation including K73, K221,
C314, and C409 (Turner, B. T., Jr., Sabo, T. M., Wilding, D., and Maurer, M. C. (2004)Biochemistry 43,
9755-9765). In the current work, activations of FXIII by IIa and by Ca2+ as well as FXIIIa inhibition by
the K9 DON peptide (with the Q isostere 6-diazo-5-oxo-norleucine) and iodoacetamide were further
examined. New findings unique for FXIIIaIIa included alkylation of C238 and C327, acetylation of K68, and
increased proteolysis of 207-214. By contrast, FXIIIaCa led to increased proteolysis of 73-85 and 104-
125 and to a loss of K129 acetylation. The FXIIIa inhibitors K9 DON and iodoacetamide both promoted
even greater protection from deuteration for theâ sandwich (98-104) andâ barrel 1 (526-546).
Interestingly, only K9 DON was able to block modification of catalytic core C409 near the dimer interface.
The solution based approaches reveal that activation and inhibition lead to local and long range effects to
FXIII(a) and that many are influenced by Ca2+ binding. Important glimpses are being provided on FXIIIa
allostery and the presence of putative FXIIIa exosites.

Blood coagulation culminates with the action of three
proteins: thrombin, fibrinogen, and factor XIII (FXIII1).
Conversion of fibrinogen to fibrin results from thrombin (IIa)
cleavage of fibrinopeptides A and B from fibrinogen, leading
to noncovalent association and a soft clot (1, 2). IIa also
activates FXIII, and the resultant transglutaminase (TGase)
covalently cross-links fibrin monomers through the formation
of isopeptide bonds between Q and K residues (3). These
covalent bonds act to stabilize the growing clot. Furthermore,
FXIIIa aids in protecting the clot from plasmin degradation
through the incorporation of substrates, such asR2 antiplas-
min (4), to the fibrin matrix.

FXIII shares the same primarilyâ sheet architecture of
the other known TGases (5). The four principal structural
elements of the TGase family are depicted in Figure 1A:
the â sandwich, the catalytic core, and theâ barrel 1 and 2
domains. The active site architecture for both cysteine

proteases and TGases are quite similar, consisting of the
catalytic triad C314, H373, and D396 (FXIII numbering)
(Figure 1B); however, the proposed mechanism of TGases
is the reverse of cysteine proteases (5, 7). The only TGase
to exist as a dimer is FXIII, with key interchain interactions
between K113-D367′, K257-E401′, and R260-D404′ (Figure 1B).

Catalytically competent FXIIIa is achieved when IIa
cleaves the N-terminal activation peptide, and at least 1 mM
Ca2+ is present (8, 9). After proteolysis by IIa, the activation
peptide remains noncovalently associated with FXIIIa and
transverses both monomers (Figure 1A) (10). Alternatively,
high concentrations of Ca2+ (>50 mM) or of monovalent
cations (150 mM-1 M) with 1 mM Ca2+ can non-
proteolytically activate FXIII (11, 12). Only one Ca2+ binding
site (Figure 1B) has been observed (N436, D438, A457, E485,
and E490) (13), though the existence of several more low
affinity sites has been supported by equilibrium dialysis (14)
and43Ca NMR (15).

Interestingly, alkylation of C314 by a small molecule such
as iodoacetamide (IAA) occurs only after activation (9, 12,
16, 17). Yet, the X-ray structures of zymogen (5), FXIIIaIIa

(10), and FXIIIaCa (13) are lacking in significant rmsd
deviations (10). These observations led Yee et al. to
hypothesize that the inactive and active conformers exist in
equilibrium (13). Since the inactive conformer is favored
during crystallization, FXIIIa interaction with a substrate or
inhibitor may favor crystallization of the active conformer
(13). Recently, Hausch et al. have reported the inhibition of
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tissue TGase 2 with gluten peptide analogues that replace
glutamine with the Q isostere 6-diazo-5-oxo-norleucine
(DON) (18) (Figure 2A). The DON moiety has now been
incorporated into the FXIIIa substrate K9, which is a peptide
derived fromâ casein (19). By inhibiting FXIIIa with a
peptide, solution based studies could potentially yield clues
on how FXIIIa interacts with proteins containing a reactive
Q and how this TGase prepares for K substrate incorporation.
Currently, a crystal structure of an inhibited TGase or a
TGase interacting with a ligand has not been solved.

Several prospective FXIII(a) exosites have been proposed.
An exosite is a ligand-protein interface that is distinct from
the residues involved in catalysis. Exosite functions include
guiding substrate orientation for more efficient catalysis and/
or providing a separate cofactor interaction site that either
enhances or dampens enzyme reactivity. Two potential Q
substrate exosites, peptides 4 (72-97) and 7 (190-230), are
located within theâ sandwich and the catalytic core,
respectively (Figure 1A) (20). Peptides derived from these
sequences competitively inhibit Q substrate catalysis. Within
â barrel 2, the antibody 5A2 targets residues 646-658 and
acts as a competitive inhibitor of K substrate incorporation.
Suchâ barrel 2 residues may thus be part of a K substrate
exosite (21). The different studies mentioned above support
the use of peptides and antibodies in elucidating how
substrates are recognized by FXIIIa.

Previous work in this lab has focused on implementing
solution based methods to probe the conformational dynamics
of FXIII activation that may be undetected in static X-ray
crystal structures (22, 23). Two useful techniques for
observing protein dynamics are hydrogen-deuterium ex-
change (HDX) of backbone amide protons analyzed by
MALDI-TOF MS and differential chemical modification of
C and K residues. Figure 1C summarizes previous results
using these techniques. HDX studies have revealed potential
allostery associated with Ca2+ binding for both theâ
sandwich andâ barrel 1 domains. Furthermore, activating
FXIII was determined to expose regions within the proposed

exosite peptides 4 and 7 (20) to modify C409 at the A2 dimer
interface and to affect the conformation ofâ barrel 2. These
studies highlight the subtle conformational changes that are
associated with the activation of FXIII.

The focus of the present work is two-fold. First, further
studies were performed examining the conformational per-
turbations that result from proteolytic activation by IIa
(FXIIIaIIa) versus nonproteolytic activation with 50 mM Ca2+

(FXIIIaCa). K68 acetylation and increased proteolysis of 207-
214 by chymotrypsin imply additional peptide 7 exposure
associated with IIa activation. Regarding FXIIIaCa, unique
changes in the dynamics of theâ sandwich and theâ barrel
2 may suggest the presence of additional Ca2+ binding sites.
The second facet of these studies concerned FXIIIa inhibi-
tion. For the first time, the FXIIIa inhibitors IAA and K9
DON were investigated using the described techniques. A
TGase activity assay demonstrated that K9 DON inhibits
FXIIIa with an IC50 in the high nanomolar range. HDX then
revealed that aâ sandwich fragment and several regions
within â barrel 1 were further stabilized by inhibition of
FXIIIa. NEM studies showed that only inhibition with K9
DON abrogates C409 alkylation near the catalytic triad. Acetic
anhydride studies indicated that in FXIIIaCa K9 DON
inhibition blocked modification of K482. These investigations
have demonstrated the efficacy of the DON moiety as an
inhibitor specific for FXIIIa. More importantly, potential
regions of plasticity resulting from activation and inhibition
of FXIIIa have been observed that appear static in the
currently available crystal structures.

MATERIALS AND METHODS

Factor XIII Preparation and Synthetic Peptides. Recom-
binant human cellular factor XIII (FXIII) was a generous
gift from Dr. Paul Bishop (ZymoGenetics, Inc., Seattle, WA)
(24). Lyophilized FXIII was reconstituted in 18 MΩ deion-
ized water. The concentration of FXIII was determined with
a Cary 100 UV/vis spectrophotometer monitoring absorbance

FIGURE 1: (A) TGase Factor XIII depicted as the A2 dimer from the X-ray crystal structure 1FIE (10). Color coded regions include the
activation peptide (red),â sandwich (blue), catalytic core (green),â barrel 1 (cyan), andâ barrel 2 (orange). The catalytic triad residues
(C314, H373, and D396) are highlighted in pink. The two Q substrate recognition sites peptide 4, within theâ sandwich, and peptide 7, within
the catalytic core, are purple and yellow, respectively. The potential K substrate recognition site inâ barrel 2 is light green. (B) Expanded
view of the catalytic core and the dimer interface. Depicted in the figure are the active site (violet), the Ca2+ binding site (yellow), and key
interactions at the dimer interface (orange). (C) Summary of previous results with residues and peptides experiencing conformational changes
upon FXIII activation highlighted in red.â sandwich (blue): (1) 98-104 large decrease in % deuteration upon Ca2+ activation. (2) K73

acetylated within peptide 4 upon Ca2+ activation. (3) K156 acetylated upon IIa activation. Catalytic core (green): (1) 220-230 increase in
% deuteration. (2) K221 acetylated within peptide 7. (3) C314 is alkylated. (4) C409 alkylated at the dimer interface.â barrel 1 (cyan): (1)
513-522 small decrease in % deuteration. (2) 526-546 large decrease in % deuteration upon Ca2+ activation.â barrel 2 (orange): (1) C695

is alkylated. These figures were created using PyMol (6).
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at 280 nm and using the FXIII extinction coefficient of
1.49 mL/mg cm. Aliquots of 40µM FXIII were stored at
-70 °C.

K9 is a peptide substrate for FXIIIa that is derived from
â casein (19). The sequence of K9 is Ac-LGPGQSKVIG-
OMe and was synthesized by Peptides International (Lou-
isville, KY). The active site inhibitor Ac-LGPG-(DON)-
SLVIG-OMe (K9 DON) was custom synthesized by N-Zyme
BioTec GmbH (Figure 2A). The K9 DON inhibitor is most
soluble at high concentrations in DMSO; therefore, this
solvent was used to prepare stock solutions. Experiments
where K9 DON is absent contain an equivalent amount of
DMSO. Peptide concentrations were determined by quantita-
tive amino acid analysis (AAA Service Laboratory, Inc.,
Boring, OR).

TGase Assay. The Dade-Behring Berichrom Assay (19)
utilizes coupled reactions involving FXIIIa and glutamate
dehydrogenase (GDH). As FXIIIa reacts with Q from the
peptide K9, NH3 is released. Next, the primary amine glycine
ethyl ester (GEE) concludes the TGase reaction through
formation of an isopeptide bond with the K9 peptide. GDH
convertsR-ketoglutarate and NH3 into glutamate with the
aid of reducing equivalents from NADH. Thus, FXIIIa
activity is directly related to NADH oxidation, which results
in decreasing absorbance at 340 nm.

The FXIII activation mix consisted of 6.9µM FXIII,
30 nM bovine IIa (purified as described in (25)), and 1 mM
CaCl2 in 20 mM borate at pH 8.3. After 12 min at 37°C,
IIa activity was inhibited by 376 nM PPACK to prevent
further proteolysis of FXIIIa. An additional 12 min at 37°C
elapsed after which 19µL aliquots of FXIIIaIIa were made
and stored at-70 °C.

Inhibition of FXIIIaIIa with either K9 DON or iodoaceta-
mide (IAA) was monitored with a modified version of the
Berichrom assay (26). Figure 2B illustrates the proposed
mechanism for inhibition of FXIIIa by K9 DON, and
Figure 2C displays the mass spectrum indicating K9 DON
modification of C314 (27). Irreversible inhibition is a time
and concentration dependent phenomena. Throughout each
trial, the volumes of the detector reagent (250µL) and the
activator reagent (163µL) as well as FXIIIaIIa (218 nM) and
K9 peptide (313µM), in 100 mM bicine at pH 8.3, were
held constant. The amount of the inhibitor K9 DON or IAA
ranged from 0 to 5000 nM, resulting in inhibitor to FXIIIa
active site molar ratios of 1:1 to 23:1. The assay contents
were incubated in a Cary 100 UV/vis spectrophotometer for
5 min at 37°C, then the substrate K9 was added. NADH
oxidation was monitored for 10 min at 340 nm. Since 4%
DMSO is present in the assay mix, a series of control
experiments were performed, demonstrating that FXIIIaIIa in
4% DMSO possesses identical activity to FXIIIaIIa with an
equal amount of dI water (data not shown).

FXIIIaIIa activity was measured by determining the slope
for the steepest part of the curve. The slope represents the
velocity of the reaction (∆abs/min). The resultant slope of
FXIIIaIIa activity in the absence of the inhibitor was assigned
as 0% inhibition or 100% activity. All reaction velocities
calculated in the presence of K9 DON or IAA were
normalized with respect to the slope observed with 0%
inhibition. As described in Rajagopal et al. (28), IC50 values
for inhibition of FXIIIaIIa were determined by plotting the
% inhibition versus the log of the inhibitor concentration,
which produced an apparent sigmoidal curve. The following
equation was used to fit the sigmoidal with SigmaPlot:

wherea represents the minimal curve asymptote,b equals
the maximal curve asymptote, andc is the Hill slope, which
is an indicator of the steepness of the inhibitor-response
curve.

ActiVation and Inhibition of FXIII for HDX and NEM
Experiments. IIa activation of FXIII proceeded as described
for the TGase assay. Ca2+ activation of FXIII was carried
out in 50 mM CaCl2, 20 mM borate at pH 8.3. The activation
mix incubated for 2 h at 37°C. The inhibitors K9 DON or
IAA were added at a 10-fold molar excess to FXIIIa and
incubated at 37°C for 30 min. The Berichrom assay verified
FXIIIa activation and inhibition. As seen with uninhibited
FXIIIa, K9 DON and IAA inhibited FXIIIa exhibited limited
solubility. For the described experiments, enough FXIIIa is
present in solution to gather reliable and reproducible results.
The design of this mass spectrometry based project hinders
our ability to assess whether the inhibitors are binding to

FIGURE 2: K9 DON Inhibition of FXIIIa. (A) Isosteres glutamine
and 6-diazo-5-oxo-norleucine. (B) Proposed mechanism of inhibi-
tion (27) proceeds through tetrahedral intermediate formation
resulting from cysteine attack at the carbonyl group. The methylene
carbon then abstracts a proton from the active site H373. Finally, a
thioether is formed resulting in the release of N2 and irreversible
inhibition of FXIIIa. (C) Representative mass spectra of the K9
DON modified C314 fragment from a tryptic digest.

% inhibition ) a +
(b + a)

1 + (log ([inhibitor])
IC50

)c
(1)
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both active sites of the FXIIIa A2 domain or whether only
half-site reactivity is being observed (16, 29). Regardless,
we were able to monitor changes in FXIIIa when at least
one active site becomes exposed and/or inhibited.

HDX Sample Preparation. FXIIIa was exchanged into
6.67 mM borate and 0.33 mM CaCl2 at pH 8.3, removing
excess inhibitor and/or Ca2+. The exception was the standard
for comparison, zymogenic FXIII without Ca2+, which was
buffer exchanged into 6.67 mM borate at pH 8.3. The
concentration of FXIII(a) for all HDX preparations varied
from 10 to 13µM. Aliquots (36µL) of the buffer exchanged
FXIII(a) were evaporated to dryness using a SpeedVac
(Savant) and stored at-70 °C.

HDX Experiments. The HDX protocol and analysis have
been adapted from methodology developed by the Komives
laboratory (30-36). Dry aliquots of FXIII(a) were allowed
to come to room temperature before beginning the experi-
ment. Twelve microliters of 99.996% D2O (Cambridge
Isotope Laboratories) was added to the aliquot yielding 30-
36 µM FXIII(a) and 1 mM CaCl2 in 20 mM borate at pH
8.3. The samples were incubated in a desiccator at room
temperature for 1 or 10 min. HDX was quenched by adding
120 µL of chilled 0.1% TFA at pH 2.5. Immediately, the
entire quenched solution was transferred to a tube of activated
pepsin bound to 6% agarose (Pierce Chemical). Digestion
occurred on ice for 10 min. Centrifugation at 4°C separated
the digest from the pepsin, and 10µL aliquots were
immediately frozen in liquid N2 and stored at-70 °C. Each
time point was performed three times.

HDX Analysis. A HDX aliquot of FXIII(a) was thawed,
immediately mixed with an equal volume of 10 mg/mL
R-cyano-hydroxycinnamic acid matrixR(-CHCA) (Aldrich)
in 1:1:1 ethanol/CH3CN/0.1% TFA at pH 2.2, and 0.5µL
was spotted onto a chilled stainless steel MALDI plate. The
spotted MALDI plate was dried within a SpeedVac unit and
then inserted into the MALDI-TOF MS (Voyager DE-Pro,
Applied Biosystems). The entire procedure took about 5 min,
limiting the amount of back exchange. Spectra were collected
in the reflector mode over a mass range of 800-3500m/z
with 256 laser shots per spectrum. All peptides in the peptic
digest were previously identified by Brian T. Turner, Jr. (22)
(Supporting Information, Figure S1). Data Explorer (Applied
Biosystems) was used to analyze the spectra. Calibration of
the spectra involved two singly protonated reference peptides,
the monoisotopic mass of 850.4787 Da (residues 535-541),
and the quadraisotopic mass of 1375.7097 Da (residues 220-
230).

The amount of deuterium uptake by each peptide was
quantified as described by Sabo et al. (37). Differences in
deuteration between the various states of FXIII(a) were
calculated utilizing eq 2:

whereD is the amount of deuterium incorporated in activated
or inhibited FXIIIa,DFXIII is the amount of deuterium uptake
for zymogen, andDmax is the theoretical maximum amount
of deuterium incorporation within the indicated peptide. On
the basis of previous HDX data analysis, only percent
differences larger than 4.5% are considered to be of great
significance (22, 37-39). The theoretical maximum number

of exchangeable protons accounts for all exchangeable
backbone amide protons and a slight fraction of N-terminal,
C-terminal, and side chain exchangeable protons, which are
dependent on the final percentage of D2O in solution under
quench conditions (∼4.5%).

HDX results obtained with the zymogen, FXIIIaCa, and
FXIIIaIIa were similar to the work carried out previously (22);
however, in the past study, portions of the spectrum not
related to the actual isotopic cluster were included in
calculating the amount of deuterium incorporation. Specif-
ically, the window used in the CAPP program (30) for
quantification began where the base of the undeuterated
monoisotopic peak would appear and ended after the last
peak of the longest time point. In this article and a previous
publication (37), the deuteration was determined by only
considering each peak’s intensity within the isotopic cluster.

Cysteine Modification with NEM. FXIII(a) at 10µM was
incubated with 50µM NEM (stock in 50% CH3CN) for
60 min at room temperature. The reaction was quenched
with the addition of dithiothreitol. In either trypsin buffer
(100 mM NH4HCO3 at pH 8) or chymotrypsin buffer
(100 mM Tris-HCl and 10 mM CaCl2 at pH 7.4), the
quenched samples were digested with 2µL of 1 mg/mL
chymotrypsin (25°C) or 1 mg/mL trypsin (37°C) for at
least 4 h. Proteolysis was quenched by acidification with
5% TFA.

Like the HDX experiments, slight differences exist in the
results from those already presented (23). In the prior study
(23), the ratio of NEM to FXIII(a) was 200:1. During the
course of this investigation, a 50:1 ratio was determined to
provide more differential labeling than was previously
observed. The results in this work do coincide with those
presented in the earlier publication.

Lysine Acetylation and Limited Proteolysis Experiments.
In 10 mM NH4HCO3 at pH 7.4, FXIII at 10 µM was
activated either with Ca2+ or with IIa. Inhibition of FXIIIa
occurred concurrently with the activation process in the
presence of 20µM IAA or K9 DON in DMSO. Ca2+

activation occurred in 50 mM CaCl2 for 2 h at 37°C. IIa
activation took place with 42 nM IIa and 1 mM CaCl2 for
12 min at 37°C. PPACK was used to inhibit IIa activity
and the FXIIIa mix incubated for an additional 108 min.

After 2 h, 5µL of 600 mM acetic anhydride (AA) in DMF
was added to FXIII(a) and allowed to incubate for 1 h. The
acetylation mix was acidified with 1% TFA. Residual AA
and the byproduct acetic acid were removed by drying in a
Speed-Vac concentrator device. When performing limited
proteolysis, AA was not added but FXIII(a) was handled in
a similar manner. The dry protein was reconstituted in dI
water. The modified protein was then split in half and the
addition of buffer yielded 10µM FXIII(a) in 100 mM NH4-
HCO3 at pH 8.0 (trypsin) or in 100 mM Tris-HCl and
10 mM CaCl2 at pH 7.4 (chymotrypsin). To 25µL of the
modified protein in digestion buffer, 2µL of 1 mg/mL trypsin
(37 °C) or chymotrypsin (25°C) was added, and proteolysis
occurred for 4 h. With limited proteolysis, the digest was
quenched after 30 min with 5% TFA.

MALDI-TOF Mass Spectrometry for Chemical Modifica-
tion and Limited Proteolysis. C18 ZipTips (Microcon) were
used to concentrate and clean up the digested FXIII(a)
samples with elution into 50% CH3CN. The eluted peptides
were mixed with 5µL of either R-CHCA or ferulic acid

% difference) (D - DFXIII

Dmax
) × 100% (2)
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MALDI matrix. The samples were spotted on a stainless steel
MALDI plate and acquired in reflector mode using MALDI-
TOF MS. The mass range was from 550 to 4000m/z, and
256 shots per spectrum were collected. At least three separate
trials were performed for each state of FXIII(a) monitored
and at least two spectra collected for each trial. All spectra
were analyzed as described by Turner et al. (23), and the
FXIII sequence coverage produced with chymotrypsin and
trypsin is presented in Supporting Information, Figure S1.
For limited proteolysis, the intensity of a monoisotopic peak
representing FXIII(a) digest fragments was normalized with
respect to the most intense (abundant) monoisotopic peak.
Differences in relative peak intensities greater than 20% were
considered significant for the limited proteolysis studies on
the basis of a comparative standard employed by Ansong
et al. (40).

RESULTS

TGase Assay with FXIIIaIIa. A modified version of the
Dade-Behring Berichrom assay was performed to determine
the potency of the irreversible inhibitor K9 DON for FXIIIaIIa

and the results compared to IAA. Figure 3A displays a series
of progress curves for inhibition of FXIIIaIIa with increasing
concentrations of K9 DON and Figure 3B presents a plot of
the data fitted to eq 1. The calculated IC50 was 816(

32 nM. The small molecular inhibitor IAA was slightly more
effective with an IC50 of 539 ( 74 nM. The p value
comparing the two inhibitors wasp ) 0.03.

Hydrogen-Deuterium Exchange Coupled with MALDI-
TOF Mass Spectrometry. The solvent accessibility of FXIIIa
inhibited with IAA or the K9 DON peptide was compared
to zymogen, FXIIIaCa, and FXIIIaIIa. Table 1 contains the
differences in deuteration for FXIIIa relative to zymogen,
with values greater than(4.5% in bold text. The table groups
the data according to the activation method observed. The
amount of deuterium incorporated at each time point is
presented in Figure 4 (FXIIIaCa) and Figure 5 (FXIIIaIIa) as
well as in Supporting Information Tables 1 and 2.

The â sandwich residues 98-104 were only present in
the FXIIIaCaspectra, presumably because of pepsin’s inability
to produce this peptide from FXIIIaIIa. Inhibition of FXIIIaCa

with K9 DON resulted in differences in the deuteration
profiles for this peptide at 1 and 10 min. Whereas FXIIIaCa

displayed an increase in solvent accessibility after 10 min
(from -24.3% at 1 min to-15.3% after 10 min), K9 DON
FXIIIaCa was observed to acquire less deuterium over a
similar time span (from-15.5% at 1 min to-30.1% after
10 min). As for IAA FXIIIaCa, inhibition with the small
molecular inhibitor leads to sustained stabilization over
10 min of deuteration (-31.9% at 1 min to-35.0% after
10 min).

Within the catalytic core, several fragments were observed
as displaying similar differences in deuterium exchange,

FIGURE 3: TGase assay and FXIIIa inhibition by K9 DON. (A)
Eight separate trials were performed at varying inhibitor concentra-
tions: FXIIIa in the absence of K9 DON (navy blue); 250 nM K9
DON (red); 400 nM K9 DON (orange); 700 nM K9 DON (pink);
900 nM K9 DON (purple); 1500 nM K9 DON (brown); 2500 nM
K9 DON (cyan); and 5000 nM K9 DON (blue). The assay
components, FXIIIa, and the indicated amount of inhibitor were
incubated for 5 min at 37°C, at which point the substrate K9 was
introduced to the assay mix. The graph depicts the oxidation of
NADH as a function of time. (B) A plot of % inhibition vs the log
of inhibitor concentration. Open and filled in circles represent IAA
and K9 DON, respectively. Three separate trials were performed,
and the plot was fit to eq 1. The IC50 was determined as 815.5(
31.9 nM for K9 DON and 538.8( 74.3 nM for IAA.

Table 1: Changes in Percent Deuteration for Factor XIII-Inhibitor
Complexes at 1 and 10 min Relative to Unactivated Factor XIIIa

FXIIIaCa K9 DON FXIIIaCa IAA FXIIIa Ca

residues
theo
Dmax

b 1 m 10 m 1 m 10 m 1 m 10 m

98-104 6.5 -24.3c -15.3 -15.5 -30.1 -31.9 -35.0
220-230 10.8 5.4 9.7 7.0 7.3 1.7 6.2
240-247 7.5 6.0 7.1 7.2 5.9 6.9 8.5
513-522 9.7 -11.6 -10.6 -10.0 -11.4 -15.6 -15.6
526-546 21.2 -24.1 -25.8 n/ad -32.7 n/a n/a
535-541 6.5 1.8 2.4 2.6 2.7 1.3 4.2

FXIIIaIIa K9 DON FXIIIaIIa IAA FXIIIa IIa

residues
theo
Dmax 1 m 10 m 1 m 10 m 1 m 10 m

220-230 10.8 4.5 7.2 5.9 6.3 6.6 7.5
240-247 7.5 6.0 6.8 6.5 6.7 7.3 10.4
248-264 15.9 6.0 3.1 5.9 2.2 6.7 n/a
513-522 9.7 -5.4 -5.3 -7.3 -10.3 -8.0 -9.4
526-546 21.2 -2.6 -2.4 -10.0 -11.8 -4.0 -9.0
535-541 6.5 1.8 4.2 2.8 4.9 2.3 5.1

a The % change for a particular peptide is calculated by the following
equation: % difference) ((D - DFXIII )/Dmax) × 100% , whereD is
the amount of deuterium incorporated in activated or inhibited FXIII,
DFXIII is the amount of deuterium incorporated in the unactivated state,
andDmax is the theoretical maximum number of exchangeable protons
within the indicated peptide.b The maximum number of exchangeable
protons within the indicated peptide, assuming 100% deuteration. This
value accounts for all exchangeable backbone amide protons and a slight
fraction of N-terminal, C-terminal, and side chain exchangeable protons,
which are dependent on the final percentage of D2O in solution under
quench conditions (∼4.5%). A fully deuterated peptide would theoreti-
cally have acquired this amount of deuterons.c The values in bold
represent significant changes in deuteration greater than(4.5%. d n/a
refers to a peptide that was either not observed in the peptic digest or
was not of sufficient intensity to quantify.
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regardless of the FXIIIa state monitored. For residues 220-
230, deuterium incorporation varied from 4.5 to 7.0% more
exposure relative to the zymogen at 1 min, and at 10 min,

the range was 6.2-9.7%. The only exception was with IAA
FXIIIaCa, where 1 min of exposure to deuterium did not yield
a significant difference in deuteration when compared to that
with zymogen (1.7%). Similarly, the results for residues
240-247 were within the standard deviation for all FXIIIa
conditions examined: 1 min, 6.0-7.3% and 10 min, 5.9-
10.4%. Only FXIIIaIIa presented reliable isotopic clusters for
quantification of 248-264. Once again, the type of inhibition
when compared to that of FXIIIaIIa had little effect on
deuterium exchange. In this case, significant protection was
observed initially at 1 min (5.9%-6.7%), and within 10 min,
the exchange began to approach zymogenic FXIII (2.2%-
3.1%).

The final region of FXIII investigated with HDX wasâ
barrel 1. Considering all FXIIIaCa states, two of the three
regions observed, 513-522 (-10.0% to-15.6%) and 535-
541 (1.3% to 4.2%), were similar in regard to the dynamics
of deuterium exchange at 1 and 10 min. However, the
presence of the K9 DON peptide protects the fragment 526-
546 by 6.9% after 10 min of deuteration (-25.8% for
FXIIIaCa and-32.7% for K9 DON FXIIIaCa). Unfortunately,
this region was unable to be observed in the IAA FXIIIaCa

spectra.
When considering the various forms of FXIIIaIIa, residues

513-522 experience slightly more protection from solvent
in both inhibited forms of FXIIIaIIa. At 10 min, FXIIIaIIa had
incorporated 3.3 deuterons (-5.3%) and both types of
inhibited FXIIIaIIa integrated 2.9 deuterons (-9.4% and
-10.3%). See Figure 5, Table 1, and Supporting Information,
Table 1. The amount of deuterium incorporated in FXIIIaIIa

for 526-546 was comparable to that of zymogen (-2.4%
to -2.6%). For the same span of residues, K9 DON FXIIIaIIa

exhibited an immediate decrease in solvent accessibility after
1 min (-10.0%), and conversely, IAA FXIIIaIIa affected the
dynamics of exchange in a gradual manner, reaching a
statistically significant difference following 10 min of
exchange (-9.0%). Finally, the fragment 535-541 became
more exposed to solvent at 10 min in all three forms of
FXIIIaIIa (4.2% to 5.1%).

The isotopic clusters representing 526-546 for FXIIIaCa

and K9 DON FXIIIaCa were of an uneven distribution with
a small rise in peak intensity toward higherm/z (Figure 6).
This observation led to a separate series of HDX experiments
to be performed on zymogen in the presence of 1 mM Ca2+.
The rationale for these HDX trials was to differentiate the
effects of Ca2+ concentration on deuterium exchange.
Figure 6 shows an expanded isotopic cluster for FXIII in 1
mM Ca2+, intermediate between zymogen and FXIIIaCa, as
well as the spectra for the states of FXIIIaIIa in the same
region.

N-Ethylmaleimide Modification of FXIII. Digesting FXIII
with the proteases trypsin and chymotrypsin provided a
total of 81% sequence coverage (Supporting Information,
Figure S1). As previously reported (23), seven of the nine
cysteine residues were able to be observed in the tryptic
digests of FXIII: C152, C188, C238, C314, C327, C409, and C695.
Unfortunately, chymotrypsin did not produce additional
proteolytic peptides containing C374 or C423. All NEM
modification experiments are summarized in Table 2.

The only consistently unmodified cysteine was C152 within
the â sandwich. For zymogen, C188 was the lone residue to
react with NEM. Once FXIII was activated, NEM modified

FIGURE 4: Graph of deuterium incorporation at 1 min (A) and
10 min (B) for FXIIIaCa. The bars in the graph correspond to the
following conditions: zymogenic FXIII (red), FXIIIaCa (orange),
K9 DON FXIIIaCa (yellow), and IAA FXIIIaCa (pink). Errors
correspond to the standard deviation of the mean for three
independent trials.

FIGURE 5: Graph of deuterium incorporation at 1 min (A) and
10 min (B) for FXIIIaIIa. The bars in the graph correspond to the
following conditions: zymogenic FXIII (red), FXIIIaIIa (blue), K9
DON FXIIIaIIa (green), and IAA FXIIIaIIa (cyan). Errors correspond
to the standard deviation of the mean for three independent trials.
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the active site residue C314. Regarding the inhibited forms
of FXIIIa, IAA modified C314 was observed in the mass
spectra (data not shown), and a weak peak for K9 DON
covalently linked to C314 was infrequently apparent at
2900 m/z (Figure 2C), probably because of difficulties in
ionization.

In the â sandwich, C188 was altered by NEM in all three
FXIIIaCa states. Moving to the catalytic core, the residue C238

was weakly modified in K9 DON FXIIIaCa, while C409

reacted with NEM only when FXIIIaCa was inhibited by IAA.
C327 remained unmodified after Ca2+ activation. Theâ barrel
2 residue C695 was available to NEM in all three forms of
FXIIIaCa. Turning to IIa activation, K9 DON FXIIIaIIa was
the only form of FXIIIaIIa to display modification of theâ
sandwich residue C188 and theâ barrel 2 residue C695. Two
cysteine residues located near the activation peptide, 238 and
327, were consistently labeled in all forms of FXIIIaIIa.
Finally, the catalytic core C409 was modified in FXIIIaIIa and
IAA FXIIIa IIa; however, K9 DON FXIIIaIIa severely weak-
ened or abrogated chemical modification.

Acetic Anhydride Modification of FXIII. There are 38
lysine residues in FXIII, spanning all four domains. Only

10 of the 38 lysine residues were unable to be observed as
acetylated in the mass spectra: K61, K269, K363, K366, K418,
K445, K446, K462, K467, and K657. Residues always accessible
to acetic anhydride included K54, K133, K534, K623, K635, and
K704. Additional labeling of zymogen involved K129, K583,
K584, and K621. Lysine residues K73, K113, K156, K199, K221,
K257, and K531, were exposed to acetic anhydride only after
the activation of FXIII. The modifications recorded from both
trypsin and chymotrypsin digests will be combined and the
data separated into tables concerning FXIIIaCa (Table 3) and
FXIIIaIIa (Table 4).

In the â sandwich, K68 and K129 were not accessible to
acetic anhydride modification in all forms of FXIIIaCa.
Interestingly, the catalytic core K482 was labeled in FXIIIaCa

and IAA FXIIIaCa yet unmodified in K9 DON FXIIIaCa. For
all three states of FXIIIaCa, theâ barrel 1 residues K583, K584,
and K621 were modified, while both K565 and K570 could not
be unambiguously assigned as always labeled. Acetylation
results revealed that six residues spanning theâ sandwich
and catalytic core displayed consistent labeling in FXIIIaIIa:
K68, K129, K482, K503, K504, and K513. Like FXIIIaCa, K565,
could not be unambiguously assigned. K583 and K584 did not
react with acetic anhydride when FXIII was activated by IIa;
however, general inhibition of FXIIIaIIa resulted in protection
from acetic anhydride for theâ barrel 1 residue K621.

Limited Proteolysis of FXIII. Variations within the mass
spectra of FXIII(a) provide insight into subtle alterations in
conformational dynamics that affect chymotrypsin’s ability
to hydrolyze backbone amide bonds of the TGase. For
example, during IIa activation of FXIII, the amide bond
between R36 and G37 is cleaved, and a chymotryptic digest
of FXIIIaIIa does not produce the fragment Q32-F44. Pro-
teolysis of FXIIIaIIa by chymotrypsin produces a significant
amount of the activation peptide residues G9-L31. By
contrast, the digests of zymogen and FXIIIaCa displayed the
peptide Q32-F44 and less G9-L31. In our studies with
FXIII(a), significant variation within 30 min of trypsin
proteolysis were not observed (data not shown); thus, the
focus was centered on chymotryptic digests of FXIII(a).
Selected data for chymotrypsin proteolysis is summarized
in Figure 7. Within theâ sandwich, two peptides were
cleaved more effectively with FXIIIaCa: 75-83 and 104-
125. FXIIIaIIa displayed a large abundance of the catalytic
core fragment 207-214. Finally, two fragments inâ barrel
2, 681-691 and 692-698, were more susceptible to chy-
motrypsin in FXIIIaCa. The inhibitor K9 DON did not
significantly affect the chymotryptic digests profiles.

FIGURE 6: Mass spectra representing residues 526-546 (m/z
2431.534) after 10 min of deuteration. All D-on experiments are
in 20 mM borate and 1 mM CaCl2 at pH 8.3, except the zymogen
in the absence of Ca2+ where the buffer was 20 mM borate at pH
8.3. The FXIII state illustrated in each spectrum is listed in the
figure. This peak cluster containsâ barrel 1 residues and displays
drastically varying degrees of deuteration between FXIIIaCa and
FXIIIaIIa. In both types of activation states, inhibition provides
protection from solvent amounting to around 1-2 deuterons.

Table 2: Cysteine Alkylation Results at pH 8.3

cysteine residues 152a 188 238 314c 327 374 409 423 695

zymogen Xb

FXIIIaCa X X X
IAA FXIIIa Ca X IAA X X
K9 DON FXIIIaCa X weak K9 DON X
FXIIIaIIa X X X X
IAA FXIIIa IIa X IAA X X
K9 DON FXIIIaIIa X X K9 DON X weak X

a A blank space indicates that the modified peaks werenotobserved in the mass spectra.b NEM modification of cysteine was identified.c Cysteine
314 in the activated state reacted with NEM in the uninhibited forms. The presence of the inhibitor covalently linked to cysteine 314 prevented
NEM from modifying the active site, and the NEM peak was unobserved in the mass spectra.
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DISCUSSION

At the present time, an X-ray structure of FXIIIa interact-
ing with a substrate or inhibitor has not been solved.
Furthermore, limited evidence exists on how Q containing
substrates access the active site, interact with the catalytic
core, and alter the dynamics of FXIIIa in preparation for
the K containing substrate (Figure 1). An effective peptide
inhibitor for FXIIIa has now been developed that incorporates
the glutamine isostere 6-diazo-5-oxo-norleucine into the
FXIIIa substrate peptide K9. The focus of the work has

proceeded to observein solutionthe conformational changes
associated with inhibition by K9 DON compared to that by
IAA. In addition to probing FXIIIa inhibition, new insight
has also been obtained regarding the conformational features
associated with the activation of FXIIIa by Ca2+ and by IIa,
thus augmenting our previous investigations (22, 23). The
current studies thus provide valuable information about
events occurring in theâ sandwich, the activation peptide,
the dimer interface, the catalytic core, andâ barrels 1 and
2.

Table 3: Lysine Acetylation Results for FXIIIaCa

â sandwich catalytic core

residues 54a 68 73 113 129 133 151 156 199 221 257 482 503 504 513

zymogen Xb ?c X X ? ?
FXIIIaCa X X X X ? X X X X X ? ? ?
IAA FXIIIa Ca X X X X ? X X X X X ? ?
K9 DON FXIIIaCa X X X X ? X X X X ? ?

â barrel 1 â barrel 2

residues 531 534 565 569 570 583 584 621 623 635 677 678 704

zymogen ? X X X X X X ? ? X
FXIIIaCa X X X X X X X X X ? ? X
IAA FXIIIa Ca X X ? ? X X X X X X ? ? X
K9 DON FXIIIaCa X X X ? ? X X X X X ? ? X
a Residues displaying modification regardless of FXIII activation or inhibition are referred to as always solvent exposed.b The letter X represents

lysine modification of the indicated residue.c A question mark denotes ambiguous data and that the possibility exists for modification of the lysine
residue. The first possibility is when two peptides have similar masses and both possess lysine residues. Alternatively, a peptide with two or three
lysine residues may be observed as acetylated once, thus presenting ambiguity in assigning the modified lysine.

Table 4: Lysine Acetylation Results for FXIIIaIIa

â sandwich catalytic core

residues 54a 68 73 113 129 133 151 156 199 221 257 482 503 504 513

zymogen Xb ?c X X ? ?
FXIIIaIIa X X X X X X ? X X X X X X X X
IAA FXIIIa IIa X X X X X X ? X X X X X X X X
K9 DON FXIIIaIIa X X X X X X ? X X X X X X X X

â barrel 1 â barrel 2

residues 531 534 565 569 570 583 584 621 623 635 677 678 704

zymogen ? X X X X X X ? ? X
FXIIIaIIa X X X ? ? X X X ? ? X
IAA FXIIIa IIa X X X X X ? ? X
K9 DON FXIIIaIIa X X ? ? ? X X ? ? X
a Residues displaying modification regardless of FXIII activation or inhibition are referred to as always solvent exposed.b The letter X represents

lysine modification of the indicated residue.c A question mark denotes ambiguous data and that the possibility exists for modification of the lysine
residue. The first possibility is when two peptides have similar masses and both possess lysine residues. Alternatively, a peptide with two or three
lysine residues may be observed as acetylated once, thus presenting ambiguity in assigning the modified lysine.

FIGURE 7: Graph of limited chymotryptic proteolysis of FXIII. Only differences in proteolysis larger than(20% were considered significant.
The colored bars refer to the zymogen (red), FXIIIaCa (orange), K9 DON FXIIIaCa (yellow), FXIIIaIIa (blue), and K9 DON FXIIIaIIa (green).
Errors correspond to the standard deviation of the mean for three independent trials.
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DON Inhibition of FXIIIaIIa. A modified version of the
Dade-Behring Berichrom assay (19) was used to determine
that K9 DON is a slightly less potent inhibitor of FXIIIaIIa

as compared to IAA. A longer peptide derived from the
natural substrateR2 antiplasmin has been reported to be an
even better FXIIIa substrate model.R2AP (1-15) shows
improved kinetic parameters, maintains a preference for Q2

over Q4, and suggests the existence of additional substrate
specificity determinants within the active site (41). Incor-
poration of DON into such a longer peptide sequence could
later offer more potent inhibition of FXIIIa as well as
contribute to further understanding FXIIIa-ligand interac-
tions. The research with K9 DON provides our first suc-
cessful application of such a peptide inhibitor to probe
changes occurring in the FXIIIa conformation in solution.

â Sandwich and Proteolytic Versus Non-Proteolytic Ac-
tiVation. The â sandwich residues 72-97, also known as
peptide 4, are hypothesized to be involved in Q substrate
recognition (Figures 1A and 8A) since synthetic peptides
derived from this sequence compete for Q substrate binding
to FXIIIa (20). An earlier report demonstrated that K73 was

acetylated in only FXIIIaCa (23). The present results confirm
this finding as well as showing that FXIIIaIIa is also modified
at this position. The current research further indicates that
FXIIIaCa exhibits increased chymotryptic proteolysis of
residues 75-83 within this peptide 4 region. Together, these
results suggest increased exposure of the 73-83 region upon
activation, especially for FXIIIaCa. These events could signal
FXIIIa preparation for Q substrate interaction with theâ
sandwich (20).

Other unique properties related to FXIIIaCa include an
increase in the proteolysis of the 104-125 segment, a loss
of the ability to acetylate K129, and a protection from solvent
for residues 98-104. As the L125-Q126peptide bond becomes
more accessible to chymotrypsin, it may be at the expense
of K129 solvent exposure. Between peptide 4 (72-97) and
the chymotryptic cleavage region (104-125) is the segment
98-104. Previous HDX studies have demonstrated that
residues 98-104 of FXIIIaCa exhibited a significant de-
crease in deuteration that may be localized to L98 and F99

(Figure 8A) (22). IAA inhibition of FXIIIa Ca further stabilizes
this short segment from deuteration. K9 DON FXIIIaCa

FIGURE 8: Illustration of FXIII (1FIE) regions where activation or inhibitor binding resulted in the described conformational changes. (A)
â sandwich region: depicted are the activation peptide (cyan), peptide 4 fragments 72-74/84-97 and K73 (blue), limited proteolysis fragments
75-83 (pink) and 104-125 (yellow), L125-Q126 (purple), K129 (orange), the HDX fragment 98-104 (red), and C152/C188 (yellow). (B)
Activation peptide/dimer interface: residues N18/S19/N20/A21 (cyan), K156 (pink), D243 (red), R252 (dark green), M242 (green), C238/C327 (orange),
the HDX fragments 240-247 and 248-264 (purple), K113/K257/R260 (yellow), D367′ (green), and E401′/D404′ (blue). (C) Zymogen crystal
structure 1GGT (5) displaying the activation peptide (red) extending away from the dimer. (D) FXIIIaIIa crystal structure 1FIE (10) (orange)
displaying the activation peptide resting across the surface of the dimer. These figures were made using PyMol (6).

FXIII Activation and Inhibition Solution Studies Biochemistry, Vol. 46, No. 35, 200710097



requires more time to achieve significant stabilization of this
fragment conceivably due to allostery related to peptide
binding within the catalytic core. Interestingly, the 98-
104 fragment is not observed in the peptic digest of FXIIIaIIa

used for the HDX studies.
The differences in proteolysis observed for FXIIIaCa versus

FXIIIaIIa are important to consider. With both chymotrypsin
and pepsin, fewer cleavages are detected within theâ
sandwich region of FXIIIaIIa. Cleavage of the activation
peptide by IIa may thus protect certain regions within theâ
sandwich. Alternatively, the potential presence of low affinity
Ca2+ binding site(s) within this domain could aid in creating
a more accessible environment for the proteases to cleave
FXIIIaCa. An earlier study ascertained that IAA FXIIIaIIa

possessed a higher affinity for fibrin II than for IAA FXIIIaCa

(42). Another investigation found that FXIIIaCa was unable
to cross-link fibrinR chains, while retaining the ability to
cross-link fibrinγ chains (43). Perhaps several fibrin binding
sites are located in or influenced by theâ sandwich, and
only cleavage of the activation peptide is able to properly
orient or expose residues related to fibrinR chain binding.

FXIII ActiVation Peptide and the Dimer Interface. Located
in close proximity to the activation peptide and the dimer
interface, FXIIIa fragments 240-247 and 248-264 became
more exposed to deuterium when compared to zymogen
(Figure 8B). In addition, acetylation of K113, K156, and K257

only occurred when FXIII was activated. Several electrostatic
and water mediated interactions are apparent between the
activation peptide residues N18-A21 and main chain residues
K156, D243, and R252. The crystal structures of zymogen
(1GGT) (5) and FXIIIaIIa (1FIE) (10) display the activation
peptide in similar conformations except for one key stretch.
The N-terminus of zymogen (F8-P16) is extended away from
the dimer, while in FXIIIaIIa, these same residues are depicted
as resting on the dimer’s surface (Figure 8C and D). Perhaps
this emphasizes the importance of N18-A21 in anchoring the
activation peptide to FXIII through interactions with K156,
D243, and R252.

Alkylation of the adjacent residues C238 and C327 occurred
only with FXIIIaIIa (Figure 8B). C238 is involved in main
chain H bonding with M242, adjacent to D243. Cleavage of
the activation peptide could conceivably weaken the afore-
mentioned electrostatic interactions involving residues within
240-264 and the activation peptide, essentially perturbing
the dynamics of this region. In fact, limited proteolysis of
FXIIIaIIa shows a large abundance of the fragment 9-31.
As stated in the previous section, these observations could
signal FXIIIaIIa preparation for efficient interaction with the
R chains of fibrin. The FXIII mutations M242T, R252I, and
G262E further highlight the structural and functional impor-
tance for this stretch of catalytic core residues (44-46).

Intersubunit H bonding among K113-D367′, K257-E401′, and
R260-D404′ emphasize the role these residues play in main-
taining dimer integrity (Figures 1B and 8B). Acetylation of
K113 and K257 and the increased exposure of 248-264
insinuate an opening of the dimer space. Yee et al. predict
a possible mode of the K substrate accessing the active site
through the opening of the dimer interface (5). Our results
suggest that activation of FXIII weakens the interactions
between residues at the dimer interface. These observations
are consistent with K-containing substrates accessing the
active site from the dimer interface, where, as previously

suggested, the acyl acceptor is directed to the active site by
residue D343 and the H342/E434 diad (5). Three reported
mutations resulting in congenital FXIII deficiency, R260L,
R260C, and R260H, signify the essential nature of the R260-
D404′ interaction for proper FXIII functioning (47-50).

cis-trans Isomerization Within the Catalytic Core and the
Secondary IIa CleaVage Site. NEM modification of C409 was
severely impaired by the covalent linkage of K9 DON to
C314 in both FXIIIaCa and FXIIIaIIa (Figure 9B). Two non-
prolyl cis bonds, Q425-F426 and R310-Y311, reside near C314

and C409. These unusualcispeptide bonds may possess ample
potential energy that an enzyme such as FXIII could use to
fuel the TGase reaction and/or open access for substrates
within the active site (51). The Ahvazi group, through
molecular modeling studies on the related species tissue
TGase 1 and 3, suggest that Ca2+ binding stabilizes the non
prolyl cis bonds in preparation for catalysis and that Q
substrate binding results in thecis-trans isomerization (52,
53). C409 may no longer be available for alkylation by NEM
as a result of Q425-F426 isomerization, which resides about
6.5 Å from C409. An alternative explanation could be that
K9 DON interacts near or with C409. The distance between
C314 and C409 is about 13 Å, indicating that the five
C-terminal residues (-SLVIG) of the inhibitor would have
to exist in an extended conformation (approximately 20 Å
in length) toward the dimer interface. This hypothesis is
supported by recent transferred NOESY data that suggest
that theâ casein derived FXIIIa substrate K9 and anR2

antiplasmin peptide adopted extended conformations within
the active site of FXIIIaIIa (41).

Another interesting observation was that K482 and K503

were not modified in K9 DON FXIIIaCa. K482 is located near
the Ca2+ binding site, and K503 resides on a fragment leading
to â barrel 1 near the FXIII secondary cleavage site (K513-
S514). Unfortunately, fragments resulting from tryptic pro-
teolysis of K513-S514 rarely appeared in the mass spectra after
a 30 min digest. Nevertheless, the acetylation results suggest
that K9 DON inhibition may act in concert with Ca2+ binding
to protect against further proteolysis at the secondary
cleavage site by IIa.

FXIIIaIIa: The Peptide 7 Region and Catalytic Core. The
fragment 220-230 within the potential Q substrate recogni-
tion site known as peptide 7 (190-230) (20) experienced
similar levels of deuterium incorporation upon inhibition,
as also seen with activation. Furthermore, acetylation of both
K221 and K199 only occurs in FXIIIa. Inhibition of FXIIIa
did not result in hindering the modification of these residues.
These findings are consistent with any of the following
conclusions: residues 220-230, K199, and K221 are not
involved in direct substrate recognition, a 10-residue peptide
is not of sufficient length to reach peptide 7, and/or
Q-containing substrates do not lead to allosteric effects within
these regions.

Unique to FXIIIaIIa was the increased proteolysis of the
peptide 7 residues 207-214 by chymotrypsin and acetylation
of K68 (Figure 9D). The distance from the side chain of K68

to the backbone carbonyl of L206 is 3.8 Å, suggesting H bond
disruption concurrent with IIa activation. A highly conserved
loop among all TGases exists between residues 467-472,
which appear to shield a portion of peptide 7. Our lab’s
previous observation that K467 was acetylated upon activation
(23) indicates a possible rearrangement of this K467 loop.
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Curiously, Fox et al. noticed a highly conserved water at a
fork between twoâ strands (13), which is situated within a
pocket formed by the conserved residues Y204, R333, T466,
and K467. Fox et al. also observed that the strand containing
R333 runs antiparallel to the strand with H373 and that T466/
K467 are downstream of A457, a Ca2+ binding site residue
(13). This potential K467 loop repositioning could be associ-
ated with the increased exposure of peptide 7 and proper
orientation of residues involved in catalysis. A study examin-
ing the consequences of TGase 1 mutations resulting in rare
skin disorders commented on the significance of an R395L
(R333 in FXIII) mutant on impairing TGase 1 activity (54).
Also, the FXIII polymorphism Y204F leads to higher occur-
rences of recurrent miscarriage, probably because of con-
formational changes resulting from the disruption of Y204-
R333 H bonding (55).

Ca2+ Concentration and FXIIIa Inhibition Affect Dynamics
of â Barrel 1. The current HDX results confirm an earlier
report of Ca2+ protecting the fragments 513-522 and 526-
546 from deuterium exchange (22); however, FXIIIaCa

displayed significantly more protection from solvent within
this region than FXIIIaIIa (Table 1). Fragment 535-541
remained at similar deuterium levels compared to those of
zymogen, which enabled the observed changes in dynamics
to be localized to the two flanking loops, 526-534 and 542-

546 (Figure 9C). The isotopic cluster for FXIII residues 526-
546 exposed to 1 mM Ca2+ appears to be an amalgam of
zymogen and FXIIIaCa (Figure 6). This isotopic cluster
possibly illustrates a concentration of Ca2+, where the cation
binding site is not fully occupied. Analysis of these results
could be interpreted to signify allostery within TGase. Ca2+

binding could potentially directâ barrel 1 to roll away from
the catalytic core to allow Q substrate access, as previously
hypothesized (10).

Interestingly, the presence of K9 DON results in increased
protection for 526-546 from solvent after 10 min in both
FXIIIaCa and FXIIIaIIa. Even residues 513-522, though only
in FXIIIaIIa, were slightly more protected in the presence of
either K9 DON or IAA (Table 1). Both of these inhibitors
also blocked lysine acetylation of K621 in FXIIIaIIa. These
results suggest that Q substrate binding further stabilizesâ
barrel 1, perhaps restricting access to additional Q substrates
in preparation for covalent cross-linking to the acyl acceptor.

Is â Barrel 2 the Location of a Lysine-Containing
Substrate Recognition Site?Within â barrel 2, chemical
modification studies have provided evidence for C695 expo-
sure concurrent with activation (23). In the current work,
only FXIIIaCa was always alkylated at C695 regardless of
inhibition, while FXIIIaIIa alkylation occurred when K9 DON
was present at the active site. The discrepancy in our results

FIGURE 9: Illustration of FXIII (1FIE) regions, where activation or inhibitor binding resulted in the described conformational changes. (A)
â barrel 2: the 5A2 binding epitope (red), the limited proteolysis fragment 681-698 (blue), W691-E692 (cyan), and C695 (red). (B) Catalytic
Core I: the activation peptide (cyan), D342/H343/E434 (blue), Y560 (light blue), C314/H373/D396 (red), C409 (yellow), and the non-prolylcis
bonds R310-Y311 (red) and Q425-F426 (orange). (C)â barrel 1: the HDX fragments 526-534/542-546 (green), 535-541 (red), and 513-
522 (orange), K565/K621 (yellow), Y560 (light blue), 561-564 (red), K583/K584 (blue), and the Ca2+ binding site (pink). (D) Catalytic Core
II: HDX fragment 220-230 (red), limited proteolysis fragment 207-214 (orange), and residues K199 (green), K221 (purple), K68 (red), T206

(yellow), Y204/R333 (yellow), and 466-472 (blue). These figures were made using PyMol (6).
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is likely due to the amount of NEM used in our earlier report
(200 mM vs 50 mM) (23). Further supporting this finding
was the limited proteolysis studies demonstrating that
FXIIIaCa resulted in increased chymotryptic proteolysis of
W691-E692, which may be related to C695 exposure (Figure
9A).

As illustrated in Mitkevich et al., the antibody 5A2 that
targets the FXIIIa epitope 646-658 displays uncompetitive
inhibition toward the Q substrate and competitive inhibition
against the K substrate (21). In fact, 5A2 binding is enhanced
when the acyl donor binds to the active site (21). The K9
DON FXIIIaIIa results suggest that the Q substrate creates a
more solvent accessible region withinâ barrel 2, potentially
involved in K substrate recognition. This hypothesis is in
line with competitive inhibition of the acyl acceptor reaction
when 5A2 binds to the FXIIIa epitope 646-658 (21).

CONCLUSIONS

The main objectives of this project were to demonstrate
the applicability of DON based peptides in FXIIIa inhibition
and to explore perturbations associated with activation and
inhibition on FXIIIa dynamics. For the first time, our
chemical modification and newly implemented limited pro-
teolysis studies utilized the protease chymotrypsin in addition
to trypsin. These results corroborate and further augment
previous FXIII studies from our lab (22, 23).

New insight was obtained into the conformational variance
among FXIIIaCa and FXIIIaIIa. Chymotrypsin proteolysis
supplied evidence of additional peptide 7 exposure resulting
from IIa activation: the fragment 207-214 is cleaved more
efficiently, and K68 is acetylated in FXIIIaIIa. Also with
FXIIIaIIa, increased proteolysis of 9-31 and alkylation of
the nearby residues C238/C327 suggest unique events associ-
ated with activation of peptide cleavage. FXIIIaCa revealed
amplification in proteolysis of the peptide bond L125-Q126

and suppression of nearby K129 acetylation. Theâ barrel 2
peptide bond W691-E692 and C695 in FXIIIaCa were more
solvent accessible than with FXIIIaIIa. These results perhaps
indicate allostery associated with Ca2+ binding or the
presence of additional Ca2+ binding sites within these
domains. Regardless of the activation method, FXIIIa
experienced an increase in deuteration for 240-268 and was
modified at K113, K156, and K257. These events could indicate
opening of the dimer interface for K substrate access to the
active site.

With regard to FXIIIa inhibition, our results demonstrate
that K9 DON is an effective inhibitor of FXIIIaIIa. Further-
more, the solution studies reveal potential conformational
features of FXIIIa trapped in the active state by K9 DON
and IAA. Specific to K9 DON inhibition was the cessation
of C409 alkylation within the active site, unique perturbations
of deuterium incorporation for theâ sandwich fragment 98-
104 from FXIIIaCa, increased accessibility of C695 with
FXIIIaIIa, and blocked K482/K503 acetylation in FXIIIaCa.
General inhibition resulted in the FXIIIaIIa residue K621 no
longer being available for acetylation and theâ barrel 1
fragments 513-522 and 526-546 becoming more protected
from deuteration. These observations provide subtle glimpses
into how substrate bound FXIIIa prepares for the incoming
lysine-containing substrate. The current work focuses on the
consequences of interactions at the active site of FXIIIa.

Future endeavors into FXIII dynamics will examine larger
more physiologically based substrates potentially evoking
greater conformational changes and further targeting of
putative binding exosites.
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