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a b s t r a c t

Activated Factor XIII is a 83 kDa transglutaminase crucial in the final steps of blood coagulation. FXIII can
be activated both via a proteolytic pathway and a non-proteolytic pathway. Activation in plasma takes
place by a thrombin catalyzed cleavage after residue Arg37 (FXIIIa′) and a Ca2+ dependent conformational
change (FXIIIa*). The non-proteolytic activation is the result of a conformation change only in the absence
of thrombin or other proteolytic cleavage (FXIIIa◦). Hydrogen/deuterium exchange (HX) detected by
mass spectrometry (MS) has proven a powerful technique for analyzing the conformational properties of
proteins in solution. In this study, we apply HX-MS analyses on the entire span of conformational states
of recombinant FXIII, i.e., rFXIII, rFXIIIa′, rFXIIIa* and rFXIIIa◦. 79 peptic peptides were used for analysis
providing 90% coverage of the 83 kDa non-redundant sequence of FXIII. The HX-MS data show increased

′
tructure–activity relationship
ransglutaminases
FXIII

deuterium exchange along the dimer interface suggesting weakened dimer interaction in all rFXIIIa ,
rFXIIIa* and rFXIIIa◦. Apart from this, rFXIIIa′ resembles zymogen rFXIII and no conformational changes
seem to have taken place. In contrast, extensive changes occur upon full activation to either rFXIIIa* or
rFXIIIa◦. All domains of rFXIII are involved, but the major changes occur in the catalytic core and �-barrel
1 domains. Furthermore, these experiments show highly similar HX-MS data for rFXIIIa* and rFXIIIa◦

clearly demonstrating that both the thrombin dependent and the non-proteolytic activation pathways
activa
of rFXIII produce similar

. Introduction

Activated Factor XIII (FXIII; EC 2.3.2.13) is a transglutaminase
atalyzing intermolecular �-(�-glutamyl)lysine isopeptide bonds
1]. FXIII activity is crucial in the final steps of blood coagulation by
ross-linking fibrin monomers into a tight fibrin network. Further-
ore, a number of anti-fibrinolytic, pro-haemostatic and adhesive

roteins are cross-linked to the clot thereby providing a mechani-

ally strong fibrin structure with increased resistance to fibrinolysis
y plasmin or other proteolytic enzymes. FXIII is also found intra-
ellular where the cross-linking enzyme activities are involved in
issue remodeling and also in cytoskeleton remodeling that occurs,

Abbreviations: ESI, electrospray ionization; MALDI, matrix assisted laser desorp-
ion/ionization; MS, mass spectrometry; HX, hydrogen/deuterium exchange; HEPES,
-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; CID, collision induced disso-
iation; UPLC, ultra performance liquid chromatography; FXIII, Factor XIII; rFXIII,
ecombinant FXIII (consisting of the A2 subunits); FXIIIa*, thrombin activated FXIII;
XIIIa′ , thrombin cleaved but not active; FXIIIa◦ , FXIII activated without proteolysis;
G, transglutaminase.
∗ Corresponding author. Tel.: +45 3075 1863; fax: +45 4466 3450.
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for instance, during platelet activation [2–4]. (See [5–9] for reviews
on FXIII structure and function.)

The catalytic activity is located in the 83 kDa FXIII – A subunit
which forms a stable non-covalent dimer structure in solution.
The dimer structure of rFXIII has been characterized various times
by X-ray crystallography (Fig. 1A) [10–12]. Each FXIII–A subunit
consists of an N-terminal activation peptide (residues 1–37), a
�-sandwich domain, the large catalytic core domain holding the
active site residues Cys314, His373 and Asp396 and finally two �-
barrel domains (Fig. 1A and D). The dimer structure of rFXIII shows
the activation peptide of one rFXIII subunit extending towards the
catalytic core domain of the opposite rFXIII subunit and thus close
to the opposite active site (Fig. 1A). Plasma FXIII furthermore con-
tains two 80 kDa non-catalytic carrier FXIII-B subunits and thus
circulates as a hetero-tetramer. Intracellular FXIII consists of the
FXIII-A subunits only.

In plasma, thrombin hydrolyzes the activation peptide of FXIII

between residues Arg37-Gly38 resulting in FXIIIa′ (Fig. 2B). This
event does not by itself create functional enzyme activity, e.g., the
active site Cys314 is not solvent exposed in FXIIIa′ [13,14] and
thrombin cleaved FXIIIa′ retains a zymogen conformation [15]. In
the presence of physiological plasma concentrations of Ca2+ and

dx.doi.org/10.1016/j.ijms.2010.09.010
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:MDAA@novonordisk.com
dx.doi.org/10.1016/j.ijms.2010.09.010
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Fig. 1. rFXIII and recombinant TG2 structures and schematic domain overview. (A) The structure of rFXIII dimer. The domains are, from N- to C-terminus; activation peptide
(red), �-sandwich (dark blue), catalytic core domain (blue), �-barrel 1 (light blue) and �-barrel 2 (light turquoise). The catalytic core domain contains the active site residues
(Cys314, His373 and Asp396, red ball and stick) and the primary Ca2+ binding site (violet). (B) Schematic overview of the domain organization in rFXIII and non-activated
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G2. Domain coloring is similar to panel A. (C) Non-activated TG2 and (D) activated
imilar to panel A. Notice the reorientation of �-barrel 1 upon activation. The peptid
57–372 are highlighted (yellow). TG2 is monomeric and does not contain an acti
10,23,26].

brin, FXIIIa′ undergoes a conformational change resulting in the
ctive enzyme FXIIIa* [16–18] (Fig. 2C). During the conformational
earrangement the activation peptide and FXIII-B subunits are
eleased. This thrombin dependent activation pathway is dominant
n plasma where thrombin and fibrin is generated under coagula-
ion conditions FXIIIa* can also be created from FXIIIa′ in vitro in
he absence of fibrin by raising the Ca2+ concentration to 15 mM or
igher [19]. Alternatively, zymogen FXIII is also able to activate non-
roteolytic in the absence of thrombin or other proteases. Effective
on-proteolytic activation of FXIII-A2 occurs only at 50 mM Ca2+
nd above in vitro [13,16]. However, even low amounts of Ca2+ in
ombination with, e.g., 1 M NaCl, chaotropic ions or other stimuli is
ufficient for activation to occur [19,20]. This activation is solely an
ffect of a conformation change, without the release of the activa-
ion peptide, and results in rFXIIIa◦ (Fig. 2D). The latter activation
showing the structural rearrangements in TG2 upon activation. Domain coloring is
e site inhibitor (red ball and stick) and residues 300–320 (�-helical in panel D) and
peptide. The structures are from pdb-entries 1GGU, 1KV3 and 2Q3Z, respectively

pathway is dominant for intracellular FXIII where no thrombin is
present [21,22].

FXIII belongs to a larger class of transglutaminase enzymes. The
known structures of zymogen transglutaminases (FXIII, TG2 and
TG3) are very similar as exemplified in Fig. 1A and C showing the
structures of zymogen rFXIII and recombinant non-activated TG2,
respectively [23]. Human transglutaminases are activated and reg-
ulated in numerous ways. Some transglutaminases are dependent
on a proteolytic cleavage whereas others rely on conformational
activation only. However, all TGs depend on Ca2+ for activity and

activation [24]. TG2 is activated by Ca2+ but also inhibited by the
presence of GTP/GDP nucleotide [23,25]. TG2 has been structurally
characterized by X-ray crystallography in the non-active form, in
the absence of nucleotides, as well as with a peptide inhibitor bound
in the active site, respectively [26]. This structure of active TG2
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FXIIIa°, nonproteolytic activationFXIII, not activatedA D

CB FXIIIa∗, thrombin activationFXIIIa’, not activated

Fig. 2. Conventional view of the FXIII activation pathways. Zymogen FXIII subunit adopts a dimer structure (A) that can activate via two distinct pathways. In plasma,
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hrombin cleaves after residue Arg37 resulting in FXIIIa′ (B). In the presence of Ca
lternatively, FXIII can be activated in the presence of, e.g., 50 mM Ca2+ without pro

Fig. 1D) shows a remarkable different domain organization com-
ared to non-activated TG2 and rFXIII. Access to the active site is
reated by major domain reorganizations rather than merely minor
tructural adjustments (Fig. 1D compared to 1A and 1C). All of the
eported rFXIII crystal structures, both in the presence and absence
f Ca2+ as well as Sr2+ and Yb2+ and even the thrombin cleaved
tructure in the presence of 3 mM Ca2+, have been of the dimeric
ymogen conformation (Fig. 1A) [10–12,15]. Little information is
ccessible concerning the conformation and nature of activated
XIII since it so far has eluded crystallization attempts. Thus it
emains unknown whether FXIIIa◦ or FXIIIa* will adopt a similar
omain rearrangement upon activation as found for TG2.

HX-MS has proven a powerful technique for analyzing the con-
ormational properties of proteins in solution [27–29] and altered
euterium exchange profiles between protein states act as sen-
itive probes of both dynamic and structural transitions [30–36].
urthermore, HX-MS is not confined to the conformational states
f a protein that are amenable to crystallization or limited by
he size of the protein, but evaluates the relevant solution state
f the protein. Thus HX-MS is highly applicable for structural
tudies of rFXIII. The protein composes considerable 83 kDa of non-
edundant sequence, i.e., 166 kDa dimer, making characterization
tudies highly challenging by any analytical technique available. In
his study, we apply HX-MS analyses to the entire span of confor-

ational states of rFXIII, i.e., rFXIII, rFXIIIa′, rFXIIIa* and rFXIIIa◦. The
euterium exchange profiles of the rFXIII species are used to pro-
ide a rationale for the conformational changes occurring during
he proteolytic and non-proteolytic activation pathways.

. Experimental methods

.1. rFXIII protein
Purified recombinant human FXIII expressed in Saccharomyces
erevisiae was obtained from Novo Nordisk A/S [37]. rFXIII is a stable
imer of the FXIII–A subunits and is equivalent to human intra-
ellular FXIII (Fig. 1A). rFXIII was buffer exchanged and diluted to
IIIa′ can undergo a conformational change to yield the active enzyme FXIIIa* (C).
tic cleavage resulting in FXIIIa◦ (D).

2 mg/mL in 200 mM HEPES pH 7.4, 150 mM NaCl. This rFXIII stock
was stored at 5 ◦C and provided the starting material for further
experiments.

2.2. Preparation of rFXIIIa′, rFXIIIa*, and rFXIIIa◦

– rFXIIIa′: rFXIII was diluted to 1 mg/mL in 200 mM HEPES pH 7.4,
150 mM NaCl. Agarose beads with thrombin covalently attached
(Sigma–Aldrich Co.) was pre-equilibrated in this buffer and
100 �L beads (wet volume) was used to cleave 200 �g rFXIII in
1 h at room temperature (20 ◦C). Mini spin filters (Pierce Inc.) was
used to entirely separate beads from protein solution. More than
95% of rFXIII was converted to rFXIIIa′ as evaluated by SDS-PAGE
analysis. The resulting rFXIIIa′ was 1 mg/mL in 200 mM HEPES pH
7.4, 150 mM NaCl. rFXIIIa′ was stored at room temperature and
used for experiments within 48 h.

– rFXIIIa*: The procedure for producing rFXIIIa′ described above
was followed. However, all buffers contained an additional
50 mM CaCl2. Under these conditions the thrombin activation
rate of rFXIII was at least 10 fold higher than the non-proteolytic
activation of rFXIII. The reaction was followed by SDS-PAGE and
by generation of full enzymatic activity both in an assay using
the FXIII substrate Abz-NE(CAD-DNP)EQVSPLTLLK-OH (Zedira
GmbH, [38]) and in an assay measuring incorporation of mon-
odansylcadaverine into casein [39]. The resulting rFXIIIa* was
1 mg/mL in 200 mM HEPES pH 7.4, 150 mM NaCl, 50 mM CaCl2.
rFXIIIa* was stored at room temperature and used for experi-
ments within 48 h.

– rFXIIIa◦: rFXIII was diluted to 1 mg/mL in 200 mM HEPES
pH 7.4, 150 mM NaCl, 50 mM CaCl2 and incubated for 1 h
at 37 ◦C [13,16]. The reaction was followed by generation
of full enzymatic activity in an assay using the FXIII sub-

strate Abz-NE(CAD-DNP)EQVSPLTLLK-OH (Zedira GmbH, [38])
and SDS-PAGE confirmed that no proteolysis had occurred. The
resulting rFXIIIa◦ was 1 mg/mL in 200 mM HEPES pH 7.4, 150 mM
NaCl, 50 mM CaCl2. rFXIIIa◦ was stored at room temperature and
used for experiments within 48 h.
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.3. Deuterium exchange reactions

The activated forms of rFXIII have limited solubility and the
rotein stocks were therefore maintained at 20 ◦C at 1 mg/mL in
00 mM HEPES pH 7.4, 150 mM NaCl. rFXIIIa◦ and rFXIIIa* fur-
hermore contained 50 mM CaCl2. Zymogen rFXIII was stored at
◦C, and diluted to 1 mg/mL and equilibrated to 20 ◦C before

nitiating exchange reactions. In-exchange of deuterium was ini-
iated by a 10-fold dilution into 150 mM NaCl in D2O. The final
xchange reactions thus contained 0.1 mg/mL rFXIII (1.2 �M) in
0 mM HEPES pH 7.4, 150 mM NaCl, (5 mM CaCl2) in final 90% D2O.
inal concentration of 5 mM CaCl2 is sufficient to retain rFXIIIa◦

20] and rFXIIIa* (data not shown) in the active conformation. After
xchange times ranging from 10 s to 8 h at 20 ◦C, the reactions
ere quenched by adding 0.8 volumes 2 ◦C quench solution (Tris(2-

arboxyethyl)phosphine hydrochloride, adjusted to pH 2.4 using
aOH). The quenched samples had final pH 2.5 (value measured in
2O buffers) and contained total 100 pmol rFXIII. The samples were

ubjected to LC–MS analysis immediately after quenching. All sam-
le deuterium labeling, quenching, injection to MS and timing of
amples were handled by an automated set-up (Leap Technologies
nc.) as described in detail below.

.4. Instrumentation

The HX experiments were automated by a Leap robot (H/D-x
AL; Leap Technologies Inc.) operated by the LeapShell software
Leap Technologies Inc.), which performed initiation of the deu-
erium exchange reaction, reaction time control, quench reaction,
njection onto the UPLC system and digestion time control. The
eap robot was equipped with two temperature controlled stacks
aintained at 20 ◦C for buffer storage, protein storage and HX

eactions and maintained at 2 ◦C for storage of quench solution,
espectively. The protein samples would in a normal HX experi-
ent have been maintained at 2 ◦C, however the activated forms

f rFXIII show better stability and solubility at 20 ◦C and this was
herefore used here. The Leap robot furthermore contained a cooled
rio VS unit (Leap Technologies Inc.) holding the pepsin-, pre- and
nalytical columns, and the LC tubing and switching valves at 1 ◦C.
he switching valves have been upgraded from HPLC to Microbore
HPLC switch valves (Cheminert, VICI AG). For the inline pepsin
igestion, 150 �L quenched sample containing 100 pmol rFXIII was

oaded and passed over a Poroszyme® Immobilized Pepsin Car-
ridge (2.1 mm × 30 mm (Applied Biosystems)) using a isocratic
ow rate of 150 �L/min (0.1% formic acid:CH3CN 95:5). The result-

ng peptides were trapped and desalted on a VanGuard pre-column
EH C18 1.7 �m (2.1 mm × 5 mm (Waters Inc.)). Subsequently, the
alves were switched to place the pre-column inline with the ana-
ytical column, UPLC-BEH C18 1.7 �m (2.1 mm × 100 mm (Waters
nc.)), and the peptides separated using a 9 min gradient of 8–40%

delivered at 150 �L/min from an AQUITY UPLC system (Waters
nc.). The mobile phases consisted of A: 0.1% formic acid and B:
.1% formic acid in CH3CN. The ESI MS data, and the separate data
ependent MS/MS acquisitions (CID) and elevated energy (MSE)
xperiments were acquired in positive ion mode using a Q-Tof
remier MS (Waters Inc.). The data was obtained with a capillary
oltage of 3.2 kV, cone voltage of 25 V, a MCP detector voltage of
990 V, a desolvation gas flow of 850 L/h, a cone gas flow of 20 l/h,
desolvation temperature of 350 ◦C, and a source temperature of
20 ◦C. Leucine-enkephalin was used as the lock mass ([M+H]+ ion
t m/z 556.2771) and data was collected in continuum mode. Dur-

ng the low-energy scan of the MSE recordings intact peptide mass
pectra were obtained by maintaining collision cell energy at 10 eV,
hile the multiplex fragmentation MSE spectra were obtained at

amping collision cell energies to 30 or 50 eV. Data-dependent
S/MS acquisition data was acquired using cycle of MS survey
of Mass Spectrometry 302 (2011) 139–148

scan acquisition, and up to three subordinate targeted CID MS/MS
scans.

2.5. Data analysis

Peptic peptides were identified in separate experiments using
standard CID MS/MS or MSE methods. MSE data were pro-
cessed using BiopharmaLynx 1.2 (version 017). CID data-dependent
MS/MS acquisition was analyzed using the MassLynx software
and in-house MASCOT database. Searches of both MSE and data
dependent CID data were conducted as non-specific digest with
N-terminal acetylation of rFXIII as modification [37,40]. Results
from searches against multiple sets of MSE and CID were com-
bined affording 90% sequence coverage of rFXIII from 79 identified
peptides.

HX-MS raw data files were subjected to continuous lockmass-
correction. Data analysis, i.e., centroid determination of deuterated
peptides and plotting of in-exchange curves, was performed using
HX-Express (Version Beta) [41]. Neither correction for H2O content
in exchange buffer nor back-exchange correction was performed
since only the relative levels of deuterium incorporation of all
samples were compared. The Supplementary section shows repre-
sentative data for each peptide. The data generally had a standard
deviations <0.2 Da, and the deviations ranged from <0.05 Da and up
to 0.5 Da for some highly deuterated, low intensity peaks. Visualiza-
tion of the rFXIII structure was performed using Discovery Studio
Visualizer 2.5 and pdb entry 1GGU [10].

3. Results and discussion

3.1. Instrumental setup and LC–MS peptide map

HX-MS analysis with high sequence coverage of larger
biomolecular systems raises the demands for efficient and repro-
ducible separation techniques due to the increase of digest
complexity. For this purpose we made use of a system setup afford-
ing automated sample preparation and sample load onto an inline
hyphenation of immobilized pepsin, pre-column, UPLC C18 RP sep-
aration, and MS detection.

The inline enzymatic protein digest provided by an immobi-
lized pepsin column generated peptides of reasonably small length
(typically 10–20 amino acids). The rFXIII peptide map consisted
of 79 peptic peptides identified by CID MS/MS data (44%), MSE

data (23%), or both CID MS/MS and MSE data (33%). Fig. 3 illus-
trates the peptides used for HX-MS analysis mapped onto rFXIII
affording 90% coverage. rFXIII contains 83 kDa of non-redundant
sequence (i.e., 166 kDa dimer) and is larger than antibodies, which
otherwise seems to be the largest non-redundant system ana-
lyzed by HX-MS so far [42]. However, this UPLC based setup is
not at the limit of the setup and holds promise for detection and
separation of even larger proteins [43]. The sequence of the first
three domains of rFXIII (residues 1–628) was almost completely
covered by peptic peptides. Gaps in the peptide maps represent
areas where peptides were identified but the signal intensity was
insufficient for proper data analysis. In contrast, the final domain
(residues 629–731) seemed more stable and difficult to unfold
and digest and only scattered peptides were identified in this
domain.

The activated forms of rFXIII have limited stability and solubil-

ity. Therefore, the protein stocks were kept at 1 mg/ml at 20 ◦C.
However, the signal intensity was still decreased at the later time-
points and the exchange plots also display more scatter at the
later time-points recorded after 8-h incubation (Supplementary
material).
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Fig. 3. Overview of rFXIII primary structure and domains showing peptides analyzed and the resulting deuterium exchange effects upon activation of rFXIII. 79 peptides
covering 90% of the sequence were analyzed in up to 8 deuterium in-exchange time-points. A variety of differential effects was observed in rFXIIIa′ , rFXIIIa* and rFXIIIa◦
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elative to rFXIII: regions of rFXIII showing identical in-exchange profiles independ
.e., rFXIIIa* or rFXIIIa◦ (red), increased deuteration in late time-points upon activati
FXIIIa* and rFXIIIa◦ (purple), decreased deuteration upon activation (blue), increa
ffects were observed in region 265–275 in the early and late timepoints, respectiv

.2. Changes upon thrombin cleavage of rFXIII to generate rFXIIIa′

Thrombin cleavage in the absence of Ca2+ will not activate rFXIII
ut only produce rFXIIIa′ (Fig. 2B). rFXIIIa′ is generally assumed to
ave the same conformation as zymogen rFXIII, e.g., as determined
n solution by the lack of solvent access to the active site Cys314
13,14]. The majority of the rFXIIIa′ molecule does indeed display
euterium exchange curves that are equivalent to the exchange
urves of zymogen rFXIII (Figs. 3 and 4A and B and Supplementary
aterial) and this certainly suggests that the structure and domain
activation state (grey), increased deuteration in early time-points upon activation,
ange), increased deuteration upon activation as well as upon cleavage, i.e., rFXIIIa′ ,
tivation upon thrombin cleavage, i.e., rFXIIIa′ and rFXIIIa* (yellow). #Two distinct

organization of rFXIIIa′ resembles that of zymogen rFXIII. However,
increased deuterium exchange was found along the entire dimer
interface in rFXIIIa′ (Fig. 4A and C), as well as in a stretch (residues
560–568) in �-barrel 1 situated structurally in close proximity to
the activation peptide from the opposite subunit. However, acti-

vated rFXIII species, i.e., rFXIIIa◦ and rFXIIIa*, display even higher
exchange of deuterium in these regions (Fig. 4C and Supplementary
material). Therefore rFXIIIa′ is not completely solvent exposed in
these regions and the increased deuterium exchange could be a
result of weakened dimer interactions upon thrombin cleavage.
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Fig. 4. Deuterium exchange effects upon thrombin cleavage of rFXIII to generate rFXIIIa′ . (A) Tertiary structure of rFXIII dimer colored according to the deuterium exchange
effects observed upon thrombin cleavage to generate rFXIIIa′ (color coding is similar to Fig. 3). The activation peptide is shown in black. The majority of the regions displayed
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dentical deuterium exchange profile (grey). A large region display increased deu
ncrease deuterium exchange only upon thrombin cleavage, i.e., rFXIIIa′ and rFXIIIa
atterns observed upon generation of rFXIIIa′ . The deuterium exchange was follow
nalyzed were rFXIII zymogen (�), rFXIIIa◦ (©), rFXIIIa′ (—) and rFXIIIa* (∗).

A small loop (residues 164–170) shows increased deuterium
xchange in the cleaved forms of rFXIII, i.e., rFXIIIa′ and rFXIIIa*,
ut not in rFXIII or rFXIIIa◦ (Fig. 4A and D). Thus, this increased
xchange seems to be related to thrombin cleavage, but not to
ctivation. In accordance, this loop is positioned directly below
he thrombin cleavage site (Fig. 4A, yellow) and thus becomes sol-
ent exposed only upon thrombin cleavage but does not necessarily
hange stability or conformation.

.3. Conformational changes upon complete activation to rFXIIIa*

rFXIIIa* was prepared following a similar procedure as for
FXIIIa′ but in the presence of Ca2+ thus causing full activation
o rFXIIIa* (Fig. 2C). In contrast to zymogen rFXIII and rFXIIIa′,
he active site Cys314 in rFXIIIa* is solvent accessible [13,14,44].
owever, it was unknown whether major or merely minor confor-
ational changes occur upon generation of rFXIIIa*. Using HX-MS
e detect numerous changes occurring upon activation throughout

he entire protein structure and 83 kDa of sequence (Figs. 3 and 5).
ll four domains of the molecule seem to be involved in activa-
ion but the most extensive changes are observed in the catalytic
ore and �-barrel 1 domains. The effects upon activation include
ncreased deuterium exchange in early time points thus indicative
f new surface being exposed (Fig. 5A and B, red) and decreased
xchange in early time points thus indicative of surface region being
exchange in rFXIIIa′ as well as in the activated species (purple) and one region
low). (B, C and D) Deuterium exchange plots representative for the three different
eight time-points ranging from 10 s up to 28,800 s (8 h) in-exchange. rFXIII species

buried (Fig. 5A and C, blue) [45,46]. Furthermore, increased deu-
terium exchange was also observed in some regions for late time
points thus indicative of increased mobility of slow-exchanging
regions, e.g., regions that are bound in secondary structure or
regions buried in the protein structure (Fig. 5A and D, orange)
[45,46].

– the dimer interface: Similar to rFXIIIa′, the entire dimer inter-
face of rFXIIIa* displays increased deuterium exchange for the
early time points (Fig. 5A and B) thus new residues are becom-
ing solvent exposed. This indicates dramatic effects on the rFXIII
dimer structure upon activation and suggests that either rFXIIIa*
is monomeric similar to TG2 or that the dimer interactions have
been weakened even further compared to rFXIIIa′ and exten-
sively weakened compared to zymogen rFXIII.

– ˇ-sandwich domain: The N-terminal �-sandwich domain is
largely unaffected upon activation to rFXIIIa* and the only effect
observed is increased solvent exposure of the dimer interface.

– Catalytic core domain: In contrast, widespread effects are
observed in the catalytic core domain involving both exposure

and burial of surface as well as increased structural dynamics
(Figs. 3 and 6). Although HX-MS data does not reveal conforma-
tional changes at neither atomic nor residue level it is apparent
that “the front face” of the molecule (Fig. 6, left panel) becomes
more dynamic and exposes more surface upon activation. This
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Fig. 5. Deuterium exchange effects upon activation of rFXIII to generate rFXIIIa*. (A) Tertiary structure of rFXIII dimer showing the regions displaying identical deuterium
e te cha
a ate tim
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r III zym
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xchange profile upon activation to generate rFXIIIa* (grey). Colored regions indica
ctivation in the early timepoints (red), increased deuteration upon activation in l
euterium exchange plots representative for the three different patterns observed

anging from 10 s up to 28,800 s (8 h) in-exchange. rFXIII species analyzed were rFX
“front face” of the molecule holds the entry to the active site and
increased dynamic changes may create the necessary access to
the active site and in particular to the catalytic Cys314. In con-
trast, effects relating to structural surface burial are observed

ig. 6. The activation effects on the catalytic core domain. The catalytic core domain is sh
� wire. Active site residues Cys314, His373 and Asp396 (ball and stick) and Ca2+ (yellow
ther figures and shows the “front face” of the molecule. The right panel has been rotated
nged deuterium exchange in rFXIIIa* relative to rFXIII: increased deuteration upon
epoints (orange) and decreased deuteration upon activation (blue). (B, C and D)

generation of rFXIIIa*. The deuterium exchange was followed at eight time-points
ogen (�), rFXIIIa◦ (©), rFXIIIa′ (—) and rFXIIIa* (∗).
for the opposite “back face” of the molecule (Fig. 6, right panel).
The extensive deuterium exchange effects on the catalytic core
domain of rFXIIIa* can be explained in the context of the struc-
tural domain reorganizations taking place in TG2 upon activation

own in ribbon and colored according to Fig. 5. �-barrels 1 and 2 are shown in grey
sphere) are shown. Left panel is oriented similar to the left subunit of the dimer in
180◦ to show the opposite “back face” of the molecule.
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rFXIII has been analyzed by HX-MS in several conformational
states, rFXIII, rFXIIIa′, rFXIIIa* and rFXIIIa◦. The activated forms of
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(Fig. 1C and D). The catalytic core domain of TG2 seems predom-
inantly structurally unaltered upon activation. However, two
segments change dramatically (Fig. 1C and D, both segments
depicted in yellow). Upon activation, a segment rearranges from
�-strand (Fig. 1C) to �-helix (Fig. 1D, TG2 residues 300–320, yel-
low) and a loop positioned in close structural proximity above
(Fig. 1C, TG2 residues 357–372, yellow) changes conformation
and seems to adapt less secondary structure upon activation
(Fig. 1D). The result of these rearrangements in the catalytic core
domain of TG2 is most notably that the TG2 �-barrel 1 changes
orientation and is shifted away from the entry to the active site
(Fig. 1D, active site inhibitor shown in red). The data obtained
for rFXIIIa* relative to zymogen rFXIII are in accordance with
these observations made for TG2 upon activation as described
in further detail below. Notably, residues 349–353 in rFXIIIa*
(Fig. 6, lower blue �-strand), which corresponds structurally to
TG2 residues 310–320 changing from �-strand to �-helix upon
activation (Fig. 1D, yellow helix), shows decreased deuterium
exchange upon activation of rFXIII to rFXIIIa* (Figs. 3 and 6).
Decreased exchange may be expected from a �-strand at the
edge of a �-sheet, with only half of the backbone amide proteins
engaged in hydrogen bonding, when rearranging to an �-helix,
where all backbone amide protons form hydrogen bonds. Simi-
larly, residues 400–406 in rFXIIIa* corresponding structurally to
the TG2 loop changing conformation upon activation (Fig. 1C and
D, residues 357–372, depicted in yellow) show increased deu-
terium exchange in rFXIIIa* (Figs. 3 and 6). However, the effects
of increased solvent access in the dimer interface cannot be dis-
tinguished from the effects of a potential structural difference in
this loop.
ˇ-barrel 1: The HX-MS data of rFXIIIa* also reflects a possible
reorientation of �-barrel 1 as observed in TG2 upon activa-
tion (Fig. 1C and D). Residues 607–619 of rFXIII �-barrel 1
shows decreased deuterium exchange in the early time points
upon activation, thus indicative of surface region being buried
(Figs. 3 and 5A, blue segment in �-barrel 1). The structurally
corresponding segment in TG2 is fully solvent exposed in non-
activated TG2 (Fig. 1C) whereas it packs against the catalytic
core domain in activated TG2 (Fig. 1D) consistent with decreased
deuterium exchange. Furthermore, this �-barrel 1 segment in
activated TG2 seems to create new interactions with an �-
helix in the catalytic core domain of TG2. Correspondingly, the
same �-helix in rFXIIIa* (residues 476–494) shows substantially
decreased deuterium exchange relative to rFXIII (Figs. 3 and 6,
central blue helix in right panel). In contrast, the opposite end of
rFXIIIa* �-barrel 1 which is facing �-barrel 2 (residues 523–532,
560–568 and 589–606) (Fig. 5B) should change from packing
closely to both �-barrel 2 and the catalytic core domain in the
inactive structure (Figs. 1A and 5A) to only a loose association
with �-barrel 2 in the possible extended activated structure
(Fig. 1D). Such a reorientation would result in increased solvent
exposure in this end of �-barrel 1 and in accordance these regions
do indeed display increased deuterium exchange (Figs. 3 and 5A
and B).
ˇ-barrel 2: Unfortunately, rFXIII �-barrel 2 was rather difficult
to digest and lower sequence coverage was obtained (Fig. 3).
Most of the segments analyzed did not display any changes
upon activation (Figs. 3 and 5A). One of the rFXIII �-barrel
2 loops (residues 697–704) which is packed against the cat-
alytic core domain in zymogen rFXIII, did nevertheless display
increased deuteration upon activation consistent with the full
surface exposed orientation seen in the corresponding segment
in TG2 (Figs. 1D, 3 and 5A). Furthermore, both �-barrels 1 and

2 in rFXIII have regions of increased dynamics (Figs. 3 and 5A,
orange) consistent with the elongated activated structure of TG2
being less tightly packed.
of Mass Spectrometry 302 (2011) 139–148

Finally, it is important to note that although the HX-MS data
for all of the domains of rFXIII are in accordance with the struc-
tural reorganizations observed in TG2 upon activation; this does not
actually prove that the same rearrangements take place in rFXIII.
However, the HX-MS data supports that they could occur and given
the striking structural similarity of rFXIII and TG2 it is possible
that the same conformational re-arrangements could take place in
rFXIIIa* and activated TG2.

3.4. rFXIIIa* and rFXIIIa◦ are conformationally indistinguishable

Whereas rFXIIIa* is prepared by thrombin cleavage at 20 ◦C
in the presence of Ca2+, rFXIIIa◦ is simply prepared by incuba-
tion of rFXIII at 37 ◦C in 50 mM Ca2+ without proteolytic cleavage.
Full activation of rFXIIIa* and rFXIIIa◦ was confirmed by enzy-
matic activity assays (data not shown). Aside from the N-terminal
activation peptide region, absent in rFXIIIa*, all the deuterium
exchange profiles are similar for rFXIIIa* and rFXIIIa◦ (Figs. 3, 5 and 6
and Supplementary material). Therefore, all the conformational
and dynamic changes that takes place in rFXIIIa* also occurs
in rFXIIIa◦. The HX-MS data very clearly demonstrate that both
the thrombin dependent and the non-proteolytic activation path-
ways of rFXIII (Fig. 2) produce structurally similar active forms of
rFXIII.

The primary structure of rFXIIIa* and rFXIIIa◦ differs only by lack
of the first 37 residues (the activation peptide) in rFXIIIa*. HX-MS
data indicate that this region is highly solvent exposed in both
zymogen rFXIII and rFXIIIa◦. However, a slightly lower exchange
observed in rFXIII relative to rFXIIIa◦ indicates that the activation
peptide adopts a different and more solvent exposed conformation
in rFXIIIa◦ (Supplementary material). The activation peptide region
should be free in solution after thrombin cleavage and full activa-
tion to rFXIIIa* [47] and thus fully solvent exposed. For reference,
deuterium exchange of region 1–30 in rFXIIIa′ and rFXIIIa* were
therefore analyzed. The exchange pattern in region 1–30 in rFXIIIa′,
rFXIIIa* and rFXIIIa◦ is identical suggesting full solvent exposure of
1–30 in rFXIIIa◦ (Supplementary material). The HX-MS data suggest
a difference between the activation peptide of rFXIIIa◦ and zymogen
rFXIII only up to residue 30, after this position the exchange pro-
files are similar. Furthermore, rFXIIIa◦ does not display increased
deuterium exchange in segment 164–170 structurally positioned
directly below the thrombin cleavage site at residue 37 (see Section
3.2 and Fig. 4A and D). Therefore, the activation peptide appears to
changes conformation in rFXIIIa◦ only in the region up to residue
30.

It has previously been proposed that some regions in assumed
rFXIIIa* and rFXIIIa◦ species have structural differences [48–50].
These studies were performed using chemical modification tech-
niques or MALDI-MS detected HX with 29% sequence coverage
[48–50]. Furthermore, these studies were done under conditions
where activated rFXIII, in our hands, is not stable and deactivates
due to insufficient Ca2+ levels, i.e., 0–1 mM CaCl2 (Kristiansen and
Andersen, data not shown). This underscores both the respon-
sive nature of the various activation states of rFXIII species as
well as the need to keep strict control of FXIII catalytic activ-
ity and Ca2+ levels particularly in the final deuterium exchange
buffer.

4. Conclusions
rFXIII have so far eluded crystallization attempts and the 83 kDa
size of rFXIII is out of the range for NMR. Although HX-MS can
never reveal actual protein structures and cannot reveal the struc-
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ure of the activated forms of rFXIII, the technology as used here
as offered clear suggestions to the conformational changes occur-
ing upon activation of rFXIII. The HX-MS data show increased
euterium exchange along the entire dimer interface suggesting
eakened dimer interaction in both rFXIIIa′, rFXIIIa* and rFXIIIa◦.
side from this, rFXIIIa′ resembles zymogen rFXIII and no confor-
ational changes seem to have taken place. In contrast, extensive

hanges occur upon full activation of rFXIII to either rFXIIIa* or
FXIIIa◦. The changes in the active molecules occur primarily in
he catalytic core and �-barrel 1 domains and are in accordance
ith the changes observed in TG2 upon activation. While these
ata do not provide strict evidence that the same conformational
hanges are actually occurring in TG2 and rFXIII upon activation,
hey do offer a plausible explanation for the HX-MS data obtained
ith rFXIII. Furthermore, our experiments show highly similar
X-MS data for rFXIIIa* and rFXIIIa◦ clearly demonstrating that
oth the thrombin dependent and the non-proteolytic activation
athways of rFXIII produce similar activated conformations of the
olecules.
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