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Factor XIII (FXIII) is a pro-transglutaminase found in the
plasma as well as intracellularly in platelets and macrophages.
Plasma FXIII is activated by thrombin cleavage (FXIIIa*) and
acts in the final stages of blood coagulation cascade. In contrast,
the function and activation of cellular FXIII are less character-
ized. Cellular FXIII relies on a conformational activation of the
protein. The nonproteolytic activation of FXIII to FXIIIa®
induced by Ca>* alone is well known, but up until now it has
been discussed under which conditions the process can be
induced and whether it can be reversed. Here, we study the
nature of the Ca®*-induced FXIII activation. Previously used
methods to evaluate FXIII activity detect both FXIIIa* and
FXIIIa® because they rely on occurrence of enzyme activity or on
active site Cys-314 solvent accessibility. Therefore, an analytical
HPLC method was developed that separates zymogen recombi-
nant FXIII (rFXIII) from rFXIIIa°. The data demonstrate that
nonproteolytic activation and deactivation are highly depen-
dent on Ca®* concentration, buffer, and salt components.
Moreover, it is established that Ca®* activation of rFXIII is fully
reversible, and only 2-5 mm CaCl, is sufficient to retain full
rFXIIIa® activity. However, below 2 mm CaCl, the rFXIIIa° mol-
ecule deactivates. The deactivated molecule can subsequently
undergo a new activation round. Furthermore, it is demon-
strated that thermal stress of freeze-dried rFXIII can induce a
new predisposed form that activates faster than nonstressed
rFXIIL

Factor XIII (FXIII)? (EC 2.3.2.13) is a pro-transglutaminase
found in the plasma as well as intracellularly in platelets, mono-
cytes/macrophages, and bone marrow precursors of these cell
types. Activated FXIII catalyzes the formation of e-(y-glu-
tamyl)lysine cross-links between the glutamine y-carboxymide
group and lysine e-amino-group, resulting in intra- and inter-
molecular isopeptide cross-links.

Plasma FXIII (pFXIII) is a heterotetrameric zymogen con-
sisting of two catalytic A subunits and two carrier B subunits.
Activation of pFXIII during the blood coagulation cascade
takes place when thrombin cleaves the 37-residue N-terminal
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activation peptide from the A subunits. In the presence of fibrin
and Ca’", the FXIII-A subunits undergo conformational
changes and are restructured, and the activation peptide and B
subunits are released. This results in the thrombin-activated
FXIII (FXIIIa*). FXIIIa* is essential for stabilizing the hemo-
static clot by cross-linking the fibrin monomers (1-4).

In contrast, the function and activation of a cellular FXIII
(cFXIII) are less characterized. However, cFXIIL, in particular
cFXIII from platelets, accounts for approximately half of the
FXIII found in the body (5, 6). cFXIII is a homodimeric zymo-
gen consisting solely of catalytic A subunits. cFXIII has been
reported to be involved in cytoskeleton remodeling during
platelet activation (7, 8), as well as other aspects of tissue
remodeling in e.g. wound healing and bone development (for
review, see Refs. 9-11).

Furthermore, the activation of cFXIII to active transglutami-
nase is distinct from the thrombin activation of pFXIIL Being
located intracellularly, cFXIII is not accessible to cleavage by
thrombin. Several reports have demonstrated that cFXIII is
activated without cleavage of the activation peptide, resulting in
the FXIIIa° molecule (12-14). Furthermore, this nonproteolytic
activation of FXIII has been demonstrated to occur in cells e.g.
upon platelet activation (12, 13). In vitro studies have shown
that Ca®" alone is able to induce full activation of cFXIII to
FXIIIa®; however, nonphysiologically high concentrations of
Ca*>" (50-200 mm) were used (15-18). The Ca®>* dependence
of the FXIIIa® production can be modulated by several factors
because addition of chaotropic ions such as KSCN, p-toluene-
sulfonate, iodide, or bromide all lowered the Ca®>" concentra-
tion required for activation (18). Only 2 mm CaCl, was required
to induce FXIIIa® in the presence of 1 m NaCl or KCI (14). This
is still higher than the net intracellular Ca>* concentration of
107* mm in eg keratinocytes and resting platelets (19, 20).
Higher concentrations are, however, reached during Ca*"
fluxes induced as a result of various stimuli (19, 21, 22), and
FXIlIla° is indeed generated in the cytosols of monocytes or
activated platelets (12, 13, 23). FXIII-B subunits appear to pre-
vent the nonproteolytic activation of pFXIII in plasma as indi-
cated by in vitro experiments showing that titration of cFXIII
with stoichiometric amounts of B subunit strongly inhibits the
activation induced by NaCl/Ca>" (14).

It is obvious that FXIIIa* generated as a result of proteolytic
activation cannot revert to zymogen FXIIL In contrast, revers-
ibility of the nonproteolytic activation of FXIII to FXIIIa°
induced by Ca®" is still an option as has been suggested by
previous investigators (18). Irreversibility of the activation was,
on the other hand, apparently presumed by other investigators
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FIGURE 1. Crystal structure of rFXIIl. One FXIII-A is presented in gray sticks and the other FXIII-A in turquoise ribbons. Residues Asn-436, Asp-438, Ala-457,
Glu-485, and Glu-490 form the Ca™ binding site (red ball and stick, Ca®" in yellow). Residues Cys-314, His-373, and Asp-396 form the catalytic site (green ball and

stick). The structure is from Protein Data Bank entry 1GGU (27).

who studied the functional properties of FXIIIa® at submillimo-
lar Ca®* concentrations (24 —26).

The zymogen structure of recombinant cellular FXIII
(rFXIII) has been solved several times by x-ray crystallography
(27-30), and the active site and the primary Ca®>* binding site
have been identified (27) (Fig. 1) and shown to bind Ca*>* with a
K, of 0.1 mm (31). Furthermore, **Ca NMR studies of rFXIII,
rFXIIla*, and rFXIIla® suggested additional low affinity Ca®"
binding sites. These additional Ca®" binding sites were pro-
posed to play a part in the restructuring occurring upon enzyme
activation (32).

Here, we study the nature of the nonproteolytic Ca®"-in-
duced activation of rFXIII to rFXIIIa°. Because previously used
methods rely on the occurrence of enzyme activity or on active
site Cys-314 titration (e.g (12, 14, 15), these methods do not
distinguish between FXIIIa* and FXIIIa®. Therefore, an analyt-
ical HPLC method was developed that separates zymogen
rFXIII from rFXIIIa®. The data demonstrate that activation and
deactivation of rFXIIIa® are highly dependent on Ca®>* concen-
tration, buffer, and salt components, as well as thermal stress of
the rFXIII molecule. Moreover, it is established that Ca>" acti-
vation of rFXIII is fully reversible and that the molecule subse-
quently can undergo a new activation round.

EXPERIMENTAL PROCEDURES

rEXIII Samples—rFXIII, which is equivalent to cFXIII, was
obtained from Novo Nordisk A/S (33). rFXIII was buffer
exchanged to 30 mm Tris/HCI, pH 8.0, final concentration 7.5
mg/ml. This provided the rFXIII starting material for Ca®" acti-
vation experiments. The rFXIII was diluted to 5 mg/ml in a test
solution, divided in two, and freeze-dried. One of these samples
was stored at —20 °C (unstressed sample). The other sample
was stored for 1 month at 37 °C (heat-stressed sample). These
two freeze-dried samples were used in the activation rate stud-
ies. rFXIII concentrations were determined using A, (extinc-
tion coefficient at 1% = 14.8 litersg~ " cm™1).

Ca®" Activation of rFXIII—Several activation conditions
with different concentrations of rFXIII, Ca®>*, and NaCl have
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previously been published (14, 15, 18, 25, 26). These conditions
were optimized to minimize precipitation of rFXIII both during
and after the activation process. The rFXIII starting material
was diluted to 1 mg/ml in either Tris/NaCl/CaCl,; Tris/NaCl;
Tris/CaCl,; Tris/ArgHCl/CaCl,, or borate/NaCl/CaCl,. Con-
centrations used were always 30 mm Tris/HCI, pH 8.0, 150 mm
NaCl, 50 mm CaCl,, 200 mm ArgHC]l, pH 8.0, and 20 mm borate,
pH 8.3. See also Table 1. All samples were then incubated at
37 °C for 1 h to allow activation to occur.

Buffer Exchange/Removal of CaCl,—After activation by
CaCl,, the rFXIIIa° could be desalted on a NAP-5 column (GE
Healthcare). The procedure recommended by the vendor was
modified essentially to eliminate any buffer carryover. Briefly,
the rFXIII solution (500 wl) was added to a preequilibrated
NAP-5 column. 200 ul of the elution buffer was added to the
column and the effluent discarded. Hereafter, the protein was
eluted using 600 wl of elution buffer.

Ca’" -dependent Activation Rate—The two freeze-dried
samples (unstressed and stressed samples) were reconsti-
tuted at 5 mg/ml and diluted to 1 mg/ml rFXIII in 30 mMm
Tris/HCI, pH 8, 150 mm NaCl containing either 2 mm or 11
mM CaCl, The samples were placed in the HPLC autosam-
pler at 30 °C immediately after preparation, and the first
injection was performed within 10 min after adding the
CaCl,-containing buffer.

Analytical Anion Exchange HPLC (AIEC)—rFXIII was sepa-
rated from rFXIIIa® using a TSKgel DEAE-NPR 4.6 X 35-mm +
guard 4.6 X 5-mm column (Tosoh Bioscience Ltd., UK), held at
25 °C. The flow rate was 1 ml/min with buffer A: 50 mm Tris, pH
7.5, + 3 mm CaCl,; and buffer B: 50 mm Tris, pH 7.5, + 500 mm
NaCl + 5 mm CaCl,. A gradient of 1-27% B at 2—17.2 min was
used. The autosampler was either kept at ambient temperature
(~21°C) or at 30 °C in the activation rate studies; 20 ul con-
taining 10 -20 g of protein was injected, and the absorbance at
215 nm was followed.

Enzymatic Assay—rFXIlla transglutaminase activity was
measured using the fluorescent FXIIla substrate, A101
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FIGURE 2. AIEC traces from four rFXIIl samples. A, rFXIIl (trace 1), rFXIlla® (trace 2), rEXI19%2< (trace 3), and rFXIlla® (trace 4). rFXIlla® (trace 2) was produced by
activation in 50 mm Ca®™, 37 °C, 1 h. rEXIII9® (trace 3) was produced by removal of Ca®* from rFXIlla°. rFXIlla® from trace 4 was produced by reactivating
rFXIlI9ea<tin Ca2* similarly to rFXIlla® in trace 2. B, enlargement of the area around the retention times of rFXIIl and rFXII19¢2<t (j.e. traces 7 and 3). rFXIIl elutes as
a one smooth peak whereas rFXII19¢2<t seems to contain at least two components.

(Zedira), which is internally quenched and becomes fluorescent
upon action of the transglutaminase activity of FXIIIa (34). For
each sample, the transglutaminase activity was measured in the
presence of 2mm Ca®" in both the absence and presence of 0.24
NIH units/ml thrombin. The relative amount of activity that
was independent of thrombin was calculated.

RESULTS

Specific Detection of rEXIlla® by Analytical AIEC—FXIlIa,
regardless of activation mechanism, can be detected by meas-
uring transglutaminase activity in numerous different activity
assays. Furthermore, the active site cysteine, Cys-314, becomes
solvent-accessible upon activation. This has previously been
utilized for measuring FXIIIa by cysteine reactive reagents (12,
18). However, none of these methods distinguished between
activation pathways nor identified the activation on the molec-
ular level. Biophysical characterization has revealed that con-
formational changes in the secondary structure of rFXIIIa° alter
its surface charge and hydrophobicity relative to native rFXIIL>
These changes were utilized in the development of an analytical
AIEC that separated rFXIII (retention time approximately 7.1
min; Fig. 24, trace 1) and rFXIIla® (retention time approxi-
mately 10.5 min; Fig. 24, trace 2). rEXIIIa° was eluted from the
column with the activity intact as measured in enzymatic assay
(data not shown). Given the reversibility of this activation proc-
ess (see section below) and the absence of any contaminating
proteolytic activation, it is apparent that we are observing a true
nonproteolytic activation.

rEXIlIa° Activation and Deactivation Are Reversible—
rFXIIIa° (Fig. 24, trace 2) was produced by incubating rFXIII
(Fig. 24, trace 1) for 1 h at 37 °C in 50 mm CaCl, as described
under “Experimental Procedures. ” Upon removal of CaCl,
from rFXIIIa’, the resulting sample was recovered at a retention
time similar to rEXIII with only a minor peak, 0.6%, at the posi-
tion of rFXIIIa° (Fig. 24, trace 3). Importantly, the nonproteo-

3 G. K. Kristiansen, J. T. Bukrinsky, and M. Persson, unpublished data.
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lytic Ca®>*-induced activation of rFXIII therefore seemed fully
reversible. This Ca®"-activated and subsequently deactivated
molecule will herein be termed rEXIII?***", By reincubation in
50 mm CaCl,, rEXIII?**** could be reactivated to rFXIIIa° (Fig.
2A, trace 4). Thus, both the activation and the deactivation
process were shown to be fully reversible. The results were con-
firmed by enzymatic activity assay showing <0.4% activity for
zymogen rFXIII, full activity for rFXIIIa® samples, and 2.7%
activity for rEXIII*** (data not shown).

Although rEXIII and rFXII?*<* samples were generally
indistinguishable in enzymatic assay, the AIEC revealed that
peak shapes and thus surface charge of the samples were not
completely identical (Fig. 2B). These data implied that upon
deactivation, rFXIIT?**** did not fully regain its native structure
and/or surface charge compared with zymogen rFXIIIL.

Salts and Buffers Impact Both the Activation and the Solubil-
ity of rFXIlIa°—The trends in activation and deactivation due to
salt and buffer compositions are summarized in Table 1. All
data presented here were obtained in the same analytical run to
facilitate a direct comparison of the results and to eliminate the
analytical variation between runs. rEXIII was fully activated to
rFXIIIa° in 50 mMm CaCl, at 150 mm NaCl (Table 1, sample 1).
Furthermore, the recovery of rFXIIIa® was close to 90% com-
pared with native rFXIII incubated without CaCl, (Table 1,
sample 2). In the absence of NaCl, only 65% protein was recov-
ered with only 54% as the rFXIIIa® form. The remaining 46%
was unchanged (Table 1, sample 3). Thus, NaCl affects both the
activation process and the solubility of rFXIII/rFXIIIa°.

rFXIIIa° samples were then passed over an NAP-5 column to
examine the effect of various buffer exchanges (Table 1, sam-
ples 4—10). The general protein recovery was lower in these
samples due to the modified NAP-5 buffer exchange procedure
designed to eliminate buffer carryover. First, and as expected,
the molecule was maintained on the rFXIIla® form when the
buffer composition was unchanged (Table 1, samples 4 and 5),
showing that passing of the NAP5 column per se did not result
in deactivation. Very low concentrations of CaCl, did, however,
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TABLE 1
AIEC and enzymatic assay results for various activation and deactivation conditions of rFXIll
AIEC*
Sample Incubated in” Exchanged to” Recovery” rFXIIIa’, Enzymatic assay
% % % rEXIlla
1 Tris/NaCl/CacCl, 91 100 112
2 Tris/NaCl 100 0 0.5
3 Tris/CaCl, 65 54 NA®
4 Tris/NaCl/CaCl, Tris/NaCl/50 mm CaCl, 65 100 NA
5 Tris/NaCl/CaCl, Tris/50 mm CaCl, 34 99.6 NA
6 Tris/NaCl/CaCl, Tris/NaCl/0.33 mMCaCl, 65 14 29
7 Borate/NaCl/CaCl, 88 100 107
8 Borate/CaCl, 56 52 NA
9 Borate/NaCl/CaCl, Borate/NaCl/0.33 mMCaCl, 61 0.7 NA
10 Borate/NaCl/CaCl, Borate/0.33 mm CaCl, 33 0.7 NA
11 Tris/ArgHCl/CaCl, 58 100 113
12 Tris/ArgHCl 92 0 NA

“ The concentrations of the individual components used were: 30 mm Tris, pH 8.0; 20 mum borate, pH 8.3; 150 mm NaCl; 200 mm ArgHCI, pH 8.0; 50 mm CaCl,. Note that
sample 2 does not contain CaCl,. 1 mg/ml rFXIII is prepared and incubated in this buffer for 1 h at 37 °C prior to analysis.

? After incubation, the sample was buffer exchanged to this buffer and thereafter analyzed. The CaCl, concentrations were either 50 mm or 0.33 mu as indicated.

¢ All data presented here were obtained in the same analytical run to facilitate a direct comparison of results and to eliminate the analytical variation between runs.

% The recovery is calculated relative to the UV signal of rFXIII (sample 2).

¢NA, not analyzed.
result in lowered rFXIIIa® levels (Table 1, sample 6). Previous
rEXIII activation and characterization studies were performed
with borate buffers (24 —26). We therefore also tested the effect
of borate in absence and presence of NaCl. Activation of rFXIII
in borate buffer showed results similar to those found with Tris
buffer (Table 1, samples 7 and 8).

In contrast, Tris and borate have differential effects on the
deactivation process. Upon desalting of the rFXIIIa° sample to
0.33 mm CaCl,, complete deactivation to rEXIII***** occurred
in borate buffer whereas 14% rFXIIla® remained when the
experiment was performed in Tris buffer (Table 1, samples 6, 9,
and 10). This suggests that previously reported characteriza-
tions using 0.33 mm CaCl, might have been performed on
rEXII?**“* and not rFXIIIa° as expected (24-26). Other salts
have been reported to have an effect similar to that of NaCl on
FXIII activation (18). Arginine is often used in formulation and
stabilization of proteins, and replacing NaCl with ArgHCI in
the activation procedure still resulted in 100% rFXIIIa° in the
presence of CaCl, and no rFXIIIa® in the absence of CaCl,
(Table 1, samples 11 and 12). However, the recovery of rFXIIIa°
was poor (58%; Table 1, sample 11), suggesting lower stability or
solubility of rFXIIIa° in the presence of ArgHCL.

Effects of Ca®" Concentration on Deactivation of rFXIlla’—
The Ca®" -induced activation of rFXIIIa° seemed to revert upon
complete removal of CaCl, (Fig. 2 and Table 1). We therefore
examined the effect of intermediate concentrations of Ca®* on
rFXIIIa°. rFXIIla® was desalted to various concentrations of
CacCl, and analyzed for remaining percentage FXIIIa® by both
AIEC and enzymatic activity assay (Fig. 3). Percentage FXIIIa’ is
defined as (rFXIIa®/(rFXIII + rFXIIIa®)) X 100%. Upon desalt-
ing to 2—5 mMm CaCl,, nearly all rEXIIIa° was retained. However,
a reduction in rFXIIIa® content was observed in samples con-
taining <2 mm CacCl,, indicating that the level of rEXIIIa’ in the
sample was effectively controlled by the CaCl, concentration.
Enzymatic activity assay confirmed the trend observed by
AIEC; however, it consistently measured higher values than the
AIEC. The discrepancy between the two analytical methods
could arise from differences in analysis time, approximately 11
min for AIEC compared with approximately 40 min for the
enzymatic activity assay.
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FIGURE 3. Content of rFXIlla®° upon desalting to various CaCl, concentra-
tions. Fully active rFXIlla® was buffer-exchanged to a lower concentration of
CaCl,. The buffer-exchanged samples were analyzed for relative content of
rFXIlla® by both AIEC (+) and enzymatic activity assay (@).

Effects of Ca®" Concentration on Activation Rates—All
rFXIIIa® activations described thus far were performed in the
presence of 50 mm CacCl,. Because the deactivation process was
affected by Ca®" (Fig. 3) we also studied the activation of rEXIII
to rFXIIIa® over time at 2 mm or 11 mm CacCl, (Figs. 4 and 5A).
A slowly advancing activation of zymogen rFXIII to rFXIIIa°®
occurred even at the low 2 mwm concentration of CaCl, (Fig. 4).
The sample contained 3—-4% rFXIIIa® after a 20-h incubation.
Correspondingly, >55% rFXIIla° was present in the sample
after a 20-h incubation in the presence of 11 mm CaCl, (Fig.
5A). These data demonstrated that rFXIIla was activated to
rFXIIIa® at a relatively low Ca”>* concentration and that the
activation rate increased with the Ca®>" concentration. Finally,
we noted that rEXIII9°*** obtained by Ca®" activation and sub-
sequent deactivation retained its propensity to be activated to
rEXIIIa° when presented with Ca®>" (data not shown). This was
despite the fact that rFXII1°** did not fully regain the zymogen
shape (Fig. 2B).

Predisposal for Ca®"-induced Activation Due to Thermal
Stress—In addition to Ca®", we found that thermal stress of
rFXIII also affected the activation rate. rFXIII samples freeze-
dried in an exploratory formulation were stored at either 20 °C
(unstressed sample) or incubated at 37 °C for 1 month (stressed
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FIGURE 4. rFXIIl activation to rFXIlla® in 2 mm CaCl,. Two freeze-dried rFXIII
samples were reconstituted and incubated at 30 °C in the presence of 2 mm
CaCl,. The content of rFXllla® was followed by AIEC. The heat-stressed rFXIIl
sample (L) activated faster than the unstressed sample (#).
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FIGURE 5. rFXIlll activation to rFXIlla®in 11 mm CaCl,. Two freeze-dried rFXIll
samples, heat-stressed ((J) and unstressed ( 4 ), were reconstituted and incu-
bated at 30 °C in the presence of 11 mm CaCl,. A, the content of rFXIlla® was
followed by AIEC. Note the difference in y axis scale compared with Fig. 4. B,
the activation rates expressed as percentage rFXllla°/h were calculated after
every injection and plotted. A subpopulation of the molecules in the heat-
stressed rFXIIl is more prone to activate upon addition of CaCl,.
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sample). Upon reconstitution and dilution to 1 mg/ml in a
buffer containing 2 mm CaCl,, the content of rFXIIIa’ increased
faster in the stressed sample with an activation rate of 0.4 —0.5%
rFXIIIa°/h (Fig. 4). In comparison, the unstressed sample acti-
vated considerably slower, i.e. approximately 0.2% rFXIIIa’/h
(Fig. 4). Both samples were subjected to a similar analysis at 11
mMm CaCl,, and again a higher overall activation rate was
observed for the heat-stressed sample (Fig. 5A). Furthermore,
the activation rate of the heat-stressed sample in 11 mm CaCl,
seemed to change over time (Fig. 5B). Within the first 6 h the
activation rates were higher for the heat-stressed sample com-
pared with the unstressed sample. However, after 6 h the acti-
vation rates were comparable in the two samples. Thus, the
sample seemed to contain a subpopulation of rEXIII molecules
that, as a result of the thermal stress, displayed faster activation
rate when exposed to high concentration of CaCl,.

DISCUSSION

Ca®" and the Activation of Transglutaminases—FXIII gains
transglutaminase activity following activation by either a pro-
teolytic thrombin-dependent pathway or a nonproteolytic
pathway. Both pathways are found i vivo (3, 12, 13). Ca®" is
crucial in the conformational change of both the thrombin-
cleaved FXIIIa" as well as the zymogen FXIII molecule into the
activated forms, FXIIIa* and FXIIIa®, respectively. Activation
following proteolytic cleavage is common for both the allosteric
and catalytic proteins of the blood coagulation cascade includ-
ing pFXIII (3). Conversely, cEXIII and several other human
transglutaminases rely solely on a conformational change for
activation (e.g. Ref. 11), thus resembling the nonproteolytic
activation of rFXIIL Importantly, Ca?" is crucial for the activa-
tion and enzymatic activity of all human transglutaminases. In
line with this observation, our data demonstrate an unambigu-
ous effect of the Ca®>* concentration on both the rFXIII activa-
tion rate (Figs. 4 and 5) and the deactivation process (Fig. 3).
The data also clearly reveal that complete deactivation of
rFXIIIa® is possible while still maintaining the potential for sub-
sequent reactivation (Fig. 2). The Ca®>" concentrations needed
for both effective activation of rFXIII to rFXIIla® as well as
maintenance of rFXIIla® determined here in vitro (i.e. 2 mMm
Ca?") are several orders of magnitude higher than the intracel-
lular net Ca®>" concentration of 10~ * mm in cells, e.g. keratino-
cytes and resting platelets (19, 20). However, several parame-
ters such as chaotropic ions, NaCl and general ion strength can
affect and considerably decrease the apparent concentration of
Ca®" necessary for activation of FXIII or other transglutami-
nases (14, 18, 35). Moreover, Ca>" fluxes reaching higher con-
centrations occur in cells as a result of several stimuli (e.g. (19,
21, 22).

Ca®" is involved in activation of all human transglutami-
nases. Early studies demonstrated transglutaminase activity in
human erythrocytes, upon Ca®" induction (36, 37). Further-
more, dependent on exposure, time latent transglutaminase
could be activated with as little as 0.01 mm Ca?™* (38, 39).

However, human transglutaminases can also be activated,
regulated, and inhibited by compounds besides Ca®". TG2,
TG3, and TG5 are inhibited by the presence of GTP/GDP
nucleotides (40 —43), and TG1 and TG3 are moreover depen-
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A

FIGURE 6. Crystal structures of zymogen TG2 (A), active TG2 (B), and zymogen FXIII (C). The structures are from Protein Data Bank entries 1KV3, 2Q3Z, and
1GGU, respectively (27, 40, 49). The domains from the N terminus are activation peptide (FXIIl only, light blue), B-sandwich (blue), catalytic domain (green),
B-barrel 1 (orange), and B-barrel 2 (red). The active site residues are shown in black ball and stick, and the active site peptide inhibitor is in purple ball and stick
(active TG2 (B)). The second monomer of FXIIl dimer is shown in gray. TG2 is monomeric.

dent on proteolytic cleavage for activity (44, 45). The additional
regulation of TG2 by GTP/GDP acts opposite Ca*>*, and low
concentrations of Ca®>" and physiological concentrations of
GTP represent a double protection against inapt TG2 activa-
tion. Similar to this situation, Mg>* ions compete for the Ca>"
binding sites in TG3 and thereby counteract activation and
increase the apparent Ca”>* concentration requirements of
TG3 (46).

Therefore, our data suggest that intracellular Ca®" concen-
tration is essential for regulating the catalytic activity and acti-
vation of intracellular FXIII. However, as demonstrated in the
analogous transglutaminase systems, other, yet unidentified,
parameters may influence the activation process of FXIII.

Structural Changes upon Activation of rEXIII—The confor-
mation of FXIIIa® is evidently distinct from that of zymogen
FXIII. This is demonstrated here with the differential bind-
ing to the AIEC column as well as previous reports on solvent
accessibility of the active site Cys-314 in FXIIIa® (12, 18). In
addition, conformational alterations in rFXIIIa° compared
with zymogen rFXIII have also been observed by hydrogen-
deuterium exchange (47).

Although rFXIII has been crystallized both in the presence
and absence of Ca*" (27), little information could be gained
concerning the conformational changes taking place upon acti-
vation. The active site Cys-314 was inaccessible to solvent in all
structures (27, 28, 30). Even under conditions that would nor-
mally yield rFXIIIa*, i.e. thrombin cleavage in the presence of
Ca®", the crystals contained rFXIIIa’ (29), thus suggesting that
the zymogen structure is preferentially crystallized.

Zymogen human TG2 and TG3 have tertiary structures sim-
ilar to zymogen rFXIII (40, 48) (Fig. 6, A and C). TG3 has also
been crystallized under several different Ca>* and Mg>" con-
ditions as well as cleaved for activation (46, 48). Ca®?" is an
activator of TG3, and a minor adjustment of the structure
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around the active site was observed. However, the active site
was not exposed, and the overall domain structure was similar
to the zymogen form of TG3 (46, 48). Importantly, TG2 has also
been crystallized in the absence of inhibitory nucleotide and
with a peptide bound in the active site (49). This activated TG2
structure is remarkably different from zymogen TG2 (Fig. 64),
and recent studies have demonstrated that FXIII presumably is
able to undergo the same conformational changes (47, 50). The
secondary structure and individual domains are largely intact in
activated TG2 (49). However, the four domains are oriented
differently relative to each other, and the two C-terminal 3-bar-
rel domains are now positioned in an elongated structure not
blocking the active site entrance (Fig. 6, A and B).

Overall, the conformational changes of rFXIII upon activa-
tion as observed here by a major shift in retention time in AIEC
of rFXIIIa® are not likely to be explained by the small structural
adjustments observed in the TG3 structures. However, a major
conformational reorganization as seen in TG2 could offer a
plausible explanation

Intermediate Activation States: rEXIII?**“* and the Predis-
posed Form of rEXIII—The Ca®"-activated and then deacti-
vated rEXIII molecule was termed rFXII?**", Although the
enzymatic properties of rEXIII?**** were similar to zymogen
rFXIIL, rEXIII4°* displayed a slightly altered AIEC mobility
(Fig. 2B). This might suggest that a minor population of the
sample was characterized by a different surface charge and that
perhaps a conformational change had occurred, possibly leav-
ing the molecules in neither the zymogen nor the activated
state. Provided rFXIII follows the same scheme as the confor-
mational changes in TG2, this suggests that the domain reor-
ganization occurring as a result of Ca>" desalting is not com-
plete such that the domains do not dock completely back into
the zymogen structure. Similarly, a minor population of rFXIII
performs differently upon thermal stress in an early exploratory
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freeze-dried formulation. This population activates faster to
rFXIIIa® upon Ca** addition compared with zymogen rFXIII.
Correspondingly, this minor population could have a structure
that is intermediate between zymogen and activated states, and
thus it may be more prone to domain reorganization upon Ca**
exposure.

In summary, we found that the nonproteolytic activation of
rFXIII and the rate thereof are very dependent on the Ca®"
concentration, buffer, salt, and thermal stress of the rFXIII mol-
ecule. Moreover, it is proven that Ca®>* activation is fully revers-
ible and that the molecule subsequently can undergo a new
activation round. The activated, and presumably also predis-
posed, forms of the rFXIII molecule seem to have a different
conformation compared with zymogen rFXIIIL
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