S International Journal of

7
Molecular Sciences m\D\Py

Article

Identification of Potential Novel Interacting Partners
for Coagulation Factor XIII B (FXIII-B) Subunit,

a Protein Associated with a Rare Bleeding Disorder

Sneha Singh "1, Mohammad Suhail Akhter 1->f, Johannes Dodt 3, Peter Volkers 3,
Andreas Reuter 300, Christoph Reinhart %, Christoph Krettler 4, Johannes Oldenburg ! and
Arijit Biswas 1*

1 Institute of Experimental Hematology and Transfusion Medicine, University Clinic Bonn,

53127 Bonn, Germany; Sneha.Gupta@ukbonn.de (S.S.); suhailaiims@gmail.com (M.S.A.);
johannes.oldenburg@ukbonn.de (J.O.)

College of Applied Medical Sciences, Jazan University, 82911 Jazan, Saudi Arabia

3 Paul-Ehrich Institute, 63225 Langen, Germany; Johannes.Dodt@pei.de (J.D.); Peter.Volkers@pei.de (P.V.);
Andreas.Reuter@pei.de (A.R.)

Department of Molecular Membrane Biology, Max-Planck Institute for Biophysics, Max-Von Laue Str 3,
60438 Frankfurt am Main, Germany; christoph.reinhart@biophys.mpg.de (C.R.);

christoph krettler@biophys.mpg.de (C.K.)

*  Correspondence: arijit.biswas@ukb.uni-bonn.de; Tel.: +49-228-287-19428

t These authors contributed equally to the work.

check for
Received: 10 May 2019; Accepted: 29 May 2019; Published: 31 May 2019 updates

Abstract: Coagulation factor XIII (FXIII) is a plasma-circulating heterotetrameric pro-transglutaminase
complex that is composed of two catalytic FXIII-A and two protective/regulatory FXIII-B subunits.
FXIII acts by forming covalent cross-links within a preformed fibrin clots to prevent its premature
fibrinolysis. The FXIII-A subunit is known to have pleiotropic roles outside coagulation, but the FXIII-B
subunit is a relatively unexplored entity, both structurally as well as functionally. Its discovered roles
so far are limited to that of the carrier/regulatory protein of its partner FXIII-A subunit. In the present
study, we have explored the co-presence of protein excipients in commercial FXIII plasma concentrate
FibrogamminP by combination of protein purification and mass spectrometry-based verification.
Complement factor H was one of the co-excipients observed in this analysis. This was followed by
performing pull down assays from plasma in order to detect the putative novel interacting partners
for the FXIII-B subunit. Complement system proteins, like complement C3 and complement Clq,
were amongst the proteins that were pulled down. The only protein that was observed in both
experimental set ups was alpha-2-macroglobulin, which might therefore be a putative interacting
partner of the FXIII/FXIII-B subunit. Future functional investigations will be needed to understand
the physiological significance of this association.

Keywords: Factor XIII; FXIII deficiency; excipients; pleiotropy; mass spectrometry; complement system

1. Introduction

Coagulation Factor XIII (FXIII) is plasma-circulating pro-transglutaminase acting at the terminal
phase of the coagulation pathway, which is responsible for cross-linking pre-formed fibrin polymers
within it and to anti-fibrinolytic inhibitors to prevent its premature fibrinolysis. In plasma, it circulates
as a zymogenic heterotetramer composed of dimeric subunits of catalytic FXIII-A and carrier/regulatory
FXIII-B bound to each other non-covalently [1]. The inherited form of FXIII deficiency is a rare
autosomal disorder with a prevalence of one in three million, with its clinical manifestations ranging
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from mild to severe bleeding diathesis [2]. The FXIII deficient patients are presented with severe
bleeding tendencies, such as intracranial bleeds, dysmenorrhea, and umbilical cord bleeding, etc. [2].
The catalytic component of FXIII-A;B, complex, i.e., EXIII-A subunit, is a structurally and functionally
well characterized protein [3,4]. The FXIII-B subunit, which is the regulatory/protective partner,
in comparison is a relatively unexplored entity. Homology studies reveal that FXIII-B bears 10 sushi
domains (or Complement Control Protein modules), although no biophysical structures for this
subunit exist so far [5,6]. The possibility that it might have pleotropic roles outside the coagulation
pathway exists similar to its partner FXIII-A subunit, which is known to be involved in roles beyond
coagulation, like inflammation, angiogenesis, and wound healing, since FXIII-B is present both in
complexed (FXIII-A;B;) and free form [7]. However, only a select few studies on the FXIII-B subunit
have investigated this possibility and have reported mostly negative results [8]. Patients that are
severely deficient for FXIII often require a lifelong supplement of plasma derived FXIII concentrates as a
majorly available treatment modality in cases of inherited FXIII deficiencies [9]. However, in the case of
acquired FXIII deficiency, which may be a secondary effect of immune-mediated inhibition, or defective
synthesis and/or consumption of either of FXIII subunits; the treatment involves antifibrinolytic
administration, and/or inhibitor eradication, along with replacement therapy [10]. Hence, replenishing
the FXIII deficient and/or defective plasma by active and functional FXIII is a leading treatment
modality. The two major types of FXIII concentrates that are administered to the patients include virus
inactivated fresh frozen plasma (FFP) derived from healthy donors; or the commercially available
drug Cortifact (US)/FibrogamminP (Europe & Asia), marketed by CSL Behring [9,11]. These plasma
concentrates are suitable for both FXIII-A and FXIII-B subunit deficient states. Recently, a recombinant
form of FXIII (Tretten) expressed in yeast has also been commercialized by NovoNordisk and it is
only being administered to patients with severe/mild FXIII-A deficiency [12]. The plasma concentrate
FibrogamminP is a highly purified, pasteurized, plasma-derived concentrate that has been in use since
1993 and it contains the hetero-tetrameric complex that shows high transglutaminase activity [12].
The other main excipients that are currently indicated in the commercial product are human albumin,
glucose, and sodium chloride. In the current study, we performed content characterization of plasma
derived FibrogamminP, by gel filtration analyses. Amongst others, we detected complement factor H
(CFH) as one of the major proteomic excipients within FibrogamminP. Owing to the structural and
sequential complementarity of CFH and FXIII-B [8], we further evaluated whether this co-presence
has any functional/physiological implications or not, which is verified by real-time FXIlIla generation
assay [13]. However, CFH was not detected in the pull-down assays under the physiological conditions.
Additionally, in vitro qualitative assessment of proteins interacting with FXIII-B subunit employing
FXIII-B subunits interacting with FXIII-B monoclonal antibodies immobilized to resin, which aided the
pull-down of interacting partners in a FXIII deficient background (FXIII-DP) was done. Two complement
system proteins i.e., complement C3 and complements C1q were detected in the pull-down assays.
When compared to all the detected proteins, only alpha-2-macroglobulin was a common denominator
detected in the pull-down assay as well as an excipient in FibrogamminP, which indicates that it might
be the true interacting partner of the FXIII/FXIII-B subunit.

2. Results

2.1. Content Characterization of Plasma FXIII Concentrate Reveals Co-Presence of Complement Factor H and
Alpha-2-Macroglobulin Along with FXIII Complex

Size exclusion chromatography revealed that the crude fractions of FibrogamminP contain majorly
coagulation FXIII-A;B, (MW 320 kDa) (retention at 23.31 min), along with albumin (MW 66 kDa)
(at 34.51 min), alpha-2-macroglobulin (MW 725 kDa) (at 19.47 min), and complement Factor H
(MW 155 kDa) (at 29.33 min) eluted at different retention times (Figure 1, Figure 2 and Figure S1).
The peak corresponding to the molecular weight of FXIII-A;B, was collected and re-run to generate
a single monodispersed homogenous peak. Upon analysis, this peak showed the co-presence of
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complement Factor H and albumin, in addition to FXIII-A;B, (Figure 1, Figure 2, Figures S1 and S3,
and attached MS data files (peptide summary reports) in the Supplementary Information).

SEC based purification of commercial FXIIl plasma concentrate FibrogamminP
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Figure 1. Content characterization of plasma FXIII concentrate (FibrogamminP) by size exclusion
chromatography. This image represents the mass-based separation run for commercial plasma
FXIII concentrate FibrogamminP on a AKTA explorer purifier system. The respective peaks on the
chromatograph were detected by UV_280. The arrow indicates the main peak corresponding to the
molecular weight of FXIII-A;B, complex that was further characterized.
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Figure 2. Plasma FXIII concentrate (FibrogamminP) analysis. (A) The preliminary SDS-PAGE gel
run of the commercial FXIII plasma concentrate “FibrogamminP” reconstituted in water. The fastest
running band corresponds to human serum albumin, which is a known constituent of FibrogamminP.
(B) Mass based separation of reconstituted FibrogamminP run on a SEC column (Superdex 200 PC
3.2/30 column, running buffer: 20 mM Tris HCl, pH 7.4; 120 mM NaCl). The four main peaks of
interests were collected separately. Peak 4 corresponds to albumin (size-wise). Peak 2 contained
majority of FXIII-AB, heterotetramer complex. The sampled Peak 2 was separately run again, but
it still resolved into one peak only shown in (C). This single, monodispersed peak was fractioned,
sampled and run on an SDS-PAGE, fraction wise as collected from the SEC; which is shown in (D) The
separated bands (see Figure S3) were excised and evaluated with Mass spectrometry. (E) This panel
consists of two SDS-PAGE gels, the gel 1 is same as the one in (D) depicting fractions corresponding
to FXIII complex (boxed lanes). These three fractions were re-pooled and ran on GFC, with fractions
separated on gel 2. Marked bands were analysed by mass spectrometry. The labels at the top of both
gels are numbered based on fraction ids from the gel filtration runs not to be confused with lane
numbers. The “F” represents the crude fraction of FibrogamminP. Table at the bottom represents the
major protein hits corresponding to each band (total nine). For detailed peptide summary report please
refer Supplementary Materials (Figure S3).

2.2. No Significant Effect of CFH on FXIII-Aa Activation Observed in the FXIIla Generation Assay

The FXIIla generation assay reveals that the rate of activation of FXIII-A is accelerated in the
presence of FXIII-B (Ka (FXIII-DP+ FXIII-A) is 0.12 sec”!; Ka (FXIII-DP+ FXIII-A+FXIII-B) is 0.54 sec™})
(Figure 3 and Supplementary Table S1). However, the rate of depletion of activated species is reduced
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in the presence of FXIII-B subunit and a similar effect is observed with CFH. The lag time, which
represents thrombin accessibility to FXIII-A molecule, is also mildly influenced (but not significantly
so) by both CFH and FXIII-B. However, most of the parameters that were analyzed for these set of
experiments showed non-significant association (Figure 3; and Supplementary Table S1).
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Figure 3. Effect of Complement Factor H (CFH) on FXIIla generation. FXIIla generation assay is
a real-time, quantitative measurement of generation of active FXIIIa species, in a FXIII deficient
background (deficient both for FXIII-A and FXIII-B subunits) [13]. The parameters tlag (time-delay in
generation of first signal), Ka (constant of absorption that describes the rate of development of FXIIIa),
and Kb (elimination constant) have been represented here. (A) Raw data obtained as growth curves
representing the generation of active FXIIIa species. X-axis denotes time in minutes; Y-axis denotes the
rate of generation of active FXIII-Aa (RFU/min). (B-D) are comparative bar graph representation of
tlag, Ka and Kb observed with different spiking conditions. A tabular representation can be found in

Supplementary Information.

2.3. In a FXIII Deficient Background, FXIII-B Pulls Down Fibrinogen, Few Complement Proteins, and
Alpha-2-Macroglobulin

The pull down from rFXIII-B bound resin that had been exposed to FXIII-DP had
alpha-2-macroglobulin, complement C3, complement Clq, and fibrinogen-«, -3, -y chains (Figure 4C
lists the most relevant proteins; for complete list see Figure S2) in its proteomic content. Resin bound
rFXIII-B exposed to rFXIII-A and FXIII-DP also showed similar content in its pull down. No CFH or
alpha-2-macroglobulin that was detected earlier in FibrogamminP was detected in any of these pull
downs (Figure 4 and Figure S2).
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Figure 4. Interactome analysis of FXIII-B in FXIII-DP by Co-immunoprecipitation.
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(A) Coomassie
stained SDS-PAGE gel for the proteins pulled down by resin immobilized FXIII-B (bound through
amine-linked monoclonal antibody). Table below shows the experimental conditions. (B) Shows the
same SDS-PAGE as in Panel A, but with those bands that were subsequently analysed for proteomic

content by mass spectrometry individually marked (data in Supplementary Figure S2). The major hits

are listed at the bottom of this panel, as well as in (C). (C) Table representing the majority of protein
hits obtained by MS analyses of excised bands indicated in B. For a detailed protein-hit summary refer
Supplementary Information. Abbrev: S: Protein Score; SC: Sequence coverage in %, E: Mean mass error

in ppm; P: number of identified peptides; M; number of modified peptides interactome analyses.
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3. Discussion

Amongst the two FXIII subunits, the FXIII-B, dimeric subunit has a unique filamentous structure,
with each of its monomers consisting of 10 sushi domains (also known as complement control
protein (CCP) modules) that are rich in cysteine bonds and bear specific structure with beta-sandwich
arrangement [6,14-16]. Other than FXIII-B, a majority of proteins belonging to the complement
pathway have such structural domains [17]. The structural arrangement of sushi domains in FXIII-B
bear close resemblance to CFH, which might be the result of the co-evolution of complement and
coagulation systems. Based on the sequence and structural homology, our group had earlier reported
the homology models for the FXIII-B sushi domains [6,15]. In the current report, we find detectable
levels of CFH in plasma-derived factor concentrate of FXIIIL. The peak corresponding to FXIII-A;B,
appears to be homogenous and monodispersed in gel filtration analyses (obtained after re-analyzing
the peak corresponding to FXIII, there appears to be a non-stoichiometric association of proteins
within this eluted peak, later detected by MS (Supplementary Information)). Such an association
might also be suggestive of its association to albumin instead of the main active drug FXIII-A,B,.
The separated bands of individual fraction, detected by coomassie staining, when evaluated by MS
were determined to be FXIII-A; and EXIII-B; subunits, CFH, and alpha-2-macroglobulin in the order,
as indicated in Figure 2D. However, the functional analysis reveals that the presence of CFH does
not alter FXIII activity, as observed from the FXIIla generation assay in which no significant change
in variables was observed when CFH was added along with FXIII (Figure 3). Their co-presence in
FibrogamminP may be attributed to the very nature of sushi domains and/or the similar size of FXIII
heterotetramer (320 kDa) and dimeric CFH (155 kDa monomer), as well as a possible association with
albumin. Since only 4-15% of total CFH tends to self-assemble in plasma, forming CFH dimers of
~320 kDa, this may explain the reduced amount of CFH detected in FXIII concentrate. Along with CFH,
traces of alpha-2-macroglubin (homo-tetrameric acute phase protein, MW 163 kDa) were also detected
by size-exclusion chromatography, followed by mass spectrometry in FibrogamminP. Since dimeric
forms of alpha-2-macroglubin have also been recently described and these would have a molecular
weight that is close to the FXIII heterotetramer, which might also explain their co-presence with
FXIII [18,19]. The fact that CFH is merely co-present with FXIII is substantiated by interactome-analysis
of FXIII in EXIII-DP (Figure 4). While we found that fibrinogen-«, -3, -y chains, complement Clq, and
complement C3 in the pull downs for both FXIII-B, as well as FXIII-B exposed to FXIII-A, none of
the pull downs detected CFH. However, alpha-2-macroglobulin was one protein that was detected
in FibrogamminP as well as in the pull-down assays. This suggests that it could be one of the novel
proteins interacting with FXIII-B subunit. It is already known that alpha-2-macroglobulin is a substrate
for the FXIII-A subunit (although no clear functional role has been discovered in this context), but
there are no reports of its direct interaction with the FXIII-B subunit [20]. Alpha-2-macroglobulin is
an inhibitor that can inhibit coagulation as well as fibrinolysis by acting on thrombin and plasmin,
respectively [18,19]. Interaction with FXIII or EXIII-A/FXIII-B subunit might fine tune its inhibitory
roles towards the two different processes. Further functional analysis will be needed to substantiate
this idea. The presence of fibrinogen chains (from deficient plasma) in the pull downs of resin bound
FXIII-B supports earlier reports that showed that the FXIII-B subunit could be mediating the interaction
between FXIII and fibrinogen [21,22]. The presence of complement C1q and complement C3 in the
pull-down assays came as a surprise. There has been no report of FXIII or the FXIII-B subunit interacting
with complement Clq so far. The complement C3 protein, on the other hand, has been shown to be
a substrate for FXIII-A subunit, but again, no interaction with FXIII-B subunit has been reported so
far [18]. The interaction possibility of alpha-2-macroglobulin complement C1q and complement C3
with EXIII/EXIII-B subunit, as shown from our study, presents the opportunity to discover newer roles
for FXIII/FXIII-B subunit in coagulation, as well as outside the coagulation pathway. These proteins
(i.e., alpha-2-macroglobulin, complement C1q and CFH) are related to known physiological and
diseased states. Complement C1q deficiency has been known to cause recurrent skin lesions, chronic
infections, systemic lupus erythematosus (SLE), and has also been associated with a kidney disease,
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known as mesangial proliferative glomerulonephritis [23,24]. Complement C3 deficiency manifests
itself into recurrent bacterial infections [25]. Elevated plasma levels of alpha-2-macroglobulin, along
with Fibrinogen and albumin levels, is commonly seen in nephrotic syndrome [26-28]. Therefore,
FXIII could play an important role in all these aspects by interacting with these proteins. A significant
association of FXIII with a complement system had been discussed by Schroeder et al.; describing
FXIII mediated covalent cross-linking of fibrin to complement C3 that could have inflammatory roles
in pro-thrombotic states [7,29]. Our study demonstrates that there are a number of proteins, some of
which are part of the complement system (like complement C3 and complement C1q), and some of
which belong to the coagulation pathway itself (alpha-2-macroglobulin) that might interact with the
FXIII/FXIII-B subunits. More work will be needed to further investigate whether these interactions have
physiological or pathological implications. The complement factor H protein that shares homology
with FXIII-B subunit, on the other hand, is merely co-present with FXIII in FibrogamminP and it
appears to have no functional interaction with FXIII/FXIII-B subunit.

4. Materials and Methods

4.1. Coagulation Factor XIII Complex and FXIII Subunits

Three separate lots of FibrogamminP (CSL Behring; Marburg, Germany) were used as source, to
purify FXIII-A,; B, complex. Recombinant FXIII-A and recombinant FXIII-B were purchased from Zedira
GmBH (Darmstadt, Germany). Additionally, the FXIII-B subunit was also expressed and purified
in house, as per previously reported protocol [30]. Briefly, the human HEK293t cell line purchased
from DMSZ (German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany) were
cultured in high glucose DMEM, supplemented with 10% v/v FBS, 1% v/v Penicillin-Streptomycin
antibiotics and 0.1% ©v/v Fungisone (all cell culture products bought from Invitrogen, Bleiswijk,
Netherlands), at 37 °C at 5% CO,. All of the experiments were done on sub-cultured cells in
logarithmic phase (below passage 20). Human FXIII-B ¢cDNA, inserted into the cloning site of
pReciever-M01 mammalian expression vector was transfected into HEK293t cells, as per previously
reported protocol [15]. Briefly, 2.7 x 10° cells were transfected with 3 pug of plasmid DNA along with
6 pl of transfection reagent Lipofectamine 2000 (Invitrogen, Bleiswijk, Netherlands). The cultures
were harvested 48 h post-transfection, by collecting extracellular fractions containing the secreted
rEFXIII-B. The extracellular fraction was centrifuged for five minutes, at 14,000 rpm at 4 °C. A negative
control of non-transfected cells was used, whereas a plasmid construct with eGFP cloned in pcDNA
mammalian expression vector was the positive control for transfection. Secreted protein harvested post
transfection of HEK293t cells was concentrated and subjected to immuno-affinity-based purification
while using the Thermo Scientific Pierce Co-IP kit (Pierce Biotechnology, Rockford, IL, USA), following
the manufacturer’s protocol. Briefly, monoclonal antibodies against FXIII-B, raised in mice were
immobilized to Amino Link plus coupling resin (Pierce Biotechnology, Rockford, IL, USA) for two
hours. The resin was then washed with PBS and incubated with extracellular concentrate overnight
in cold-room. The next day, the resin was again washed with PBS and protein bound to anti-FXIII-B
antibodies was eluted with acidic elution buffer provided with the kit. The eluted protein was verified
on coomassie stained gel. Eluted protein was further subjected to gel filtration chromatography, to
ensure the purity and dimeric state of the recombinant protein.

4.2. Separation of the FXIII Plasma Concentrate, FibrogamminP into its Constituents

One vial (from three different lots) of FibrogamminP (CSL Behring; Marburg, Germany) i.e., 250 U,
was reconstituted with water, as per the manufacturer’s guidelines. The sample was purified in AKTA
explorer purifier systems (GE Healthcare, Uppsala, Sweden) (all the chromatography experiments
were performed in cold-room at 4 °C). Briefly, crude sample was slowly injected (400 pl/min) onto
pre-equilibrated column Superdex200 10/300 GL (GE healthcare) (Buffer: 20 mM Tris, 120 mM NacCl,
1mM EDTA. pH 7.4), and the eluate was collected in 500 pl fractions. SDS-PAGE analyzed the resultant
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fractions confirm the success of purification. All the fractions were separately pooled (peak-wise),
concentrated, and stored.

4.3. Mass Spectrometric Analysis

Eluates were first analyzed on pre-cast SDS-PAGE gels (Bio-Rad laboratories, Hercules, CA, USA).
The protein bands were analyzed by Coomassie staining (Bio-Rad laboratories, USA). Coomassie-stained
protein bands were excised and their identity was confirmed while using mass spectrometric analysis,
as reported previously [21]. Briefly, peptides were eluted with 25 mM NH4HCOj3; 10% acetonitrile
(ACN) and digestion stopped by adding 5% formic acid. The peptides were resolved on a nano-ultra
performance LC system coupled to a nano-ESI-MS (nano Acquity UPLC nanoESI Synapt-MS, Waters,
Milford, MA, USA) with a 5 pm symmetry 180 pm x 20 mm C18 pre-column and a 1.7 um BEH 130
100 um x 100 mm C18 separation column. A 30-min gradient (3% ACN to 40% CAN at 500 nL/min)
after three minutes of trapping (99% water at 5 uL/min) was applied to separate peptides. The MS
was operated in V mode, acquiring MSE data and applying standard parameters. Data analysis
was performed using ProteinLynx Global Server version 2.4 (Waters corporation, Milford, MA, US),
searching an in-house database consisting of the Uniprot database (September 2016 version, restricted
to reviewed entries of Homo sapiens; taxon identifier 9606. Proteins hits were accepted at a false
positive rate of less than 4%, as reported previously. For analyses of peaks retained from size exclusion
chromatography of FibrogamminP (Figure 2C), Mascot search engine was utilized, which is based
on the probabilistic scoring algorithm for protein identification (a detailed report can be found in the
Supplementary Information section).

4.4. FXIIla Generation Assay

The rate of activated FXIII (FXIlla) generation was monitored by FXIIla Generation Assay [13,21].
Briefly, the generation of active FXIIla species was monitored in the background of different plasmatic
condition. Compared to standard plasma (SP) (ISTH: SCSP FXIII activity 0.76 U/vial; FXIII antigen
A;B, 0.74 1U/vial), FXIlla generation was monitored with FXIII-DP (deficient for both FXIII-A and
FXIII-B subunits; Haemochrom Diagnostica GmbH, Essen, Germany). Coagulation was triggered
by adding tissue factor/phospholipids TF/PI, and FXIII-A (2 IU/mL of plasma) to 25 ul plasma in
order to generate active FXIlla (subsequently detected by FXIII isopeptidase activity on a chromogenic
substrate A101 (Zedira GmBh, Darmstadt, Germany)). The reactions spiked with rFXIII-B (20 ng/mL)
(Zedira GmBh, Germany), CFH (20 pg/mL), and both rFXIII-B and CFH with respective controls of
standard plasma (SP) were incubated with 35 pL reagent solution (5 uL 100 mM glycine methyl ester,
5 uL 2 mM fluorogenic FXIII-A substrate, 10 uL Innovin (recombinant TF; Dade Behring, Liederbach,
Germany) diluted 1:2800 in phospholipids (PTT reagent kit, Roche, Mannheim, Germany) and 15 pL
HBS (20 mM HEPES, 150 mM NaCl)/0.1% serum albumin pH 7.5. After pre-incubation of the mixture
for five minutes, the reaction was started with 40 uL 25 mM CaCl, pH 7.5. Fluorescence was measured
over 1 hat A ex =330 nm and A em = 430 nm in kinetic mode two times per minute. The curve data was
evaluated according to a bi-exponential model with first order absorption and elimination. The data
were fitted to the equation:

C (t) = c_ka/(ka — kb)_ (exp(—kb_ (t — tlag)) — exp(—ka_(t — tlag))) 1

where ka: constant of absorption, which describes the development of active FXIIla and kb—elimination
constant. The parameters area under the curve (AUC), peak FXIII-A concentration (CP), and time to
peak (TTP) were also evaluated [13].
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4.5. Isolation and Verification of Plasma Sub-Proteome Interacting with FXIII-B by Immunoaffinity Based
Pull-Down Assays

The pierce co-immunoprecipitation kit (ThermoFischer Scientific, Rockford, IL, USA) was used to
bind the commercial recombinant FXIII-B (Zedira, Germany) to immobilized anti(ct)-FXIII-B monoclonal
antibodies (in-house) (similar experiments were also performed with rFXIII-B expressed/purified
from HEK293t mammalian cell lines in-house). Briefly, 75 ul of mouse-x-human-FXIII-B monoclonal
antibody (1 mg/mL) (produced in-house) was coupled to amino-link plus coupling resin, according
to the manufacturer’s protocol. Firstly, 100 ul of 1mg/mL rEXIII-B (Zedira, Darmstadt, Germany)
(or rFXIII-B in-house) was bound to the immobilized antibodies. The following set of experiments
followed: (1) the resin bound rFXIII-B was exposed to FXIII-DP; (2) the immobilized «-FXIII-B antibody
exposed to FXIII-DP. Additionally, a resin was prepared with «-FXIII-B antibody that was bound to
FXIII-A; B, complex purified from FibrogamminP and exposed to FXIII-DP (with a negative control
that included a resin support with immobilized-monoclonal FXIII-B antibodies, but with no exposure
to either recombinant FXIII-B or FXIII concentrate; to rule out the cross-reactivity of this antibody).
The bound complexes were eluted with elution buffer (Primary amine pH 2.8; Pierce, Rockford, IL,
USA) and SDS-PAGE analyzed the eluates. The bands observed were characterized by peptide mass
fingerprinting, followed by mass spectrometry (Supplementary Materials).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/11/
2682/s1.
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SP Standard Plasma

MS Mass spectrometry
References

1. Biswas, A.; Ivaskevicius, V.; Thomas, A.; Oldenburg, J. Coagulation factor XIII deficiency. Diagnosis,
prevalence and management of inherited and acquired forms. Hamostaseologie 2014, 34, 160-166. [PubMed]

2. Muszbek, L.; Katona, E. Diagnosis and Management of Congenital and Acquired FXIII Deficiencies.
Semin. Thromb. Hemostasis 2016, 42, 429-439.

3. Fox, B.A;; Yee, V.C; Pedersen, L.C.; Le Trong, I.; Bishop, P.D.; Stenkamp, R.E.; Teller, D.C. Identification of
the calcium binding site and a novel ytterbium site in blood coagulation factor XIII by x-ray crystallography.
J. Biol. Chem. 1999, 274, 4917-4923. [CrossRef] [PubMed]

4.  Stieler, M.; Weber, ].; Hils, M.; Kolb, P.; Heine, A.; Buchold, C.; Pasternack, R.; Klebe, G. Structure of active
coagulation factor XIII triggered by calcium binding: basis for the design of next-generation anticoagulants.
Angew. Chem. Int. Ed. Engl. 2013, 52, 11930-11934. [CrossRef]

5. Souri, M.; Kaetsu, H.; Ichinose, A. Sushi domains in the B subunit of factor XIII responsible for oligomer
assembly. Biochemistry 2008, 47, 8656—-8664. [CrossRef] [PubMed]

6. Thomas, A.; Biswas, A.; Ivaskevicius, V.; Oldenburg, J. Structural and functional influences of coagulation
factor XIII subunit B heterozygous missense mutants. Mol. Genet. Genomic Med. 2015, 3, 258-271. [CrossRef]

7. Schroeder, V.; Kohler, H.P. Factor XIII: Structure and Function. Semin. Thromb. Hemostasis 2016, 42, 422-428.


http://www.mdpi.com/1422-0067/20/11/2682/s1
http://www.mdpi.com/1422-0067/20/11/2682/s1
http://www.ncbi.nlm.nih.gov/pubmed/24503678
http://dx.doi.org/10.1074/jbc.274.8.4917
http://www.ncbi.nlm.nih.gov/pubmed/9988734
http://dx.doi.org/10.1002/anie.201305133
http://dx.doi.org/10.1021/bi8006143
http://www.ncbi.nlm.nih.gov/pubmed/18652485
http://dx.doi.org/10.1002/mgg3.138

Int. ]. Mol. Sci. 2019, 20, 2682 11 0f12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Akhter, M.S,; Singh, S.; Yadegari, H.; Ivaskevicius, V.; Oldenburg, J.; Biswas, A. Exploring the structural
similarity yet functional distinction between coagulation factor XIII-B and complement factor H sushi
domains. J. Thromb. Thrombolysis 2019. [CrossRef]

Lassila, R. Clinical Use of Factor XIII Concentrates. Semin. Thromb. Hemostasis 2016, 42, 440-444. [CrossRef]
Yan, M.TS.; Rydz, N.; Goodyear, D.; Sholzberg, M. Acquired factor XIII deficiency: A review.
Trans. Apheresis Sci. 2018, 57, 724-730. [CrossRef]

Nugent, D. Corifact™/Fibrogammin® P in the prophylactic treatment of hereditary factor XIII deficiency:
results of a prospective, multicenter, open-label study. Thromb. Res. 2012, 130, S12-514. [CrossRef]
Dreyfus, M.; Barrois, D.; Borg, J.-Y.; Claeyssens, S.; Torchet, M.-F.; Arnuti, B.; Pautard, B. Successful long-term
replacement therapy with FXIII concentrate (Fibrogammin(®) P) for severe congenital factor XIII deficiency:
a prospective multicentre study. J. Thromb. Haemostasis 2011, 9, 1264-1266. [CrossRef]

Dodt, J.; Volkers, P; Seitz, R. Factor XlIla generation assay: a tool for studying factor XIII function in plasma.
Anal. Biochem. 2013, 439, 145-151. [CrossRef]

Norman, D.G.; Barlow, PN.; Baron, M.; Day, A.J.; Sim, R.B.; Campbell, I.D. Three-dimensional structure of a
complement control protein module in solution. J. Mol. Biol. 1991, 219, 717-725. [CrossRef]

Biswas, A.; Thomas, A.; Bevans, C.G.; Ivaskevicius, V.; Oldenburg, J. In vitro secretion deficits are common
among human coagulation factor XIII subunit B missense mutants: correlations with patient phenotypes
and molecular models. Hum. Mutat. 2013, 34, 1490-1500. [CrossRef]

Perkins, S.J.; Nan, R.; Li, K,; Khan, S.; Miller, A. Complement factor H-ligand interactions: self-association,
multivalency and dissociation constants. Immunobiology 2012, 217, 281-297. [CrossRef] [PubMed]
Krushkal, J.; Bat, O.; Gigli, I. Evolutionary relationships among proteins encoded by the regulator of
complement activation gene cluster. Mol. Biol. Evol. 2000, 17, 1718-1730. [CrossRef] [PubMed]

Dodds, A.W.; Law, S.K. The phylogeny and evolution of the thioester bond-containing proteins C3, C4 and
alpha 2-macroglobulin. Immunol. Rev. 1998, 166, 15-26. [CrossRef] [PubMed]

Armstrong, P.B.; Quigley, ].P. Alpha2-macroglobulin: an evolutionarily conserved arm of the innate immune
system. Dev. Comp. Immunol. 1999, 23, 375-390. [CrossRef]

Nikolajsen, C.L.; Dyrlund, T.E; Poulsen, E.T.; Enghild, J.J.; Scavenius, C. Coagulation factor XIIIa substrates in
human plasma: identification and incorporation into the clot. J. Biol. Chemn. 2014, 289, 6526-6534. [CrossRef]
Gupta, S.; Biswas, A.; Akhter, M.S.; Krettler, C.; Reinhart, C.; Dodt, J.; Reuter, A.; Philippou, H.; Ivaskevicius, V.;
Oldenburg, ]. Revisiting the mechanism of coagulation factor XIII activation and regulation from a
structure/functional perspective. Sci. Rep. 2016, 6, 30105. [CrossRef] [PubMed]

Souri, M.; Osaki, T.; Ichinose, A. The Non-catalytic B Subunit of Coagulation Factor XIII Accelerates Fibrin
Cross-linking. J. Biol. Chem. 2015, 290, 12027-12039. [CrossRef] [PubMed]

Liu, G.; Pang, Y; Liu, X; Li, Q.-W. Structure, distribution, classification, and function of C1q protein family:
a review. Yi Chuan = Hereditas 2013, 35, 1072-1080. [CrossRef]

Devasahayam, ].; Erode-Singaravelu, G.; Bhat, Z; Oliver, T.; Chandran, A.; Zeng, X.; Dakshinesh, P.; Pillai, U.
C1q Nephropathy: The Unique Underrecognized Pathological Entity. Anal. Cell. Pathol. 2015, 2015, 490413.
[CrossRef]

Rossi, O.; Coward, C.; Goh, Y.S.; Claassens, ].W.C.; MacLennan, C.A.; Verbeek, S.J.; Mastroeni, P. The essential
role of complement in antibody-mediated resistance to Salmonella. Immunology 2019, 1, 69-73. [CrossRef]
De Sain-van der Velden, M.G.; Kaysen, G.A.; de Meer, K.; Stellaard, F.; Voorbij, H.A.; Reijngoud, D.J.;
Rabelink, T.J.; Koomans, H.A. Proportionate increase of fibrinogen and albumin synthesis in nephrotic
patients: measurements with stable isotopes. Kidney Int. 1998, 53, 181-188. [CrossRef] [PubMed]

De Sain-van der Velden, M.G.; Rabelink, T.J.; Reijngoud, D.]J.; Gadellaa, M.M.; Voorbij, H.A_; Stellaard, F.;
Kaysen, G.A. Plasma alpha 2 macroglobulin is increased in nephrotic patients as a result of increased
synthesis alone. Kidney Int. 1998, 54, 530-535. [CrossRef]

Ritchie, R.F,; Palomaki, G.E.; Neveux, L.M.; Navolotskaia, O.; Ledue, T.B.; Craig, W.Y. Reference distributions
for alpha2-macroglobulin: a practical, simple and clinically relevant approach in a large cohort. J. Clin.
Lab. Anal. 2004, 18, 139-147. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s11239-019-01841-w
http://dx.doi.org/10.1055/s-0036-1572324
http://dx.doi.org/10.1016/j.transci.2018.10.013
http://dx.doi.org/10.1016/S0049-3848(13)70005-7
http://dx.doi.org/10.1111/j.1538-7836.2011.04281.x
http://dx.doi.org/10.1016/j.ab.2013.04.012
http://dx.doi.org/10.1016/0022-2836(91)90666-T
http://dx.doi.org/10.1002/humu.22391
http://dx.doi.org/10.1016/j.imbio.2011.10.003
http://www.ncbi.nlm.nih.gov/pubmed/22137027
http://dx.doi.org/10.1093/oxfordjournals.molbev.a026270
http://www.ncbi.nlm.nih.gov/pubmed/11070059
http://dx.doi.org/10.1111/j.1600-065X.1998.tb01249.x
http://www.ncbi.nlm.nih.gov/pubmed/9914899
http://dx.doi.org/10.1016/S0145-305X(99)00018-X
http://dx.doi.org/10.1074/jbc.M113.517904
http://dx.doi.org/10.1038/srep30105
http://www.ncbi.nlm.nih.gov/pubmed/27453290
http://dx.doi.org/10.1074/jbc.M114.608570
http://www.ncbi.nlm.nih.gov/pubmed/25809477
http://dx.doi.org/10.3724/SP.J.1005.2013.01072
http://dx.doi.org/10.1155/2015/490413
http://dx.doi.org/10.1111/imm.13000
http://dx.doi.org/10.1046/j.1523-1755.1998.00729.x
http://www.ncbi.nlm.nih.gov/pubmed/9453016
http://dx.doi.org/10.1046/j.1523-1755.1998.00018.x
http://dx.doi.org/10.1002/jcla.20012
http://www.ncbi.nlm.nih.gov/pubmed/15065215

Int. ]. Mol. Sci. 2019, 20, 2682 12 0of 12

29. Richardson, V.R; Schroeder, V.; Grant, PJ.; Standeven, K.F; Carter, A.M. Complement C3 is a substrate for
activated factor XIII that is cross-linked to fibrin during clot formation. Br. J. Haematol. 2013, 160, 116-119.
[CrossRef] [PubMed]

30. Singh, S.; Akhter, M.S.; Dodt, J.; Sharma, A.; Kaniyappan, S.; Yadegari, H.; Ivaskevicius, V.; Oldenburg, J.;
Biswas, A. Disruption of Structural Disulfides of Coagulation FXIII-B Subunit; Functional Implications for a
Rare Bleeding Disorder. Int. J. Mol. Sci. 2019, 20, 1956. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1111/bjh.12096
http://www.ncbi.nlm.nih.gov/pubmed/23078103
http://dx.doi.org/10.3390/ijms20081956
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Content Characterization of Plasma FXIII Concentrate Reveals Co-Presence of Complement Factor H and Alpha-2-Macroglobulin Along with FXIII Complex 
	No Significant Effect of CFH on FXIII-Aa Activation Observed in the FXIIIa Generation Assay 
	In a FXIII Deficient Background, FXIII-B Pulls Down Fibrinogen, Few Complement Proteins, and Alpha-2-Macroglobulin 

	Discussion 
	Materials and Methods 
	Coagulation Factor XIII Complex and FXIII Subunits 
	Separation of the FXIII Plasma Concentrate, FibrogamminP into its Constituents 
	Mass Spectrometric Analysis 
	FXIIIa Generation Assay 
	Isolation and Verification of Plasma Sub-Proteome Interacting with FXIII-B by Immunoaffinity Based Pull-Down Assays 

	References

