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Abstract

The formation of a fibrin clot in blood plasma is a two-step event which involves
formation of a “primary clot” comprising of fibrin polymers formed by fibrin monomers under
the action of thrombin and subsequently the development of this primary clot into a stronger,
insoluble, network structure that plugs the wound and thus prevents bleeding. The second step of
this process is mediated by coagulation Factor X111 (FXIII), a pro-transglutaminase circulating in
the plasma that covalently crosslinks the aforementioned “primary clot” (within itself and to
fibrinolytic inhibitors) thereby preventing premature fibrinolysis of the “primary clot” under the
action of fibrinolytic enzymes leading to fatal bleeding eventualities. FXIII, circulates in plasma
in the form of non-covalently associated hetero-tetrameric FXII1-A2B, complex comprising of
the catalytic dimeric subunits A (FXIII-Az) combined with the protective/regulatory dimeric
subunit B (FXIII-B2). The catalytic FXIII-A2 subunit belongs to a class of enzyme called
Transglutaminase (TG; protein-glutamine:amine y-glutamyltransferase, EC 2.3.2.13), and is
responsible for the formation of g(y-glutamyl)lysyl crosslinks between the two polypeptide
chains. The FXIII-B; subunit is a protective partner towards the FXIII-Az subunit dimer in the
heterotetramer but more recently regulatory roles for this subunit have also come to light. The
zymogenic FXIII-A2B2 complex is activated in the plasma by combination of proteolytic
cleavage (thrombin) of an N-terminal region of the FXI11-Az subunit called the activation peptide
followed by binding of Calcium ions to three Calcium binding sites on the FXII1-Az subunit that
result in conformational changes resulting into dissociation of FXIII-B2 subunit from complex,
and opening of the FXIII-A molecule to an open activated FXIII-A form (FXIII-Aa). The current
thesis picks up from aspects of this hetero-tetrameric complex that are not known i.e. about the
individual subunits or the complete complex itself. Then it proceeds in a stepwise manner
unravelling these aspects using lab investigations driven by hypotheses generated in silico.
Naturally, therefore the start of thesis involves primarily in silico chemo-informatics work that
delves into activation path of the FXIII1-Az subunit and the major structural (like the N-terminal
activation peptide of the FXIII-Az subunit) and physiological partners contributing to it (i.e.
cationic ligand like Calcium, and partner FXI111-B2). This work revealed some major insights into

these aspects which were a) the importance of the activation peptide in the dimeric stability of
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the FXIII-Az subunit b) the importance of cross-talk within the Ca binding sites of FXIII-A2
subunit for its activation c) the regulatory role of the FXIII-B: in accelerating the activation of
the FXIII-A; subunit d) plausible after-events in life cycle of FXIII-Az subunit post-activation
and finally e) the dynamics of assembly and dissociation of the heterotetrameric FXIII-A2B>
complex . However, since most of these insights were at a hypothetical level, the next step was to
verify them on the bench. While some of the insights from these early investigations were
substantiated by bench work done by other groups (like the importance of activation peptide),
most of the other investigations and their follow-ups form the core of this thesis. Therefore
subsequent to this early investigation, this thesis delves into a) characterizing the role of
Calcium binding sites on activation of FXII1-A2 subunit b) characterizing the structure-functional
aspects of the FXIII-B, subunit by adopting a combined disulfide-bond mutating approach c)
running preliminary investigations into possibilities of pleiotropic roles for the FXIII-B2 and
finally d) the thesis concludes by presenting a structural all-atom model of the FXIII-AzB:
complex combined with a look into thermodynamic patterns emerging from the assembly and
dissociation of this complex, describing how the complex interface could be an underlying driver
of this rare-bleeding deficiency (FXIII deficiency).

The characterization of the three major Calcium binding sites in the FXIII-A, subunit
involved a series of in silico exercises probing the relative conservation, cross-talk and
interaction with other ions in the physiological system which is combined with mutating the
binding sites themselves to corroborate the effect they would have on the activation of this
subunit. With this work this thesis drives home the point that a) there is an antagonistic
equilibrium between the first and the second-third Calcium binding sites at play that regulates the
speed and rate of FXIII-A; activation b) the thermodynamics underlying FXIII-A2 activation
upon Calcium binding favors the formation of a monomeric and not dimeric activated FXIII-A
(FXI11-Aa) species and c) the presence of ions regardless of whether they actually co-ordinate
with the FXIII-Az subunit or not can influence the activation status of FXIII-Az subunit by
altering its surface electrostatic properties. Moving onto the structural functional aspects of the
FXI11-B2 subunit, this thesis provides insights into how the disruption of structural disulfide
bonds lead to functional implications for the development of FXIII deficiency. This study
involves a combination of in-silico modelling based approaches, accompanied by the in-vitro

characterization of FXIII-B subunits bearing ablated disulfides, that are a consistent feature of
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the FXI11-B. subunit. By investigating the functional aspects of these disulfide mutated variants
combined with the structural perspective, this thesis was able to define structure-functional
correlations for this subunit in a manner not touched upon so far. This thesis also investigated the
possibility of the FXI111-B2 subunit having pleiotropic roles in the complement system (because of
its high homology to some proteins from the complement system) by using a host of mixing as
well as pull-down assays. However, the thesis clearly determined that physiologically the FXIII-
B> has no role in the complement system. Finally, the thesis takes a detailed structural and
functional look at the FXIII-A2B> complex itself. Here, the Mass spectrometry based chemical
cross-linking data from FXIII-A2B> complex (isolated from the plasma FXIII concentrate
FibrogamminP) is used, along with high resolution atomic force microscopy, in order to model
the first all-atom model of this complex. Therefore, this thesis for the first time provides a
structural perspective of entire complex. In addition, an intensive investigation into the
association and dissociation of this complex was conducted on an Isothermal titration
calorimetry(ITC) platform that yielded a) the first Kq (dissociation constants) values for the
FXII-A2 and FXIII-B2 subunit established in a non-labelled setting, in solution b) the co-
operative mode of association followed by these two subunits. Therefore, to sum up, this
cumulative thesis begins by asking fundamental questions about the complex and its subunits
and ends by presenting major insights into the structural and functional aspects of both the
complex and its subunits.

To conclude, this thesis presents a) Structure-functional basis of FXIII complex
activation, and roles of its individual subunits; b) A combinatorial approach for dissection of
structure-function aspects of complex derived from plasma, here Factor XIII; ¢) Potential
druggable sites for the generation of new anti-coagulants targeting either FXIII-A calcium
binding sites, FXIII-B sushi domains, and most importantly FXIII complex interfaces, which
may lead to development of new FXIII inhibitors, or more regulated forms of FXIII, which is a

major contributor towards maintaining balance between thrombosis and bleeding.
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Chapter 1: Introduction
1.1  The Blood Coagulation Cascade

Blood coagulation system is a molecular machinery involving roles of several negatively charged
glycoproteins (coagulation factors) that undergo maturation, and upon activation induce
generation of downstream enzymes ultimately forming fibrin clot which plugs the wound and
stops bleeding. Under physiologically normal circumstances, hemodynamics is favored, and
system is balanced in favor of anticoagulation. However, under hemodynamic stress which
involves bleeding (blood loss, if not controlled may lead to hypovolemic shock), coagulation
pathway is activated which works in favor of fibrin clot formation and its stability, in order to
arrest bleeding (hemostasis). This process of formation of insoluble strong fibrin clot to arrest
bleeding is termed as blood coagulation, and the pathway it follows is termed as the coagulation
cascade. Hence regulation of dynamic blood flow in a vertebrate depends on the fine balance
between bleeding and thrombosis (or hemodynamics and hemostasis) (Figure 1). This balance is
governed by the intricate regulation of

@ coagulation factors which upon activation enables
Goagulation fibrin clot formation.! Any defect/deficiency in
Cloting Factors these coagulation factors may lead to reduced clot
formation, i.e. bleeding predisposition. Similarly,

. over activation or lack or regulation of these
@@ factors may lead to wunwanted clots, i.e.
Thrombosis. Coagulation pathway involves the
quorum assembly of substrates, which in turn are
N~ also active enzymes, and protein factors, along
Figure 1: Schematic representation of Dynamic blood flow. with Calcium ions on phosphollpld membrane
which further reduces the bleeding by clot

formation. Coagulation pathways are broadly divided into two types, i.e. extrinsic pathway and
intrinsic pathway depending on the source of origin of each pathway.? Both pathways eventually
lead to a common path which results in the precise and balanced generation of Thrombin at the
site of vascular injury in the form of the prothrombinase complex that converts the fibrin
monomers to the first formed or “primary fibrin clot”. In the extrinsic pathway, tissue factor
present at the subendothelieum binds both zymogen and activated forms of factor VII (factor
Vlla). FVIla binding to TF in turn triggers coagulation by converting factors IX and X to their
active forms (1Xa and Xa). Feedback amplification is achieved when factor VII bound to TF is
activated by factors Vlla, 1Xa, and Xa (Figure 2). Factors IXa and Xa may remain associated
with the tissue-factor-bearing cell or diffuse into the blood and bind to the surface of nearby
activated platelets, which have formed the primary platelet plug (by intrinsic pathway).
Parallelly, prothrombin is activated to thrombin by the phospholipid bound, FXa and FVa. Also,
FXa and thrombin activate FV, and Thrombin activates FXI which forms FIXa. This feedback
enables rapid and increased activation of FVa, FVIII and FIX. The FVIII complexes with vWF,

Excess . Defect
{.Thro_nﬁbosis_']

Fibrin
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Activation and propagation of coagulation Thrombin
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Figure 2: Activation and Propagation of coagulation in plasma. Phospholipid bound FVIlla, interacts with TF activating FIX and FX.
FIXa, Fxa, FVa and FVIlla activate Thrombin molecule which by feed-back loop accelerate FVa generation, and FIXa generation.

however upon activation FVIlla forms complex with FIXa, subsequently activating FX (by so-
called Tenase complex). Hence, rapid and activation of FX, FV, to generate more Thrombin
(Flla), which is the key effector enzyme of coagulation cascade, is the sole-aim of coagulation
factors.® Subsequently, a) thrombin cleaves fibrinogen to form fibrin monomers, b) thrombin
activates coagulation FXIII to form FXIII-Aa, c¢) activates FXIII-Aa, by covalently crosslinks
preformed fibrin monomers, stabilizing the clot, d) Thrombin activates Thrombin-activatable
fibrinolysis inhibitor (TAFI), stabilizing the clot. This explains why Thrombin generation occurs
after the formation of fibrin clot.* Also, during these proteolytic cleavages of coagulation factor

Activation of protein C and inhibition of coagulation
APC

Protein 5

Thrombomodulin Protein C

ST TR R ERRRS

Figure 3: APC generation and inhibition of coagulation. Thrombomodulin present on endothelium gets bound to active thrombin and in
turn activates Protein C, forming APC. APC with Protein S, inhibits FVIlla and FVa complex.Additionally, in presence of APC, and
Protein S, FV shows anti-coagulatory activity by inhibiting FVIlla

zymogens to active factors, Calcium ions (Ca) play a major role, which are released in
abundance by dense platelet granules upon platelet activation.® In turn, there are several natural
anticoagulants in the body which ensure clot dissolution to avoid unwanted thrombosis, or
embolism. This includes Antithrombin (thrombin inhibitor), TAFI, Protein S, Protein C (which
forms activated Protein C by action of thrombin, and inhibits FVVa and FVIlla), Thrombomodulin
etc.® Hence, mechanism of coagulation can be divided into four major parts; Initiation,
amplification, propagation and stabilization of the clot. (Figure 3)

1.2 Fibrinogen, the Fibrin Clot formation and Stabilization

Fibrinogen is the last substrate in coagulation pathway which gets cleaved by thrombin to form
fibrin clot, i.e. the end product of clotting cascade. Fibrinogen is produced in hepatocyte and is
released in circulation after maturation & assembly of all the chains. Limited proteolytic
cleavage of Fibrinogen by Thrombin molecules (forming fibrin monomers), releases
Fibrinopeptides A & B, results in a dramatic transformation: fibrin monomers assemble

2



o4 Fibrinegen spontaneously forming aggregates/fibrin clots.
R The unique structure of fibrinogen governs the

< : < i momemer specificity of its interaction with its activator

Ay MBS ks polpmiriai (thrompln), stabilizer (FXIII)_ar)d degradgr

O (Plasmin).  Structurally,  Fibrinogen in

_ ¢ composed of Aa, Bp and y chains, associated
L OOy om0 COOrrei OO - - . .

oo s ooeooeo | by disulphide bonds. A mature fibrinogen

4 et molecule is hexamer of dimers of these three

. DPQ:QQ!D@;@@!‘:’@:@@. o chains, i.e., (AaBpy).. Thrombin medicates the

Cross-linked §lrim e - - - - -

4 e “dmerene | conversion of Fibrinogen to Fibrin monomer

@ "mmmmmm .o by removal of N terminal-Fibrinopeptides. The

1 it s e weiiiroine | Telease  of  these  negatively  charged

e A =3 fibrinopeptides, decreases the electrostatic

A Mm?fm»«rw;, repulsion between the molecule and the

e - Fipaprdct i - molecyle_s tend to aggregate, form_ing Fibrin

o protofibrils. However, these associations are

non-covalent in nature. Covalent crosslinking
of aggregated Fibrin polymers is facilitated by
Coagulation factor XIIl, which by its
transglutaminase activity’ induces formation of (y-glutamyl)lysyl bond, covalently crosslinking
the fibrin protofibrils. FXIII mediated fibrin cross-linking forms y-y dimers, and o-polymers.
Formation of y-y dimers is a rapid process compared to the latter. The a-chain crosslinks confer
final stability to the clot by providing strength, rigidity and resistance to clot dissolution; whereas
v-y dimers contribute to clot stiffness, providing it mechanical strength.®° (Figure 4)

Figure 4: Fibrinogen, fibrin clot formation and stabilization

1.3 Coagulation Factor XI11: Discovery and early clinical findings

Coagulation Factor X111 (FXIII), also known as the Laki-lorand factor, or fibrin-stabilizing factor
(earlier times also known as the serum-factor), is the terminal-transglutaminase responsible for
covalent crosslinking of pre-formed fibrin clots. The evidence for the existence of this
component came early in 1920s from Barkan and Gaspar who reported that clots formed in
oxalated plasma were insoluble in 0.02% NaOH, compared to those formed in non-oxalated
plasma.’® In 1944, Robbins made an important observation demonstrating that when clotted with
Thrombin, solutions of purified Fibrinogen formed Fibrin soluble in weak acids even in the
presence of Ca; and when a small drop of serum is added to this system the resulting fibrin was
insoluble.!* This finding directed to a hint that some component from serum along with both
Calcium and Thrombin are influencing the clot stability, and its solubility in Urea and weak
acids. Later Laki (1948)'2, and Lorand (1950)'3, demonstrated that this plasma component is a
protein that stabilizes fibrin polymers; hence it was known as fibrin stabilising factor (FSF), but
its mode of action was still unclear. Enzyme kinetics performed aby Buluk (1961)*, showed this
factor to be a pro-enzyme, which is activated in the presence of Thrombin and Ca. In 1960s a
swiss group led by Duckert, encountered a patient with severe bleeding disorder, yet with normal
levels of other factors in plasma as demonstrated by normal values for hemostatic parameters.’®
Sub-microscopic analysed revealed that it was the lack of Laki-Lorand factor or FSF that affects
the cross-striation of fibrin fibres.!® The disappearance of cross-striation from fibrin surface
following urea treatment was further studied in patient plasma, compared to normal and EDTA
plasma with thrombin. In the absence of this serum factor, or Ca, association of fibrin fibrils was
loosened, and dissociated into protofibrils faster compared to normal plasma. In 1964, the Laki-
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Lorand factor was renamed as Coagulation Factor XIII. This factor was determined to be a
zymogenic, pro-transglutaminase, that when activated formed irreversible, covalent cross-links
within pre-formed fibrin protofibrils, generating a denser stronger fibrin network. FXIII in
plasma is present as a heterotetramer (FXIII-A2B2), with dimeric subunits of each catalytic
FXIII-A, and carrier FXIII-B subunits (associated non-covalently). The catalytic FXIII-A
subunits perform transglutaminase activity by the formation of &(y-glutamyl) lysyl crosslinks
between two fibrin polymers. FXIII-B subunits primarily perform carrier functions, by avoiding
undue activation of catalytic FXIII-A subunit in plasma.t’-%
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Figure 5: Upper panel: F13A1 Gene in genomic location: bands according to Ensembl at cytogenic band 6p25.1 on human chromosome 6
(adapted from Ensemble data base). Lower panel: Genetic organization of F13A1 gene (numbers depict exons)

1.3.1 Coagulation FXIII gene

The gene encoding for human FXIII-A subunit (F13A1) is present on human chromosome 6,
location 6p24-6p25. F13A1 gene houses 15 exons and 14 introns.** This gene is transcribed to
3.9kb mRNA, with an 84-bp 3‘UTR, 2.2-kb ORF and 1.6-kb 5’UTR. Figure 5 depicts the

Chr 1
= A3 o - e
g 8 g ¥ 8 3 82 ¥ B EF
[ X | |
FI3R gene
N-terminal tr 2 3 4 5 6 7 8 9 10 11 12 | C ierminal
resen Signal Sushi dlomains R
peptide

Figure 6: Upper panel: F13B Gene in genomic location: bands according to Ensembl at cytogenic band positioned at 1931. F13B
gene lies in CRA locus of chromosome 1 (along with other complement pathway proteins. Lower panel: Genetic organization of
F13B gene in humans. (Numbers denote exon)

regions on F13Al responsible for encoding the respective domains on the mature FXIII-A
protein. The transcriptional regulation of F13A gene demonstrated by Ichinose, revealed that a
5¢-fragment was sufficient to support the basal expression in monocytoid (U937) and
megakaryocytoid (MEG-01) cell

lines. GATA-1 element was o onss  deiweo -

found to be responsible for the | _ . D ¢ B A, .
enhancer  activity. Promoter I En Em W ' el

regions for MZF-1, NF-1 and =l i D) D5 wnn
SP-1 are important for the basal s s

expressmn_ levels 0;2 FXII-A I.n Figure 7: Regions at 5’UTR of F13A1 gene governing the transcriptional regulation
the cell (Flgure 7). FXI-A IS | of F13A1 in megakaryotoid (MEG-01) and monocytoid (U937) cell lines.

processed in the cytoplasm and it



complexes with FXIII- — Pp——
B in the CytOplasm Nucleotide Variation Variation CEU YRI JPT HCB
- F134a1
The meChanlsm c.103G=T pV34AL 0.767,0.233 0.883/0.117 1 1
- c.B14A=T p. Y 204F 0.983,0017 1 1 1
underlymg FEXI1-A c89BA-C 0 PE31P 0853,0147  D833/0087 7 0.989,0011
c.1652C=T p. TH500 1 0.992./.0 008 1 1
. 16840=T n.PEEAL 0.788/0.242 08B4/0.136 0.705/0295 0.733/0.067
export OUt Of the Cells c.1/U04A=06 p.EGESE 0.880-0.1107 0.291/0.003 1 1
. c.1606T=A p.L5880 0.075/0.0286 1 1 1
IS not yet Clear- The c.1951G=A p.VESOH 0.960/0.050 0.842/0.08 0.909./0.091 0.911/0.089
d. f th c.1954G>=C p.EES13 0.775/0.2256 0.742/0.258 0.808,0.091 0.911/,0.088
F13B
gene enCO Ing Or e c.344G>A p.ABSH 0.075,0.825 0.725-0.275 0.034-0.866 0.044,0.956
H 5 = % . i ). 0.69:
human  non-catalytic | | . =o= 2 T2 — :
- - c.1048A=G p.H3I30R 1 0.833-.0.067 0889-.0011 0.8859-.0.011
FXI11-B subunit IS c.1707T=5 p DS49E 1 0.808/0092 D.966/0.034 0.956/0.044
c.1806T=C p. NSEEMN 0.492 /0 508 0.842/,0.158 0.244/0 756 0.189-.0811
F13B gene located at 1952 + 144 C=G = D.85/0.142 0S8/0017  042/0578  0.85/0.644
Table 1: Racial variations of the polymorphisms in FXII1-A and FXI11-B subunit genes
chromosome 1, at
position 1g31-32.1. It

is a 28-kb long
polynucleotide bearing 12 12 exons which are transcribed to 2.2-kb mRNA. (Figure 6) It has 11
introns. At the N-terminus lies a 20aa long signal sequence which is characteristic of secretory
proteins (leader sequence).?? Each of the exon codes for sushi domain which gene duplication
and exon shuffling during evolution from complement pathway. FXIII-B protein is expressed in
liver by hepatocytes under control of transcription factors HNFlo and HNF4a.2® There are
several polymorphisms reported for F13A and F13B genes globally. According to the HapMap
project database, there is a considerable racial variation in polymorphism of F13A and F13B
genes among Asian, Caucasian, and African populations (As listed in Table 1). The well-known
and well characterized Val34Leu polymorphism in F13Al gene increases the rate of FXIII-A
activation and influences the clot stability, and its effect on fibrin clot architecture was found to
be dependent on fibrinogen levels in plasma.?* In case of F13B gene, three major polymorphisms
are found F13B1, F13B2 and F13B3; from the European, Caucasian and Asian populations.
These polymorphisms are not influencing FXII-A, FXI1I-B or pFXIII antigen levels.

1.3.2 Coagulation FXIII source

The FXIII-A subunit protein is majorly expressed in platelets.?* It is estimated that FXIII-A
corresponds to 3% of total platelet protein. (Also, the concentration of FXIII-A is higher in
platelet cytoplasm compared to plasma). Although platelets are like bombs of FXIII, the FXIII
involved in hemostasis is not of platelet origin.?® Other than platelets, FXIII-A is also expressed
in  megakaryocytes?®, monocytes, macrophages?’, osteocytes?® 2°, and placenta®, and
lymphoblasts.®! Intracellularly non-proteolytic, reversible activation of FXIII-A, can be attained
in the presence of high intracellular Calcium ion concentration.®> However, sporadic evidence
also suggests that the trapped platelets in the fibrin clot, generate very low levels of FXIII-A
molecules which contribute to clot stability by exposing onto the surface of activated platelets by
virtue of increased cytoplasmic Calcium ion concentration.® In contrast to the FXIII-A subunit,
FXIII-B is by and large expressed from hepatocytes.?® The two subunits meet in the plasma to
form the heterotetramer. The FXIII-B subunit is expressed almost in twice the amount of FXIII-
A subunit in the plasma, therefore while there exists both free and bound FXIII-B subunits in the
plasma, practically negligible to no free FXI1I-A subunit is found in plasma.>*



Figure 8: Zymogenic and non-proteolyticaly activated FXIII crystal structures of FXIII-A subunit. The
above panel shows to its left the symmetrical homodimeric crystal structure of the FXIII-A subunit (PDB ID:
1f13) and to its right the non-proteolytically activated monomeric structure of the activated FXIII-A subunit
(FXI111-Aa) (PDB ID: 4kty).

1.3.3 Coagulation FXIII protein structure
Several structural studies conducted in past three decades have reported several crystal structures
for the FXIII-A subunits. These have been zymogenic dimeric structures both ion bound (PDB
ID: 1ggt®, 1ggu ,1qrk and 1ggy)*® and unbound (PDB ID: 1f13%) as well as a Thrombin
activated form (PDB ID: 1fie®*®) which looks similar to the zymogenic form. FXIII-A belongs to
class of enzymes called transglutaminase and the domain organization of FXIII-A is similar to
tissue transglutaminase type-2 (TGM2).2°® A domain organization of FXIII-A subunit consists of
an N-terminal activation peptide (1-37), B-sandwich domain (38-184), catalytic core domain
(185-515), barrel-1 (516-628) and barrel-2 (629-731) domains. The catalytic activity resides in a
catalytic triad that is composed of a central catalytic nucleophilic Cysteine Cys314 and includes
two more supporting His373 and Asp396 residues. In the zymogenic dimeric structures, the
catalytic triads are buried deep in the structure with no access to potential substrates. The
sandwich and the barrel domains primarily have beta-sheeted structures. More recently the
crystal structure of the non-proteolytically activated (with high levels of Calcium) bound to an
irreversible inhibitor (PDB ID: 4kty) and Calcium to three of its Calcium binding sites was
disclosed.®” (Figure 8) This structure apart from being a
monomer in comparison to the dimeric zymogen also shows
remarkable differences in conformation with the barrel
domains turned around exposing the catalytic triad of this
enzyme to substrate access. 42 Compared to FXI1I-A subunit,
FXIII-B subunit is not structurally well characterized.
Although electronic microscopic images taken years back show
it to be a filamentous protein (Figure 9), no biophysically
determined all atom structure exists for this subunit.*® Gel
filtration analysis showed this subunit to be a dimer and
homology to proteins like Complement Factor H suggest that a
monomer of this subunit is composed of ten repetitive round
sushi domain or Complement control module, called as such | Bgariength=45nm
owing to their preponderance in some complement system | Figure9: Electronic microscopy of
proteins.**" Very little is known about how these two subunits | FXIH-B subunit.

interact with binding affinity values differing that vary from
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10 to 10'1° depending on the technique used to evaluate it.*® Recently partial evidence suggests
that the first two sushi domains of the FXIII-B subunit might interact with the FXIII-A subunit.
3 However, no all atom structure exists for the FXI11-A2B, complex as well.

1.3.4 Activation, Mechanism of Action and Regulation of FXII1 Activity

Activation

As the catalytic component of FXIII, i.e FXIII-A, is present both intracellularly (majorly in
platelets), as well as in plasma complexed with FXII1-B subunit forming FXIII complex. In both
the compartments, this molecule has different mechanism of activation as well as regulation.
Cellular FXII-Az, dimer is sensitive to intracellular Calcium ion concentration. In resting
platelets, intracellular Calcium ion concentration is 10’M. Upon platelet activation, Calcium
ions are released from intracellular storage compartments as well as from extracellular channels.
Levels of Calcium > 50mM can fully activate rFXIII-A even in the absence of thrombin. Since
this is a non-proteolytic mode of activation, the molecule can revert back to its zymogenic state
if the Calcium is chelated out of the system and attains the ability to get re-activated/reversibly
activated. Activation following proteolytic cleavage is common for both the allosteric and
catalytic proteins of the blood coagulation cascade including pFXIIl. In the well-defined
zymogenic crystal structures of FXIII (PDB ID’s: 1F13, 4KTY, 1GGU), FXIII-A molecule has a
primary Calcium ion binding site (Cab1) with ~ Kg of 10"M. However, “*Ca NMR studies on
rEXI, rEXII-A*, and rEXI-A° (zymogenic, non-proteolytically activated and proteolytically
activated forms) suggested presence of additional low affinity Calcium binding sites (Cab2,
Cab3).364%50 The disclosure of the non-proteolytically activated FXI111Aa crystal structure (PDB
ID: 4kty) showed the existence of these two other Calcium binding sites.®” These Calcium ion
binding sites are proposed to be responsible of inducing structural changes in the molecule,
leading to complete activation. In the plasma, FXIII-A molecule undergoes proteolytic
activation, involving the cleavage by the protease Thrombin. Thrombin cleaves FXIII-A
molecule at the 37th Arginine residue, releasing a 37 amino acid long activation peptide.3"4%5!
The release of activation peptide pushes the molecule towards the activated state and further
activation is governed by the binding of Calcium ions to the three Calcium binding sites.

Mechanism of Action

Coagulation FXIII, as discussed earlier is a transglutaminase that covalently crosslinks proteins
forming a covalent e-(-y-glutamyl) lysine cross-link between the y-carboxy-amine group of a
glutamine (amine acceptor) and the e-amino group of a lysine residue presenting the amine
donor.*®52 This catalytic process involves 3 major steps: Transamidation (removal of CONH;
group from substrate 1, esterification, and hydrolysis.>*** Transglutaminase catalytic mechanism
is often termed as the ping-pong mechanism, as the enzyme reacts with both the substrates
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sequentially. The first substrate Froe enzyme
for FXIII-A is peptide-bound w(u?\
glutamine donor and the Rl W)
second substrate is a primary
amine. Activation of FXIII
molecule involves thrombin
mediated cleavage of the N-
terminal activation peptide, as
well as Calcium binding.
Calcium binding to FXIII-A
molecule  gives rise to
conformational changes which
ultimately result in a charge-
relay system. This charge relay
system is responsible for
partial deprotonation of
catalytic Cysteine that forms a
reactive center nucleophilic
cysteine. The reactive Cysteine .
further attacks the amide "-000\3 - s / am
carbon of the first acyl-donor RN g, 0': [
substrate (Glutamine), forming ’
first acyl-enzyme intermediate, /\ Bl
NH

H373

D396 I
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which is stabilized by removal Acyl-acceptor
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0
of ammonia as a virtue of i\ i \z i e
charge relay (deamidation), /' % ¥
which  embarks the first Figure 10: Catalytic mechanism of coagulation FXI11-A subunit monomer
process of transglutaminase
mediated catalysis. Additionally, if the second substrate is water, the bound substrate is released
as a deamidation product. When the second substrate of FXIII-A, is a peptide bound Lysine that
acts as acyl-acceptor and attacks the acyl-enzyme intermediate. This access is by virtue of
formation of a hydrophobic tunnel, which stabilizes acyl-donor at its base and acyl acceptor
lysine on the other side (by the help of catalytic diad). The electrophilic amine centre of Lysine
attacks the nucleophilic centre of acyl-enzyme intermediate, releasing the isopeptide product and
recovering the enzyme for next catalyses. 3> (Figure 10)

Regulation of FXIII activity

Several theories have been reported for the regulation of coagulation FXIII activity. As the rate
of activation of FXIII-A molecule is majorly driven by Calcium ions, its regulation is kept under
radar by growing fibrin clot.52%% Interestingly once cross linking of 40% of fibrin y-chains
occurs the effect of fibrin on FXIII-A activation is lost giving fibrin cross-linking down
regulatory functions for FXIII-A activation. Certain enzymes like Polymorphonuclear proteases
have been shown to downregulate activated FXIII-A (FXI11-Aa) within the fibrin clot.8* More
recently it was quite conclusively shown that the primary event initiating downregulation of
activated FXIII-A (FXIII-Aa) is cleavage by Plasmin at the cleavage site identified by mass
spectrometry to be between K468 and Q469 in the activated form of FXI111-A.52



1.3.5 FXIII a protein with multiple substrates and pleiotropic functions

Other than its well characterized role and involvement in maintenance of clot, FXIII has been
found to be associated with other physiological and pathological states, suggesting pleiotropic
roles outside the coagulation pathway. Over past few decades several research groups with
different backgrounds have studied FXIII and have unveiled putative novel functions for FXIII.
FXIII is now recognized as a multifunctional protein involved in regulatory mechanisms and
construction and repair processes beyond hemostasis with possible implications in many areas of
medicine.®*® Such a wide dominion of influence suggests that FXIII has multiple substrates.
Currently close to 30 substrates are known for FXI1I reported in the TRANSDAB database.®-8
In plasma FXIII interacts with Fibrinogen/Fibrin; Factor V & thrombospondin; a2-PI; Collagen
type I, I, 1ll, V & fibronectin; VWF; pro-carboxypeptidase TAFI, and plasmin activator
inhibitor-2 (PAI-2); Vitronectin; a2-Macroglobulin; Myosin, Actin, Vinculin and Filamin;
angiotensin type 1 receptor (AT1R), VEGFR2 and integrin aVVB3. Consequently, FXIII is known
to be involved in wound healing, immunity, formation of intracellular networks, embryo
implantation, osteogenesis and more recently diabetes (adipocyte maturation) and arthritis. 1869
(Figure 11) %

1.3.6 FXIII deficiency

In comparison to other

coagulation  factors FXIII . Wound healing,
exists in plasma in lower Fbwﬁ; Hasus renaic
concentrations of oy AP Fivonectn "

PAL-2Z Vironectn

Plasminogen Collagen

approximately 21.6 pug/ml.
Any discrepancies in the
normal plasma levels of
either of the FXIII subunits,

Osteopontin E.Q_’!Q
biology

Monocyte
AT1 receptor

Immunity

Complement C3

Glu-tubulin

either due to genetic defects
(homozygous/heterozygous),
or due to presence of auto-

Actin
Myosin
Integrin'VEGFR

complexes Vinculin

Intracellular
functions

antibodies against  FXIII,
causes a bleeding Figure 11: Pleiotropic roles of FX111-A. Multiple substrates of FXIII, that corresponds to
pI’EdiSpOSitiOH CO”ECtiVE|y multiple physiological roles for the protein.

known as FXIII deficiency.
This deficiency is characterized by diverse but distinct signs, symptoms that could include either
one or of combination of following:

Umbilical stump bleeding

Intracranial bleeding

Easy bruising

Recurrent pregnancy loss
Menorrhagia, delayed wound healing.

®o0 o

In case of FXIII deficiency, routine coagulation tests are within range, Hence the deficiency is
diagnosed on the basis of Clot solubility assay, clot assessment by ROTEM, plasma FXIII
activity assay, and plasma FXIII antigen quantification.®®®” While Umbilical cord bleeding seen
in new-borns is the most commonly observed symptom for inherited FXIII deficiency,
intracranial bleeding is the cause of highest mortality in FXI111 deficiency.%
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Acquired FXIII deficiency
Acquired FXIII deficiency is mainly caused by:

a. Hyperconsumption, hyposynthesis or rare by autoantibody development causing a more
mild (plasma FXIII levels between 30-70%) up to severe phenotype (below 30%).

b. Decreased production of FXIII-B (Hepatitis or acute liver failure) or increased
consumption of FXIII subunits as cause of primary diseases like leukaemia, inflammatory
bowel disease (crohn’s disease or ulcerative colitis), Henoch schoenlein purpura,
systemic lupus erythematosus, disseminated intravascular coagulation, pulmonary
embolism, liver disease, sepsis, stroke, surgery, trauma are related with more mild
decrease requiring rarely replacement therapy.

c. Impaired synthesis in patients suffering from rheumatoid arthritis treated with anti-
interleukin-6-receptor monoclonal antibody (tocilizumab).

d. Development of autoantibodies (mostly 1gG) against FXIII-A (most) and FXIII-B (rare)
subunits with neutralizing or non-neutralizing effect which was reported in 83 cases
worldwide mostly found in elderly patients around 70 years.%6:98-102

Inherited severe FXIII deficiency

Deficiency of FXIII can result in a bleeding predisposition and can have acquired or inherited
causes. Patients with severe inherited FXIII deficiency (due to complete absence or loss of
function) suffer from severe bleeding tendencies.®” The global disease burden of inherited severe
FXI11 deficiency is not very high and approximately 1-4 out of a million individuals are affected
making it a rare autosomal disorder. A total of 112 distinct FXIII mutations from F13Al and
F13B (FXIHI-A and FXIII-B subunits) genes have been identified in patients with a broad
spectrum of pathological phenotype severity that include post-operative prolonged bleeding,
delayed re-bleeding and spontaneous abortion during the first trimester of pregnancy due to
placental dysfunction. Over 500 cases of severe FXIII deficiency have been reported worldwide.
Typically, inherited severe FXIII deficiency caused by homozygous/compound heterozygous
mutations in FXIII gene manifests itself as a severe bleeding diathesis with the rare exception
when the mutations occur in the carrier/regulatory FXIII-B subunit in which case the bleeding
symptoms are mild to moderate,®’-103-106

Inherited mild or isolated heterozygous deficiency

In the past decade, cases reporting insufficiency of active FXIII have been reported, that are
different from the inherited severe form of FXIII deficiency both at the genotype and phenotype
level. This is the mild heterozygous FXIII deficiency (residual FXIII activity approximately 20-
60%) resulting from mutation in only one allele of either the F13A1 or F13B gene. Patients with
such deficiency normally do not bleed spontaneously but may have delayed bleeding upon
provocation for example after surgery (e.g. tonsillectomy). The first evidence of existence of this
deficiency came from Egbring in 1980s. Careful exploration of the medical history of
heterozygous members of affected families done by Egbring did reveal a significant bleeding
tendency, also there was no clinical correlation observed between the measured FXIII levels and
clinical symptoms in these “apparently healthy” individuals. After two decades of no activity on
this front, a number of publications from the German-Caucasian population, drew conclusions
that support further investigation of heterozygous mild FXIII deficiency through a broader

10



patient screening approach leading to diagnosis of more afflicted patients. In this cohort were
found a surprisingly large number (n=32) of heterozygotes for FXIII deficiency among a cohort
of 186 patients suspected of mild FXIII deficiency (FXIII activity levels 20-60%) upon genetic
screening of F13A1 and F13B genes between the years 2004-2014. Mutation screening revealed
23 novel missense mutations in these mild carriers (16 in F13A1 and 7 in F13B). Interestingly, a
lower skewed ratio between F13Al (FXIII-A2 subunit) and F13B (FXIII-B2 subunit) gene
mutations in mild heterozygous FXIII deficiency (2:1 ratio) was observed which is unusual
considering that in severe homozygous/compound heterozygous FXIII deficiency >95%
mutations occur in the F13A1 mutations (almost a ratio of 1:20).1%

Diagnosis

FXII1 deficiency is hard to detect because normal standard global coagulation tests like the
prothrombin time (PT) or activated partial thromboplastin time (aPTT) are not influenced by
FXIII deficiency. Special specific tests are required to diagnose the FXIII deficiency. Clot
solubility assays which evaluate the effect Urea has on a clot has been traditionally used to detect
FXIII deficiency. However, it is a non-quantitative test and can detect this deficiency only in
cases where FXIII levels are very low i.e. <3%. Quantitative photometric and incorporation
assays are now used as functional tests are to determine the FXIII activity (some more details are
presented in a later method sub-section of the introduction). According to current ISTH joint
SSC committee guidelines for the diagnosis of inherited FXIII deficiency, the standard protocol
involves first to measure FXIII activity in plasma with a quantitative assay when the individual
presents itself with symptoms identified with this deficiency. If FXIII activity is observed to be
low, then an quantitative antigenic assessment (like an ELISA) of the FXIII heterotetrameric
FXII1-A2B> needs to be done. Following this individual quantitative antigenic assessment of
individual subunits are to be performed to identify which subunit is the cause of defect. Finally,
as the last step of screening, genetic screening of F13A1 or F13B genes is suggested, to detect
the mutation underlying this defect. Diagnosis and rapid detection of the acquired form of this
deficiency is a subject in development with many new suggestions being made currently to
characterize the autoantibodies generated in this form.%

Replacement therapies

The only available treatment modality for FXIII deficient patient, which is widely used is Cryo-
precipitates from healthy donor, commercialized as FibrogamminP by CSL Behring in Europe
(described above).'® The product is administered intravenously and is thus immediately
bioavailable resulting in a plasma concentration corresponding to the applied dose (which
usually is an initial dose of 40U/kg body weight). No implications as a result of FibrogamminP
overdose have been reported. The half-life of FXIII is the longest among coagulation factors
(11-14 days). According to more recent analyses, a level higher than 10% is needed to reduce
the occurrence of bleedings significantly, but still leaving 10% of patients with cutaneous
bleeding (EN-RBD; http://www.rbdd.eu). FibrogamminP, is available for prophylaxis in a
recommended dosage of 10-20 U/kg once every 4-6 weeks. In major surgery, 20-30 U/kg per
day should be administered to achieve a level above 5% until healing is complete; in minor
surgery, a dose of 10-20 U/kg per day for 2-3 days is recommended, whereas in spontaneous
bleeding, the treatment varies from 10-20 to 20-30 U/kg per day, depending on the severity of
bleeding, until bleeding stops. Replacement therapy throughout pregnancy is essential for the
prevention of abortion and pregnancy loss in severe FXIII-deficient women.2®® A new human
recombinant FXIII-Az (rFEXI-A2) (Tretten, Novo Nordisk, Bagsvaerd, Denmark) product has
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been developed for FXIII substitution therapy. Safety and pharmacokinetics of a single
administration of rFXIII was investigated in a phase | escalating-dose study. No serious adverse
event and no development of specific autoantibodies were observed during the study. The
rEXIN-A formed a complex with endogenous FXIII-B and the half-life of administered
reconstituted FXIII was similar to that of the native FXIII hetreotetramer. It was effective in
restoring clot strength and resistance to fibrinolysis.%:99.110.111

1.3.7 Inhibitors for FXIII

Recent investigations suggest that that FXIII-A activity is a major determinant of both clot RBC
content and clot size. Wolberg et al, have demonstrated that FXIII-A crosslinking of fibrin a-
chains mediates RBC retention in venous thrombi, and consequently, thrombus size.?31!2
Therefore, FXIII and more specifically the activated form (FXII1-Aa) is an attractive therapeutic
target in Thrombotic conditions. Over years many inhibitors have been developed against the
catalytic FXIII-A subunit, which include peptide inhibitors as well as biological proteins. Some
of the major inhibitors against FXIII-A subunit are:

Tridegin: Tridegin is a potent and highly specific inhibitor of FXIII-A, which has earlier been
isolated from Amazon Leech (Haementeria ghilianii). Originally, Tridegin is a 66-amino acid
long polypeptide. It is also perhaps the only known synthetic inhibitor known so far outside the
human body.!

ZED1301 Ac-(D)-Asp-MA-Nle-Nle-Leu-Pro-Trp-Pro-OH: Is the site-specific irreversible
inhibitor of FXIII-A molecule, containing electrophilic Michael-acceptor warhead (to covalently
modify the catalytic cysteine at the active center). ZED1301 shows 30-fold selectivity for FXIII-
A (IC50 100nM) compared to tissue transglutaminase (IC50 3000nM), making it highly
selective.®’

Transglutaminase inhibitors: These are imidazolium-based drugs, which are not very specific
towards FXIII-A inhibition but also block other Transglutaminases. (IC50 for both 0.35uM). e.g.
1,3-Dimethyl-2-(2-oxopropylthio)-4,5-diphenyl-1H-imidazol-3-ium  trifluoromethanesulfonate,
and 1,3,4,5-Tetramethyl-2-[(2-oxopropyl)thio]imidazolium chloride. 113114

1.4 Principles underlying methods/strategies used in this thesis

1.4.1 Insilico methods

In silico methods have been used in this thesis for two purposes: 1) to generate experimentally
testable hypothesis and 2) to support or verify certain structure functional mechanisms
interpolated from biochemical observations at the bench. Very briefly the following methods
have been used in this thesis:

Molecular Modeling

Molecular modeling involves the prediction of tertiary structure of a protein based on its primary
sequence. Based on if the modelling is 1*>'®performed based on a “template” or “template-
independent” it is called “comparative” or “de novo” modelling respectively. Comparative
protein modelling uses previously solved structures as starting points, or templates. This is
effective because it appears that although the number of actual proteins is vast, there is a limited
set of tertiary structural motifs to which most proteins belong.!t’~1%°  Comparative modelling
itself can be of two types:
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a. Homology modeling: This type of modelling heavily relies on the protein and its
templates having high degree of homology or sequence identity (coupled with sequence
coverage). Because a protein's fold is more evolutionarily conserved than its amino acid
sequence, a target sequence can be modelled with reasonable accuracy on a very distantly
related template, provided that the relationship between target and template can be
discerned through sequence alignment. It is most accurate when the target and template
have similar sequences which is the reason why it is not very effective when they show
sequence identity <25%.'2!

b. Protein threading: This type of comparative modelling determines a protein’s template
based on several biophysical features i.e. secondary structure, relative surface exposure
etc. to generate what are known as threaded alignments of target template sequences.
Therefore, it is also effective in cases where high sequence identity (unlike homology
modelling) has not been observed but protein folds of the target template are similar.

c. De novo modelling: This type of modelling is completely template independent and relies
more on the basic biophysical principles underlying protein folding to generate/predict
structure. Since protein folding itself can be modulated by other proteins like chaperone,
such methods are limited by not only computational power but also by the size of the
protein. Smaller proteins/peptides (<100 amino acids) are more amenable to these
techniques since they usually do not rely on chaperones.

A number of open source software’s such as Modeller as well as free to use high quality
academic servers like Swiss-model and ITASSER are available for the automated or in cases
where some helpful information is already available (like knowledge of possible template
structures) to perform molecular modelling.!'® An improvised alternative to full length protein
modelling is to first model smaller domains of the protein that are easier to model and later
assemble them into a full-length molecule using domain joining servers like AIDA.'?° These
methods work better when the smaller domain models have higher quality and when some
experimental data is available to guide the domain joining. In our thesis we have used a
combination of these servers/software’s. However, the quality of the eventual model lies in the
skill of the modeller who has to combine known information as well as biophysical laws
governing folding to predict which of the multiple models arrived at is the closest to the native
form of the protein in question. Post modelling the models are also now required to be validated
on model validation servers that check the stereo-chemical quality of the models to rank them
with respect to other known crystal/biophysical structures of similar sizes.

Molecular docking

Molecular docking is a tool extensively used to model the interaction between two
proteins/subunits or between protein and a ligand. Molecular docking by characterizing the
binding pockets to an atomistic level helps us to understand the functional relationships
underlying these interactions. When docking is performed without any pre-existing knowledge of
the interaction between the participating partners it is known as “Blind docking” while when
limited experimental knowledge is introduced to guide the docking it is called “Constrained
docking”. Also based on the flexibility of the participating structures, if they are rigid when the
search for conformation fit between the two is conducted the type of docking is called “Rigid
body docking”. However, if one or both of the participating structures (the receptor or ligand) are
considered flexible i.e. docking is performed on an ensemble of structures representing the
flexible form of the structure itself the docking is called “Flexible docking”. While Flexible
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docking is always preferable, the computational cost can be very high especially for larger
structures, therefore a combinatorial approach is usually adopted when docking relatively large
structures i.e. protein vs protein. A number of academic servers/softwares like Z-Dock, MZ-
dock, Autodock, VINA can serve to make quick “Rigid body” docking calculations to yield
primary docking poses in a first screen.''%7 However, final screening of the docking poses or
the final determination of a binding pocket is best conducted on server/software that can conduct
Flexible docking and when also done with guided experimental constraints. One such server is
the HADDOCK server.!'® This webserver drives a constraint dependent docking of proteins. the
constraint is information generated from experiments such as mutagenesis, NMR, chemical
shifts, mass-spectrometry etc. This information is introduced as Ambiguous Interaction
Restraints (AIRs) to drive the docking process. An AIR is defined as an ambiguous distance
between all residues shown to be involved in the interaction. We have used a combination of
these docking servers/softwares in this thesis very extensively to define a number of inter-
subunit and protein-ligand interactions.116:117.122-124

Molecular dynamic simulations

A Dbiological function performed by a biomolecule is a result of a collective dynamic of
intrinsically accessible global motions within the molecule. A fundamental appreciation for how
biological macromolecules work requires knowledge of structure and dynamics. Molecular
dynamic simulations (MD Simulations) is a computer-based approach which gives the
fluctuations in the relative positions of the atoms in a protein or in DNA as a function of time.
The availability of FXIII structural information makes it important to analyse the transition
states, or the dynamic of the molecule which ultimately activate a zymogenic FXIII-A.
Molecular dynamic simulation provide links between structure and dynamics by enabling the
exploration of the conformational energy landscape accessible to protein molecules. For
molecular simulations unlike geometrical simulations, Newtonian physics is used to create the
motion of atoms, using empirically derived potentials to describe attributes such as bonds,
angles, torsions, dihedrals, van der Waals radii, and electrostatics. These potentials are called
“force fields”. A Force field is used to remove steric clashes and improve rotamer geometry of
the submitted structure (structural refinement). As the dynamics of any atom in a molecule is
governed by the kinetic and potential forces on it as a function of interaction at a given course of
time, force field is an important parameter in any MD simulation. By definition, a force field is a
mathematical expression describing the dependence of the energy of a system on the coordinates
of its particles. In a classical MD simulation force field parameterization is necessary for
whichever aim. In addition, MD is conducted in a simulation cell (which is defined space for
allowing the thermal motion of the structure) with specific boundary (periodic or wall) and
pressure, temperature conditions. The cell is usually filled up with relevant solvent like water
molecules or specific ions to create the native environment of the structure. The two major
categories of MD simulation are Classical MD simulation and Steered MD simulation (SMD). In
classical MD simulations, the molecule of interest is allowed to simulate in a given force field
for a range of time (that depends on the computational power at hand as well the question being
asked and can range for from a few nanoseconds to several microseconds). However, before the
production phase of simulation (in which the MD generates conformational data) the structure in
question has to be equilibrated i.e. it has to be subjected to a round of MD that will energy
minimize bringing it to a near native conformation from which it will differ only to the extent of
its normal thermal motion and also adapt it o it surrounding solvent. This round of structural
refinement or equilibration MD prevents the generation of structural artefacts in the production
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phase MD. In steered MD simulation, a defined external force is applied to one or more
atoms/ion/interacting partner; the opposing partner can be kept fixed or free. Such SMD’s help
us to get information on the binding of two partners (protein-protein or protein-ligand) by
looking at the process of unbinding. We have used MD simulation very extensively in this thesis
to look at protein-protein/protein —ligand interactions as well as to inspect the stability of our
modelled structures.

Conformational ensemble

An alternate and less computationally expensive approach to understand the conformation
landscape of a structure is to generate conformational ensembles. Recent advances in the
performance of simulation algorithms, including specific strategies to increase the
conformational sampling, have popularized this concept as the alternative to the analysis of
PDB’s single structures or run microseconds of MD to mimic actual biochemical reactions.
Ensembles can be analysed to derive thermodynamic properties of the system, like entropy or
free energy. If properly built, ensembles can also be used to reconstruct complex conformational
transitions or even folding events. In our thesis we have realized this concept to generate
transition state intermediate structures between zymogenic and activated forms of our proteins in
question using the ANMPServer. This server uses a coarse-grained modeling approach to
construct a two-state potential calculated by combining two elastic network models (ENMs)
representative of the experimental structures representing the beginning and end points of the
simulation. Intermediate structures are extracted as snapshots along continuous steepest descent
pathways generated for the protein atomic coordinates during the transition from beginning to
end point structures.?
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1.4.2 Bench methods

a. Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) is considered the gold-standard tool for studying protein-
protein interaction since it’s a label free and completely in solution technique. Ligand binding,
protein/subunit/small molecule interactions or tertiary structural changes within a protein results
change of potential energy of residues to Kkinetic energy of molecule (causing
movements/structural alterations). These energy changes either liberate or absorb heat leaving
behind the “thermodynamic signatures” (that may be alteration in enthalpy, entropy, affinity,
and/or stoichiometry of protein or biomolecule). An ITC system is composed of an adiabatic
jacket, which ensures no escape of heat outside of cell. A thermocouple circuit measures the
measures the temperature difference between the sample cell (with biomolecule and ligand), and
reference cell (control). A feedback loop system ensures that the temperature difference remains
zero and the heat either gained (endothermic) or lost (exothermic) by interacting molecules
inside the sample cell is compensated by the feedback control. During an ITC experiment,
known amount of ligand is injected to the sample cell containing the protein, ensuring gradual
increase in concentration of ligand (in syringe) inside the sample cell with every injection, which
causes heat to be either taken up or evolved (depending on the nature of the interaction).
Measurements consist of the time-dependent input of power required to maintain equal
temperatures between the sample and reference cells. (Figure 12) Every heat injection, generates
a heat pulse (power needed to maintain 8T=0), which are integrated with respect to time (6H/5T).
The pattern of these heat effects as a function of the molar ratio (concentration of
ligand/concentration of receptor), gives the thermodynamic parameters for the interaction.
According to the formula:

AG = AH-TAS = RTInKa

Syringe 5 4
Raw data
1IN | ll'!ﬂ TLLLAM I .
AT :
= | I E
g 5
= Binding Affinit
-l == 4 o mechonism e
Staichiometry
1 - —
L] 1] 1] L} T
Tirmg — - H 5

Mgl ge Raran

Reference cell Sample cell

Figure 12: Isothermal Titration Calorimetry. The figure illustrates the principle based on heat exchange on which ITC is based on that
then is recorded as a thermodynamic curve from which interpolations related to thermodynamic changes occurring during binding or
dissociation are made.
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(Where, AG= Gibbs Free energy change, AH is enthalpy change, AS is entropy change, Ka is
binding affinity, n is stiochiometry, R is the gas constant and T is absolute temperature). The
kinetic and thermodynamic trajectory (the ITC thermodynamic curve) formed during the course
of activation explains in depth the heat contributions as a result of huge entropic changes
(hydrophobic interactions and conformational changes), or enthalpic changes (due to
association/dissociations).112® (Figure 12) This curve is also used to calculate extremely
accurate Kq (dissociation constants) which are a quantitative measure of the binding affinity
between two proteins or a protein and a ligand. We have used this tool in this thesis to explain
the thermodynamic events underlying binding of individual FXIII subunits to each other and to
cations like Calcium and Sodium.

b. Atomic Force Microscopy

Atomic force microscopy (AFM) allows
Laser Mirror Split photodiode for the visualizing of individual proteins,

DNA molecules, protein-protein
®/

complexes, and DNA-protein complexes.
It is one Kkind of scanning probe
microscopes (SPM). SPMs are designed to
measure local properties, such as height,
friction, magnetism, with a probe. To
acquire an image, the SPM raster-scans the
_ probe over a small area of the sample,
Tip measuring the local property
Y S e @ simultaneously. In contact mode AFM the
Sample on mica :
sample (protein complexes for eg.) are
o coated onto a mica surface which is
' scanned by the probe. AFMs operate by
‘714’ measuring force between a probe and the
sample. Normally, the probe is a sharp tip,
which is a 3-6 um tall pyramid with 15-
Figure 13: Depiction of mode of imaging by AFM. A known amountof | 40nm end radius. Though the lateral
sample is mounted onto a mica-plated slide and probe cantilever is used to resolution of AFM is low (...30nm) due to
scan the surface of slide containing the sample. On encountering the sample . . .
the probe tip is deflected which is recorded by a split-diode. The image thus | the convolution, the vertical resolution can
generated represents the height of the biomolecule in nanoscale. be up to 0.1nm. To acquire the image
resolution, AFMs can generally measure

Cantilever

the vertical and lateral deflections of the cantilever by using the optical lever. The optical lever
operates by reflecting a laser beam off the cantilever. The reflected laser beam strikes a position-
sensitive photo-detector consisting of four-segment photo-detector. The differences between the
segments of photo-detector of signals indicate the position of the laser spot on the detector and
thus the angular deflections of the cantilever. (Figure 13) Piezo-ceramics position the tip with
high resolution. Piezoelectric ceramics are a class of materials that expand or contract when in
the presence of a voltage gradient. Piezo-ceramics make it possible to create three-dimensional
positioning devices of arbitrarily high precision. In contact mode, AFMs use feedback to regulate
the force on the sample. The AFM not only measures the force on the sample but also regulates
it, allowing acquisition of images at very low forces. The feedback loop consists of the tube
scanner that controls the height of the tip; the cantilever and optical lever, which measures the
local height of the sample; and a feedback circuit that attempts to keep the cantilever deflection
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constant by adjusting the voltage applied to the scanner. In the event that actual structures or
modeled structures of the protein.'?” In this thesis, Atomic Force Microscopy was used to obtain
structural information of FXIII up to high-resolution (nano-scale) by scanning the surface of
FXI11-A2B2, FXI-Az and FXI11-B2 with a sharp-ended cantilever.

d. Chemical cross-linking followed by Mass Spectrometry (XL-MS)

Non-covalent interactions are one of the major key-players determining the overall shape, fold
and orientation of a biomolecule as well as that of a bio-molecular complex. Accurate
determination of these interactions is a key to understanding the structure and function of
biological complexes. Native mass spectroscopy of intact proteins offers an excellent tool for
structural biologists as it reveals the stoichiometry, topology, and composition. Recent advances
also enable determination of the conformation/interaction on the basis of ion mobility on MS.
This strategy employs the combination of Native MS and Chemical crosslinking (also known as
XL-MS). Mass-spectrometry based chemical cross-linking involves covalently bridging the non-
covalently bound residues by using a chemical cross-linking reagent. A very frequently used
cross-linker is the Disuccinylamide Suberate (DSS) that belongs to the class of N-
hydroxysuccinimide (NHS) esters and cross-links proximal Lysine side chains. The DSS-
crosslinking may result into different products which may include intra-molecular, inter-
molecular crosslinks or mono-link and loop-links. Each of these cross-links that can later be
accurately identified has its own information content depending in which context it is to be used.

Protein or Cross-linked Peptide Cross-linked MS/MS Identified Structural
Complex of Protein mixture peptides Spectra Cross-Linked Models
Interest Peptides
5 Z ~r
,}; (/‘){/Q ‘ ’%‘\ L; ;ﬁ w\:;__,_ »S_;‘;,— ETAMTFER
Z‘:::g A ’{’ ] _‘f/\/ T R NLTKDR
SELECT LINKER
-_— DIGEST ENRICH DATA ANALYSIS MODELING
OPTIMIZE RXN »> > » »
——
« Length « Cleavagespeaficity - Sample complexity  +  Precursor charge state «  Multiple programs » Quatemary structure
«  Chemistry « Peptide length «  Low abundance « Highresolution MS  «  Database size «  Distance Restraints
« Solubility « Combinations of cross-Hinks - Tandem MS « Datatype/resolution « Filter models
» NS fragmentation proteases + Sompleavailabilty . Muitistagetandem - Control false positive «  Combine with other
« Affinity handle MS for (ID-cleavable 10’ experimental data
linkess « Manual verification

Figure 14: The generalized cross-linking mass spectrometry (XL-MS) workflow. A. The essential elements of the XL-MS approach,
indicating the issues to be considered at each step. The protein or protein complex of interest is cross-linked and digested with a protease.
Cross-linked peptides, which under optimal conditions are minor products of the cross-linking reaction, may be chromatographically
enriched. The cross-linked peptides are then analysed by liquid-chromatography/tandem mass spectrometry. Specialized software identifies
MS/MS spectra of cross-linked peptides by a database search method similar to those used in proteomics. The resulting cross-links provide
distance constraints for use in structural analysis, including docking and modelling.

As depicted in the figure, after chemical crosslinking by DSS, the crosslinked complex is
subjected to proteolysis which fragments the sequences leaving the crosslinks intact. Crosslinked
peptides are enriched by Size-exclusion chromatography (SEC). The enriched peptides are then
analysed by LC-MS analyses.*?®1%° (Figure 14) The length of the linker determines the precision

of the distance restraint implied by an observed crosslink. The linker length of the DSS is ~12 A,
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corresponding to an eight-carbon aliphatic chain. However, side chain flexibility on either side
can add another ~12 A to this calculation bringing the actual implied distance restraint

possibility to approximately ~24 A. The distance constraints can be realized within modeling

strategies to either dock participating structures to generate a complex or to assemble a
multipartite structure into a full-length form. We have used this technique in this thesis to
generate full length model of the FXII1-B subunit as well as to model the FXIII-A2B, complex
structure.

d. Activity analyses of catalytic Factor XII11-A subunit

i) End point FXIII activity assays

Since this thesis involved the generation of a large number of FXIII mutant variants, the activity
status of these mutants was evaluated by a number of biochemical, end-point assays which had
variable underlying principles, as follows:

a. Photometric FXIII activity assay: It is based on chromogenic detection of a crosslinked
product by the action of FXIII-A transglutaminase activity. Release of ammonia as a by-
product of deamidation reaction is utilised in oxidation of NADPH, which is indicator
reaction. In the indicator reaction the amount of released ammonia is monitored in a
glutamate dehydrogenase catalysed NADPH-dependent reaction. The consumption of
NADPH is measured spectrophotometrically by the decrease of absorbance at 340 nm.
Within a time window the decrease of absorbance is directly proportional to the FXIII
activity.

b. Pentylamine incorporation assay: This is a colorimetric incorporation assay for
detection of FXIII activity based on incorporation of 5-(biotinamido) pentylamine
(BAPA) into immobilized fibrin/fibrinogen.!3

c. alpha-2-antiplasmin incorporation assay: Similar to Pentylamine incorporation, the
amount of Fibrin crosslinked alpha 2 antiplasmin was calculated by peroxidase
conjugated anti-plasmin inhibitor antibody. The end product was hence detected by
indicator o-phenylenediamine dihydrochloride, at O.D. 405nm.*3!

ii) Generation assay for continuous monitoring of activated FXIII-A (FXIII-Aa)
The real-time monitoring of FXIII-Aa generation for some of
the F13A1 mutated variants, i.e. generation of active FXIII-A
molecules was monitored by FXII1 generation assay.® This
is a very physiological assay since unlike the end point assays
which employs excess Thrombin as a direct activator, here, the

RFU (FXIlIAa generation)

extrinsic pathway of coagulation is initiated by addition of Peak
TF/PL, which furthermore activates thrombin required for "
FXIII-A activation. The assay is performed in a FXIII tlg /__tmax
deficient plasma background with which the recombinant or Time

the plasma sample to be tested is reconstituted based on the | Figure 15: The generation assay curve
investigation being conducted. The continuous generation of | 2" Parameters

FXI1I-Aa is monitored with the help of fluorogenic substrate that is highly specific for only the
FXI11-Aa molecule and not the zymogenic FXIII-A. This substrate is linked to a quencher which
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is split off by the isopeptidase activity of FXIII when it binds the catalytic site of the FXIII-Aa,
thereby releasing fluorescence signal, which are further recorded as a continuous FXIII-Aa
generation curve.'® (Figure 15) Analysis of the curve itself yields a number of parameters. The
major parameters derived from FXIII generation assay are: tiag, 1, A, and tmax. Tiag IS the time lag
from the TF/PL introduction to the plasma (t=0), to the generation of first fluorescent signal
(t=tlag). An increased tig, compared to standard plasma explains that the FXIII-A molecule is
slowly activating, or has a stronger zymogenic constraint. i explains the rate of generation of
active species, hence is defining the acceleration of the reaction (RFU/time?). An increased p
explains growth rate/slope of the generation curve hence the rate of activation of FXIII-Aa
molecules. A is the area under the curve, which explains the availability of active open, catalytic
triads of FXIII-A molecule, a downward slope reflects deceleration and probable degeneration of
FXI-A molecule. Tmax defines the time to peak to maximum number of activated FXIII-Aa
species. This may also be proportional to lesser available crude unmodified substrate during the
course of reaction. (as the florescence signal is imparted by substrate modification, a fast
activating FXIII-A will convert the substrate to the end-product in a shorter time compared to a
slow active one. Hence a fast activating FXIII-A will either have a shorter tlag, tmax, a larger p
and A.
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Aim & Outline

Since its discovery as a critical coagulation factor in early 1940s, coagulation Factor XIII has
been the subject of clinical and fundamental research for researchers working on coagulation.
The last two decades particularly have witnessed an explosion of insights related to this protein
especially since the realization that it is in fact a multifunctional protein with roles beyond
hemostasis. However, in spite of multiple research groups around the world working on this
protein, several structural and functional aspects of this protein remain unknown. These are the
aspects that this thesis sets out to resolve.

The first Aim 1 or Chapter 2 of this thesis was to generate testable hypothesis that would extend
the understanding of FXIII activation, based on what is known so far structurally, functionally
and phylogenetically regarding the FXIII. The aim was to generate not only interesting insights
into unknown aspects of the protein by in-silico approaches; but also, to provide experimentally
testable hypothesis to direct the rest of the objectives of this thesis. Therefore, this thesis
provides interesting insights into major structural aspects of FXIII such as activation peptide,
calcium binding sites and its activation profile especially in context of both the catalytic FXIII-A
and protective/regulatory FXI11-B subunit that the protein is composed.

The second Aim 2 or Chapter 3 of the thesis was to investigate the structural and phylogenetic
importance of the three Calcium binding sites of FXIII-A subunit that are critical to its
activation. In addition, we also delve into how the crosstalk between these binding sites
influences FXIII-A activation especially in a thermodynamic sense.

The third Aim 3 or Chapter 4 of the thesis focusses on finding pleiotropic roles especially in
context of the complement system, for the protective/regulatory FXII1-B subunit since unlike the
FXII1-A subunit nothing is known so far for this subunit. The idea was to conduct a preliminary
investigation to see if any subsequent leads turned up.

The fourth Aim 4 or Chapter 5 of the thesis also focusses on the FXIII-B subunit. In this
Chapter we investigate the roles of structural disulfides present on FXIII-B subunit sushi
domains, and how individually disrupting the 20 disulfides is affecting the protein’s stability,
secretion and oligomerization. This Chapter gives us major insights into the functional patterns
underlying the structurally repetitive sushi domains of the FXI1I-B subunit.

The fifth and last Aim 5 or Chapter 6 finally concludes the thesis by looking at the structural
and functional aspects of the complete FXII1-A2B: heterotetrameric complex. In this chapter we
detail the creation and functional features of a structural model of the FXIII-
A:B: heterotetrameric complex based on a boot-strapped integrative hybrid approach. The
chapter aims at delineating the structural features of this complex as found in plasma, and how
these features are responsible for a timed activation and regulation of FXIII in plasma.
Additionally, this chapter also investigate the thermodynamic patterns underlying the assembly,
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and activation of FXIII and how the complex interface may be a potential underlying driver of
unexplained heterozygous FXIII mutations observed in mild FXIII deficiency.
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Revisiting the mechanism of coagulation factor XIII activation and regulation
from a structure/functional perspective

Sneha Gupta, Arijit Biswas, Mohammad Suhail Akhter, Christoph Krettler, Christoph Reinhart,
Johannes Dodt, Andreas Reuter, Helen Philippou, Vytautas Ivaskevicius & Johannes Oldenburg

A brief synopsis:

The human Coagulation Factor XIII plasma transglutaminase complex, is responsible for
covalent crosslinking of pre-formed fibrin clots, providing clot stability as well as resistance to
premature fibrinolysis of clot. There are several studies performed in the last three decades
explaining the roles of the catalytic (FXIII-A) and carrier (FXIII-B) subunits which are part of
the FXI111 complex. However, a detailed structure-functional view of the activation of A-subunits
and role of B-subunits is missing. This chapter starts with collective analyses of information
known so far about Factor X111 (structure, sequence, phylogeny, activation, regulation); to derive
a) How the subtle macromolecular changes at calcium binding sites of FXIII-A, are responsible
for driving the molecule from its zymogenic to activated state; b) Antagonistic roles of calcium
binding sites, during this course of transition from zymogen to activated FXIII-A*; c) A
structural outlook of FXIII complex assembly and disassembly, and; d) Regulatory roles of
FXII1-B subunits. Although the studies performed in this chapter were majorly in-silico, but
they aided in generation of testable hypothesis for the future (most of which are part of the thesis
in itself); and also brought to us first structural insights into the mechanism of FXIII-A
activation.

Scientific Reports | 6:30105 | DOI: 10.1038/srep30105
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coagulation factor Xlllactivation
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Published: 25 July 2016 . L . . .
Sneha Gupta*, Arijit Biswas*, Mohammad Suhail Akhter*, Christoph Krettler?,
Christoph Reinhart?, Johannes Dodt3, Andreas Reuter3, Helen Philippou#,

Vytautas lvaskevicius* & Johannes Oldenburg*

The activation and regulation of coagulation Factor XlII (FXIII) protein has been the subject of active
research for the past three decades. Although discrete evidence exists on various aspects of FXIII
activation and regulation a combinatorial structure/functional view in this regard is lacking. In this
study, we present results of a structure/function study of the functional chain of events for FXIII. Our
study shows how subtle chronological submolecular changes within calcium binding sites can bring
about the detailed transformation of the zymogenic FXIII to its activated form especially in the context
of FXIIIA and FXIIIB subunit interactions. We demonstrate what aspects of FXIII are important for the
stabilization (first calcium binding site) of its zymogenic form and the possible modes of deactivation
(thrombin mediated secondary cleavage) of the activated form. Our study for the first time provides a
structural outlook of the FXIIIA.B, heterotetramer assembly, its association and dissociation. The FXIIIB
subunits regulatory role in the overall process has also been elaborated upon. In summary, this study
provides detailed structural insight into the mechanisms of FXIII activation and regulation that can be
used as a template for the development of future highly specific therapeutic inhibitors targeting FXIIl in
pathological conditions like thrombosis.

The fibrin stabilizing factor or coagulation fackitl (FXIIl) is a heterotetrameric protein complesirculating in

the plasma as a 320 KDa molecule consisting ah&dof A subunits (FXIIIA, 83kDa) and a dimer of B subunits
(FXIB 2, 80 kDa}=3 FXIII belongs to the transglutaminase family azgmes (EC 2.3.2.18)The catalytic
FXIIIA 2 subunit possesses transglutaminase activity thetlently crosslinks fibrin polymers to confer s#si
ance against premature fibrinolysi®eficiency of FXIII can result in a bleeding pigubsition from acquired or
inherited causés. Patients with severe inherited FXIII deficiencpihplete absence or loss of function) suffer
from severe bleeding tendencies. Inherited sevXid Beficiency is a rare autosomal disorder witlglabal
average of approximately 1-4 out of a million iridivals being affectédHowever, a more frequently inherited
form of FXIII deficiency is the heterozygous forhmat is usually associated with a mild or even asgmgtic
phenotypé”8-1 This form is difficult to detect and, therefosedurrently under-reported and poorly character-
ized. The past few decades of research have shWht&have multiple pleiotropic functiods It is known to
play roles in maintaining vascular permeabilitydavelopment of extracellular matrix in bone andileae, in
fostering cardioprotective effects, as a first lofelefense against invading pathogens and, asttgceported,

in pre-adipocyte differentiation and arthri$® Identification and cloning of the13A1 andF13B genes, along
with the recombinant expression of the FXHI&nd B subunit$®-2% was followed by high-resolution structural
determination of the FXllIAdimer in zymogenic forni$2% Recently the structure of calcium-activated and
inhibitor-stabilized FXIIIA subunit (FXIlIAa) wasaved which shows remarkable differences from ghraagenic
form?¢, Structurally, the FXIIIA subunit is composed oiuf sequentially arranged structural units: theabet

*Institute of Experimental Haematology and Transfusion Medicine, University Clinic Bonn, 53127 Bonn, Germany.
*Department of Molecular Membrane Biology, Max Planck institute of Biophysics, 60439 Frankfurt, Germany. 3Paul
Ehrlich Institute, 63225 Langen, Germany. “Leeds Institute for Cardiovascular and Metabolic Medicine, University of
Leeds, Leeds, UK. "These authors contributed equally to this work. Correspondence and requests for materials should
beaddressedtoA.B. (email: arijit.biswas@ukb.uni-bonn.de) orJ.O. (email: johannes.oldenburg@ukb.uni-bonn.de)

32



www.nature.com/scientificreports/ Scientific Reports | 6:30105 | DOI: 10.1038/srep30105

sandwich, core, barrel-1 and barrel-2 domains. Uit the FXIIIA subunit in the transglutaminasmily is
the presence of a 37 amino acid N-terminal activaieptide (FXIII-AP) which is cleaved by thromharing
FXIII activation. Despite early achievements invgsting secondary structural elements and strulctio@ains

of FXIIB?126 progress in structure/function studies of this-gatalytic subunit have been slow and there are
no high-resolution X-ray crystallographic or NMRuwsttures for FXIIIB monomers, putative dimers, or the
FXIIA 2-bound conformation in FXI114B2 tetramer. High primary sequence homologies witligins from the
complement system suggest that the monomeric FXdlilRunit is composed of ten Sushi domains, each com
prising ~60 amino acid residi#é¥?8 Limited information exists on the interactionween FXIIIA and FXIIIB
subunits and on FXIlIBdimerizatiod®*. The FXIIIB subunit is known to have a protectioée, although more
recently a regulatory role has also come to ¥ghitThe FXIIIA subunit has been a potential targetdevel-
oping therapeutic inhibitors against thromboticditions. Earlier, the primary targeted region fevdloping
therapeutic inhibitors was the thrombin cleavateaind the catalytic triad in the zymogenic fornthef FXIIA
subunit®-3® With emerging details of structural changes tgkitace during FXIII activation, the activated form
(FXIlIAQ) is being considered as a good potenta)et®® The activation of the FXIII4B2 heterotetramer in
plasma is an elaborate process involving the ctamed FXI1I-AP by thrombin combined with calciunniiing
which causes large-scale conformational chang#seifrXIIIA subunit structure and also results ia tlisso-
ciation of the FXIIIB subuni#3. Although a number of studies by various groupsehened light on different
aspects of this complicated process, however arapsive understanding of the complete activgiioness is
lacking. In the current study we present a str@zfunction study of the chain of events compridtixgll hetero-
tetramer dissociation, FXIIIA subunit activationdessubsequent down-regulation. We use computa@oraysis

to elucidate structure/function associations takte various stages of the entire FXIII pathwaym@limentary

to this, we performed gel filtration analysis tcachcterize the dissociation of the FXIHBe heterotetrameric
complex in different local biochemical conditioms.addition, we have tried to offer an alternatdxglanation
for the regulatory role of FXIIIB subunit on FXIllActivationin vitro. Finally, we compare observations and
conclusions from the present study with results@mtlusions derived from past literature.

Materials and Methods

Simulation and comparison of FXIIIA; and Transglutaminase-2 structures. In order to understand
the inter-residue relationships within the diffarparts of FXIIIA subunit and tissue transglutansie® (TG2)
plain molecular dynamics (MD) simulation was penfied on the zymogenic human FXIbArystal structure
(PDB ID: 1f13; 2.1 A resolutiod) and the zymogenic TG2 structure (PDB ID: 1kifB;Sapiens species; 2.1 A
resolutionj®using the YASARA Structure package version 13.£%#21Gaps or unresolved regions within the
crystal structure(s) were modeled them on the FREO®P modeling server (http://opig.stats.ox.ac.édapps/
fread/php/; accessed on 05.10.2614or e.g. the PDB file 1f13 that is unresolvethatthrombin cleavage site
Arg37-Gly38 was submitted to the server under defmrameters. The final structurally resolved stive was
chosen based on scores that were a combinatidhtfckbone atom anchor match RMSD(correspondséo t
base structure) and all backbone atom loop matcBRKtorresponds to the loop structure). The PO fivere
initially subjected to 500 ps of refinement MD silation using YAMBERS force field parameters in YABA in
order to remove steric clashes and improve rotgmemetry*. The file with the lowest energy in the simulation
trajectory was chosen for conducting further sirtiafes. In order to simulate the structures, a satioh cell
with periodic boundaries and 20 A minimum distartegsrotein atoms was employed with explicit solvaine
AMBERO3 force field, NPT ensemble was used witlgleamge PME potential and a cut-off of 7.88 Aydrogen
bond networks were optimized using the method afftand co-workerS. The simulation cell was filled with
water at a density of 0.997 g/mL and a maximum sefiall bumps per water of 1.0 A. The simulationl ceit
charge was neutralized with a final 0.9% (wt/vo§@ concentration. The entire system was energynmzed

by steepest descent to remove conformation strigesthe structure, followed by simulated anneglimin-
imization until convergence was achieved. The MBDuation was performed at three different tempeestu
i.e. 298K, 340K and 370 K. Simulations for battustures were run for 100 ns (nanoseconds). $traldmage
visualization, analysis and rendering were donk WASARA 13.11.1 and Chimera version 1.182 Solvation
energies for initial crystal structures as welf@ssimulation trajectory snapshots were calculdigdubmit-
ting trajectory converted PDB-formatted files te tADBePISA server (http://www.ebi.ac.uk/pdbe/pishapt.
html; accessed on 05.01.20%5klectrostatic surface potential was calculatatigraphically depicted using the
Adaptive Poisson-Boltzmann Solver integrated witikBARA“. The extent of correlated motion calculated in
YASARA for all simulations is represented by CYiljis collected in matrix form and displayedaaree-dimen-
sional dynamic cross-correlation map (DCCM). Theetiscale is implicit in the C (i, j) values. Thess corre-
lation was calculated as average over the tim@geif the entire trajectory. Positively correlatedidues move
in the same direction, whereas (negatively) antietated residues move in the opposite directiocodpletely
correlated or anti-correlated motion, C (ig)1 or C (i, j)= —1, means that the motions have the same phase
and period. Blue color represent value 1 and yelidwall intermediate values are depicted by shadéshmare
semi-proportionate mix of these two colors. Th@caobde is represented as an inset diagram foradlices.

Removal of bound calcium from zymogenic FXIII crystal structures using steered molecular
dynamic simulation. Steered molecular dynamics (SMD) simulation wadqgoered on the monomer (A
chain) of the calcium-bound (at Ala457, Cab1) huféHIA subunit zymogenic structure (PDB ID: 1ggul A
resolutionj®to simulate relocation of bound €aons into the bulk solvent. The PDB file was pas$edugh a
refinement simulation protocol (described befooeyénerate an energy minimized structure beforewacing
the SMD*. The SMD simulation was conducted in two stepsAr)nitial 10 ns classical MD simulation with
parameters as described above (for files 113 &m8)Xollowed by 2) a steered simulation during pineduction
phase in which steering potentials were appliethertomplex. After 10 ns of classical MD run, aesiteg force

33



www.nature.com/scientificreports/ Scientific Reports | 6:30105 | DOI: 10.1038/srep30105

with an acceleration of 1000 pm#picometre/picosecond square) was imposed on thedligand Calcium.
The direction of the force was applied from thergetric center of the receptor to the geometricareot the
ligand. The steered simulation was halted and aedlgt the point at which the €aon was displaced into and
completely surrounded by hydrated counter ionspatb of the whole system was restrained duringtbeuc-
tion phase SMD or the initial MD. Upon reaching #imulation end point, the resulting protein modeis the
simulation averaged structures were compared tstéreng crystallographic structures and scorebéakbone
alpha-carbon (or side chain atom) Root mean squiisptacement (RMSD). The simulation trajectory &as®
analyzed for variations in RMSD and Root mean sgdlactuations (RMSF). A plain MD simulation with
parameters similar to those described for 1f131&w8 in the earlier section was also run with tvizBFiles: 1)
the simulation refined 1 ggu file with calcium balet the first calcium binding site 2) a simulatrefined 1 ggu
file but with the calcium manually removed fromfitst calcium binding site. These simulations were for
100ns each at 298K, 340K and 370 K and the sitiom end point structures and simulation averagedtures
were compared with each other by structural aligntneesults shown in main images correspond onbirte
ulation run at 298 K).

Steered molecular dynamic simulation of zymogenic FXIIl structures with and without the
activation peptide. A similar SMD methodology to the one applied fotcaam removal from zymogenic
FXIIIA was employed for simulating dissociation fidividual monomers from two separate homodimeric
FXIIIA 2 structures: one a zymogenic human Factor XIB&ucture including the activation peptide (PDB 1D
1f13; 2.1 A resolution) and the other with N-teraliffX111-AP residues through Pro39 deleted. Likédoe both
structures were initially minimized using a struetvefinement protoctil A steering force with an acceleration
of 100 pm/p3was then applied to displace monomer chain B froomamer chain A. No part of the whole
system was restrained during the SMD or the inifil to allow freedom of movement for residues bairfty-
enced by the separation of the monomers. The SMbaralyzed to the point at which no intermolecuatar-
tacts were observed between the FXIIIA monomergoartde atoms started crossing the periodic boueslar

Modeling all-atom factor XIII activation pathway intermediates. To generate FXIII activation path-
way intermediate structural models, we used twastahstructures of FXIIIA the starting zymogenic FXIIA
crystal structure (PDB ID: 1f13; 2.1 A resolutieam)d the non-proteolytically (high &aconcentration) acti-
vated FXIIlIAa crystal structure (PDB ID: 4kty; 1A&esolution}*28 The intermediates were generated by sub-
mitting these two structures as end-state strusttoghe ANMPathway server (http://anmpathway.bomt.
gov/anmpathway.cgi; accessed on 08.11.2014), wigels a coarse-grained modeling approach to cohstruc
two-state potential calculated by combining twettanetwork models (ENMs) representative of theegimen-

tal structures representing the beginning and eittpof the simulatiofi. Intermediate structures are extracted
as snapshots along continuous steepest descemayatbenerated for the protein atomic coordinatesd the
transition from beginning to end point structur8sice the server requires the beginning and enessta be
similar in terms of molecular content, all atomsl amolecules not common to both input structuralrdoate
files were deleted, missing/unresolved residuegwerdeled by modeling them (as described befone)paly
monomeric chains from each file were submitted. ARNPathway server replaces amino acid side-chiaima
with a single representative vdW shell and retwpha-carbon backbone traces without explicit sidain
atoms as results. Once a large number of coarseegrimmtermediates were generated, eight werdyisalected
which differed from each other by at leas2 A RMSD (of the alpha carbons of the backboneeiraEhe side
chains of these intermediates were modeled ussBER2 ca2main server (http://www.sbhg.bio.ic.ac.pkire2/
PD2_ca2main; accessed on 25.11.2014) to geneeatetttesponding full atom mod&lg-ull atom models were
then subjected to a structure refinement protosalescribed befote Lowest energy models were selected
from the simulation trajectory and analyzed. Ak thiansition intermediate as well as end state ieduave
been deposited in the protein modeling databages(fibioinformatics.cineca.itPMDB/main.php) (PMIB
PM0080129-PM0080136).

An all-atoms partial heterotetrameric model of FXIIIA:B.. In order to generate a partial model of the
FXIIIA 2B2 heterotetramer, we used a step-wise approachrdbdénerate a dimeric modeled structure of
FXIIIB 2, followed by a constrained docking of a limitedwher of contiguous Sushi domains on the zymogenic
FXIIIA 2 subunit crystal structure. A threaded model ofanameric FXIIIB subunit was at first generated on
the I-TASSER server (http://zhanglab.ccmb.med.umeil/l-TASSER/; accessed on 11.12.2014) with digtan
constraints applied for the known disulfide bondgsteine’s within each Sushi domain of the FXIILlbanif™.
Since the auto generated structure had certairs flawabsence of specific disulfide bond, presefatisor-
dered structures in ordered (predicted) areasadt¢en individual sushi domains of this threadeddel were
replaced with previously modeled structures of ¢hdsmains while keeping the linker regions of theaded
monomeric FXIIIB subunit mod& The linker region of the automated structure waistouched in order to
retain the backbone properties of this earlier rhadee modified monomeric FXIIIB model was subjette a
round of model refinement simulation protocol asalied before and the final energetic minimum nmoeic
structure was chosen from the trajectaryhe modified monomeric FXI11B model was symmaediig dimerized
using the M-ZDOCK docking server (http://zlab.unmasd.edu/m-zdock/; accessed on 12.01.2015), to gener
a dimeric structuf@. The ZDOCK server searches the translational atadional space between the two proteins
for all possible binding modes and evaluates anlls@ach pose using an energy-based scoring fandtie
M-ZDOCK is an adapted from the ZDOCKIing algorithonpredict structures of symmetric or cyclically sym
metric multimers. The server generated (basedsmstires) top ten docking poses, only one of wiliciwed a
head to tail (antiparallel) orientation with clqa®ximity between the Sushi domains 4 and 9 oncadjachains
(with oppositely charged electrostatic patches)taisiwas chosen as the final model for the FXdBBucture
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(based on current experimental data; see Supplenyemiethods for more detait$j® The docking pose was
energy minimized with a 100 ns long classical Mibdiation with parameters as described beforeinmilation
of PDB files 1f13 and 1kv3 (trajectory details RMSD/energy values can be made available on réqiiée low-
est energy conformers from these simulations wdsgsted to a model refining simulation protocadlascribed
earliefl. The lowest energy structure from this simulatic@jectory was chosen as the final FXHIBubunit
dimeric model. In the absence of adequate expetahdata to enable co-operative docking of the HRY
subunit Sushi domains on the FXIdAubunit, we performed blind docking of only a syetritally identical
end component of the FXIIEBlimer model (consisting of Sushi domains 1, )84.0f one monomer and Sushi
domains 8, 9 and 10 of the opposite monomer) omtoomeric chain of FXIIlAzymogenic crystal structure
using the Z-dock server (http://zdock.umassmed;edgessed on 21.01.2015). The model with clogesimp-
ity between Sushi domains 1 and 2 (as per whairigatly known for FXIIIA: FXIIIB subunit interactins) and
the monomeric FXIIIA was chosen as the final modibais model was subjected to rounds of energy muiig
classical MD simulation followed by refining simtitan protocol as applied for theBubunit. The lowest energy
structure from the final refinement protocol was®again chosen as the final model. The docked /&XXIIIB
(S1-S4 antiparallel S8—S10) model was then convénte a partial heterotetramer by dimerizing iingsthe
M-ZDOCK server as described above. In this spedificking, all known non-interface residues (idéatiffrom
the PDB file: 1f13 using PDBePISA) of the FXIlIAger were used as a negative constraint. This gaedinal
partial heterotetrameric model of FXIIIA2B2 (S1-&#tiparallel S8—S10). This final model was not sutgd to
any more rounds of classical MD simulation but miizied directly by refining it with the previouslescribed
500 ps refinement protocol. However, in order &1 fer the stability of this docked complex it waghjected to
100 ns of classical MD simulation post the refinatre@mulation, following parameters described Fa simula-
tion of PDB files 1f13 and 1kv3. The primary FXIdBz heterotetrameric partial model has been depossitin:
protein modeling database (https://bioinformaticeca.it/PMDB/main.php) (PMDBID: PM0080128).

Dissociation of FXIIIB (S1-S4 antiparallel S8-510) subunit component from the partial FXIIIAB
heterodimer by steered molecular dynamic simulation. A similar methodology to the one applied for
dissociating bound calcium from the zymogenic FXItholecule was employed for dissociating the FXIIIB
partial subunit component from the previously mededartial FXIIIAB heterodimer., consisting of one half
of the previously generated partial heterotetracri€XIIIA 2B> (S1-S4 antiparallel S8—S10) model]. A steering
force with an acceleration of 200 pnp&s applied on the FXIIIB subunit component. Not gdithe whole
system was restrained during the SMD or the inlifil to allow freedom of movement for residues bdirfty-
enced by the separation of the individual subufiite steered simulation was analyzed to the poivhiach no
intermolecular contacts were observed betweenrttiiidual subunits and/or the atoms started crgstie
periodic boundaries.

Gel filtration analysis of the activation of FXIIl A.B. heterotetramer. Plasma concentrate
Fibrogammin P (CSL Behring), was used a source of human Factibh¥terotetramer. FXIII was purified using
gel filtration chromatography on a Superdex 20BQ0/GL column (GE Healthcare). Briefly, the columas
equilibrated with running buffer (30 mM Tris, 150NaCl, pH 7.4) Fibrogammin P was loaded and fractions
were eluted. Fractions corresponding to the moteauéight of FXIII heterotetramer (~320 kDa), weodlected
and sequentially re-purified thrice until a singlemogenous, monodispersed peak was observeda€loiset
of in vitro activation experiments, 2y of purified FXI11A2B2 dissolved in 20 mM Tris, 120 mM NaCl, pH 7.4
buffer was incubated with 46.2 U/mL of thrombind®ia, USA), at different concentrations of calciumocide

(0 mM, 1 mM, 2 mM, 5 mM, 10 mM and 25 mM), for 60rmates at 30 degrees. Reaction product was filtered
and resolved using a Superdex 200 PC 3.2/30 (GEHdaee) analytical column. Peaks from samplesddaat
different calcium ion concentrations were colleced analyzed on Native PAGE (Life technologiesn@ay).
The observed bands were analyzed and confirmatidgpresence of FXIIIA and FXIIIB by Mass Spectrame
(see Supplementary Data).

Spiking FXIIIB during activated FXIIIA (FXIlIAa) generation. FXIllAa generation was triggered by tis-
sue factor/phospholipids (TF/PL) and FXIllla isopegase activity was measured using the fluorogenticsate
A101 (Zedira, Darmstadt, Germany) in a Safire ntiteoplate reader (Tecan, Craislheim, Germéjjventy
five microliters human standard plasma (Siemendthieare, Marburg, Germany) or FXIlI-deficient plasm
(deficient for FXIIIA2 and FXIIIBz; Haemochrom Diagnostica GmbH, Essen, Germanyedpikth rFXI11-Az
(2 1U/mL) or a mixture FXIIA (1 1U/mL) (Purifiedin-house, see Supplementary data) and rFXH{BOug/mL)
(Zedira, Darmstadt, Germany) were incubated witpl3%eagent solution (5L 100 mM glycine methyl ester,
5uL 2 mM fluorogenic FXllla substrate, 1Q Innovin (recombinant TF; Dade Behring, Liederba@krmany)
diluted 1:2800 in phospholipids (PTT reagent kitcRe, Mannheim, Germany) anddl5HBS (20 mM Hepes,
150 mM NaCl )/0.1% serum albumin pH 7.5. After jmeubation of the mixture for 5 minutes, the reawctivas
started with 4QL 25 mM CaCt pH 7.5. Fluorescence was measured over Akat330 nm andhem=430nm
in kinetic mode 2 times per minute. The curve deda evaluated according to a bi-exponential modtél fivst
order absorption and elimination. Data were fiteethe equation:

C(t) = ckal/(ka— kb) (exp(—kb (t — tlag)) — exp(—ka (t — tlag)))

where ka — constant of absorption which describesdevelopment of FXllla and kb — elimination camst
The parameters area under the curve (AUC), pea&&tdncentration (CP), and time to peak (TTP) wadse
evaluated.
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Results

Simulation and comparison of FXIIIA. and TG2 models: Structure/sequence differences
between FXIIIA2 and TG2 account for their respective functional evolution. The FXIIIA (mono-
meric chain A) and TG2 zymogenic structures shoxfepealignment of the respective domains excepttfe
absence of the FXIII-AP region in TG2 (Figure SIG2 is known to bind 6 calcium ions of which 5 ncamon-
ical sites have been characterized by mutagéefieBie monomeric chain of the FXIIIA subunit posssssnly 3
calcium binding sites (Cab1-3), but with similaasal correlation to homologous TG2 sites. The RMf8&phs
during the simulation run for both these structatedifferent temperatures are shown in FigureTdg.simula-
tion for both FXIIIA2 and TG2 PDB files stabilizedound ~2—2.5 A RMSD after 10 and 40 ns respegtitetal
energy of the systems-37x 10fkJ/mol and—-29 x 10°kJ/mol respectively). For the FXIIIA2 and TG2 stiwres
we observed a positive correlation (DCCM) betwdmresidues of the separate calcium binding Si€2 fnean
C (i,/)=0.462; FXIlIIA2mean Cij) = 0.186) (Figure S3). The TG2 redox switthvhich consists of two vicinal
disulfide bonded cysteine’s, lies in a highly canse region of FXIIIA, although one of the cysteine’s is substi-
tuted by an arginine in FXIlIIAwhich precludes the possibility of formation of altosteric disulfide bond in
FXIIIA 2. The GTP/GDP binding sitq Arg478/Ser482) of TG2 is not conserved in the BXildimer (Figure S1).
Instead, the region aligns with a sequence of Xi#A subunit that forms a secondary thrombin clage site
(Figure S2,Lys513/Ser51%4)

A constitutively bound calcium at Caba stabilizes the zymogenic form of FXIIIA.. Applying
simulated dissociative force (using SMD) on calciwnmemove it from the constitutively bound siteCatb1 of
FXIIIA results in significant change of structureZ A RMSD) around the FXIII-AP cleavage site (Fig. 1
Prior to MD simulation to displace bound calciutmistregion was part of an ordered beta sheet &bems
between residue numbers 27-31 and 168-172 coestitot antiparallel beta strands stabilized by mexdrs
hydrogen bonds). During simulation, these 4 hydndgends that stabilize the sheet were lost andrttiparal-
lel beta strands assumed a disordered randomoaoifermation for most of the simulation time. Irgstingly,
this region is spatially distant(L0 A) from the calcium binding site, therefore tieserved modeled structural
change is most likely consistent with an allosehjcmediated calcium binding effect. The plain Minulation
of calcium bound 1 ggu file did not show any renadalk differences in secondary structure post 1@d asnu-
lation in this region around the thrombin cleavae [the Fig. 1 Panel A clearly shows that evest 460 ns of
simulation this region is represented by a betatlgeeen colored)]. However when we simulatedtgu PDB
file after manually removing the bound calcium 100 ns, we observed the loss of ordered seconttactise
(see Fig. 1 Panel A; the red and blue backbonetstes corresponding to this region in the shadedsaare
disordered) in the region around the cleavagessitbserved during the SMD in which calcium wassgiubut.
Unusually high RMSF values were observed in sinmuiediveraged structures of the plain MD run fog( gith-
out calcium as well as for the SMD, but none far pain MD run for 1 ggu with bound calcium (FigP&nel D;
spikes 1 and 2; results correspond to simulationg @t 298 K only although similar observationsevegistered
for 340 and 370K as well). The RMSD graphs foirptamulations run on the PDB files of 1 ggu witidavithout
calcium are depicted in Figures S4. These figunesvshat both structures are relatively stable witkvithout
calcium, although the PDB file without calcium am¥es its RMSD plateau ~0.2 A higher than with catci
which might be attributed to RMSD changes occurangund the thrombin cleavage site. Structurahatignt
of the simulation averaged structures from bothuations shows little overall structural differen@erage
RMSD: 1.342 A). However a significantly higher aage RMSD of 5.6 A was observed between the thrombin
cleavage site and neighboring residues (considénm&1-P4 and P2P4 residues) of the two simulation aver-
aged structures. This indicates local changesuctsire (and hence of accessibility) around therttoin cleav-
age site sessile bond following the removal oficatc

The activation peptide is the major contributor to the dimeric interface of the zymogenic
Factor XIlIA,, and its cleavage weakens the dimer interaction. The SMD simulation to dissociate the
individual monomers of FXIlIA, with and without the FXIII-AP sequence, revedleat the structure with- out
FXIII-AP becomes dissociated in less time (30 ris) eonstant separation force than the dimer vhighititact
activation peptides (60 ns) (Fig. 2, Panel A). &hsence of FXIII-AP also results in a weaker intéom between
non-FXIII-AP residues within the dimeric interfadéhe mean solvation energies of the residues @etimer-
faces (estimated from the simulations) are lowerneplified by greater negative calculated valueshe struc-
ture without FXIII-AP (Fig. 2, Panel B). Also, thesidues that become separated by the end oftlwesion are
responsible for FXIII-AP/core domain interactiorssjadged by comparison with the starting crystakpdic
structure. The activation peptide residues shovitipesorrelation [mean Ci(j) = 0.762] with respect to the
rest of the dimeric interface residues (duringSMD of the zymogenic FXIIIA with FXIII-AP) (Fig. Z2anel C).
We observe that the interaction of two neighbowmg residues on FXIII-AP, Argll and Argl2 with Asi3
and Glu401, respectively, on the core domain ofaghygosing monomer may be critical to the dime@b#ity

of the FXIIIA subunit structure since as obsentbése interactions were last to be separated dsinmgjation
of subunit dissociation. The mean correlation vdtwehese four residues with the rest of the dimiterface
is negative [mean G, (j) = —0.647] indicating that they are displaced from ttis¢rting positions in a manner
consistent with opposition to the dissociative é&srexperienced during the overall simulation.

MD simulation suggests large conformational changes upon activation of FXIIIA is affected by
calcium binding at three sites in a temporal manner. The end state models of the activation path
intermediates show overall similarity in secondstrycture although the complete backbone moveddoe
extent (Figure S5). Comparison of models in théesesuggests major changes in secondary structutesi
region between residues 450 and 650 (intermedate®ugh 5) which is affected by local changesaltium
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Figure 1. Steered Molecular Dynamic (SMD) simulatia to dissociate bound calcium from FXIIIA
models.(PanelA) The structural alignment of three simulation stags (one simulation end point structure
for the SMD performed on 1 ggu colored blue; opest 100 ns simulation snapshot of the 1 ggu élerided

of calcium at Cab1 colored red; one a post 10@mslation snapshot of the original 1 ggu file ceéldlgreen)
from one monomer (chain A) of the zymogenic FXHIgtructure (PDB ID: 1 ggu). Backbone structures are
depicted in ribbons. Bound calcium is represengaglyellow ball. Shaded regions show maximum amount
of displacement in secondary structure alpha-cabaskbone ¥ 2 A RMSD). (PaneB) Close up view of the
structural alignment depicted in (Par#glfocusing on the region around the FXIII-AP clegeaite. Ribbon
colors as for (Pandl). (PanelC) Molecular surface view of the calcium bindingesitre- (left side) and post-
SMD (right side) simulation. Red, negative potdntitue, positive potential; calcium ion, yellowlb&he
electrostatic surface potential was calculatedg/$SARA. (PaneD) A RMSF(Root mean square fluctuation)
graph comparing the average RMSF per residue éopldin simulation run on the PDB file 1 ggu wittda
without calcium and also of the SMD run on 1 gguik8s in RMSF exclusively for the SMD run on 1 gad

1 ggu file without bound calcium are shown with dovard pointing arrows.

binding at Cabl and Cab2 (Fig. 3). Changes in ba&lstructure during the simulation are initiallyserved
around the beta sandwich region and parts of codebarrel-1 domains (Fig. 3, RMSD graphs). Struadtur
changes shift to core domain, barrel-1 and bariels2iccessive intermediates and translate to anob@e the
two barrel domains with respect to each other aitil @spect to the core domain. Finally, backbom&a@rma-
tional changes appear to alternate between theldaend barrel-2 domains during the course ofrimesition,
which results in movement of the barrel domainesetheir common plane of symmetry, thereby twistire
final molecule three dimensionally while causing #XIIIA subunit to unfold like a jackknife (Fig)3During
the simulation, the first calcium binding site (@abecomes disrupted as the second calcium birsitiegCab?2)
is unmasked and coordinates &dan. The distance between Glu401 and His342 resitheéerred as catalytic
diad), which are distant in the zymogenic form,rdases through the early intermediates 1-4 (Figadel A,
sections i, ii). This simulated movement appearbea consequence of intermittent switching betwssta
strand and coil forms for the backbones of bothdGBluand His342 those results in a flapping moverottitese
residues close and then subsequently away fromatheh. A hydrophobic pocket, whose base is occlipie
the catalytic Cys314 residue, emerges along witidaophobic tunnel formed by the movement of trenpt
rings Trp370 and Trp279 (also as a result of Cala@dination), which are finally stabilized by arainatacking
interactions (Fig. 4, Panels A, B). On one sidthisf tunnel is the K substrate (Lysine substratlagce site and
the other side is the His342/Glu401 diad knownuiolg the Q substrate (Glutamine substrate) to dise bf the
hydrophobic pocket where a positively charged oigrahole, formed by electronegative backbone carbon
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Figure 2. Steered molecular dynamic simulation of RllIIA2 dimer dissociation into separated monomers.
(PanelA) Separation plots showing physical interactios&fespot represents an interaction observed in

a specific snapshot; the spots are colored inréifeshades of blue and spots from the same siimlat
snapshot have the same shade) for residues Netorhil (x-axis) of one FXIIIA monomer at the diriver
interface over the progress time (y-axis) of thelS(ih picoseconds). (i) Interactions for the zymoige
FXIIA structure (with FXIII-AP); (i) interactiondor the zymogenic structure without FXIII-AP (rdae
numbering for both plots according to the compst@ogen primary sequence). Tha main interactinthpes
in FXIIIA monomer, forming the dimeric interfacas the both the cases, are labelled in red. (FBnEbst-
simulation mean solvation energies (y-axis) forfxalIA subunit dimeric interface residues (x-axiBjack
bars, zymogenic FXIllAwith FXIII-AP, Grey, without FXIII-AP. (PaneC) Calculated DCCM (dynamic cross
correlation matrix) values for the 60 ns SMD sintigia of FXIIIA monomer dissociation from zymogenic
FXIIA 2 dimer with FXIII-AP. Color key shown as inset: lpa¥, negative correlation; blue, positive corredati
The bidirectional white arrows represent the pesiyi correlated region between the FXIII-AP resislaad the
corresponding FXIIIA dimeric interface residuest(imzluding the FXIII-AP).

groups of both Cys314 and Trp279, is located. dkignion hole stabilizes the substrate-enzymerimeiate
(Fig. 4, Panel B).

The all-atoms partial heterotetrameric model of FXIIIA.B (S1-S4 S8-S10). suggests that bound
FXIIIB subunits mediate regulation of FXlll activation. A flowchart for the generation of the FXII:B
partial heterotetrameric model is presented in l@@6. The FXIIIB subunit dimeric model is symmetric, long
and filamentous as has been suggested from eletiicrnscopy based studies (approximately 21.5 ndniten
endy’. The first two N terminal Glu residues for this deb were skipped from the final structure owing to
conformational equilibrium purposes. This model hagions around sushi domains 4 and 9 interactiitiy w
each other on the opposite chains in a head tom#mmer and therefore the overall structure was stmincal.
The regions around sushi domains 4 and 9 were \wixbdp have oppositely charged surface electrastati
potential (Figure S7) which adequately fitted ietxh other. The final all-atoms partial heterotarac model
was a symmetric fitting of the B subunit fragmeartsund the A subunit. While the A subunit retaiitedor-
mer non-associated structure, the B subunit (fragsh@ppears to undergoe significant rearrangetoentap
around one side of the A subunit. This partial mdalethe FXIIIA2B2 complex was quite stable as can be seen
from the plain simulation runs performed at 29&Kwhich it hits a equilibrated RMSD plateaaward the
2.5 A mark (ca backbone RMSD)(Figure S8). Plain simulations penfed at 370 K showed significantly higher
RMSDs approaching the 3.5 and 4.5 A respectivelgkrat 100 ns of runtime which is not unusual farce
covalently associated complex plus this modelakiteg in possible binding contributory domains. Efeatoms
partial heterotetrameric model of FXII#Bz (Fig. 5, Panel A) suggests an interaction betwieenariable length
loop region of FXIIIB Sushi domain 1 (Residues T84Rro28) with the N-terminal residues (Thr6-Asp@&he
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Figure 3. Domain displacements and structural chargg in calcium binding sites for the simulated
transition state intermediate modelsDomain displacements and structural changes iucalbinding
sites observed within transition state intermediatelels (n=8). RMSD values per backbone alpha-carbon
for each residue of FXIIIA (left side). Y-axis valsiare normalized RMSD in A, x-axis denotes thébace
alpha Carbon (N to C terminal), with domains spedifNext to arced open arrow (middle) are modetb®

8 transition state intermediate (grey). Calciundiig sites are Cab1l (red), Cab2 (blue) and Cale(gr
Direction of motions of domains due to calcium bingdis shown with small black dashed double-headed
arrows. The direction and relative magnitude oktimg motions are depicted next to intermediate®s 6—
(straight dashed lines indicate x-, y- and z-agesifi arbitrary reference frame representing tlentation

of each intermediate as shown). The boxed imaggtt)are close up views showing the location, fation
and/or disruption of three calcium binding sitestf@ 8 intermediates. The coordination statee@talcium
binding sites are indicated either with bound eatti+) or with no calcium bound~). Arrows indicate
simulated movements of &adons relative to each binding site. Residues fogire calcium binding sites are
shown in stick format.

FXIIA subunit activation peptide (Fig. 5, Panel. Che interaction appears to be primarily hydropbaince
although the activation peptide region bears angtpositive electrostatic potential, the varialeledth loop of
Sushi domain 1 is electrostatically neutral. Otlegyions of interaction are defined in Fig. 5, PaBeln this
model, the Cab1 site is always exposed and therefmupied by a calcium ion, Cab2 is occluded by=KIIIB
S1/FXII-AP interaction surface, while the third€3iis partially occluded by the FXIIEAdimeric interface, but,
more significantly, by the FXIlIBsubunit Sushi 1/Sushi 2 domains from apposing ma&nem

Intermediate partial FXIIIA.B (S1-54 S8-510). complex models generated during SMD simulated
activation suggest successive weakening of intersubunit interactions. Simulated dissociation of
the modeled partial monomeric component of the BX#ubunit from the monomeric FXIIIA structure ugin
our SMD method resulted in a sharp change in eisnsolvation energy for residues which spatialiy@und
the three calcium binding sites (Fig. 6, PaneR&)m a calculated dynamic cross correlation mgbRCM) for
the simulation we infer that the three calcium lrigdsite residues show a negative correlation éta sand-
wich domain residues of FXIIIA subunit interactingth the FXIIIB subunit (Fig. 6; Panel A). In coast, the
residues from the other C-terminal domains (Batoehains) of the FXIIIA subunit that interact witretFXI11B
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8" intermediate

Figure 4. Detailed views of transition state interradiate models(PanelA) Molecular surface
representations of transition intermediate mode& B and 8 (left to right, respectively). The swllar
surfaces (grey); key residues including catalytamt(green), substrate guiding diads (magental) aaomatic
residues lining the hydrophobic tunnel (blue) sh@srstick representations. (PaBgNiews of the FXIIIA
subunit catalytic site in its fully activated (FXAa) form as molecular surface representationg/(guefaces).
Shown are entry of vestibule for the Q substratdibig site (i) relative hydrophobicity: minimum (mle)

to maximum (green)), hydrophobic tunnel (ii), amdng point of vestiblue for the K substrate bindsite
(iii; electrostatic surface potentials: negativexl, positive (blue)); catalytic C314 (panels i @ngellow stick
representation); molecular schematic representafipistacking interactions (dashed lines) thab#ize
the hydrophobic tunnel (iv). The electrostatic auefpotential was calculated with YASARA. (PaBgThis is
cartoonist illustration of the hydrophobic tunnefrhed by the planar interaction of the Trp ringlse Teactive
cysteine is shown as a stick model at the bottoth swlphur atom colored yellow.

subunit show a strong positive correlation. Thifiéates that the motions influenced by calcium inigdat the
N- and C-terminals are opposite to each other,estggy that the entire FXIIIA molecule will tendtigist. This
twisting movement of the FXIIIA subunit suggestshade for weakening FXIIIA: FXIIIB subunit interaotis
within the heterotetramer. The last FXIIIA suburisidues to lose contacts with the FXIIIB subuniting this
simulation are Asn175, Asp297 and Lys677 (Fig.a@hd?B). Interestingly, simulated dissociationhe £XIIIB
subunit from the FXIIIA subunit also distorts thegjion around the FXIII-AP cleavage site lowering #tcessi-
bility around the Arg37-Gly38 sessile bond (FigPanel D).

Presence of the FXIIIB subunits accelerates the rate of in vitro activation of FXIIIA.. Results of
thein vitro FXIIIA activation assay (see Supplementary Meth@dsyealed that, in the absence of FXIIIB, the
rate of generation of FXIllAa is lower (ka0.145, where ka is constant which describes therptien of FXllla
development in a one compartment model) than wh@HB-is present (ka= 0.485). The lag time in FXIIIAa
generation assay was shortened by 9.45 minutes i#xéhB (Zedira, Darmstadt, Germany) was addedRs-
1A in FXIlI-deficient plasma (Figure S9). The tiercourse for FXIIIAa generation for rEXIIIA in thegesence of
added rFXIIIB subunit resembled that of normal poigblasma.

The FXIIIB subunits separate from the FXIII heterotetramer at high calcium ion concentration
in the in vitro activation assay. Gel filtration analysis (Fig. 7) revealed that oalyvery high calcium ion
concentration (25 mM) during activation, measturegitro concentrations of FXIIIB subunit suggest that itnco
pletely dissociates from the initial FXII1kB2 complex (peak separation startémeditro calcium ion concentra-
tion: 5 mM/activation reaction mixture of p). The first eluted peak corresponded to the te#rdc FXII1IA2B2
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Figure 5. All-atoms partial heterotetrameric FXIIIl A2B (S1-S4 S8-S19)jnodel.(PanelA)
Heterotetrameric FXIIIIAB (S1-S4 antiparallel S8—St®odel. FXIIA subunit shown as molecular surface
rendering (grey); Sushi domains from apposed FXifi8homers shown in alpha-carbon trace (ribbons)
format. (colored according to secondary structbeta-strand (red), extended loop (cyan), randomn coi
(green), alpha-helix (blue); dashed arrow marksrilveor symmetry of both FXIIIA (grey) and FXIIIBgan)
subunits. (Pand) Schematic diagram of putative interface residoasing physical contacts between the
FXI1IA and FXIIIB subunits of the heterotetrameFRXIIIIA 2B (S1-S4 antiparallel S8—St®)odel. The dashed
lines represent inter-residue contacts while thé&iphe colored oval structures represent the pgaiing
residues. (Pan€l) FXIIIB S1 Sushi domain interaction with the FXIP N-terminal region. Backbone alpha-
carbon trace (left panel, ribbons: S1 domain, Hx@tl-AP, grey). Middle panel shows electrostaimential
(negative, red; positive, blue) superimposed oregwdbr surface view for same domains depictediipénel.
The electrostatic surface potential was calculatetigraphically depicted using Adaptive PoissonBoann
Solver (integrated within YASARA). Right panel sheWwydrophobicity (minimum, purple; maximum, green)
for the same molecular view as in left and middiaegds. (PandD) Close up view of aligned models from
simulation snapshots. Pre- (green) and post-SM@) @fpha-carbon backbone traces (ribbons) froms80 n
simulation of FXIIIB dissociation from FXIIIA in ta vicinity of FXIII-AP.

complex as determined by mass spectrometry, windesécond peak contained only FXHI@igure S10). No
dissociated FXIIIA or activated FXIIIAa was observed in any of thea#éd peaks. The second peak correspond-
ing to FXIIIB appeared distinctively when the contration of calcium ions exceeded 5 mM in the rieacnix
applied to the column. In the absence of throml#avage, however, no separation of subunits wasrobd
irrespective of calcium ion concentration (0—25 mWhe resolved FXIIIAB2 and FXIIIB: peaks at different
calcium concentrations exhibited different elutiones (Fig. 7).

Discussion

The activation of FXIlin vivo follows a sequence of events that is initiatedtoyeplytic cleavage, calcium bind-
ing and ensuing conformational changes. In thegmteeport we attempt to rationalize the compled@tof
molecular events with an eye on plausible sub-méeconformational changes that may take placeduhis
process. The structural and sequence alignmenXidfA-subunit to the better characterized homologdiz2
transglutaminase suggests a few insightful obsenatFirstly, both enzymes share identical donoaganiza-
tion except for an additional activation peptidX{i=AP) absent in TG2 and which is cleaved by tmigin in the
first step ofin vivo FXIII activation.In vivo, TG2 remains inactive until binding of GTP/GDRaat intracellular
calcium level®. At relatively higher extracellular calcium contetion and low concentration of GTP/GDP, a
redox switch involving two vicinal cysteine’s (Cy@8+Cys409) regulates TG2 activati&irhe homologous region
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Figure 6. SMD simulation results for FXIIIB subunit dissociation from FXIIIA subunit. (PanelA) Inter-
residue displacement (DCCM) correlation calculdtedhe 80 ns SMD simulation of FXIIIB dissociating
from FXIIIA for the all atom partial heterotetraneF XI111A 2B (S1-S4 S8-S18jnodel. (Negative correlation,
yellow; and positive correlation, blue). The DCCMpmris shown only for the FXIIIA residues. Mean etation
(DCCM) values for FXIIIA residues on the FXIINAEIIB interface comprising the three calcium bingin
sites are tabulated on the right for two regioasidues 1-171 (N-terminal beta sandwich domainyesidues
172-692 (the remaining C-terminal domains). (P&)&eparation plots showing physical interactions
(blue spots represent interaction at each simulam@apshot; same shade represent interactions saihe
snapshot) for residues (x-axis) of one FXIIIA moresrat the FXIIIB (S1-S4 antiparallel S8—S9) inteefaver
the progress time (y-axis) of the SMD (residue nerinly for both plots according to the complete zgeto
primary sequence). (Par@) Change in mean estimated solvation energies{ttAresidues at the FXIIIA:
FXIIIB heterodimeric interface during the 80 ns SMinulation run. The error bars represent standard
deviation.

of FXIIIA, where the vicinal cysteine’s are substéd by Arg408-Cys409 of FXIIIA, forms the centrate of the
dimeric interface of FXIIlA and is also part of the buried Cab3 site in tlraayenic FXIIIA subunit structure.
Therefore, this homologous region of FXIIIA appearbave evolved as part of a regulatory mecha(iisstead
of a redox switch) that stabilizes the dimeric ifdee, occluding the solvent access to the Cab@ifgnsite.
Residues involved in GTP/GDP binding of TG2 (Arg/a&482) align with a secondary thrombin cleavdige s
(Lys513/Ser514) of FXIIIA which suggests that thégion interacts with the FXIIIB subunit, instead@T P/
GDP, to prevent secondary cleavage of zymogenitl AXFigure S1). Therefore, these two homologougans
apparently have regulatory functions in protectimgihtaining the zymogenic form of either proteilthaugh
the biochemical nature of the binding partner fiedent for the two transglutaminases.

Our results suggest that the calcium binding ©iféBG2 and FXIIIA serve to coordinate and stabiliza-
formational changes during a multistep activatioocpss that directs a global change in the resgeptotein
folds and leads to exposure of enzymatically coemedctive sites. We observed a mean positive digneon-
relation between the movement of different calchinding site residues with respect to each othesnndim-
ulating activation of the zymogenic TG2 and the IEXktructures. This suggests mutual interdependem
possibly cooperativity between these calcium bigdiites during the activation of both structurdgfe S2).
Interestingly though, unlike TG2 in which all inéiwal cross-correlations between individual calcioimding
sites were positive, in FXIIIA the individual cressrrelation of Cabl1 with Cab2 and Cab3 [G)(= —0.127
and—0.199] each were negative values which was compethy a high positive correlation [G ) = 0.886]
between Cab2 and Cab3 value resulting in a positigan correlation value [G, ) = 0.186] (Figure S2).
Therefore unlike TG2, the saturation of calciumding sites for FXIIIA may be a sequentially ordessd of
events which is also consistent with conclusioraar from our transition state intermediate modellysis
(Fig. 5). In fact, the constitutively calcium-occeg Cab1 site of FXIIIA may impart a stabilizingluirence on the
zymogen structure, similar to the effect of GTP/Qiling on TG2 intracellularfy. We observed that when we
simulated dissociation of this calcium, there appe#o be an allosteric effect on the region arated=XIII-AP
that suggests it may change conformation to a ranutml from an ordered beta sheet. The same distortas
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Figure 7. In vitro dissociation of the FXIIIA2B2 heterotetramer observed by gel filtration.Gel filtration
elution profiles for purified heterotetramer FXIUBe, at various calcium & thrombin concentrations iodb
environment duringn-vitro activation. The color key (with number) depicts diféerent treatment conditions
during activation (number corresponds to the tahleight). X-axis shows the retention volume oflggaaxis
shows the amount of protein in mAU. The table aetails the retention time of the peaks correspunth
FXINA 2B2 (peaty and FXIIIBz (peake), at different conditions, respectively. Proteinritiges eluted at peak maxima
confirmed by mass spectrometry (Supplementary Eigd0).

also observed in a plain simulation of the FXIli4bsinit 1 ggu file deprived of its bound calcium. e other
hand a plain simulation of the original calcium bdustructure did not show the breakdown of the i@dle
secondary structure clearly indicating that thesoeafor the loss of order in the region aroundabtvation
peptide (even when the rest of the structure doeshrange much) is the absence of calcium at Calodh a loss
of secondary structure would tend to render it nsugceptible to proteolytic attack (Fig. 1). Thégadexplains
an earlier observation in the literature, whichorpthat mutating the Cab1 binding site resideeslts in faster
proteolysis of the zymogenic FXIIFA

Post thrombin cleavage, the Cabl-mediated zymogemistraint is apparently lost when the Cab2 bigdin
site becomes exposed and coordinates a calciurli@nfirst four of a simulated temporal seriesighetransi-
tion state intermediate models suggest that therdmation of the first two calcium binding sitesiyrbe antag-
onistic to each othei.§., the bound calcium occupancy at Cab?2 transiembfabilizes the Cab1 site) (Fig. 3).
The cleavage of FXIII-AP may serve multiple rolesstly, it may expose Cab?2 as discussed aboven8ibc SMD
simulated dissociation of the subunits of the zyemig FXIIIA2 dimer (with or without N-terminal FXIII-AP
sequence) suggested that the absence of FXIII-gutsan a weakened dimeric interface (Fig. 2)imilar, sup-
portive experimental observation was recently reggbby Schroede al.®? using mutated FXIII-AP variants
Lastly, the removal of FXIII-AP, according to oumsilation analysis, may result in overall tendetayards
heterotetramer dissociation, as supported by aisalysur partial heterotetramer model (Fig. 5)r €imulation
analysis also suggests that the ionic co-ordinaifo@ab2 and Cab3 imparts a conformational chahgrigh
forces on the peptide backbone that propagate® N-terminal, finally enabling the barrel-1 and re&2
domains to rotate/translate and convert the apaeazy the active form. The calcium coordinationh& Cab2
site also confromationally alters residue confoiomat at the Cab3 site. Stielgral. (2013) hypothesized that
this rearrangement of the loop is critical for ascef the K substrate (Lysine substrate) that snber catalytic
hydrophobic pocket from this directi$inWe observed in our partial heterotetramer molai this region is
masked partly by portions of the FXIIIB subunit.eTrearrangements in the Cab3 site would potentdsy
weaken the FXIIIA: FXIIIB interactions, thereby im@sing access of calcium in the aqueous mileuetcCab3
site. With our transition state intermediate modedswere able to reproduce and observe the calbinding
changes postulated by Stiekéml. (2013), but in an all-atoms dynamic representasiomss a short temporal
window?®. Furthermore, we were able to observe the formatfca hydrophobic catalytic pocket in which the
acylenzyme Q substrate (Glutamine substrate) irgdiae could be formed. The formation of a hydrogiio
tunnel and the oxyanion hole that retains and Itabi this intermediate was also observed in latage
transition intermediates (Fig. 4B). Such oxyaniotel have been reported not only for FXIII, bubdtsother
transglutaminases as well as cysteine proteasesaimprise a family of enzymes from which transgminases
are thought to have evoi@dMovement of the His342-Glu401 diad residues tawarach other in the early
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stage simulation intermediates, and then away &ach other in the final stages, was also obsenvtds study
(Fig. 4A). Maureet al. (2004 and 2007) observed that FXIIIA residues 522-dhowed decreased surface acces-
sibility post-activation for both proteolytic andm-proteolytic activation pathwaff$> Among our simulated
transition state intermediates, we observed tisadue patch 501-522 in the zymogenic FXIIIA formég with
an angle of 122° that closes upon itself in subsetjactivation intermediates, thereby occludingeasdo resi-
dues 513-522. This would explain the decreasedarigccessibility. Similarly, Maureral. (2004 and 2007) also
showed that residues 523-546 also exhibited demiesmcessibility only during non-proteolytic actiea®®t%
We believe that during non-proteolytic activatitime presence of FXIII-AP serves to retain the atéd form
of FXIIIA as a weak dimer, unlike in proteolyticta@tion where it apparently dissociates into morsnWe
observed that, on application of simulated forceseparate the FXIIIA subunits, the dimer remasmoaiated
only through a few residues (Argll, Argl2, Asp348 &lu410) that form interactions between the FAR
and the core domain. Our dissociation simulaticulte suggest that these associations will haveffieet of
rotating each monomer relative to the other duantivation. As a result, residues 526-546 of oneanter
would end up opposed to the analogous residuebeongposite monomer, effectively forming a reareghg
interface for the weakened dimer and concomitgmiiventing local solvent accessibility (Figure SThis is
also consistent with non-proteolytic activatiorFllIA being reversiblé.

When we simulated dissociation of the FXIIIB sulidmm the FXIIIA subunit in the partially modeled
heterodimer, we observed that structural rearraegésnin the interface regions between FXIIIA andIFEX
showed a strong correlation with rearrangementkérthree calcium binding sites along with largaateons
in estimated solvation energies (Fig. 6). Theserelationships in distant structural rearrangemsuggest the
interdependence of the rearrangemeinits the binding of calcium at Cab2 also contributes¢akening of the
FXIA: FXIIIB interface and also causes local reargements at the Cab3 site). The final residudistmciate
in the FXIIIA dimer are from the core domain (Asr5]l Asp297) and barrel-2 domain, (Lys677) indicgtimat
dissociation of at least a portion of the FXIIIBosuit is crucial to full exposure of the catalydite as well as to
the final movements of the barrel domains.

Our simulation suggests that saturation of caldiimding at Cab3 is likely the last molecular eveatling to
dissociation at the FXIIIA: FXIIIB interface. This in agreement with oun vitro dissociation results observed
by gel filtration when higher calcium concentragaesulted in increased dissociation of FXptBmer from the
primary heterotetramer FXIIIA2 (Fig. 7). The absence of FXIIIAa, as a resolveakpe our gel filtration results
could be the result of subsequent inactivatiomstability of FXIIIAa. This instability of FXIlIAamay be due to
dissociation of FXIIIB subunits that would expoke secondary thrombin cleavage site of FXIlIAa SBEE,
Interestingly, when we analyzed the exposed sugee® of activated FXIIIAa compared to that ofzienogenic
form in our simulations, we identified a numbepatative sites within additional surface exposeatimns that
would theoretically be susceptible to proteaseviigt{Figure S12). The FXIIIA zymogenic form, as lhas the
activated form, has been shown in the literatuteetsusceptible to cleavage by proteases othetth@mbirt-64
Also, cleavage by polymorphonuclear granulocyteqases (PMN) has been suggested to be one of aenoimb
possible down-regulation mechanisms for inactiwagixXllIAa within the fibrin clot®. We expect that activated
FXIllAa in the absence of bound FXIIIB is down-réatedin vivo primarily by sequential proteolytic degrada-
tion that might be initiated by thrombin. This absglains reports of its short circulating activitgif-life in liter-
ature and in results of this study as #elhis aspect of down-regulation of FXIIIA requifesther investigation,
however, as we could not identify evidence of pobyteed FXIIIA following the two major protein elatn peaks
observed in the present gel filtration experimentgrestingly a very recent article suggeststhabmbin cleav-
age could be a means of FXIIIAa downregulationdnly after primary cleavage by PlasiinThe fact that our
simulation results suggested that the FXIIIB subdisisociates from FXIIIA only after the calciunmiding site
Cab3 becomes saturated is experimentally suppbyttite results of our gel filtration experimentpesifically,
the amount of FXIII heterotetramer resolved siguifitly decreased with increasing calcium concentrabut
also appeared at different retention times whigjgsst that the complex structure undergoes sonfercoa-
tional transformation as a loose/weakened hetesotetr without the dissociation of FXIIIB subunit.

A secondary observation in this study, which has atcently been reported by two other grétiiswas
the influence of FXIIIB subunit on the activatiohEXIIIA. We observed in FXIIl generation assayshfah
mimic the physiological conditions) that additiohr&XIlIB 2 to rEXIIIA2 accelerates activation (Figure S5).
Ichinoseet al.®* explained their similar observation by the intei@ctof FXIIIB2 subunit with fibrinogeft.
However, in the same article they also elaboratediiferences in the FXIIIBC-terminus (interaction site for
Fibrinogen) as observed between FXIIIB subunitaswis FXIIB*1 and FXIIIB*3 do not affect fibrinogen
binding and that there might be other contribufaxgjors to this observation. We suggest an exptaméar this
observation using simulation result based on outigédheterodimeric model of FXIIAB. Specifically, our
results suggest that Sushi domain 1 may dock ohyaleophobic fold formed by the N-terminal partioé acti-
vation peptide (Fig. 5). Also, our simulation rasiduggest that dissociation of FXIIIB may causeRKXIII-AP
sessile bond to be less accessible. We suggeghthautative hydrophobic interactions betweenRK# B
Sushi S1 domain and the FXIII-AP may allow increbsfficiency in proximal thrombin cleavage. Thigigdent
also from our FXIIIB subunit spiked FXIII generatiassay, results where in the presence of FXlIi&lecates
the activation of FXIIIA. This combined with thetdarom activation peptide, suggests that the auttons of
activation peptide with the opposite monomer of IXkand the FXIIIB subunit maintain the region armlthe
activation peptide in a spatial location idealifeertion and cleavage by thrombin at the righetand place i.e.
they both contribute to a perfect cleavage (nettheearly nor delayed).

The entire simulated sequence of activation ewdggsribed in our article would be expected to tdiee in
the plasma (Concentration of calcium: Free ion8 infnol/L, protein bound 1.14 mmol/liter, total 2@@énol/
liter)®8. The question then arises: What is the sequeneeeuits involving activation for intracellular FXA2?
We assume that the dimeric FXIdaolecule exists intracellularly as an ion regulagquilibrium between its
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activated and zymogenic state. Since the intraegllavels of calcium are lower than in plasma,dbeluding
effects of FXIII-AP and FXIIIB binding on the Calahd Cab3 calcium binding sites would not be expuktie
be consequentiak vivo in cells. At low levels of calcium, only the Cabifeswvould be occupied and, hence, a
dynamic equilibrium shift towards the zymogenideia expected. A change in this equilibrium migéttaused
by intracellular calcium influx under conditions arhactivation of intracellular FXIlAis required. Therefore,
saturation of Cab2 and Cab3 with calcium could owgthout FXIII-AP cleavage, resulting in a revdag form

of activation of FXII1A possibly in a manner similar to our simulated Hssinterestingly, it has been reported
that FXIIIA2 can also be activated without thrombin cleavagkaiow calcium concentration, but only on a
very long time scaf@ Thus, our results further suggest that all tlwadeium binding sites are occupied during
the activation of FXIIIA irrespective of the typéaxtivation.

To briefly summarize our work, this study providesme major insights into the activation and regomat
mechanism of FXIII. In a stepwise manner we hawawshhow calcium binding regulates both the zymogeni
and activated forms of FXIIIA. The information cairted in the subtle structural changes observigtinarious
intermediates models can be used to design higtezf€y inhibitors against FXIII. Additionally, fahe first time
our study lends a hypothetical structure functigreabpective/account of FXIIIA: FXIIIB interactiodsiring the
dissociation of the FXII11AB2 complex. Information in this regard would furtleentribute to the final elucida-
tion of the FXIIIIA2B2 complex structure and its dynamics during assembdljssociation.
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Chapter 3

Published article

Structure-functional insights into calcium induced activation of factor
XI11-A molecule.

Sneha Singh, Johannes Dodt, Peter VVolkers, Emma Hethershaw, Helen Philippou, Vytautus
Ivaskevicius, Diana Imhof, Johannes Oldenburg, & Arijit Biswas

A brief synopsis:

Based on the hypothesis generated in chapter 1, this chapter proceeds with analyzing the roles
of individual calcium binding sites on overall activation of FXIII-A molecule. In order to
achieve that we performed point mutations at the calcium binding site residues, that derived
structural mutants that were expected to bear differential activation states as compared to
wild-type FXIII-A (based on hypothesis). A detailed phylogenetic, structural and functional
characterization of eight such mutants, combined with in-silico experiments, further
concluded that; a) Calcium binding sites on FXIII-A molecule are rather conserved sites and
their saturation influences the substrate specificity of FXIII-A; b) Saturation of Cabl (first
calcium binding site) act as zymogenic constraint towards FXIII activation; ¢) other than
Calcium, ancillary ions also support in bringing the FXI11-A molecule to a pre-activated state;
and, d) Energetically, FXIII-A activation is a step-wise process which ultimately leads to
formation of a calcium saturated, open, active-monomeric FXIII-A* molecule. The
conclusions from this chapter lies in agreement with the recent studies performed by several
other FXIII-research groups as well. Collectively, this chapter presents a new set of target-
able sites on FXIII-A molecule (calcium binding sites), that may lead to generation of
inhibitors against FXIII-A, or recombinant FXIII-A species with altered substrate specificity
and/or rate of activation.

Sci Rep. 2019; 9: 11324. Published online 2019 Aug 5. doi: 10.1038/s41598-019-47815-z
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Structure functional insights into
calcium binding during the activation
of coagulation factor Xiii A

Sneha Singh?, Johannes Dodt(?, peter Volkers?, emma Hethershaw(®3, Helen philippou(®3,
Vytautus ivaskevicius*, Diana imhof{»*, Johannes oldenburg® & Arijit Biswas*

the dimeric fXiii-A,, a pro-transglutaminase is the catalytic part of the heterotetrameric coagulation
fXiii-A.B, complex that upon activation by calcium binding/thrombin cleavage covalently cross-links
preformed fibrin clots protecting them from premature fibrinolysis. Our study characterizes the recently
disclosed three calcium binding sites of fXiii-A concerning evolution, mutual crosstalk, thermodynamic
activation profile, substrate binding, and interaction with other similarly charged ions. We demonstrate
unique structural aspects within FXIII-A calcium binding sites that give rise to functional differences
making FXIIl unique from other transglutaminases. The first calcium binding site showed an
antagonistic relationship towards the other two. The thermodynamic profile of calcium/thrombin-
induced FXIII-A activation explains the role of bulk solvent in transitioning its zymogenic dimeric form
to an activated monomeric form. We also explain the indirect effect of solvent ion concentration on
FXIII-A activation. Our study suggests FXIII-A calcium binding sites could be putative pharmacologically
targetable regions.

Calcium ions (Ca?*) play a major role in the tight regulation of coagulation cascade that is paramount in the
maintenance of hemostasis'? Other than platelet activation, calcium ions are responsible for complete activa-
tionofseveral coagulation factors, including coagulation Factor XIII (FXIII)’. FXIIlisresponsible for covalently
cross-linking preformed fibrin clots preventing their premature fibrinolysis, by maintaining the clot architec-
ture and strength. FXIII circulates in plasma as a heterotetrameric pro-transglutaminase (pFXIII), complex
FXIII-A2B2 composed of dimeric subunits of catalytic FXIII-A and protective/regulatory FXIII-B*7. Although
the catalytic FXIII-A subunit bears several structural and sequence similarities with other transglutaminases,
itis also unique in specific aspects®. Unlike other members of the transglutaminase family, FXIII-A is the only
molecule activated by a combination of calcium binding and proteolytic thrombin cleavage of an N —terminal
37-amino acid region [activation peptide (FXIII-AP)]. Additionally, it is also the only transglutaminase whose
functional molecule is a complex, unlike other transglutaminases that are monomeric. FXIII-A, like all other
transglutaminases belongs to a category of calcium-binding proteins thatlacks EF-hand motif, a typical struc-
tural helix-loop-helix topology commonly found in calcium binding proteins’. Transglutaminases are believed to
have evolved from an ancient cysteine protease in bacteria'®. The microbial transglutaminase though has evolved
divergently from the eukaryotic transglutaminases'. Although calcium-binding is common to the activation
pathway of all transglutaminases, different members of the transglutaminase family show additional regulatory/
functional features in their activation mechanisms, despite sharing a structural and sequential similarity. For
instance, Transglutaminase 2 (TG2) has multipleregulatory featuresinaddition to calciumbinding like vicinal
disulfidebonds and GTP/GDP binding which in combination control the activity status of the protein at differ-
entionic conditions’. The FXIII-A subunitis a structurally well-characterized protein with several zymogenic
crystal structures, inion-bound (to different cations; PDB IDs: 1ggu, 1ggy, 1qrk) and unbound states (PDBID:
1fie, 1f13) present in the protein structure database'> . The recent disclosure of the non-proteolytically activated
form of FXIII-A (FXIII-A*) (PDB ID: 4kty) has shown the presence of three calcium binding sites in FXIII-A".
The first FXIII-A calcium binding site (Cab1) involves the residues Ala457, Asn 436, Glu 485 and Glu 490, the
*Institute of Experimental Hematology and Transfusion medicine, University Hospital of Bonn, Bonn, 53127, Germany. *Paul-Ehrlich Institute,
Langen, 63225, Germany. *Discovery and Translational Science Department, University of Leeds, Leeds, LS29JT, United Kingdom.

*Pharmaceutical Biochemistry and Bioanalytics, Pharmaceutical Institute, University of Bonn, An der Inmenburg 4, Bonn, 53121, Germany.
Correspondence and requests for materials should be addressed to A.B. (email: arijit.biswas@ukb.uni-bonn.de)
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second calcium binding site (Cab2) uses the residues Asp 351, Gln 459, Asn 347, Asp 349, and Asp 343 and the
third calcium binding site (Cab3) coordinates the residues Asp 271, Asn 267, Asp 270 and Ala 264", In our ear-
lier study, while explaining the concerted model of EXIIl activation we had demonstrated in silico that the first
calcium binding site (Cab1) that is usually observed constitutively coordinated in specific zymogenic FXIII-A
crystal structures (E.g. PDBID: 1ggu), actually lays a stabilizing influence on the zymogenic form'**. Wealso
showed that its transient disruption upon thrombin-mediated FXIII-AP cleavage and simultaneous coordination
of the other two calcium binding sites (Cab2, Cab3) is essential for the conformational activation of zymogenic
FXIII-A. Cellular FXIII (cFXIII) thatisinaccessible to plasma thrombin requireshigh supra-physiologicallevels
of calcium or a combination of high sodium and physiological calcium for non-proteolytic activation. Hence,
Cab1 as a zymogenic constraint acts antagonistically to the other two calcium binding sites keeping the molecule
inactiveintracellularly in the absence of thrombin unless provoked by highion concentrations'.

In continuation of our preliminary work and observations, our current study takes a deeper look into the
calcium binding sites of FXIII-A. Weinvestigate how these sites contribute to the functional evolution of EXIII
molecule as a unique protein in the transglutaminase family. We characterize the three FXIII-A calcium bind-
ingsites concerning theirevolution, mutual crosstalk, and effect on FXIII-A thermodynamic profile, substrate
binding and interaction with other similarly charged ions. The FXIII-A calcium binding sites show a high degree
of conservation within transglutaminases, but at the same time, they also possess unique spatial and structural
features that differentiate FXIII-A as a unique molecule amongst transglutaminases. Our results confirm that sat-
urationofthe firstcalcium-bindingsitelaysa zymogenic constraint thatresiststhe activation of FXIII-A, aswas
hypothesized in our earlier work'®. The thermodynamic profile of FXIII-A activation observed during increased
calciumbindingreiterates recentobservations that calcium binding to FXIII-A results inmajor conformational
changesleadinguptothedissociationof the FXIII-A2dimerduringactivationtoamonomericactivated FXIII-A
(EXTII-A*) form. Using all atoms MD simulations of FXIII-A and its core domain under different ionic concen-
trations we show that apart from coordination with charged residues, the mere presence of cations can also bring
about subtle changes in the structure of FXIII-A by altering the surface electrostatics. The alteration of FXIII-A
subunit’s surface electrostatics can, in thelong term, influence the activation status of the molecule in different
ionic conditions.

Results

Calcium binding site residues on FXIlI-A molecule are highly conserved. Within the multiple
alignments of FXIII-A with other known transglutaminases, all three calcium binding site residues showed a
high degree of conservation [Average generalized conservation score: 9 (range = 8-9)] (Fig. 1a). However, several
variant substitutions observed in the multiple alignments corresponding to these residues, including few (Cabl
residues E485and E490) inwhich the substitutionwastoan oppositely charged residue. Theseresiduesoccurin
asemi-conserved region with the conservationstatusvaryingbetweenhigh tolow conservationbetweenalter-
nating residues (Fig. 1b). The structural alignment of the crystal structures of FXIII-A, TG2, TG3 and threaded
models of TG1, TG4, TG5, TG6, TG7 shows proper domain-wise alignment with the average RMSD of 1.2 A
(Range: 0.5-1.71 A) (Fig. 1c). FXIII-A shows the closest structural similarity with TG1 (0.5A RMSD) (Fig. 1¢,d).
The three calcium binding sites were in spatially similar locations in the aligned structures (Fig. 1c). However,
thedistancebetween theirbackboneatomsaswellastheorientationof theside chain residues differed between
transglutaminases (Fig. 1e).

Biochemical endpoint FXIII activity assays reveal that calcium binding influences the forma-
tion of substrate Elndlng pockets on FXIII-A molecule. Biochemical endpoint FXIII activity assays,
which primarily evaluate transglutaminase cross-linking function when evaluated tor the FXIII-A calcium bind-
ing mutants showed most of them lacking in cross-linking ability. The photometric assay, combined with anti-
genic determination revealed that the specific activity of FXIII-A was reduced in all mutants expressed when
compared with thewild type (0.02 +0.001 IU/mg/mL). The mutantN347D reported the lowest specificactivity
(0.00087 = 0.0001 IU/mg/mL; p < 0.0001) (Fig. 2a). Pentylamine incorporation assay also reported low levels
of interpolated FXIII-A activity (incorporated/crosslinked substrate in pg/mL) in all mutants except N267K
(2.17 £0.58 pg/ml) in which it was non-significantly elevated when compared to the Wild type (1.92+0.31 pg/
mL; p = 0.42) (Fig. 2b). The lowest interpolated FXIII-A concentration was observed for the mutant D271K
(0.32 = 0.04 pg/mL; p < 0.0001). Similar to the Pentylamine incorporation assay, average interpolated active
FXIII-A* concentration from the ®-2-antiplasminincorporation assay using fibrinasasubstrate (in pg/mL) was
also reduced for all mutants when compared with the wild type (8.97 = 0.83 pg/mL), except in mutant A457D
which showed non-significantly elevated levels (9.40 = 0.02 pg/mL; p = 0.09) (Fig. 2c). One mutation from the
Cab3 (D271K) and two from Cab2 (N347D, Q349D) showed no detectable x-2-antiplasmin incorporation (i.e.

<1.25pg/mL). The putative substrate binding regions corresponding to fibrinogen substrate (in cyan) outnumber
those of substrates X-2-antiplasmin (inmagenta) and BAPA [5-(Biotinamido) pentylamine; PubChem ID: CID
83906] (in yellow) (Fig. 2d). This difference in putative binding sites is expected considering the relative sizes
of these substrates, fibrinogen being the largest and BAPA the smallest (Supplementary Fig. 1). While some of
theseregionslie close to theactive site, others are far from it and most likely have an allostericrole in substrate

binding. Interestingly, fibrinogen substratebinding regions coveralmostall calcium bindingsites, but those of
&-2-antiplasmin appear closer to Cab2 while those of BAPA lie closer to Cab3 (Fig. 2d).

Real-time monitoring of fXiii-A* generation confirms that Caba is a zymogenic constraint on
FXIIl-A. The FXIII-A* generation assay which tracks the rate of FXIII-A* generation real-time reported dif-
ferencesfrom theendpointassay for the calciumbindingsitemutantsinseveral of the parametersderived from
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Figure1l. Conservationof calciumbinding sitesin Transglutaminases withrespect toFXIII-A. Panel a
tabulates the conservation results generated for the FXIII-A aminoacid sequence input (UniprotID: P00488;
F13A_HUMAN) on the Consurf server. Abbreviations: NCS: Normalized conservation score, GCS: Generalized
conservation score. Panelbillustrates the actual alignment generated as outputon the Consurfserver for the
EXIII-A subunit sequence input. The highly conserved residues are shaded in blue. Arrows indicate the binding
siteresiduesmutatedinthisstudy.Panel cshowsastructuralalignmentofallsevenhuman Transglutaminases
i.e. of three crystal structures TG2, TG3 and FXIII-A and threaded models for the remaining four
transglutaminases. Thestructuresare depicted inribbonformat. Theinsetimageshowsthespatial alignment
of the calciumbindingsiteresiduesofall transglutaminasesasstickmodels. The different transglutaminases
arecolored differently. Paneld showsastructural similarity tree generated from thestructural alignmenton
Panelc. Thedistancesonthetreerepresented by thedeltaQH valueis proportional tothedissimilarity between
twostructuresi.e.the farthertwo structuresare there on the tree, themorestructurally unlike they are. Panele
shows the structural alignment of only three human Transglutaminases with biophysical crystal structures i.e.
TG2, TG3 and FXIII-A. The inset diagram the spatial alignment of the calcium binding site residues as stick
modelsofthethreehumantransglutaminases. Thestructuresare depicted inribbonformat withTG2, TG3and
EXIII colored yellow, magenta and cyan respectively. The bidirectional arrows represent the C-&x backbone atom
distances between the D345 and D351 residue (FXIIL; cyan), E306 and E314 residue (TG2; yellow), and D303
and D309 residue (TG3; magenta).

its curve (Fig. 3, Supplementary Fig. 2). The calcium binding site mutations have been designed keeping in mind
our earlier formulated and reported hypothesis that making the Cabl more positive will result in acceleration of
EXIII-A activation while doing the same to Cab2 and Cab3 willimpedeactivationand vice-versa (Fig. 3a)'. The
Cab1 mutant E490K reported an almost ~2.5x times higher rate of FXIII-A* generation (i) (217.36 +54.74R.F.U./
min) than the wild type rFXIII-A (83.17 = 21.88 R.F.U./min) (Fig. 3b). The other Cabl mutant A457D reported
a lower rate of FXIII-A* generation but not significantly, so (64.34 = 21.36 R.F.U./min). One mutation from the
Cab3(D271K)and two from Cab2 (N347D, Q349D) revealed ahighly significant decreasein therate of EXIII-A*
generation/activation (Fig. 3b). The parameter tmax (time taken to reach the maximal rate ) revealed a good
inverse correlation with the rate of FXIII-A* generation or y, with the lowest value for tmax consistent with
the highest p observed for Cabl mutant E490K (Fig. 3c). The parameter tlag (time required for the activation
of FXIII-A by thrombin) was elevated for all mutants when compared to the wild type rFXIII-A except for the
Cab2mutant Q349D, whichreported lowerbutnon-significant values (6.90 + 2.69min) (Fig. 3d). The thrombin
resistant mutant FXIII-A-R38A showed an exponential increase in the rate of FXIII-A* generation when the assay
was performed with increasing levels of calcium concentration (Supplementary Fig. 3). However, it is noticeable
that the exponential trend-lineis a better fit at levels above 20mM calcium, suggesting that this concentration
mightberate-limiting fornon-proteolyticactivation of FXIII-A. The maximal rate of FXIII-A* generation of the
corresponding standard plasma was observed to be 158.8 R.F.U./min.
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Figure2. Effect of rFXIII-A calcium binding site mutants onits specific activity and substrate specificity.
Panelsa,band crepresentcomparativebar graphsforSpecificactivity ofintracellularlysates (wild typeand
variant) based on Photometric assay, interpolated FXIII-A activity based on Pentylamine incorporation assay
and &-2antiplasmin incogporation assay, respectively.Inthe eventavariantissignificantly different than
thewildtype,itismarked withastar (*) signontop of the corresponding bar. Statisticalsignificanceissetat
p < 0.05. Experiments were performed in duplicates, thrice (N = 6). Panel d shows the putative fibrinogen,
«-2antiplasminand BAPAbindingsiteresidueson zymogenic FXIII-A monomericand activated monomeric
EXIII-A* structures along with two intermediate transition state structures. The structure backbone is depicted
ingrey colored ribbon format. The putative binding site region backbones are colored cyan for fibrinogen,
yellow forBAPA and magentafor ®-2 antiplasmin. Thethree calciumbinding sitesarealso depicted onall four
structures as stick models colored red (Cab1), blue (Cab2) and green (Cab3) respectively.

Simulation of FXIII-A at different ionic concentrations reveals that ancillary ions play a role in
bringing the molecule to a pre-activated state by altering surface electrostatics. Molecular
dynamicsimulations of FXIII-A and its core domain performed under different concentrations of calcium and
sodium shed some light into the activation behavior of FXIII-A when exposed to binding (calcium) as well as
non-binding (ancillary;sodium)ions. Simulationsfor the fullzymogenic FXIII-A crystal structure (source PDB
ID:1f13)equilibrated close tothe 30ns time point between 1-1.5A RMSDs for both physiological and high
sodium ion concentrations. The core domain simulations, on the other hand, equilibrated faster closer to 20ns
and between 1.5-3.5ARMSDs, depending on the calcium ion concentration of the simulation (Supplementary
Fig. 4). All simulation trajectories in the production phase i.e., only post equilibrations were considered relevant
and analyzed. Simulations performed at different ion concentrations for both the full zymogenic FXIII-A sub-
unitas well as the core domain did not demonstrate any drastic changes in overall structure post equilibration
(Fig.4a). Thelack of any significant differences in overall structureis expected owing to the relative short time
scale of simulation (100ns; consistent conformational changes on alarge scalei.e., >5A will require runs close
topsecondswhich considering thesize ofoursimulations, i.e., 85,000-500,000 atoms would be computationally
tooexpensiveforthisstudy). However, anoticeable changein thesurfaceelectrostaticpattern/distribution was
observed (Fig.4b).Increasing cation concentrationsindifferent simulationsresulted in anincreasing spread of
positive potential over the surface of the simulated structures (Fig.4b). This change wasalso coupled to change
in RINs within these structures (Fig. 4a,b). The overallimpact was that the changes in RINs within these struc-
tureswerebringing aboutachange in their secondary structure profile. However, the changesin the secondary
structure profile were very subtleand notamply visible on the secondary structure profile, mostlikely owing to
the shortness of the simulation runs.
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Figure 3. Results of FXIII-A* generationassay for rEXIII-A calciumbinding site mutants. Panel a explains
the principleunderlying differentrFXIII-A calcium binding sitemutantsgenerated in this study.Itdepicts
the conformationaltransformation between thezymogenicand activated FXIII-A crystal structures. Both
structuresare depicted as grey ball and stick models. The first calcium binding site (Cab1) residues are
depicted asredballmodels onthe zymogenic FXIII-A crystalstructurebecause the coordination of thissite
isazymogenic constraint. The second and third calciumbinding site (Cab2and Cab3) aredepicted asblue
and green ball models respectively on the activated FXIII-A* crystal structure. Below both these structures,
the mutants generated for this study are listed with arrows indicating the anticipated structure favored by each
of thismutantas per ourhypothesis. Panelsb, cand d depict the comparative bar graphs corresponding to
three major parameters (4, tmax and tlag) obtained from the FXIII-A* generation assay. In the eventa variant
issignificantly different than the wild type, itis marked with astar (*) sign on top of the corresponding bar.
Statistical significanceis set at p < 0.05. Experiments were performed inin duplicates, thrice (N =6). Please
note, EXIII-A* generation data forthemutants D271K and N347D show very low activity and afit of thedatato
the model revealed no valid estimates.

thermodynamic analyses of calcium binding to fXiii-A suggests that fXiii-A activation is a
stepwise process resulting in its monomerization upon activation. Our ITC thermodynamic pro-
files suggest that at varying c-values [i.e., ratio of the concentration of ligand in the injection (calcium) to the
concentration of macromolecule in the cell (rFXIII-A2)]; the binding profile of calcium to rFXIII-A:is different.
Our thermodynamic profiles reveal that the binding of calcium is not a simple protein-ligand association; rather,
itis a complicated mechanism involving conformational changes coupled with domain movement and subunit
dissociation taking place simultaneously. Amongst a range of c-values tested, a c-value of 20 yielded an interest-
ingthermodynamic profilerepresentative of allaspectsof calcium binding and subsequent rFXIII-A activation
(Fig.5). Other c-values either yielded no binding or were low on informational content (Supplementary Figs 5
and 6, for c-value 25,000). Fitting exercises performed in Affinimeter, following a custom model binding approach
(see Method section). The thermodynamic activation profile is divided into three events. The titrations involving
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Figure4. Effect of calcium and sodium on the structure of EXIII-A. Upper parts of panels aand b represent
the simulation snapshots of full length FXIII- A molecule and FXIII-A core domain post 100ns of simulation
in different sodium and calcium concentrations respectively as indicated. The simulation snapshot structures
are depicted by theirmolecular surface view with theelectrostatic potential (Red: Negative, Blue: Positive)
superimposedonit. Belowthesimulationsnapshotsinbothpanelsare theResidueinteractionnetwork (RIN)
or the inter-residue interaction chart extracted from the Ring 2.0 server by submitting to it the post 100ns
simulation snapshotasaPDB fileunder defaultserver conditions. Lowermost section of both panelsisthe
Secondary structure profile fortheentire 100nsof simulation plotted for theentirelength ofthemolecule. The
colour code for the secondary structure profileis the following: Coil: Red, Strand: Green, Helix: Blue, Turn:
Black.

c-value =20 (1.25mM rFXIII-Az (sample cell) and 25mM calcium (syringe: CaClz)), showed endothermic val-
ues with AH = 1.35k]/mol for the first binding event (M1+ A1l — M1A1,ko1 100 uM)". In the second binding
event (M1A1+ Al — M1A2, kb2 2.7mM), calcium binding affinity was lower with AH = —3.58 + 0.08 k]/mol
(exothermic). Thethird and finalbinding event (M1A2 + A1« M1A3, kps=72.5mM), calcium affinity wasalso
low with AH = —41.84kJ/mol (exothermic) (Global- x*=0.11). The overall analysis suggests that all three reac-
tion components involve entropy changes (see thermal footprints, Fig. 5d) with AAS (change in entropy) get-
ting more positive with thebinding event taking place. All the three events were spontaneous (AG <0) at given
conditions (temperature T =30°C). The firsteventinvolving the saturation of Cab2 and transient disruption of
Cab1 following its binding is an entrO{)y -driven event. The second event involving saturation of Cab2 and solvent
exposure of thedimericinterfaceisalso drivenby entropy. The third eventi.e., the saturation of Cab3 resulting
indimerdisruption, isanenthalpy-driveneventdifferent thanthefirsttwoevents. The contribution ofindivid-
ual species towards the thermogram (Fig. 5c), suggests that the intermediate M1A1 (Cab1 saturated rFXIII- Az
with FXIII-AP cleaved), is high energy unstable intermediate which undergoes heat absorption (endothermic).
For data evaluation, a proper fit was achieved in Affinimeter. The data fitting depicted in Fig. 5b represents the
raw dataandfittingbased on thesequentialbindingsitemodel of Originsoftware (with fixed parameterKsand
AH) (also see Supplementary Fig. 5, for fitting curves obtained from Affinimeter). Blank measurements were
made for thrombin and FXIII-A in the cell, against buffer to rule out the heat changes due to ionhydration. The
absenceofanyheatchangesintheblankITCexperimentoverridesthe possibility thattheinterpretationsmade
heremay be an effectof theheatof dilution. The data obtained after fitting exercises in Affinimeter following the
stoichiometric equilibria model suggests significant enthalpy-entropy compensation involved in the binding of
calcium to rEXIII-Ay, to reach full saturation (thermal footprints, Fig. 5d, range of AAG is much smaller than
their associated changes in AAH & AAS)'®"°.

Discussion

the structural and functional conservation of calcium binding sites within the transglutam-
inase family. Allosteric changes resulting from ion coordination of amino acid side chains often have fas-
cinating functional implications®. Such coordination when they resultin changes crucial to the catalytic cycle
of a protein becomes a conserved trait across the evolutionary chain. The binding of calcium to FXIII and its
paralogues and orthologues across the phylogenetic treeis a property that not only initiates the events of their
catalyticcyclebutin effectisresponsible forall downstream changes. Thatincludes dictating the rate of gener-
ationof the activated species, exposure of the catalytic triad, to the formation of substrate binding pockets and
eventually (in the case of FXIII) formation of a monomeric activated form'?'. A closer look into the multiple
sequencealignment of calciumbinding siteresiduesreveals thatthenegatively charged aminoacidscapable of
side chain coordination are highly conserved (Fig. 1a). Theseresidues usually occurinaneighborhood cluster
of similarly charged amino acids which offsets the potentially deleterious effect of any unfavorable substitution
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Figure5. Calcium binding to rEXIII-A2studied by ITC. Panel a. Equation depicting the stoichiometricbinding
equilibrium model, followed for the analysis of data derived from ITC (Model was generated in Affinimeter
usingmodelbuilderapproach). Panelb. Titrationof 1.25mMrEXIII- A2, with25mM CaClz(c-value = 20).
Upperimage of this panel is the raw data depicting the heat change upon each injection; lower image in this
panel is the normalized data, with integrated heat change plotted against the concentration ratio of calcium
vsrFXIII-Ax Solid blacklinerepresents the corresponding fitobtained in Origin software using sequential
binding mode, withn=3. Allheatchangesare plotted after subtraction of referencetitration (no rFXIII-Azin
sample cell vs. 25mM CaCl.in the presence of thrombin, at same conditions) Panels ¢, d and e arebased on
evaluationperformedon Affinimeter (see Supplementary Fig. 5 for corresponding fit curves). Panel cdepicts
the contribution ofindividualspecies, generated during asequential binding of calcium toFXIII-A (based on
earlier observations”and as participants of the Stoichiometric equilibria here (Panel A)), towards the binding
isotherm.Paneldisthecomparativeheatsignatures, orthethermalfootprintsobtained ateachbindingevent
following the equation AG = AH-TAS (2nd Law of Thermodynamics); explaining the three thermodynamic
events, and their corresponding changesinfreeenergy (AG), entropy (-TAS)and enthalpy (AH) (for the
corresponding data obtained at c-value =25,000 please refer to the Supplementary Fig. 6). Panel eis table
representing event-wise changes in enthalpy (AH), in k]/mol, and corresponding change in binding affinity of
calciumions towards FXIII-A inall three corresponding events as per the stoichiometricequilibria model.

atthecoordinated residuebyovertakingitscoordination function (Fig. 1b). Thereforeinspiteof thehigh degree
of conservation amongst calcium binding site residue, substituted variants including substitution to positively
charged residues are observed in the conservation-related multiple sequence alignment. The existing literature
indicates thatamongst transglutaminases (EC2.3.2.13) there canbeas many as six high to low-affinity calcium
binding sites. However, multiple alignments of a fairly large cohort of non-redundant sequences across the trans-
glutaminase enzyme family indicate that at least in eukaryotic transglutaminases, three of these are of almost
universal occurrence® Unavailability of detailed structural information and the evolution ofa compensatory
regulatory motif might be the reason why some of these sites are not yet reported ornot present in a few mem-
bers of transglutaminase (TGase) family”. Amongst the structurally best-characterized transglutaminases, i.e.,
TG2, FXIII-A, and TG3; TG2 has additional regulatory mechanism®. These are the GTP/GDP switch (effective
intracellular, at low calcium levels) and the vicinal disulfide bonds (effective extracellular, at high calcium levels).
Theseadditional regulatory mechanismsexplain theneed of six calcium binding sitesin TG2 to induce the con-
formational pull needed for overall activation of the molecule (which therefore would be higher than FXIII or
TG3). The enzymes, FXIII and TG3 differ from TG2 concerning calcium binding (Fig. 1c) because unlike TG2,
both proteins have one constitutively bound calcium which confers their zymogenic forms stability while the
othertwositesarestructurally shielded in the zymogenicstate till they are functionally required. The TG3isan
inactive 77kDazymogen that mustbe cleaved into a50kDa N-terminal fragment containing the active site and
a 27 kDa C-terminal fragment, which remains associated with the mature enzyme?®. The zymogen binds a single
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calciumion withhigh affinity (Ka= 0.3 uM)®. Upon cleavage, two additionalion binding sites with an average
dissociation constant of 4 UM become available. Calcium coordination by Asp324 induces the movement of a loop
region, enabling substrate access to the active site. The FXIII-A molecule, similar to TG1, has been reported in
certaincrystalstructurestobebound constitutively toasingle calciumionatCab1'2 Theactivation eventsiniti-
ated by thrombin-mediated cleavage of itsN-terminalactivation peptideexpose theother two calciumbinding
sitestocoordinate, resulting inaseries of conformational changesinvolving the formation of substratebinding
pockets and ultimately exposing the catalytic triad . Therefore, while retaining these three highly conserved
calciumbindingsites, theseenzymeshave functionally evolved differently touse thesesitesinaway thatisbest
suited to their physiological milieu. Amongst FXIII-A and TG3, the one calcium binding site that imparts the
zymogenic restraint differs. Sequence-wise and structurally, the constitutively bound zymogenic calcium binding
sitein FXIII-A (Cab1)effectively aligns with theactivating/regulatory calciumbindingsitein TG3 (Cab3in TG3)
andviceversa. Thespatial position of all three calcium bindingsitesinall transglutaminase structuresissimilar
(Fig. 1c). However, the orientation of the binding site residue side chains varies along with their inter-atomic
distance, between transglutaminases. As an example, the distance between the C-o« backbone atoms of the Cab2
binding site residues (FXIII-A calcium binding sitenomenclature) isshown in Fig. 1e. The C-a backbone inter-
atomic distances are similar for TG3 and FXIII-A (11 and 12 A respectively) with TG2 (15 A) being different. The
difference in inter-atomic distances is reflected in the similarity of the coordination pattern, as mentioned earlier
for these proteins. Based on a structural relationship tree, we find that TG1 is more similar to FXIII-A than any
other transglutaminase, which also is true evolutionarily since these two proteins are closely related (Fig. 1d).
The overall structural similarity is reflected in similarity in calcium binding sites as well since the binding site
residuesalignbetterbetween FXIII-A and TG1 than withTG7whichisfaraway on thestructural tree from FXIII
(Fig. 1d; Supplementary Fig. 7). Transglutaminases at a prokaryoticlevel have evolved from ancient cysteine
proteases (papain-like thiol proteases); and several microbial transglutaminases, as well as cysteine proteases,
show adependency on calcium for the regulation of activity. Therefore one might assume that the mammalian
EXIII calcium-binding sites have evolved from ancestral calcium binding sites in microbial transglutaminases and
cysteine proteases®. However, microbial transglutaminases themselves have evolved divergently to eukaryotic
transglutaminases. The only structurally fully characterized primitive transglutaminase from Streptoverticllium
mobaraense (PDBID: 1iu4) doesnoteven show calcium dependence. Also the structural alignment of microbial
cysteine protease that do show calcium dependence/binding like LapG (Legionella pneumophila) with the core
domain of FXIII-A subunit showsno similarity in the spatial location of the calcium bindingsites, even though
the two structures align well with respect to sharing the conserved 4-sheet one-helix fold (Supplementary Fig. 8)
of transglutaminases. All the above observations lead us to conclude that calcium binding sites in eukaryotic
transglutaminases including FXIIT have evolved divergently and have no evolutionary connection to the calcium
binding sites in microbial transglutaminases or ancestral cysteine proteases.

cross-talk of fXiii calcium binding sites and their importance in the development of substrate
binding pockets. Inour earlier in silico study, we had presented the possibility that coordination of Cab1 of
FXIII-A moleculestabilizesthezymogenic form of FXIII-A". Ourresults from the generation assay supportour
hypothesisthat the Cabl bindingsite is azymogenic constraint and that its transient disruption caused by cal-
cium coordinationat Cab2 post thrombin-mediated FXIII-AP cleavage is the rate determining step for FXIII-A
activation (Fig. 3). The unique role of Cab1 is confirmed by the accelerated rate of activation of the molecule
upondisrupting the calcium coordinating shells of Cab1 (E490K), disengaging calcium binding to Cab1, in the
presenceofanintactCab2 (Fig.3). Themutation (E490K) whichintroducesanadditional positive charge within
Cab1 has the same effect as the coordination at Cab2 i.e., it prevents the calcium binding at Cab1 thereby releasing
this variant molecule from the zymogenic constraintimposed by Cab1, and itis then reflected in a significantly
higher rate of FXIII-A* generation than the wild type as well as the other Cab variants (Fig. 3b). The endpoint
assays, however, record lower activity of this mutant compared to the wild type (Fig. 2a—c), which re-emphasizes
thefactthattherateofactivationoftheenzymeand thedirect substrate turn-overareindependent properties of
theFXIIImediated catalysis especially when it comes tomutations/variants close to substratebinding oractive
site. The strong differences between the generation assay parameters and the endpoint assays (like photometric
assay)indicatethattheisopeptidaseactivity on which the generationassay isbased* and thetransglutaminase
crosslinking activity should not be considered synonymous especially when dealing with mutants. Our study isin
close agreement with an earlier report that suggests that by mutating hydrophobic residues around the active site
itis possible to have transglutaminase variants that are deficient in crosslinking activity but have normal or raised
isopeptidase activity*. Certain calcium binding mutants (like E490K) therefore influence cross-linking activity
negatively by altering the substrate binding sites of the acceptor or donor (cross-linking activity as also mentioned
in the methods section is a two-step ping pong reaction). However, this same mutation shows a raised isopep-
tidase activity because by releasing the zymogenic constraint (of Cab1) the one-step conversion of FXIII-A to
FXIII-A* (and the isopeptidase cleavage since no acceptor-donor cross-linked intermediate formation is required
in this type of reaction) is facilitated. These observations present an interesting pharmaceutical possibility of
engineering enzymes withmultiplebut quantitatively varying enzymatic capacities. Since FXIII-A possessesa
transglutaminase, isopeptidase and also protein disulfideisomerase activity, it can serve asamodel protein to
generate variants with higher enzymatic efficiency than normal in one aspect but neutralized concerning the
other activities”*. A higher tlag observed for some calcium-binding mutants in the FXIII-A* generation assay is
arepresentation of slow generation of thefirstactive FXIII-A*species that canbeattributed notjust to thrombin
cleavage but also to the underlying events which are responsible for the accessibility of active site cysteine (open-
ing of molecule) for incoming substrate molecule (Fig. 3c). Therefore, the calcium binding site residues critically
govern the structural integrity of the core domain with a possible distal allosteric effect on FXIII-AP. Whether
these variantsalter thebinding affinity of FXIII-A to thrombin or directly impede the cleavage reaction cannot
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Figure6. Effectofancillary sodiumionstowardsgeneration of a pre-activationstateof FXIII-A molecule.

A cartoonistimpressionof theFXIII-A zymogenicstate wherenoionsareinfluencing thestructure followed

by pre-activation statewheretheboth thenon-coordinating (assumed tobesodiuminpurple) aswellaslater
coordinatingions (assumed to be calcium in yellow) influence the structure and conformation of FXIII-A
moleculebyalteringitssurfaceelectrostaticproperties. Thelast partof thefigure depictsthefullyactivated
molecule whichisthe final outcome of the coordination of the coordinating ionstoitsbinding sites ina FXIII-A
molecule that has already been moved from its zymogenic to a pre-activation state.

be ascertained from our data. The different endpoint-based assays between themselves revealed consistency only
toalimited extent, i.e., all mutantsreported consistently lower or similaractivity status when compared to the
wild type in all endpoint assays. However, quantitatively, these assays also revealed relative differences from one
another for the mutants. For example, one mutation from Cab3 (D271K) and two from Cab2 (N347D, Q349D),
reported consistently low levels in all these assays, indicating that the mutations distorted the substrate binding
site (Fig. 2a—c). However, the extent of decrease in each assay was different, i.e., for the ®2-antiplasmin assay all
three mutants reported to have non-detectable levels, but for the other two assays variable detectable levels were
observed which canbeattributed to the fact that calcium binding sites spatially surround the catalytic site and
are also proximal to the putative substrate binding sites. Their coordination subsequently plays a major role in the
correct orientation of the substrate binding sites as can be seen in the transition state intermediate models". Since
the threeassaysarerelated to three differentsubstrates, the relativeimpact on substrate affinity would depend
on the extent to which each mutation affects the substrate binding site. As mentioned at the beginning of this
paragraph, thedisruptionof Cabl isalsothe rate-limiting step in FXIII-A activation whichishighlighted by the
increased response of the thrombin resistant FXIII- A subunitmutant (FXIII-A-R38 A) in the generation assay to
increased concentrations of calcium (Supplementary Fig. 3). The 20 mM calcium concentration appears to be the
concentration barrier threshold above which calcium can coordinate Cab2 and Cab3 that eventually overpowers
thezymogenic constraint associated with a coordinated Cab1. After thelossof thezymogenicconstraint above
this concentration, therate of EXIII-A* generation follows an uninhibited exponential increase with increasing
calcium concentrations (Supplementary Fig. 3).

FXIIl conformational changes during activation are effected at the secondary structure level
and are governed by ion coordination and its surface electrostatic potential. In several trans-
glutaminases cross-talk between calcium and other ions (depending on the physiological milieu) influences the
activity statusofthe protein.In TGM3, calciumioncoordinationinducesthemovementofaloopregionthatena-
bles substrate access to the active site. Tighter coordination with magnesium ion instead of calcium keeps the loop
initsinactive configuration. Therefore, the relative concentrations of calcium and magnesium act as a regula-
tory switch for transglutaminase activity in TGM3%. EXIII-A protein which can be activated non-proteolytically
by calcium only in the presence of supra-physiological levels of calcium (>50mM) FXIII-A shows an inter-
esting behavior in the presence of sodium (Fig. 4)". In the presence of high levels of sodium (~1 M NaCl), the
non-proteolyticactivation requirement of calcium goes down to physiological levels (2.5 mM). The principle
behind theeffectofsodium onthenon-proteolyticcalcium-inducedactivationof FXIII-Aisvery muchdifferent
from that observed for TGM3 in the case of magnesium and calcium since unlike in TGM3, where binding of
both magnesium and calcium is observed, in EXIII- A there is no actual coordination of sodium. Our MD sim-
ulations performed on FXIII-A monomer at physiological versus high concentration (supra-physiological) of
sodium ions in the simulation cell reveals that higher levels of sodium without actual binding (or coordination) to
FXIII, alters the FXIII-A surface electrostatic distribution (Fig. 4a). Thisevent most likely disturbs the pKa (ion-
ization constant) of internalburied residues, thereby affecting intra-domainresidueinteractionsand changing
thelocal secondary structure, which resultsin subtle conformational changes. Veryhigh concentrations of 1M
sodium likely alter the secondary structure of FXIII to the extent of overcoming the primary restraint induced
by Cab1 bringing the molecule to the tipping point of activation but notactivating it (Fig. 6). At this point, even
physiologicallevelsof calcium areadequate tonon-proteolytically driveitfromits zymogenictoactivated con-
formation (heterotopic, the sequential and positive allosteric effect of sodium & calcium towards FXIII activa-
tion) (Fig. 6). Therefore, the extent and influence of calcium coordination on FXIII conformation also depends
on the surface electrostatic state that in turn, is determined by the ionic strength/pH of FXIII's solvent. The fact
thationiccoordinationalone doesnotinfluenceprotein conformationat thesecondary structurelevelisfurther
strengthened from our MD simulations in which we subjected only the core domain of the FXIII-A subunit to
increasing concentrations of calcium (Fig. 4a). Again, as with high sodium concentrations, we observed a change
in surface electrostatic potential with increasing calcium concentration (even though in the period of simulation,
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noactual coordination wasobserved for calciumaswell). Therefore, theactivity status of FXIII-Aisnot only the
result of the coordination of calcium ionstoitsthree bindingsites; itis thenetimpact of calcium coordination as
well the response to ancillary solvent ion concentration surrounding the molecule. Even physiologically FXIII-A
exists in different solvent environments with differing ionic concentrations. Intracellularly FXIII-A is present as
adimer, and sincenothrombinisaccessibleintracellularly, any enzymaticrole, e.g., crosslinking of cytoskeletal
proteins like actin/myosin is possible only through non-proteolytic activation®*. Intracellular non-proteolytic
EXIII activation could be achieved either through sudden ion fluxes like calcium release from endoplasmic
reticulumthatmightalterthelevelsof calcium to supra-physiological levels fit fornon-proteolyticactivation'.
The otheroptionmightinvolve anincrease insodium concentration, which, asmentioned earlier, will support
non-proteolytic activation even at low concentrations of calcium. FXIII-A has been reported in various bodily flu-
idslikeplacentalfluid, tears, spinalfluid, etc. whereitmighthavereparativeroles®*>-% If FXIII-A is considered
asatherapeuticoptionforreparative processesrelated to thesebody fluids, knowledge of the subtle conforma-
tional changesbroughtaboutby the combination ofionsin these fluids willhelp designeasy toactivate FXIII-A
and with possibly a high specific activity.

energetic implications of calcium binding to fXiii explains why the activated form of fXiii-A is
monomeric. The FXIII complex assembly and its dissociation in plasma primarily involve the formation and
disruption of non-covalent hydrophobic interactions®. Intrinsic ion binding to proteins involves hydration ener-
gies, whichareentropically driven®. Also, calcium binding to transglutaminasesis reported to induce confor-
mational changes, asisobserved in the crystal structures of activated forms of FXIII-A aswellas TG2'5*. These
conformational changes result in a change of hydrophobic surface area while exposing the core domain active site.
Therefore, these changes are associated with an increase in entropy as is evident from our thermodynamic profile
observed upon the sequential binding of calcium at c-value =20 (entropy-driven, AH > 0 to AH < 0) (Fig. 5).
This also is evidence of in-cell FXIII-A activation taking place upon calcium binding at these concentrations.
Interestingly, the proteinsbelonging to the family bearing thetransglutaminase core’ including FXIII-A, arenot
partof the EF-hand superfamily (a superfamily of proteins bearing two EF-hand units, each is made up of two
helices connected with calcium binding loop), which characteristically are calcium-binding proteins (SCOPe
database; http://scop.berkeley.edu/). Calcium binding to proteinslacking an EF-hand motif involves the coor-
dination of distal residues, made possible by changes in secondary structure/conformational changes as well as,
major participation of a secondary ligand (like water) when required®. In our experiments with thrombin-cleaved
rEXIII-A, the first step would be the saturation of Cab1. The ITC datasuggest that the initial saturation eventis
highly spontaneous (AG < 0), whichisexpected owing to the high affinity of FXIII-A towards calcium for Cabl
(100puM)*'”. The high Ki for Cab1 would ideally be enthalpically favorable since this strong ion binding would
constrict the molecular motions by bringing about an order in the spatial secondary structure*=*.This however is
notthe case with EXIII-A inwhich we observe a AH > 0/AS < 0 patterns at Cab1 saturationindicating that there
isasecondary event, mostlikely the coordination of Cab2, happening concurrently, that's directed towards the
transient disruption of Cab1 resulting in an overall absorption of energy whichisreflected in the AH > 0/AS < 0
patterns (Fig. 5d). Therefore, the first event cannot be independently thought of as binding of calcium at Cabl
but rather the combined saturation of Cab1 and simultaneous coordination of Cab2 to the point of transient
disruptionof Cab1.Once the Cab1is transiently disrupted, the molecule overcomes the zymogenic constraint
and moves conformationally towards the open, active structure asa result of a gain of entropy. This part of the
activationcycle canbeconsidered asthesecond bindingevent where we observeapattern of AH < 0/AS <0.The
gain in entropy (AAS) for this second event is higher than that observed for the first event, although effectively

AG <0, keeping thetransformation totheactivated formstillfavorable. Atthis pointof time, the conformational
changes taking place in FXIII-A have set into motion another event, which is the disruption of the zymogenic
dimeric interface'®. Major hydrophobic and non-covalent interactions between the opposing dimers are lost,
resulting in (a) solvent-protected to a solvent-exposed state, and (b) exposure of Cab3. The third event in our
thermodynamic cycle is the final coordination and saturation of Cab3, which is occurring simultaneously to
the monomerization of the activated FXIII molecule. In this step, we observe a pattern of (AH <0, AS> 0) with
the increase in entropy (AAS > 0), and release of heat (AAH«0) (Fig. 5d). This major increase itself represents a
dissociative event combined with flexible inter-domain movements (of B-barrel domains). This event is aided by
amajor influx of water molecules in FXIII-A regions which were previously inaccessible to water (owing to the
closed structural fold or the dimericinterface). The rise in entropy is the result of the enthalpic contribution of
thefinal Cab3 saturation and dimer dissociation. This also keeps the overall free energy of the system negative
(AG < 0) favoring the final disruption of the dimeric interface to an open monomeric activated FXIII-A* form.
The fast internal dynamics (conformational entropy, as a result of B-barrel domain movements), and slow internal
dynamics (disruptionof dimericinterface due tolossofhydrophobicinteractions), leads to activation of a fully
saturated FXIII-A*monomer, asthe protein dissociates/solvate toamonomericcalcium saturated form (Fig.7).
One must, of course, remember that these events can occur in two different species, i.e., the dimeric FXIII-Az/
intracellular FXIII-Az and the plasma heterotetramer FXIII-A2B2 complex. In the latter, there are two dissociative
processesinaction, i.e., the dissociation of the FXIII-A2zymogen toitsactivated monomeric EXIII-A* form and
thedissociationoftheFXIII-Bomoleculefromthecomplex. Ourthermodynamicexperimentsdonotinvolvethe
FXIII-B subunit since they are performed with rFXIII-A2 alone. However, both dissociative events most likely run
simultaneously each contributing tothesuccessof the other. Botharebrought aboutby conformational changes
upon calcium binding and influx of water molecule into previous hydrophobic cores formed by the respective
folds of the protein and the pattern in which the zymogenic complex is assembled.

Studies on FXIII-A calcium binding explain the conformational changes occurring in the FXIII-A core
domain, but how calcium binding contributes to the movement of the B-barrel domains was still unclear. A recent
article shows that the first f-barrel domain protects the active site, and the second one is responsible for exposing
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Figure?7. Entry of bulk solventinduces movement of B-barrel domains. Figureillustrates the stepwise
conformational changesoccurring during the activation of FXIII-A. The figure(s) representin successive
orderthezymogenic crystal structure of FXIII-A monomer, the third and sixth transition stateintermediate
models reported earlier and the fully activated structure of FXIII-A monomer. All structures are depicted in
theribbonformat. TheN-terminalbeta sandwich domainhasbeenhidden for the sake of clarity. The B-barrel 1
and B-barrel2domainsare coloured in greenand bluerespectively whilethe core domainis coloured grey. The
hinge region of almost20 amino acidsis coloured red. The water solvation shellis depicted withblue circles.
The movement of the B-barrel domains is depicted with black arrows. Contacts between the core and B-barrel
domains are depicted with lightly coloured lines.

it*. Our data highlights how enthalpy-entropy compensation contributes to the generation and stabilization of a
monomericEXIII-A*activated moleculeupon calcium ionbinding. Since the finalevent in the thermodynamic
cycle of EXIII-A activation is enthalpically driven instead of entropically (i.e. like the first two events) this suggests
thatthefirsttwo eventsintroduce disorderinto the molecule (conformational changes) while the third and last
event stabilizes the final molecule resulting from this disorder/conformational change, i.e., dissociationintoa
monomericstate. Ourthermodynamicanalysishighlightstheroleof theinfluxof bulk solvent thatin continua-
tion of the conformational changes induced by calcium binding enables the global domain movements observed
during FXIII-A activation. Atastructurallevel, we can observe these changes if we follow the conformation of
thetransitionstatemodelsbetweentheactivated and zymogenicform of EXIII-A (Fig. 7). Thef—1and B-2barrel
domains in the zymogenic form are stabilized in through non-covalent bonds they form with the core domain
that serves to shield the hydrophobic interior. The core domain is linearly linked to the B-barrel-1 domain by a
hingeregion whichis unresolved in certain crystal structures of the zymogenic formlike PDBID: 1f13 because
itisdisordered and highly flexible. Therefore, barring thenon-covalent attachment to the core domain, there is
nothing preventing the B-barrel domains from moving flexibly over the hinge region. With the binding of cal-
cium, conformational changes occurring at the core domain disrupt the non- covalent association of core domain
with the barrel domains. This primary disruption enables the entry of the solvent molecules to this conformation-
ally shielded region. Water influx further disrupts the -barrel domain-core domain contacts, causing the B-barrel
2domainto falloverunderitsweight, pulling the B-barrel 1 domainalong with itinwhich the connecting hinge
regionactsasthe pivot. Thisfalling over motion appears as the twisting and opening up of the B-barrel domain
to expose the catalytic site. We can, therefore, suggest that the formation of active FXIII-A* species involves a
thermodynamic process of “conditional conformational switching”%, which involves the essential participation
of calcium and watermolecules. In other words, the activation of FXIII-A is majorly driven by conformational
entropy brought aboutby calcium binding. Since all reactions follow acommon energetic purpose, i.e. to favor
the energetically stable complex/conformation, dimeric zymogenic FXIII-A has Cab2 and Cab3 sites hidden
which make the dimeric, calcium unbound form more favorable in the zymogenicstate (Fig. 8). During activa-
tion, since regions previously hidden get exposed, calcium binding alters conformation as well stabilize the final
monomeric FXIII-A* molecule by bringing structural order upon coordination and reducing the transiently gen-
erated randomness. Thisexplains why amonomericbound FXIII-A*would be favored over theactivated form
(Fig.8).Italso explains why the chelation of calcium from anon-proteolytically activated FXIII-A, willshift the
equilibrium to reversibly generate the zymogenic-dimeric FXIII-A that can be re-activated. Recent experimental
evidencehasalso shown thattheactivated form of FXIII-A is, in fact, monomericand is capable of reconversion
toitszymogenic dimericstate upon removal of calcium from the medium?. Ever since FXIII-A hasbeenrecog-
nized as a pharmaceutical candidate for inhibitor development, inhibitors have been designed primarily against
the activessite or the thrombin cleavage mechanism of this protein*-*. Our results suggest that two other areas
of FXIIIcan potentially serveasregionsagainst whichinhibitors canbe designed. Theregionsinand around the
calcium binding sites belong to one group of potential candidates since they not only dictate the rate of activation
butalso the proper orientation of substrate bindingsites. The otherregionsbelong to the areas/cavities (next to
B-barrel/core domain contacts) which allow the entry of bulk solvent upon the conformational changes induced
by calcium binding. Neutralizing either of these candidate regions can potentially result in thermodynamically
stabilizing intermediate conformational states of FXIII-A, thereby preventing the full activation of FXIII-A.

As a final commentary to this study, we would like to acknowledge some limitations of our study. Our
work focusses on calcium binding without discriminating between proteolytic and non-proteolytic modes of
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Figure8. Derived Thermo-chemical Activation Cycle of Coagulation FXIII-A moleculein plasma. The free
FXIII-A:dimer, when devoid of any calcium possesses intact FXIII-AP and this species represents alow free
energy stable form'®. Cleavage of FXIII-AP by thrombin is followed by coordination and subsequent saturation
of Cabland Cab2.Cab1beingspatially moreaccessible getssaturated fasterand strongly than Cab2 yielding
a low-energy, relatively stable state. Subsequently, the Cab2 coordination transiently disrupts Cab1 giving rise
toahigh-energy, unstable, transient state (event 1). Theincreasing saturation of Cab2 accompanied by the
conformational changesdirected byitresultinthestabilization of unstableintermediatebringing down free
energy.Meanwhile, slow disruption ofthe dimericinterfaceproceedsasthemolecule proceedstowardsfull
saturation (Cab3 gets exposed with the dimericinterface coming apart) (event 2). Asthe dimer loosens up,
water molecules seep through and expose the dimeric interface further. Sharp movements of B-barrel domains
asaconsequence of calcium saturation, and movementof water molecules across thedimericinterface raise
the entropy of the system, that finally culminate into dimer disruption, giving rise to monomeric, energy
minimized, openactive FXIII-A*species (event3). Blue-grey object depictthe N & Cterminal of FXIII-A
monomer, respectively. Molecule solvation shell is represented by dotted circle. Calcium ion saturation at Cab1,
Cab2and Cab3isdepicted by red, blueand greensolid dots respectively. Black rod is the dimericinterface.
Yellow star is the catalytic center. The three inset figure(s) demonstrate the secondary structure changes
occurringduringthecourseofactivationexplainingassembly (+)ordisassembly (—)of calciumbindingsites
extracted from the Transition state intermediate models reported earlier'.

activation’. Asignificantpartoftheworkisbased ontransienttransfectionsand insilicoanalysis performed on
modeled structures. Similarly, the thermodynamic analyses are based on custom fitting models which themselves
arebuiltaroundhintsfrominsilicoexperiments. Wepresentthiswork tothereadersasanexploratory character-
izationofindividual calciumionbinding sitesof FXIII-A. Asfuturework, wewillattempt to purify themutants
explored inthisstudy tocharacterizethem structurally/functionally inapure, undiluted setting.

Methods

Transient heterologous expression of FXIII wild type and mutant variants. The human HEK293T
cell line purchased from DMSZ (German Collection of Microorganisms and Cell Cultures) were cultured in high
Glucose DMEM Invitrogen, supplemented with 10% v/v FBS (Invitrogen), 1% v/v Penicillin-Streptomycin anti-
biotics (Invitrogen) and 0.1% v/v Fungizone (Invitrogen), at 37 degrees in 5% CO2. All experiments were done
onsub-cultured cellsinlogarithmicphase (below passage 20). Human FXIII-A cDNA, inserted into the cloning
site of pDEST26™ vector (Invitrogen) was used as a wild-type construct for all the experiments. Site-directed
mutagenesis was performed on the aforementioned construct, using GeneArt Site-directed mutagenesis system
(Life Technologies). Mutagenesis was performed with the aim of either accelerating calcium ion binding (FXIII-A
A264D, FX11I-AN347D, FXIII-A Q349D, FXIII-A A457D), or disrupting calcium ion binding to the respective
site (FXIII-A N267K, FXIII-A D271K, FXIII-A D351K, FXIII-A E490K) based on our previous hypothesis'®. One
more mutantat the thrombin cleavagesite (FXIII-A R38A) was generated to beresistant to thrombin-mediated
activation. Although a total of 13 different residues contribute to calcium binding in the three FXIII-A calcium
binding sites, we were successful in cloning and expressing only 8 of them. All primers were synthesized by
MWG Eurofins (Eurofins genomics). All vector construct clones were completely sequenced and verified for the
correct incorporation of mutations in-house. Wild-type FXIII-A DNA and mutated DNA were transfected into
mammalian HEK293T cells for transient expression. Briefly, 2.7 X 10° cells were transfected with 3 ug of plasmid
DNA along with 6l of transfection reagent lipofectamine 2000 (Invitrogen). Cultures were harvested 48hours
post-transfection, by performing intracellularlysis using mammalian native M-PER reagent (Thermo Fischer
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Scientific Inc), containing 25 mM bicine, pH 7.6, supplemented with 0.1 mM PMSF for 10 minutes and centri-
fugedat14,000g for5minutesat4°C. Lysateswerestored at —70°Cforlaterevaluation. Eachtransfectionlot was
accompanied with a positive control, i.e., HEK293T cells transfected with expression vector expressing eGFP. This
lot helped us evaluate the success of the transfection as well as check for any endogenous FXIIl/transglutaminase
activity. Results for allassays performed onthe transfectionlysates werenormalized accordingly.

Antigenicestimationof rFXIII-AbyFXIIl-AWesternBlot Analyses. Intracellularlysatederivedfrom
transiently transfected HEK293T cells was verified fortheantigenic presence of FXIII-A proteinby westernblot
analysis. Intracellular lysate from transfected cells was quantified by BCA estimation (Pierce, Life technologies).
The intracellular lysate was separated on 4-16% precast SDS PAGE (Biorad), followed by transfer to PVDF mem-
braneat60V for90minutesincold room. Themembrane wasblocked for Thouratroom temperatureinblocking
reagent (3% w/v BSA in PBS with 0.05% Tween-20). Subsequently, after a wash with PBS-Tween (0.05%), the
membrane was incubated for 1h at room temperature in Primary antibody (1 pg/mL) (Rabbit-anti human Factor
XIII-A polyclonal antibody, Thermo Fischer Scientific Inc) with mild shaking. After washing thrice in PBS-Tween
(0.05%), the membrane was incubated for 1h at room temperature in HRP tagged Secondary antibody (50ng/
mL) (Anti-Rabbit HRP, Thermo Fischer Scientific Inc). Finally, themembrane was washed thricein PBS-Tween
and PBS, respectively. Chemiluminescent signal quantification, Image acquisition (ChemiDoc MP, Bio-Rad) and
densitometricevaluation of signal were performed on Image lab Software (Bio-Rad) version4.1. Using known
amounts of recombinant FXIII-A (positive control), the percentage antigenicity and absolute quantity of anti-
genically active FXIII-A was calculated in transfected samples based on the chemiluminescent intensity of the
signal. The antigeniclevels determined by densitometry were confirmed with a commercial sandwich ELISA
(AssayMax). The antigenic levels were used in combination with activity levels from photometric assay to calcu-
late the specific activity of the individual samples.

FXIII activity determination by biochemical end-point assays. Photometric assay. Intracellular
lysates (Wild type; Mutants), were 6X concentrated using Amicon filters (30kDa cut-off) (Merck Millipore) for
the evaluation of FXIIl activity with akinetic photometric assay (Berichrom, Siemens, Germany). Briefly, sam-
pleswereactivated in the presence of thrombin and calcium, at 37°C, transglutaminase activity of FXIII-A was
measured indirectly by measuring released indicator, i.e., Ammonia (Abs 340nm). A decrease in absorbance
isdirectly proportional to FXIII-A transglutaminase activity in the samples*”. The assay was performed on the
Behring Coagulation Systen@ (BCS) (DadeBehring, Marburg, Germany). All the experiments were performed
in duplicates, with three sets of transfections to ensure reproducibility.

Pentylamine incorporation assay. The activity of intracellular lysates of recombinant factor XIII (rFXIII)
Wild type, Mutants and a negative control was determined based on a pentylamine incorporation assay as
described previously™. Briefly, microtiter plates were coated with 80 pg/mL human fibrinogen (Enzyme Research
Laboratories, UK) at37°C for 1hour, then blocked with 1% BSA overnight at 4°C. Plates were incubated
with duplicates of 10 UL lysate, 0.27 uM 5-(Biotinamido) pentylamine (Thermo Fisher Scientific Inc), 1U/mL
human thrombin (Calbiochem, Merck KGaA), 100 uM Dithiothreitol (Sigma), and 1 mM CaCl.. Incorporation
of 5-(Biotinamido) pentylamine was stopped with 133 mM EDTA after 0 or 30 minutes. Cross-linking of the
5-(biotinamido) pentylamine into the fibrin by recombinant FXIII was detected using streptavidin-alkaline
phosphatase (Life Technologies) and p-Nitrophenyl phosphate (Sigma). Plates were measured at OD 405nm
in a Powerwave Bio-Tek multiwell plate reader (Winooski, USA). Optical density (OD) values at time 0 were
subtracted from the 30-minute readings for each lysate to removebackground and a standard curve of known
concentrations of FXIII were used to extrapolate activity of rEXIII in each lysate.

Determination of protein activity by a2-antiplasmin incorporation. The activity of intracellular lysates containing
recombinant factor XIII (rFXIII) wild type, mutants, and anegative control was also assayed by o2-antiplasmin
incorporation, based onamethod previously described®'. Briefly, microtiter plates were coated with 80pg/mL
humanfibrinogen (Enzyme Research Laboratories, UK)at37°Cfor1hour, thenblocked with1%BSA overnight
at4°C.Plates were then treated in duplicate with 10 uLlysate, 10 ug/mL &xz-antiplasmin (Calbiochem), 1 U/mL
human thrombin, 0.1mM DTT, and 10mM CaCl. Incorporation of &>-antiplasmin was stopped with 133mM
EDTA after Oor60minutes. Cross-linking of the o2-antiplasmininto thefibrinby rFXIlIwas detected using goat
anti-human &z-antiplasmin antibody with a horse-radish peroxidase conjugate (Enzyme Research Laboratories)
and 1, 2-diaminobenzene o-phenylenediamine (OPD; Dako). Plates were measured at 490nm in a multi-well
plate reader (Bio-Tek). OD values at time 0 were subtracted from the 60-minute readings for each lysate to remove
background and astandard curve of known concentrations of FXIII were used to extrapolate activity of rFXIII
in eachlysate.

fXiii activity determination by a continuous fXiii-A* generation assay. Activated FXIII-A
(FXIII-A*) generation was triggered by tissue factor/phospholipids (TF/PL), and FXIII-A* isopeptidase activity
was measured using the fluorogenicsubstrate A101 (Zedira, Darmstadt, Germany) in a Safire microtiter plate
reader (Tecan, Crailsheim, Germany)*. Twenty-five microliters FXIII-deficient plasma (deficient for FXIII-A:
and FXIII-Bz Haemochrom Diagnostica GmbH, Essen, Germany) spiked rFXIII-A2mutants (equal amount of
crude samplesbased onantigenicity) wereincubated with 35 UL reagent solution (5L 100mM glycine methy]
ester,5 UL 2mM fluorogenic FXIII-A*substrate, 10 L Innovin (recombinant TF; Dade Behring, IL, USA) diluted
1:700in phospholipids (PTTreagentkit, Roche,USA)and 15SuL HBS (20mM Hepes, 150mMNaCl)/0.1% serum
albumin pH 7.5. The reaction was started with 40 WL HBS pH 7.5 containing 25mM CaClz. For the throm-
bin resistant mutant FXIII-A-R38A, increasing amounts of calcium (25 mM, 50mM, 100mM, and 200mM) in
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HBSpH?7 5wereused. Fluorescence wasmeasured over 1houratexcitationwavelength =330nmand emission
wavelength =430nm in kinetic mode with data acquisition 2 times per minute. All the experiments were per-
formed in duplicates, with three sets of transfections to ensure reproduablh?/ Human standard plasma (Siemens
Healthcare, Erlangen, Germany) was used as an internal assay contro

Three parameters (further explained in the statistical analysis section) were obtained for each variant and the
wild type from the FXIII-A* continuous generation curve:

(A) Rate of FXIII-A* generation/maximal rate (; expressed as AR.F.U/min) which represents the rate of
conformational change between the zymogenic and activated forms. The transglutaminase crosslinking
reactionisatwo-step reaction (aping-pongmechanism), inwhich two substrates sequentially accesses
the active site to first form intermediates and then get crosslinked to each other”?. Since the continu-
ous generation assay relies on the isopeptidase activity which involves a singular cleavage/hydrolysis of a
quencher attached to thesubstrate peptideimmediately post the formation of theactivated FXIII-A*,itis
morereflective of the changein conformationbetween thezymogenic and activated FXIII-A formsthan
any end-point assays. Theoretically, both continuous-generation assay and end-point activity assay should
show correlation, butthatmightnotbe the case formutant variants, especially those that alter substrate
binding sites.

(B) Thetlagisthetimerequired for theactivation of FXIII-A by thrombin (in plasma background), in the
generationassay.Sinceingenerationassay, theactivation processisinitiated by Innovin, arecombinant
tissuefactorand whichisupstream to thethrombin cleavage of FXIII-A in thecoagulation pathway, there
isalways sometimelagbefore the firstsignal of activated FXIII-A* canberecorded. Any delay orfaster
tlag might signify differences in thrombin cleavage of FXIII-A.

(C) The tmax is the time taken to reach the maximal rate p.

(Note: An illustration of the generation assay curve along with a small commentary is provided in
Supplementary Fig. 2 to help the reader understand the assay better).

Mapping substrate binding sites on fXiii-A subunit activation transition state intermediate
models. We used FXIII-A subunit activation transition state intermediate models we had earlier generated
and reported, to study the changes in the substrate binding regions as the FXIII-A molecule unfolds from its
closed zymogenic state to its open fully activated state during the process of activation'®. Three major putative
substratebinding regionsi.e. fibrinogen, BAPA and &-2 antiplasmin were considered since the endpoint FXIII
activity assays dealt with these substrates. These binding regions had been determined by rigid docking studies
wehad earlier conducted and reported for fibrinogen and -2 antiplasmin®.The putative BAPA binding region(s)
were predicted by docking the structural coordinates of BAPA [5-(Biotinamido) pentylamine; Pubchem ID:
CID 83906] that were downloaded from Pubchem database (as an SDF file and later converted to a PDB file on
YASARA), onto the activated FXIII-A crystal structure (PDB ID: 4kty) downloaded from the protein database.
Semi-flexible docking was performed with the Autodock function embedded in YASARA® Finally these binding
regionsweremapped and highlighted on the FXIII-A subunitactivation transition stateintermediate models.

Molecular dynamic simulation of FXIII-A at different ionic concentrations. The effect of increas-
ing ion concentration on the structure of FXIII-A subunit was studied by running plain Molecular dynamics
(MD) simulation the zymogenic human FXIII-A: crystal structure (PDB ID: 1f13; 2.1 A resolution) and only
the core domain of FXIII-A subunit (isolated from the PDBID: 1f13 and consisting of the amino acids between
183-515residues) on the YASARA Structure package version 13.11.1 platform™>. Gaps orunresolved regions
within the crystal structure(s) were modelled on the FREAD loop modelling server (http://opig.stats.ox.ac.uk/
webapps/fread/)”, e.g., the PDB file 1f13 that has missing regions at the thrombin cleavage site Arg37-Gly38 was
submitted to the server under default parameters and with the starting and ending residue of the missing region
specified. Thefinalgap resolved structure was chosen from theoutput filebased onscores that wereacombina-
tionof all backbone atom anchor match RMSD (corresponds to thebase structure) and all backbone atom loop
match RMSD (corresponds to the loop structure). The PDB files were initially subjected to a 500 ps refinement
MD simulation run that imposes the YAMBERS3 force field parameters in YASARA in order to remove steric
clashes and improve rotamer geometry™. The file with the lowest energy in the simulation trajectory was chosen
for conducting further simulations. Simulations were performed with the md_sim macro embedded in YASARA.

The macro was modified for running simulations at different ionic concentrations. Briefly, a simulation cell with
periodic boundaries and 20 A minimum distances to protein atoms was employed with explicit solvent. The
AMBERO3 force field, NPT ensemble was used with long range PME potential and a cut-off of 7.86A%. Hydrogen
bondnetworkswereoptimized usingthemethod of Hooftand co-workers”. Thesimulation cell wasfilled with
wateratadensity 0f0.997 g/mL and amaximum sum ofallbumps per water of 1.0 A. Mostimportantly, the sim-
ulation cellnet charge wasneutralized with different NaCland CaCl2concentrations. While thefullzymogenic
dimeric structure was simulated at 150mM and 1M Na(l, the core domain was simulated at 5mM, 10mM,
50mM, and 100mM CaCl.. The entire system was energy minimized by steepest descent to remove conforma-
tion stress within the structure, followed by simulated annealing minimization until convergence was achieved.
The MD simulation was performed at 298 K. Simulations for all structures at all concentrations were run fora
minimum of 100ns after equilibration was achieved. Secondary structure content during the MD simulations was
visualized using the md_analyzesecstr macro output embedded in YASARA on R. Structural image visualization,
analysis, and rendering were done with YASARA 13.11.1 and Chimera version 1.10.2%%. Electrostatic surface
potential was calculated and graphically depicted using the Adaptive Poisson-Boltzmann Solver integrated within
YASARAY. The inter-residue interaction or Residue interaction network (RIN) within a structure was visualized
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by submitting the PDB file corresponding to that structure (usually the 100ns simulation snapshot for all sim-
ulated structuresin this study) to the RING 2.0 server (http://protein.bio.unipd.it/ring/)*. The serveridentifies
covalent and non-covalent bonds in protein structures, including - stacking and Tr—cation interactions using
a complex empirical re-parameterization of distance thresholds performed on the entire submitted PDB file. The
outputisin the form of a colour coded pointand connector network pattern. The colour codes are explained in
the inset diagram for all network pattern outputs.

Conservation of calcium binding sites within FXIII-A subunit. The conservation of the calcium binding
siteresidues within the FXIII-A subunitwereanalyzed onthe ConSurfserver (http://consurf.tau.ac.il/2016/) whichis
abioinformaticstoolforestimating theevolutionary conservationof amino/nucleicacid positionsinaprotein/DNA/
RNA molecule based on the phylogenetic relations between homologous sequences®'. The degree to which an amino
(or nucleic) acid position is evolutionarily conserved (i.e., its evolutionary rate) is strongly dependent on its structural
and functionalimportance. The FXIII-A sequence from UniProt (ID: P00488) was submitted to this server under
defaultconditions (Homologsearchalgorithm: HMMER; Evalue cut offat0.0001; Proteinsdatabase: UNIREF-90;
Alignment method: MAFFT-L-INS-i; Calculation method: Bayesian; Evolutionary substitution model: Best model) but
with higher number (n = 5) iterations. The resulting alignment output was viewed on the Jalview alignment viewer. The
structural conservation of the calcium binding sites was evaluated by structurally aligning all human transglutam- inase
structures, including FXIII-A subunit using the Multiseq tool embedded in VMD®. All biophysical structures for
FXIII-A subunit (PDB ID: 1f13), TG2 (PDB ID: 4pyg) and TG3 (PDB ID: 1nuf) that are currently resolved and
available were downloaded from the protein database for this purpose’®®. The remaining transglutaminases with
no known structures were modeled on I-TASSER modeling and threading server®. The sequences of these transglu-
taminases (extracted from the Uniprot database) were submitted to the -TASSER server under default conditions.
The highest scoring (best C-score) model among the output files was chosen for multiple alignments (Supplementary
Fig. 9a—d). Post alignment, a structure-based phylogenetic tree was generated using delta QH values, which is a meas-
ure of structural homology. Subjects closer to each other on this tree are structurally similar.

thermodynamic analyses of calcium binding to fXiii-A by isothermal titration calorime- try.
Isothermal titration calorimetry experiments were carried out on a MicroCal200 microcalorimeter
(MalvernPanalytical, UK). Thereferencecell wasfilled with Autoclaved MiliQwater. TherFXIII-Az(expressed
in-housein Yeastexpressionsystem)inthesample cell wastitrated against calcium concentrations. Thesample
(rFXIII-Az) was re-suspended in 20mM Tris pH 8.2 before titration. In principle, the titrations were performed
based on the c-value (concentration of calcium in syringe/concentration of sample rFXIII-Az in the cell). Since
plasma EXIII and calcium ion concentration are 2mg/L (an effective molar concentration of 0.0125 uM) and

2.5mM respectively, the c-value for mimicking a plasmatic environment will be almost 200,000 which is beyond
the sensitivity of ITC®". Hence, titrations were performed at a high c-value as 25,000; and a standard c-value
of 20%. For each of the conditions, titrations were performed in the same buffer (20mM Tris, pH 8.2), unless
stated otherwise. Forc-value =20, 1.25mM of rFXIII- A2 wastitrated against 25mM CaClz (with 13.8U thrombin
(Sigma) in the sample cell). The titration involved 19 injections (12 X 2, 0.4 X 6, each injection spaced by 1205).
Toensure completesaturation, thereaction was continued with a further 19injections (12 <2, 0.4 X 6, each
injection spaced by 120s). Both the resulting isotherms were concatenated with CONCAT tool provided with
the Origin software (version 7.0) (OriginLab)®. For c-value = 25,000; 1 X 10~ mM rFXIII-Az, activated by 2U of
thrombin (Sigma) was titrated against 25 mM calcium. The titration was performed for 19 injections 2uL each,
spaced at 150s, to reach full saturation, the reaction proceeded with further 19 injections (0.4 uL each, spaced
at 150s) and the titrations were concatenated with CONCAT tool provided with the Origin software (version
7.0). Allthe experiments were performed in the samebuffer 20mM Tris, pH 8.2), at 30 degrees with the stirring
speed setto 750rpm, atlow feedback. Foreach experiment, thrombin wasadded before the start of the reaction;
hence rEXIII-A2was incubated with thrombin, in the absence of calcium for the period of pre-titration delay. To
account for the heat of dilution, we performed blank experiments under the same conditions without rFXIII-Az in
the sample cell (Thrombin in cell titrated against CaClzin the syringe). Peak integration was done in the software
Origin 7.0. For thermodynamic analysis, initially, we used Origin software, for single set of binding model, in
ordertoobservethebinding asaglobalfit. The parameter Kawas approximated around 100pMbased onearlier
reports, was setasnon-varying parameter for sequentialbinding site model with 3set of binding sites (Even for
sequential binding site model, it is advisable to have initial guesses for n, Kand AH)*®. (The Kiwas used as a
standalone non-varying parameter for the further fitting of data in all fitting exercises). Subsequently, heat capac-
ity changes for each injection were calculated based on the algorithms followed by Origin software, as well as stoi-
chiometric equilibria model (described below) in Affinimeter (https://www.affinimeter.com)®and the process was
iterated until no further significant improvement in fit were observed. Individual heat-signatures were derived
from the energy definitions upon each binding after modelfitting also by using Affinimeter. The corresponding
thermodynamic parameters were calculated according to the equation In(1/Kd) = (AH-TAS)/RT. Additionally,
titrations were performed at 1 pM and 0.4 uM FXIII-A2, with ligand (calcium ion) concentration of 12 uM and
14 pM respectively (for c-values 12 and 35) (data not shown), and no binding was observed in these titrations.
The titrations were first simulated in Affinimeter with the aforementioned c-values & fitting was simulated to the
following custom design model, using the model-builder approach on Affinimeter app to dissect the contribution
ofindividualspecies generated during the course of FXIII-A activation, following the hypothetical equation:

M1+ A10 M1A1 + A10 M1A2 + A1 M1A3

where M is FXIII-Az, A is calcium ion.
The final data was interpret based on fitting exercises performed using Affinimeter.
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Statistical analysis. Statistical analysis was performed using R¥. For endpoint assays, mean values were
compared (to the wild type) by Student’stwo-tailed t-test. In the generation assays, data wasanalyzed based on
growth-curve analyses, with the slope of the curve (i) representing the growth rate. Data were fit using R-package
“Grofit”, based on the dose-responserelationship”. Non-parametric spline estimation was done to fit the data,
and to obtain the characteristic parameters lag phase (tlag), maximal growth rate (), time of maximal growth rate
(tmax), maximal growth (A) and area under the growth for each single growth curve.

The function follows the following parameterization:

y(t) = A" exp[—exp(i” exp()/A™ (A — ) + 1)]

Abbreviations:lag phase (tlag): A maximal growth rate (rate of activation): i, Areaunder curve: A, and time
of observation: t

Data Availability
The datasets generated during and/or analyzed during the current study areavailable from the corresponding
author on reasonablerequest.
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4A: ldentification of Potential Novel Interacting Partners for Coagulation
Factor X111 B (FXIII-B) Subunit, a Protein Associated with a Rare Bleeding
Disorder

Sneha Singh, Mohammad Suhail Akhter, Johannes Dodt, Peter VVolkers, Andreas Reuter,
Christoph Krettler, Christoph Reinhart, Johannes Oldenburg & Arijit Biswas

A brief synopsis:

Owing to the comparatively unexplored roles of FXII1-B subunits, in this sub-section of chapter
4 we tried to identify novel interacting partners of FXIII-B, that may be characterized further
defining new roles of this subunit. Here, we first explored the excipients that exist with FXIII
complex in FXIII plasma concentrate and verified it by mass spectrometry. Additionally, owing
to the structure and sequential similarity of FXI11-B with Complement factor H, we tested if CFH
influences the rate of activation of FXIII-A, like FXIII-B subunit. Furthermore, FXIII-B based
pull-down assays revealed more sticking partners of FXIII-B subunits in a FXIII-deficient
plasma background. The studies reveal; a) no direct role of CFH on FXIII activation; and, b) a-2
macroglobulin as only common denominator found both in content characterization of plasma
concentrate and pull-down assays; future functional investigations will be needed to understand
the physiological significance of this association.

Int. J. Mol. Sci. 2019, 20, 2682; doi:10.3390/ijms20112682

4B: Exploring the structural similarity yet functional distinction between
coagulation factor XI11-B and complement factor H sushi domains.

Sneha Singh, Mohammad Suhail Akhter, Hamideh Yadegari, Vytautas Ivaskevicius, Johannes
Oldenburg & Arijit Biswas

A brief synopsis:

Owing to the structural and sequential homology between complement factor H (CFH) and
FXII1-B; we performed a combination of in-silico and ELISA based studies to investigate any
potential role of FXIII-B subunit in complement activation. Our investigations show no effect of
FXII1-B subunit on the rate of complement activation. Therefore, in this chapter we conclude
that at a physiological level, FXII1-B subunit plays no role in the complement system, although a
vestigial function in altered pathological states might still exist.

J Thromb Thrombolysis (2019). https://doi.org/10.1007/s11239-019-01841-w
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Abstract: Coagulation factor XIII (FXIII) is a plasma-circulating heterotetrameric pro-transglutaminase
complex that is composed of two catalytic FXIII-A and two protectivelregulatory 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 Clgq,
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/EXIII-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
asazymogenic heterotetramer composed of dimeric subunits of catalytic FXIII-A and carrier/regulatory
EXIII-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., FXIII-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-A2B) 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-downofinteracting partners ina FXIIl deficient background (FXIII-DP) was done. Twocomplement
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 HCI, 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-A;B, 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 EXIII 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 notsignificantly
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 FXIIIa generation. FXIIla generation assay is a
real-time, quantitative measurement of generation of active FXIIla 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 FXIIla),
and Kb (elimination constant) have been represented here. (A) Raw data obtained as growth curves
representing the generation of active FXIIla 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 C1q, and fibrinogen-«, -B, -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. (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 FXIII. 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-A2B,. The
separated bands of individual fraction, detected by coomassie staining, when evaluated by MS were
determined to be FXIII-A> and FXIII-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 FXIlla 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 FXIII-DP (Figure 4). While we found that fibrinogen-, -B, -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 FXIII-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 Clq and complement C3 in the
pull-down assays came as asurprise. There has beenno report of FXIII or the FXIII-B subunit interacting
with complement C1q 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
FXII/EXIII-B subunit, as shown from our study, presents the opportunity to discover newer roles for
FXII/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 EXIII-B subunit, on the other hand, is merely co-present with FXIII in FibrogamminP and it
appears to have no functional interaction with FXIII/EXIII-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-A2B> 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% vfv FBS, 1% vlv Penicillin-Streptomycin
antibiotics and 0.1% vfv 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 ¥ 10° cells were transfected with 3 pg 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
rFXIII-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 NaCl,
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).
Theproteinbandswereanalyzed by Coomassiestaining (Bio-Radlaboratories, 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 NHyHCOs;; 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 ¥ 20 mm C18 pre-column and a 1.7 pm BEH 130
100 pm % 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 yL/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. FXIlla Generation Assay

The rate of activated FXIII (FXIlla) generation was monitored by FXIlla Generation Assay [13,21].
Briefly, the generation of active FXIlla species was monitored in the background of different plasmatic
condition. Compared to standard plasma (SP) (ISTH: SCSP FXIII activity 0.76 Ulvial; FXIII antigen
A1B> 0.74 IUlvial), 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 pl plasma in order to
generate active FXIIla (subsequently detected by FXIIl isopeptidase activity ona chromogenic substrate
A101 (Zedira GmBh, Darmstadt, Germany)). The reactions spiked with rEXIII-B (20 pg/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 yL 100 mM glycine methyl ester, 5 yL. 2 mM
fluorogenic FXIII-A substrate, 10 yL 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 pL 25 mM CaCl, pH 7.5. Fluorescence was measured over 1 h
at A ex =330nm 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_kal(ka = kb)_ (exp(=kb_ (t = tlag)) = exp(=ka_(t = tlag))) 1)

where ka: constant of absorption, which describes the development of active FXIIlaand 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 thecommercialrecombinant FXIII-B (Zedira, Germany) toimmobilized anti(o)-FXIII-Bmonoclonal
antibodies (in-house) (similar experiments were also performed with rEXIII-B expressed/purified
from HEK293t mammalian cell lines in-house). Briefly, 75 pl of mouse-&-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 pl of Img/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 EXIII-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-A2B; 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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Abstract

Coagulation factor XIII (FXIII) covalently crosslinks pre-formed fibrin clots preventing their premature fibrinolysis. In
plasma, FXIII circulates as a zymogenic heterotetramer composed of catalytic FXIII-A subunits, and carrier/regulatory FXIII-
B subunits. FXI11-A is a well characterized component of this complex, and has been associated with several pleiotropic roles
outside coagulation as well. In comparison only protective/regulatory roles towards the FXI11-A subunit have been identified
for FXI11-B. Strong homology between FXI11-B and complement regulator Complement factor H suggests a putative role of
FXI11-B in complement activation. In the current study we have analyzed the similarities and yet functional divergence of
these two proteins using in silico sequence alignment and structural analysis. We have evaluated complement activation post
reconstitution of FXI11 components into FXI11 deficient and CFH deficient plasma. We have also transiently expressed FXI11-
B in SH-SY5Y cell lines and evaluated its effect on the endogenous complement activation. Our investigations show no effect
of FXI11-B subunit on the rate of complement activation. Therefore we conclude that at a physiological level, FXI1I-B subunit
plays no role in the complement system, although a vestigial function in altered pathological states might still exist.
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Highlights = Reconstitution assays reveal no significant role for FXIII-
B in physiological complement activation.

= In spite of homologous and structural similarity with

= The carrier/regulatory coagulation FXIII-B protein has
sequence homology with and shares structural similari-
ties with complement factor H.
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CFH, FXI11-B does not mimic its functional role in the
alternative pathway.

= Although no evidence of involvement of FXIII-B in
physiological complement activation was detected in
our study the same cannot be said of complement sys-
tem related pathological states and therefore need further
investigation

Introduction

The complement and coagulation pathways, are proteolytic
cascades that act as body defense mechanisms aiding detec-
tion, capture, elimination of pathogens, and responsible for
conversion of insoluble fibrin to strong fibrin clot disabling
blood loss as a consequence of injury, respectively [1-3]. In
many pathological scenarios like sepsis, coagulation
pathway proteases have been implicated in the activation of


mailto:arijit.biswas@ukb.uni-bonn.de
mailto:arijit.biswas@ukb.uni-bonn.de

Exploring the structural similarity yet functional distinction between coagulation factor...

complement system [4, 5]. On the other hand, strong effects
of complement components like mannose-associated serine
protease 1 (MASP-1), have been reported towards clot for-
mation [6, 7]. In this study we attempt to delineate the inter-
connections between coagulation factor XI11-B (FXIII-B)
(non-catalytic subunit of coagulation FXI11-A;B, complex in
plasma), and central complement regulator factor H (CFH),
that show significant homology and structural similarity [8—
10]. The catalytic component of FXII1-A2B, complex,
i.e. FXIII-A, is well characterized with several crystal struc-
tures reported for both active/zymogenic states [11]. The
FXI11-B subunit, which is theregulatory/protective partner,
is not as well characterized. Homology studies reveal that
FXI11-B bears 10 sushi domains (or Complement Control
Protein modules) [12]. Since FXI11-B is present both in com-
plexed (FXIII-A;B;) and free form, it raises the question
if it has pleotropic roles, outside the coagulation pathway
similar to its partner FXII1-A subunit [13-17]. CFH is a
major player in the alternative complement pathway (AP) at
the level of the central C3b component, blocking undue acti-
vation of the complement [18]. Homology/threading-based
models of FXI111-B subunit sushi domains indicate similarity
to CFH in structure/surface electrostatics [9, 10]. Both pro-
teins are coded by genes in the RCA gene cluster (chromo-
some 1), with liver being the major site of expression [19,
20]. Similarities between FXIII-B and CFH hint towards a
putative role for FXII1-B in complement activation. In our
current study we explore this possibility by first comparing
and contrasting its structural and functional properties CFH.
Since the primary mode of action for all sushi domains
is to bind and modulate the function of other proteins, we
speculated that the sushi domains of FXIII-B might be able
to mimic the functional properties of the sushi domain bear-
ing complement proteins, especially in their absence thereby
influencing the complement system. Here we investigate this
possibility by introducing the FXII1-B subunit in an in vitro
condition in which a fully functional complement system is
present i.e. SH-SY5Y cell lines [21, 22]. Simultaneously we
evaluated the status of complement system in plasma that is
lacking Factor XIIl. We further specifically look into the
possibility of the FXI11-B subunit mimicking CFH in plasma
deficient in CFH.

Methods
Structural comparison of FXIII-B subunit and CFH

A comparative evaluation of the full length structures of
FXI111-B subunit and CFH was done in silico. A number of
biophysical structures corresponding to the full length CFH
protein deposited in the protein structure database were
downloaded i.e. PDB IDs: 1hag, 3gav, 3gaw and
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3gau [23, 24]. All four of these structures were charac-
terized using solution-based scattering data and therefore the
PDB coordinates were comprised of mostly the C-a
backbone. The side chains of these four PDB files were
modeled using the PD2 ca2main server (http://www.sbg.
bio.ic.ac.uk/~phyre2/PD2_ca2main) to generate the cor-
responding full atom models [25]. We used high quality
models of the ten sushi domains of FXII1-B we had ear- lier
generated and reported to assemble into a full length FXII1-
B monomer model [9]. The full length model was assembled
and energy minimized from the individual sushi domains on
the AIDA domain joining server (http:// aida.godziklab.org/)
using the default server conditions [26]. The FXIII-B model
was structurally aligned with the four all-atom structures of
CFH using the MUSTANG function embedded in
YASARA. Electrostatic surface potential of the structures
was calculated and graphically depicted using the Particle
Mesh Ewald method integrated within YASARA (force
field applied: AMBEROQ3; periodic boundary conditions)
[27, 28].

Rate of complement system activation

A semi-quantitative estimation of the rate of complement
activation in all subsequent experiments has been done with
a commercially available kit (Complement System Screen,
Euro Diagnostica, Sweden) which uses a set of activators
and inhibitors of complement activation pathways i.e. all
pathways separately. The wells of the microtiter strips are
coated with specific activators of all the three pathways sep-
arately (More details in supplementary methods).

Reconstitution experiments with factor XIII deficient
plasma

Reconstitution experiments with FXIII deficient plasma
(FXI11-DP) (Affinity Biology, Canada) were performed in
five set ups: pooled plasma (PP), only FXII1 deficient plasma
(FXI111-DP), FXIII-DP reconstituted with recombinant
FXII-A; (rFXIH-Az, 12 p g/ml), FXIHI-DP reconstituted
with recombinant FXI111-B, (rFXI11-B2,12 pg/ml) and FXI11-
DP reconstituted with Factor XIII heterotetramer (FXIII-
AzB; 28 pg/ml) [29, 30]. (rFXITNAZ, rEXITNB2 and FXIII
A;B: purchased from Zedira GmbH, Germany). All these set
ups were incubated post reconstitution for a time period of
30 min at 4 °C before evaluating their rate of complement
activation using kits as described above. Equal final volumes
of all five set ups were evaluated. In another experimental
set up we followed the rate of complement activation when
increasingly different concentrations of rFXI11-B; (5, 10, 20
pg/ml tested) were spiked into FXI11-DP.
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Evaluation of complement activation upon transient
expression of FXIII-B subunit in SH-SY5Y cell lines

Mammalian expression vector pEZ-MO1 (Genecopia, Rock-
ville, USA) carrying the F13B subunit cDNA were trans-
fected into SH-SY5Y cell lines (DSMZ German Collection of
Microorganisms and Cell Cultures, Braunschweig) [21, 22].
The cells were cultured in with Dulbecco modified Eagles
medium (DMEM, Invitrogen, Darmstadt, Germany) sup-
plemented with 10% fetal bovine serum (Invitrogen), 1%
penicillin- streptomycin (Invitrogen) and 0.1% Fungizone
(Invitrogen) in 5% CO». The harvested culture supernatants
were tested for FXII1-B secretion 36 h post transfection by
western-blotting (supplementary methods), and the rate of
complement activation upon transfection using theactivation
kits as described above. Supernatants from non-transfected
cells served as a control for this experiment.

Reconstitution experiment on CFH deficient plasma
(CFH-DP)

Reconstitution experiments on CFH deficient plasma (CFH-
DP) were performed on the following four set ups: only
CFH-DP (Assaypro, Missouri, USA), CFH-DP reconstituted
with rEXII-Az (12 pg/ml), CFH-DP reconstituted with rEX-
111-B2 (12 pg/ml), CFH-DP reconstituted with rEXI11-AzB;
(28 pg/ml) [29, 30]. All these set ups were incubated post
reconstitution for a time period of 30 min at 4 °C before
evaluating their rate of AP activation using kits as described
above. The endogenous FXIII activity of the commercial
CFH-DP was evaluated using a photometric assay [31].

Statistical analyses

Statistical analysis was performed on an R platform. Com-
parisons of means were performed using a non-parametric
Mann—Whitney’s t test. All experiments were performed in
duplicates and repeated at least thrice (n = 6).

Results
StructuralcomparisonsbetweenFXIII-Band CFH

A structural alignment of the FXII1-B full length all-atoms
structural model with the different structural conformations
of CFH, showed alignment limited to specific number of
sushi domains. The FXIII-B sushi domains S8, S9 and S10
structurally aligned to sushi domains S17, S18 and S19 when
the alignment was done with the structurally resolved all
atoms PDB file 1HAQ. In solution based structure PDB file
3GAW, FXI11-B sushi domains S2-S8 aligned with S9-S11,
S17 and S18 numbered CFH sushi domains (Fig. 1a). The
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surface electrostatic distribution for CFH at different NaCl
concentrations has been represented in Fig. 1a. The FXIII-
B sushi domains S3-S7 align with CFH sushi domains that
participate in oligomerization (Fig. 1c; shaded Green). The
FXII-B sushi domains S8-S10 align with CFH sushi
domains that are protein interaction binding sites (Fig. 1c;
shaded Blue). The longest inter-domain linkers for CFH
were present between S8/S9 and S19/S20 while for FXIII-
B they were between S5/S6 and S8/S9 (Fig. 1d).

Reconstitution experiments with factor XIII deficient
plasma, and CFH deficient plasma

No significant differences were observed for the rate of acti-
vation of CP when reconstituted with rEXII-Ay, rEXII-B;
subunit or the FXI11-A;B; heterotetramer (p > 0.05 Fig. 2).
The LP and AP showed reduced activation when FXIII-DP
was reconstituted with the rEXII1-A; subunit, rEXI111-B, or
the FXIII-A2B; heterotetramer; however these differences
were non-significant (Fig. 2a). A significant difference
observed was in the rate of activation of LP of pool plasma,
showing higher rate of activation compared to FXIII-DP.
FXI11-DP reconstituted with rFXI11-B; with different con-
centrations of rFXI111-B; followed an uneven behavior. While
reconstitution with 10 p g/ml rFXI11-B; did not show any
significant effect on any of the pathways, FXII1-DP recon-
stituted with 5 and 20 pg/ml of rEXI11-B; had significantly
raised activation levels for all three pathways (Fig. 2b). A
significantly higher rate of activation of the AP was observed
when CFH-DP was reconstituted with both rFXIII-A; and
rEXI11-B; subunits individually (Fig. 2c). No significant
difference was observed with addition of rFXI-AzB: (p
>0.05) as compared to the CFH-DP. The FXIII activity of
CFH-DP was also significantly lower (27 £4% vs. 85 +8%;
p <0.0007) as compared to the pool plasma.

Complement activation upon transient expression
of FXIII-B subunit in SH-SY5Y cell lines

The levels of activation for all three complement pathways
detected in the transiently expressed extracellular medium
of SH-SY5Y cell lines were very low compared with pool
plasma i.e. between 5 and 10% of the normal pool plasma.
Compared with non-transfected cell line expression prod-
ucts, we observed that the LP showed significantly higher
rate of activation (Fig. 3). The AP showed reduced activa-
tion, although the difference was non-significant (Fig. 3).
No FXIII-B was detected in the harvested supernatants of
non-transfected control in the western-blots (Fig. S1). We
also did not detect any FXIII activity using the photometric
assay in the harvested supernatants.
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FXIIB S1 S$2 S3 S4 S5 S6 s7 S8 s9 $10
Arg (+1) 3 1 1 1 5 1 2 2 3 5
Lys (+1)| 4 6 7 3 3 4 2 5 3 3
His (1) | 1 0 1 2 3 2 1 2 4 6
Asp (-1)| 8 3 5 2 3 7 5 5 4 6
Glu (-1) 1 4 1 2 1 1 1 4 3 3
-1 0 2 2 7 -1 -1 0 3 5
= $1 s2 S3 S4 S5 S6 s7 S8 s9 $10
= 3 -3 2 - 3 2 5 1 5 2
8
& s $12 $13 sS14 S$15 $16 S17 S18 S19 S20
- -6 5 -4 -4 A1 -1 3 0 8
C
S4
S20
S16 s18
Protein-protein interaction sites
Self associating domains
D
CFHLinker: © $12513514515516S17518 5-52
F13BLinker: S15S2535455
Discussion during evolution between the proteins e.g. CFH and FXIII-

B subunit belong to a common group distinct from C4bpa or
The Regulators of Complement Activation (RCA) gene  Crl protein [33]. Although this distinction between RCA
cluster evolved from a series of gene duplication events,  proteins can be made based on the relative conservation of
houses genes expressing complement system proteins as  N-terminal sushi domains, the case of FXII1-B is ambiguous
well as FXI11-B [32]. Even within the RCA gene cluster,a  as some of its N-terminal domains show middling degrees
distinction can be made based on the point of divergence of conservation [32]. Likewise, multi-domain assembly of
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«Fig. 1 Structural comparisons of Human Factor XIII-B and CFH.
Computational approaches to delineate the structural similarities in
FXI11-B and CFH in different orientations, on comparing FXIIl- B
full-atom model to CFH solution based structures. a Structural
alignment of FXIII-B model with CFH model 1HAQ, 3GAU, 3GAV
and 3GAW. (Green: CFH, Red: FXIII-B, aligned sushi domains are
labelled red for FXI1I-B). Lower panels represent the surface electro-
statics of CFH for each of the four structures (Red: Negative, Blue:

Positive), at different solvent conditions. b Tabular representation
of surface charges on each individual sushi domain present on CFH

(adopted from Okemefuna et al. [23]), and FX111-B for individual sushi
domains based on presence of R, H, K, E, D amino acids, as calculated
from the amino acid sequence. The sushi domains with surface
glycosylation are within grey boxes in the table. ¢ In the sur- face
electrostatics map of CFH structure 1HAQ, the sushi domains binding
to C3b and Heparin are shaded (blue, the CFH sushi domains
responsible for self-assembly are shaded green. Corresponding to these
domains, structurally aligned domains in FXI111-B are high-

lighted on FXI11-B model in similar colored shades). d Comparison of
the length of inter-domain linkers present in CFH and FXI11-B,

long linkers possibly responsible for self-folds and kinks are marked
bold in black

sushi domains has given rise to both the CFH and FXIII- B
proteins. A deeper look into their structural similarities
reveal that although the sequence is ~60% conserved, struc-
tural alignment yields an almost 85% similarity between the
two. This may be attributed to the conserved core fold of
sushi domains. Structural analysis of full length solution
based structures of CFH at increasing levels of NaCl, sug-
gests high conformational flexibility for the protein [23]. Itis
reported that the fold-back structure of this 139 kDaprotein
involves non-covalent interactions based on variable surface
charge densities (Acidic charge: CFH sushi domain S9, S12
and S15; Basic charge: CFH sushi domains S7, S13 and
S20) depending on the solvent microenvironment that gov-
erns the orientation of the full length protein and its interac-
tion with other proteins [24]. Structural alignment of the full
length FXIII-B model with CFH structuredemonstrates
good alignment between the sushi domains that share similar
charges (Acidic charge: FXIII-B sushi domains S1, S6 and
S7; Basic charge: FXIII-B sushi domains S5, S9 and S10)
indicating that the structural folds governing its interaction
with other proteins, based on electrostatics are conserved
between the two proteins. Another aspect determining over-
all fold and interaction interfaces in sushi domains contain-
ing proteins are the length and flexibility of inter-domain
linkers. In CFH, long linkers are present between S8/S9 and
S19/S20 facilitating the flexibility and overall fold, which
are observed between S5/S6 and S8/9 in the FXII1-B model
comparatively, most likely functioning similarly (Fig. 1)
[23]. The high degree of structural similarity suggests that
the FXI11-B subunit might be able to mimic CFH function-
ally in its absence or that such functions of FXIII-B have
become vestigial, made redundant by more specifically
evolved sushi domains of complement system. A reverse
role of certain complement pathway proteins incoagulation
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has been recently reported, however no involvement of sushi
domains was identified [34—-36]. However, our reconstitu-
tion experiments of FXIII-DP does not support any active
physiological role of FXIII-B in any of the complement
system pathways as no significant differences in the rate of
activation was observed when the deficient plasma was
reconstituted with various forms of the FXI11-B subunit (free

FXI11-B and bound i.e. FXIII-A B) or for that matter even
2 22

its partner FXII1-A subunit Interestingly, altered concentra-
tions of rEXI111-B; resulting to higher AP activation indicate
that it might still have a vestigial function that comes into
light under non-physiological conditions (Fig. 2). However,
we could not establish a consistent correlation between the
rate of AP activation and FXIII-B; concentration since the
rate of activation was similar for low (5 pg/ml) or high levels
(20 pg/ml) of rEXI11-B; subunits. Transiently expression of
FXI1-B; subunit in the cell line SH-SY5Y revealed signifi-
cant differences in the LP (higher rate of activation). How-
ever, these differences are difficult to interpret physiologi-
cally since the endogenous complement activation observed
here was much lower than physiological activation. When
we directly checked the possibility of FXIII-B mimicking
CFH functionally in CFH deficient plasma (i.e. represent-
ing a pathological condition) we observed a significantly
higher rate of AP activation for free rFXII1-B; but no sig-
nificant difference for the bound form i.e. FXII-A2B;. This
observation along with the changes observed when we used
different concentrations of rEXIII-B; in FXIII-DP suggests
that FXI11-B; (or free FXI11-B;) might have a concentration
dependent effect on the AP although this effect would not be
observed under normal physiological conditions. Interest-
ingly, the CFH-DP showed low FXIII activity of 23% when
tested with a photometric assay. However, we cannot com-
ment on whether this was as a result of the depletion process
or if it reflects the true nature of the commercial CFH-DP
since we tested only one batch of the same. Conclusively we
can say that in pathological conditions FXI11-B might still be
relevant functionally to the AP. Interestingly, genetic associ-
ation of F13B gene polymorphisms with complement related
problems like Acute Macular Degeneration (AMD) have
been previously reported although there is no evidence of a
functional association [37, 38]. However, our experiments
did not detect any normal physiological role for FXII1-B;in
the complement system. In free form plasma FXIII-B has
been reported to be either dimeric or monomeric depending
on the technique used to evaluate it [12, 39]. In reality it
might well be that there exists equilibrium between the two
states determined by the solvent concentration as has also
been observed for CFH. Since it associates with FXIII-A in
its dimeric form, it’s likely that the monomeric form could
have affinity for non-coagulation related proteins. Since the
monomeric FXIII-B can adopt several different conforma-
tions that may contribute to pleiotropic roles for this protein,
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Fig. 2 Effect of FXIII and its subunits, on complement activation in
FXI11 deficient and CFH deficient background. Comparative bar- plot
representations of the rate of complement activation, performed in (a).
FXIII deficient plasma (FXIII-DP), healthy pool plasma (PP) and
FXI111-DP when reconstituted with FXI11-A2B2 complex and each of its
subunits individually. b The effect of increasing concentrations of
FXI111-B subunit on rate of complement activation; performed in FXIII
deficient plasma background. The reaction was spiked with 3 different
concentrations of commercially available rFXI111-B2 subunit. ¢ Rate of
alternative pathway activation after spiking CFH deficient plasma with
individual FXIII subunits and also the complex. The three bars
represent the rate of activation for the three complement pathways i.e.
CP, LP and AP. The values for set of experiments a and b containing
FXII1, were compared to values obtained in the deficient plasma
without reconstitution (FX111-DP) for all three separate path- ways. A
p value < 0.05 was considered significant and represent byan

*in the graph. In experiment (c), the values for were compared with
values obtained in the CFH deficient plasma without any reconstitu-
tion (CFH-DP). A p value < 0.05 was considered significant and is
represented by an * in the graph

explaining its relative constitutive abundance in plasma. In
future, a detailed evaluation of the status of FXI11-B subunit
in the complement related deficiencies might help to estab-
lish a link in pathological scenarios like aHUS (Atypical
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Fig. 3 Influence of FXIII-B on activation of Complement pathway in
SHSY-5Y cell lines. Complement activation, as measured in extracel-
lular fraction harvested from SHSY-5Y cell lines transfected with or
without FXI11-B, 36 h post-transfection. A p value < 0.05 was consid-
ered significant and represent by an * in the graph

hemolytic uremic syndrome) something that is not ruled out
in this study.
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Disruption of Structural Disulfides of Coagulation FXI11-B Subunit;
Functional Implications for a Rare Bleeding Disorder.

Sneha Singh, Mohammad Suhail Akhter, Johannes Dodt, Amit Sharma, Senthilvelrajan
Kaniyappan, Hamideh Yadegari, Vytautas Ivaskevicius, Johannes Oldenburg and Arijit Biswas

A brief synopsis:

Continuing to exploration of novel roles and interacting partners of the FXIII-B subunit, chapter
5 is aimed at structural characterization of FXIII-B subunit disulfides. Since FXIII-B is
filamentous in nature and bears 20 disulfide bonds, it makes it challenging to recombinantly
express and study this molecule by traditional structural methods such as X-ray crystallography
or NMR. As an alternative, in this chapter we rather tried to decipher first the roles of individual
structural disulfides which are present of FXIII-B, to rule out how these may be affecting the
mutational states of this protein, and its maturation at different levels; to . By inducing site-
directed point mutations, we ablated each of the individual disulfide bond present in FXII1-B and
the mutants were tested in-vitro for their rate of expression, secretion, stability and
oligomerization by a combination of approaches. Furthermore, structural flexibility of these
disulfides was tested by in-silico methods, on a FXIII-B monomer model (also generated in-
silico). This chapter concludes that, a)all 20 disulfides are important for FXII1-B expression and
secretion, b) disruption of FXIII-B structural disulfides leads to its intracellular retention in ER,
c) even if secreted, the disulfide mutants fail to dimerize into FXIII-B,, and show altered
complexation, d) The FXIII-B Subunit disulfide bonds display variability in structural flexibility,
but ablation of any of these bonds leads to a loss in stability. This chapter thus explains the
dominant negative role of FXIII-B mutations in FXIIl-deficiency, and how the structural
cysteines of FXIII-B can act as one of the mutational hotspots in the heterozygous, mild-form of
this rare bleeding disorder.

Int. J. Mol. Sci. 2019, 20(8), 1956; https://doi.org/10.3390/ijms20081956
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Abstract: Congenital FXIII deficiency is a rare bleeding disorder in which mutations are detected in
F13A1 and F13B genes that express the two subunits of coagulation FXIII, the catalytic FXIII-A, and
protective FXIII-B. Mutations in FXIII-B subunit are considerably rarer compared to FXIII-A. Three
mutations in the F13B gene have been reported on its structural disulfide bonds. In the present study,
we investigate the structural and functional importance of all 20 structural disulfide bonds in FXIII-
B subunit. All disulfide bonds were ablated by individually mutating one of its contributory
cysteine’s, and these variants were transiently expressed in HEK293t cell lines. The expression
products were studied for stability, secretion, the effect on oligomeric state, and on FXIII-A activation.
The structural flexibility of these disulfide bonds was studied using classical MD simulation performed
on a FXIII-B subunit monomer model. All 20 FXIII-B were found to be important for the secretion and
stability of the protein since ablation of any of these led to a secretion deficit. However, the degree of
effect that the disruption of disulfide bond had on the protein differed between individual disulfide

bonds reflecting a functional hierarchy/diversity within these disulfide bonds.

Keywords: coagulation Factor XIII; FXIII-B; disulfide bonds; FXIII deficiency

1. Introduction

Coagulation Factor XIII (FXIII) is a pro-transglutaminase that acts at the terminal stage of the blood
coagulation cascade and is responsible for covalent cross-linking of pre-formed fibrin polymers making
them resistant to premature fibrinolysis [1]. In plasma, FXIII exists as a zymogenic heterotetramer with
non-covalently associated dimers of its catalytic FXIII-A and non-catalytic/carrier FXIII-B subunits.
Thrombin activates this zymogenic complex by cleaving an N-terminal 37 amino acid long region on
the FXIII-A subunit called the activation peptide (FXIII-AP). This cleavage is also accompanied by
binding of calcium ions to FXIII-A, resulting in conformational changes that trigger the dissociation of
the FXIII-B subunit as well as the opening up of the closed zymogenic dimeric form of the FXIII-A
subunitinto an open monomeric form of FXIII-A (FXIIIAa) facilitating substrate access to it catalytic site
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(a triad with a catalytic cysteine, i.e., Cys314 as its functional centre) [2]. Since this protein contributes to
the stability of fibrin clots, inherited or acquired defects result in a bleeding predisposition [1]. The
inherited form of FXIII deficiency is a rare coagulation disorder (one in one-four million) resulting from
homozygous or compound heterozygous mutations in FXIII genes, and it usually causes a severe
bleeding diathesis with umbilical cord bleeding as the most common symptom associated with this
deficiency. More than 120 mutations have been detected in F13A1 and F13B genes corresponding to the
two subunits of FXIII since the first case was reported in 1962 by Duckert et al. [3-5]. More than 95% of
the mutations in severe inherited FXIII deficiency occur in the F13A1 gene (OMIM # 613225), but only
a few mutations have been detected in the F13B gene (OMIM #613235) [5-12]. However, in the past
decade, several reports from our group have indicated that the heterozygous form of this defect might
also have clinical relevance as a mild form of FXIII deficiency, which we anticipate has a higher
prevalence than severe inherited forms [13-15]. We have reported several mutations which were
detected in individuals who suffer from inherited mild FXIII deficiency [14]. Many of these individuals
are asymptomatic, but some also display unusual bleeding tendency when exposed to some kind of
trauma. Interestingly, unlike the severe inherited form, in the mild form, the proportion of mutations
detected in the FXIII-B subunit is far higher. Almost 209%-40% of the mutations detected in mild FXIII
deficiency occur in F13B gene [5]. The catalytic FXIII-A subunit is a structurally and functionally well-
characterized protein. Its partner FXIII-B subunit comparatively is a relatively unknown entity. There
exists no biophysical structure for this protein, although based on its strong homology to complement
factor H, several high-quality models of its repetitive sushi domains have been reported [16]. The
FXIII-B protein is a traditionally secreted protein (bearing an N-terminal 20 amino acid long signal
peptide) expressed in hepatocytes [17-19]. It associates with the FXIII-A subunit in the plasma to form
the heterotetrameric complex. Since it is secreted in excess of FXIII-A subunit, itisalso presentin plasma
init's unbound, free-form, which hints towards pleiotropic roles of this protein beyond coagulation [20].
Its circulating form had earlier been reported to be a monomer based on its sedimentation coefficient,
although gel filtration results of FXIII-B expressed in insect cell lines indicate that it is a dimer [17].
Homology studies suggest that a monomer of FXIII-B subunit is composed of 10 repetitive sushi
domains, held together by short peptide linkers. Sushi domains are also known as complement control
modules since they also exist in complement system proteins like complement factor H (CFH) [21].
Functionally they act as chaperones to other catalytic proteins and regulate their functional states by
binding to them. Each sushi domain has a conserved core structure with four consensus cysteine
residues forming two disulfide bonds [22]. Therefore, a FXIII-B monomer will comprise of 20 disulfide
bonds. The symmetrical arrangement of cysteine bond formation (abab pattern) in individual sushi
domain gives specific intrinsic topology, thereby adopting a signature secondary structure, a B-
sandwich type fold, and an overall globular shape. The disulfide bridges enable sushi domains to folds
intoacompact hydrophobic core enclosed by 3 + 2 beta-strands. Rigorous analysis of FXIII activation has
revealed that the rate of activation of FXIII-A subunit is accelerated in the presence of FXIII-B subunit,
which raises interest in its suggestive role in the regulation of FXIII-A mediated fibrin cross-linking
[2,23]. Additionally, Souri et al., have suggested that FXIII-B mediates association of Fibrinogen, FXIII-
A, and Thrombin, hence enhancing the cross-linking [23,24]. These developments in the last few years
indicate that the role of FXIII-B in fibrin cross-linking extends beyond being a mere carrier/protective
protein. Interestingly, three of the mutations detected in the FXIII-B subunit causing either severe or
mild inherited FXIII deficiency, occur on the cysteines forming the structural disulfide bonds [5,13,14].
Transient expression of some of these mutations suggested pathomolecular influences on the core fold
of the protein, consequently affecting its secretion. Disulfide bonds, structural or allosteric, play a major
role in several coagulation proteins [25]. The disulfide bonds observed in FXIII-B are very likely
structural, although no structural data exists for this subunit to confirm this assumption. The only
structural data currently in literature comprises of electron microscopy studies which indicate the
subunit to be filamentous in nature [26]. Even though the disulfide bonds present on each sushi domain
of this subunit might be structural in nature, its relative
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contribution to the functional aspects of the protein might differ. Some functional data exists of the
involvement of select sushi domains of the FXIII-B subunit to its overall fold (its dimeric form) or in
the interaction with partner FXIII-A subunit [17,27].

In the present study, we investigate the structural and functional relationship of these disulfide
bonds to the overall functionality of the protein. We ablate these disulfide bonds by mutating one
contributory cysteine at a time and transiently express the resulting variant in HEK293t cell lines in
order to study their effect on stability/secretion of the protein. We also purified the expressed variants
to study the impact of these mutants on their mutual dimerization and on the activation of the FXIII-
A subunit. In the absence of a biophysical structure, we have generated a monomeric FXIII-B subunit
model by assembling high quality threaded models of its individual sushi domains. The structural
flexibility of the different disulfide bonds within this model is subsequently investigated using classical
unbiased all-atomic molecular dynamic MD simulation. We observed that although mutating specific
disulfide bonds have differing degrees of functional effect on the protein based on which domain
they belong to, almost all of them uniformly hinder the global fold of the protein, resulting in secretion
defects. This explains earlier similar observations for FXIII-B subunit mutations detected in FXIII
deficiency [14,16].

2. Results

2.1. Disruption of FXIII-B Subunit Structural Disulfides Results in a Secretion Deficit

All 20 FXIII-B cysteine mutants were successfully expressed intracellularly, but only 8 of these
(C118A, C153A, C180A, C267A, C274A, C396A, C454A, and C616A) were successfully secreted out of
the cell at levels detectable by ELISA and Western blot (Figure 1A,B). Intracellularly, except for C3024,
C524A, C553A, and C582A variants, all other mutants were detected at levels similar to or greater than
the wild type. The eight mutants that were successfully secreted showed significantly lower secreted
protein than the wild type (Figure 1A). Among the three variants reported so far on these disulfide
bonds, only one was earlier shown to secrete any detectable amounts (~30-50% of wild type) of protein,
i.e.,, C336F in earlier expression based studies (C316A based on earlier nomenclature) [14]. In our study,
we have mutated the oppositely paired cysteine to the C336, i.e., C378 to an alanine. The variant in
our study unlike the reported mutant C336F is not secreted at all. Since the expression methodology,
as well as the evaluation strategy of this study, is exactly the same as the expression study on C336F,
we believe that the type of substitution occurring on the particular cysteine does influence the fate of
the protein even if both substitutions result in disruption of the same disulfide bond. Very clearly, the
alanine substitution on the oppositely paired cysteine results in far greater misfolding compared to the
C336F variant. Therefore, while C336F also disrupts the same disulfide bond, the protein variant does
manage to fold itself and get secreted out, albeit with much lower efficiency than the wild type.

2.2. Disruption of FXIII-B Subunit Structural Disulfides Results Mainly in ER Accumulation

Subcellular distribution of the selected FXIII-B protein cysteine mutants evaluated by confocal
microscopy showed significant intracellular retention when compared with wild-type FXIII-B protein
(Figure 2A,B). The retention was primarily observed in ER (C59A, C91A, C118A, C153A, C180A, and
C396A) with only two mutants showing higher detectable levels in trans-Golgi body (C59A and
C91A) (Figure 2C). Classically secreted proteins usually attain their primary secretable folds in the ER,
after which they are transported to the Golgi apparatus to be subsequently secreted. In the event of
misfolding, exposed hydrophobic patches on the unfolded protein are detected by the quality control
system of the cell, and these proteins are subsequently degraded via the ubiquitin response pathway.
The two mutations i.e., C59A and C91A which show Golgi retention also show high retention in the
ER (Figure 2B). These cysteine mutants possibly override the ER quality control system but then are
returned back by Golgi through retrograde transport and subsequently degraded [28]. The C59A and
C91A mutations, therefore, show no detectable secreted protein at all (Figure 2C). The remaining
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mutants show accumulation in ER, but their levels in Golgi are similar to that of the wild type. This
suggests that these cysteine mutants to some degree escape the ER-mediated stress response and the
molecules that do make it to the Golgi are successfully secreted outside. These mutants, therefore,
show low but detectable amounts of secreted protein. Clearly, disrupting different disulfide bonds
affects the overall fold of the protein differently which then dictates their intracellular as well as
extracellular fates. Our previous expression study on two of the reported cysteine variants also
reflected this diversity, since the C25R mutant (C5R; earlier nomenclature) was observed to get
strongly retained in ER and also showed no detectable secreted protein while the other C336F (C316F;
earlier nomenclature) mutant was not significantly retained in either ER or Golgi and hence also
showed low but detectable amount of secreted [13,14]. Another mutant, i.e., C450F (C430F; earlier
nomenclature) reported and analyzed previously in BHK cell lines also showed strong retention in the
ER by pulse-chase experiments and no secreted protein [6]. The C336F variant though also showed
lower levels of intracellular distribution in both ER and Golgi unlike for almost all variants that we
have studied which uniformly showed higher levels of intracellular retention than the wild type. As
also explained in our earlier study this difference might originate from the fact that in the case of the
C316F (C336F; current nomenclature used in this study), the mutation might have resulted in slower
folding rates for the final protein.
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Figure 1. Transient expression of FXIII-B Cysteine mutants. Panel A. A conventional western blot of
10uL each of the wild type FXIII-B and 20 rFXIII-B cysteine mutants retained from the culture medium
of transfected cells, probed against mouse to human FXIII-B antibody. Lanes: 1: Un-transfected control;
2: C76A; 3: Wild-Type; 4: C364A; 5: C396A; 6: C425A; 7: C454A; 8: C524A; 9: C553A;

10: C582A; 11: C616A; 12: C486A; 13: C378A; 14: C59A; 15: CI1A; 16: C118A;17: C153A; 18: C180A;
19: C213A; 20:C267A; 21:C274A; 22: C302A; and 23: rFXIII-B (Zedira, 75ng, positive control) White
arrows represent the wild-type FXIII-B. Panel B. A comparative bar-plot representation of the antigenic
levels of FXIII-B cysteine mutants versus the FXIII-B wild type evaluated on a quantitative sandwich
ELISA based platform, detecting FXIII-B in 100pL of sample retained from transiently transfected cells.
Green and red bars represent the intracellular and the extracellular fractions, respectively. A “*” symbol
represents significance (p-value < 0.05).
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Figure 2. Effect of FXIII-B cysteine mutations on intracellular trafficking of FXIII-B protein. Panel
A. Confocal microscopy tracking the subcellular localization of FXIII-B cysteine mutant proteins, via
cell-specific markers; green (XFXIII-B), red (x-PDI (for endoplasmic reticulum) and «-TGN-46 (for
trans-Golginetwork)) with secondary antibodies conjugated with Alexa-488 and Alexa-555respectively.
Bars represent 10pm scale. Panel B. Bar-plot representation of Pearson’s coefficient calculated as a
measurement of the intensity of pixels, defining co-localization of FXIII-B within either endoplasmic
reticulum (PDI), or trans-GGolgi network (TGN-46). A “*” symbol represents significance (p-value
< 0.05). Panel C. Bar plot representation of antigenic evaluation (ELISA) of select FXIII-B cysteine
mutants which showed higher intracellular retention (on confocal immunostaining) when compared to

11y

wild-type. A “*” symbol represents significance (p-value < 0.05).

2.3. Secreted FXIII-B Cys-Mutants Show Altered Complexation States and Possible Dimer Disruption

Gel filtration runs for the recombinant wild type FXIII consistently showed two peaks, one of
lower molecular weight (faster retention time) and the other of higher molecular weight (slower
retention time). The high molecular weight peak with slower retention time was checked with Western
blot and mass spectrometry and confirmed to contain FXIII-B subunits. No FXIII-B subunit was
detected in the low molecular weight faster-retained peak. This peak, when tested with mass
spectrometry, was confirmed to contain only albumin. Earlier studies with gel filtration runs conducted
on FXIII-B purified from insect cell line also suggest FXIII-B to be dimeric with a single peak only
although sedimentation studies contradict this evidence and instead suggest the FXIII-B be a monomer.
The contradiction might reflect the flexibility of sushi domain-containing proteins to adopt different
oligomeric states under different conditions as observed for CFH and that in fact for FXIII-B both
monomeric and dimeric forms might be possible depending on their native physiological milieu. The
Native PAGE runs for our recombinant wild type FXIII-B subunit also showed a single dimeric band.
The gel filtration runs for the secreted cysteine mutants showed a different mobility pattern than the
wild type. The C486A mutant showed two major peaks similar to the wild type but with faster
mobility (lower retention times) and a small shoulder peak closer to the high molecular weight peak.
This mutant might result in partial monomerization of the protein. Since this protein now has a free
reactive cysteine, the monomeric form might interact with the albumin generating the altered
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peak pattern. The other mutants except for C153A and C396A majorly showed only one major peak
closer to the FXIII-B subunit peak observed in the wild type run but with slightly different mobility.
Mutants C153A and C396A also showed one peak, but these were closer to the albumin peak detected
in the wild type run. These peaks although closer to albumin peak detected in the wild type run had
clearly different retention times than the albumin peak. These mutants most likely also behave like the
C486A variant, with the difference that in these mutants the dimeric peak is completely non-existent
since these mutants might completely disrupt the dimer and the resulting monomers with the reactive
cysteines interact with albumin (possibly by forming a disulfide bond with another free cysteine on
albumin) generating these altered patterns. Native PAGE of the mutants was also on similar lines
showing altered band patterns than the wild type most likely suggestive of altered complexation states
with albumin (Figure 3A). High molecular weight bands were observed for C153A and C118 A mutants;
mutants C274A and C454A showed low molecular weight bands, as compared to wild-type, hinting
towards degradation, a few mutants (C180A and C267A) showed a smeary appearance also indicating
degradation of the protein upon secretion. The variants C396A and C425A showed low levels but
similar mobility as the wild-type protein. The mutants C180A and C302A showed paradoxical behavior
on gel filtration columns and on Native PAGE. The mutant C180A was detected on Native PAGE gels,
but was not retained in the gel filtration runs. This might reflect poor stability for this mutant which
got degraded before gel filtration could be conducted. The mutant C302A, on the other hand, was
detected in gel filtration runs but was non-detectable in the Native PAGE. This mutant might have a
completely altered fold in the dimeric state thereby evading detection from antibodies in the Native
PAGE. Almost all of the proteins after purification, showed levels close to baseline in these qualitative
analyses when compared to wild-type, indicating early aggregation, low shelf-life, or degradation,
even after successful secretion.

2.4. A Filamentous Monomer FXIII-B Subunit Model with Its N and C Terminals Aligned Close to Each Other

The final model of the FXIII-B subunit post equilibration shows a filamentous structure
approximately 150 A inlengthand 70 A in width (Figure 4A). All cysteines in the simulation-equilibrated
and the original assembled model were in the oxidized state. The N and C terminals of the structure
are observed to interact with each other with a major twist in the middle region occupied by the S3,
54, and S5 domains. This twist and the N-C-terminal interaction appear to curtail the length of the
monomer which otherwise would extend much longer. The initially assembled full-length model is
quite different than the MD simulation-equilibrated model (Figure S1). This is evident from the huge
change in conformation/RMSD (~23 A) during the equilibration phase of the simulation (Figure S1).
It is also clear from the length of the equilibration phase (~120 ns) that the original assembled model
takes a long time to adopt an energetically stable monomeric state. While the N and C terminal ends
of this monomer also align next two each other in the original assembled model, it differs from the
simulation-equilibrated model significantly in form with the original model being significantly shorter
than the equilibrated one (Figure S2). The C terminal region showed higher flexibility than the overall
protein especially the S8, S9, and 510 domains (Figure S3). The simulation-equilibrated model shows
distinct electrostatic patches around the S1, S3, 54, 57, and S8 sushi domains. Werepeatedly emphasize
the differences between the initially assembled model and the simulation-equilibrated final model
because of the dichotomy over the dimeric state of the free FXIII-B subunit in the present literature.
While initially understood to be a monomer from sedimentation coefficient studies, the free FXIII-B
was later suggested to be a physiological dimer based on gel filtration chromatography performed
with FXIII-B subunit expressed in insect cells [17,26]. This kind of variation in the oligomeric state is
also observed in the closest homolog of FXIII-B, CFH [29]. While almost double the length of FXIII-B,
CFH has also been observed in different solution states to exist in different oligomeric forms (i.e.,
dimer or monomer) [30]. One of the reasons proposed for the variation in conformation for these sushi
domain containing proteins has been the variability in surface electrostatic patches exhibited by this
domain under different solution states which promotes intra-subunit or inter-subunit interactions that
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shift the tendency of these proteins to choose one or the other forms (i.e., monomer or dimer) [30].
Thesignificantconformational difference betweentheassembled model and thesimulation-equilibrated
model of FXIII-B subunit suggests that this protein might exist in equilibrium between its respective
states (monomer and dimer), with the local ionic environment dictating which of these states dominate.

A 1 2345 67 89 10 11 12 13
™

— Wild type

— C396A
— C425A

— C454A
— C302A

— C153A
— C274A

— C486A
— C616A

— C118A

Figure 3. Altered complexation/Oligomerization of FXIII-B Cys mutants. Panel A. Western blot of
rFXIII-B cysteine mutants after separation by native PAGE which were found to be secreted successfully
(as detected by ELISA). Lanes: 1: Wild-Type; 2: C153A;3: C118A;4: C180A;5: C267A; 6: C274A;7:
C396A; 8: C425A;9: C454A;10: C616A; and 11: rEFXIII-B (Zedira, 75ng); 12: C302A. Vertical white
arrows represent the Wild-type and rFXIII-B (Zedira GmbH, Darmstadt, Germany), whereas horizontal
white arrows here indicate the diverse mobility of protein bands corresponding to FXIII-B (since the
western blot has been probed with the mouse to human FXIII-B antibodies) Panel B. Gel-filtration
chromatography of purified FXIII-B cysteine mutants. Color codes represent respective mutants
indicated as inset in the figure. The x-axis denotes retention volume [ml], and the y-axis represents the
amount of protein in mAU (UV-280nm).

95



Int. ]. Mol. Sci. 2019, 20, 1956 96 of 17

Figure 4. The FXIII-B subunit monomer model. Panel A shows the FXIII-B subunit monomer post-
equilibrated model structure in ribbon format. The backbone is colored based on secondary structure.
The disulfide-bonded cysteines are represented as grey colored stick forms. The individual sushi
domainsarenumberedS1toS10; N to C terminal. Panel Bis the electrostatic surface representation of the
FXII-B subunit monomer model. The left side of Panel B shows the PBS styled depiction of surface
electrostatics while the right side shows the PME styled depiction of surface electrostatic. Calculation
and depiction for both forms of electrostatics were performed with macros embedded in YASARA.
Red color indicates negative potential while blue represents positive potential.

2.5. The FXIII-B Subunit Disulfide Bonds Display Variability in Structural Flexibility, but Ablation of any of
These Bonds Leads to a Loss in Stability

The disulfide bonds of the FXIII-B subunit monomer model displayed variability in bond length
and dihedral energy during the production phase. The disulfide bonds showed bond length variability
between 1.95-2.09 A during their thermal motion which is typical of structural disulfide bonds [31].
The maximum bond length was observed for Cys153-Cys197 (2.06 * 0.05 A) of S3 sushi domain during
the production phase (Figure 5A). All disulfide bonds were typically right handed and left handed
spiral forms which is also typical of structural disulfide bonds. The dihedral energies (or dihedral
strain energies) for C-terminal disulfide bonds of sushi domains S8, S9 and S10, i.e., Cys were observed
to be the highest amongst all disulfide bonds and also showed a high degree of variability (22.07 +
5.41,25.21 + 5.01, and 30.21 + 16.26 kJ/moL, respectively) (Figure 5B). The change in free energy upon
ablation of all disulfide bonds indicated a loss in stability with the highest loss in stability observed for
the C180A variant present on S3 sushi domain (Figure 5C; AAG = 0.73 +0.11).
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Figure 5. Evaluation of flexibility and stability of the disulfide bonds in the FXIII-B subunit monomer
model. Panel A shows the variation in disulfide bond lengths during the simulation post equilibration
of the FXIII-B subunit monomer model. Panel B shows the variation in disulfide strain energies of all
disulfide bonds of the FXIII-B subunit monomer model during the MD simulation post-equilibration of
the structure. Panel C shows the variability in free energy change when individual disulfide-bonded
cysteines (the cysteines that have been mutated and expressed in this study) within the FXIII-B subunit
monomer model are mutated to alanine. The evaluation was performed on several simulation trajectory
structures (spaced at an interval of 20 ns) within the post-equilibrated simulation.
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2.6. Disruption of Selected FXIII-B Disulfide Bonds can Affect the Rate of FXIII-Aa Generation

Wehad earlier demonstrated that spiking FXIII-B into FXIII-Aa generation assay could accelerate
the generation of FXIII-Aai.e., FXIII-A activation [2]. The recombinant wild type rFXIII-B subunit from
this study also behaves similarly since we observe a jump of ~150% in the rate of FXIII-Aa generation/
FXIII-A activation when the wild type recombinant was spiked into FXIII-Aa generation assay (rate of
FXIII-Aa generation in the absence of FXIII-B: 151.05 ARFU/min; rate of FXIII-Aa generation when
spiked with 10ng/mL of purified wild-type FXIII-B: 230.06ARFU/min) (Figure 6) [2,23,32]. When spiked
with mutants C118A, C274A, and C302A a milder effect on FXIIIA activation was observed when
compared to spiking with the wild type rFXIII-B. Nevertheless, these three mutants still showed the
rate of activation higher than the spiked sample. Spiking with mutants C396A and C454A show the
same rate of FXIII-Aa generation as observed for the non FXIII-B spiked sample suggesting that these
mutations completely abolish the accelerative effect of FXIII-B on FXIII-A activation. Spiking with
C616A showed almost a similar effect on FXIII-Aa generation as that of the wild type, indicating thatin
spite of the disruption of the disulfide bond, the regulatory (accelerative) effect on FXIII-A is retained
by this protein variant. Finally spiking with three mutants C153A, C180A and C486A contribute to a
lowering of the rate of FXIII-Aa generation overall, i.e., even lower than that of non FXIII-B spiked
sample. These mutants might be negatively regulating the activation of FXIII-A. Since only equal
absolute amounts of each mutant, as well as wild type, were spiked into the assay, the observed effects
can only be attributed to the functional effect of FXIII-B on the activation of FXIII-A and not to a
quantitative effect, especially for the mutants. However, a major limitation of this aspect of our study
is that we were not able to repeat this study multiple numbers of times to assign significance to the
differences observed. This was especially owing to the poor overall yields and the degradation
tendency for the mutants. However, the wild type FXIII-B was multiply spiked in the generation
assay, and the differences observed with the mutations exceeded the variability observed for the wild
type rEXIIL-B.
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Figure 6. Effect of cysteine mutants on the rate of FXIII-Aa generation. This figure represents the
comparative bar-plot representation of FXIII-Aa generation assay. The maximum rate of FXIII-Aa
generation (M) (in ARFU/min) upon spiking of FXIII-deficient plasma with 7 pg/mL rFXIII-A; is
represented in the x-axis, in the absence (grey bar), or presence (color-coded bars) of rEXIII-B; subunits
or FXIII-B cysteine mutants (10pg/mL each).
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3. Discussion

Disulfide bonds in the protein are primarily responsible for structural stability unless the nature
of these disulfides is allosteric [33]. This is the reason why substitutive mutations resulting in their
disruption often result in faulty proteins complicit in pathomolecular states. However, in proteins that
contain multiple disulfide bonds, the effect of a single disulfide bond disruption might vary, depending
on the position of that disulfide bond in the functional hierarchy of the protein. This means essentially
that in multiple disulfide bonded proteins all disulfide bonds do not carry the same functional
importance. The disulfide bonds themselves stabilize the domain/part of the protein that they are part
of and by extension; their importance is contingent upon the role that the particular domain might
play in the protein. Some domains/part of the protein might be rendered redundant during the course
of evolution thereby also rendering the importance of the disulfides that they contain useless. Proteins
containing multiple repetitive domains like sushi domain are examples in which functional
hierarchy/diversity within disulfide bonds might exist. The FXIII-B subunit protein which is built from
ten sushi domains, each of which contains two disulfide bonds displays such diversity. Mutations on
these disulfide bonds have been reported in the two forms of congenital bleeding disorders associated
with mutations in the FXIII-B subunit gene, i.e., the inherited severe FXIII deficiency and the mild FXIII
deficiency [13,14]. The C430F (C450F; current nomenclature used in this study) mutation was detected
in a 32 year old female patient with a bleeding tendency born of a consanguineous marriage [7,11].
The plasma of this patient showed no detectable levels of FXIII-B subunit. Additionally, FXIII-A subunit
concentrate, when infused into this patient showed a significantly reduced half-life. The mutation
C5R (C25R; current nomenclature used in this study) was detected in a female patient who reported
bleeding symptoms post abdominal surgery. This patient showed simultaneous reduction of FXIII-A
and FXIII-B subunit antigen levels, as well as of FXIII activity, below 50% of the normal, which is
typical of mild FXIII deficiency. The mutation C316F (C336F; current nomenclature used in this study),
was detected in two individuals, one male and one female, who reported epistaxis and hematoma in
the neck post brain surgery, respectively. No antigenic levels were performed for these patients,
however FXIII activity was demonstrated to be in the mild-FXIII deficiency range (20-60%). Our earlier
investigations had shown that these mutations, although occurring on structural disulfides will have
different degrees of severity of impact on the secreted protein [13]. Our current directed mutational
investigation further substantiates this fact. When we disrupt the FXIII-B disulfide bonds one at a time,
the effect on the secreted protein varies from mutant to mutant. A majority (12 out of 20) of them are
non-secreting mutants, the ones showing secreted amounts of protein do so in significantly diminished
amounts except for two mutations C118A and C153 A which show close to 50% of the wild type protein
(Figure 1). However, an overwhelmingly uniform observation made for all the mutants, secreted or
not was their intracellular accumulation. All mutants showed intracellular accumulation and more
specifically/commonly accumulation in the ER (Figure 2). Therefore, we conclude that mutating any
structural disulfide bond within FXIII-B subunit would result in a secretion deficit. The mutants that
were successfully secreted were observed to show an altered complexation pattern in gel filtration
runs as well as with Native PAGE. Therefore, the disruption of the specific disulfide bonds either
result in alteration of FXIII-B’s physiological dimeric state or the presence of a reactive cysteine (the
reduced cysteine partnering the mutated cysteine) results in the interaction of the mutant FXIII-B with
other neighboring proteins (through new putative disulfide bonds). Amongst the successfully
secreted mutants, half of them retained their accelerative effect of the rate of FXIII-A activation/FXIII-Aa
generation (as observed for wild type FXIII-B) in spite of their low amounts (Figure 6). The fact that
FXIII-B subunit can positively regulate (accelerate) the activation of FXIII-A subunit has already been
reported in the recent past [2,23]. The remaining half showed either a complete abolition of this effect
or a negative effect on the rate of FXIII-A activation/FXIIIAa generation. Mutating specific FXIII-B
cysteine’s (check results and Figure 6) could, therefore, abolish the proteins regulatory effect on FXIII-A
subunit or might even affect it negatively. However, in the context of the current experimentation

performed, we cannot offer a mechanism by which these mutations might affect interaction/regulation
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with/of FXIII-A subunit since this would require additional quantitative binding studies. Structurally,
based on our analysis of the FXIII-B monomer model, differential structural flexibility of disulfide
bonds across the FXIII-B subunit is a critical factor in determining its native fold as well as its putative
interactions during dimerization/interaction with other proteins. The dihedral energies of the disulfide
bonds (or disulfide strain energies) were particularly on the higher end and more variable towards the
C-terminal of FXIII-B subunit. Therefore, the disulfide bonds at the C-terminal of the FXIII-B subunit
appear to control the overall global flexibility of FXIII-B. The FXIII-B monomer model clearly shows
distinct electrostatic patches which could play an important role in its dimerization or interaction with
other proteins like the FXIII-A subunit (Figure 4). The global effect of disruption of individual
disulfide bonds is likely mediated by the effect that this has on a) the local structural flexibility b)
neighboring electrostatic patches. Consistent with our observations made from the expression of the
cysteine mutants, the in silico analysis of these disulfide bonds also shows variability in effect on
overall stability (free energy; AAG) (Figure 5C). To summarize, we conclude that all 20 FXIII-B subunit
disulfide bonds are important to the structural stability, secretion, and function of the protein. However,
these disulfide bonds do show structural and functional diversity as gauged from the variable effects
we observed when we mutated them individually. In the inherited severe form of FXIII deficiency in
which mutations in FXIII-B subunit are even rarer; it is difficult to conceive of detecting more cysteine
mutants. Rather these cysteine mutants might exist in more preponderance in the inherited mild form
of FXIII deficiency or heterozygous FXIII deficiency. Even in a heterozygous state, cysteine mutations
can conceivably have a dominant negative effect, because, as observed in our study, the release of a
reactive cysteine can open up the mutated variant to different interactions with another of its own
subunit (during folding) or other proteins leading to change in complexation states (also observed in
our study). This makes these disulfide bonds potential mutational hotspots in the mild form of this
rare bleeding disorder.

4. Materials and Methods

4.1. Cell Lines and Cell Culture

The human HEK293t cell line was purchased from DSMZ German Collection of Microorganisms
and Cell Cultures, (Braunschweig, Germany). All cells were cultured in high glucose DMEM (Life
Technologies Europe BV, Bleiswijk, Netherlands), supplemented with 10% v/v FBS (Invitrogen), 1% v/v
penicillin-streptomycin antibiotics and 0.1% v/v Fungizone (Life Technologies Europe BV, Bleiswijk,
Netherlands), at 37 degrees in 5% CO2 incubator. All experiments were performed on sub-cultured
cells in the logarithmic phase (below passage 20).

4.2. Cloning and Expression of FXIII-B Cysteine to Alanine Mutants

Human F13B cDNA (ORF length 1986 bp) was inserted into the cloning site of pEZ-MO01 vector
(used as Wild type construct for all the following experiments). Site-directed mutagenesis was
performed on the aforementioned construct, using GeneArt Site-directed mutagenesis system (Life
Technologies, Carlsbad, CA, USA). Mutagenesis was performed with the aim of disrupting individual
cysteine bonds present in every sushi domain (FXIII-B C59A, FXIII-B C76A, FXIII-B C91A, FXIII-B
C118A, FXIII-B C153A, FXIII-B C180A, FXIII-B C213A, FXIII-B C267A, FXIII-B C274A, FXIII-B C3024,
FXIII-B C364A, FXIII-B C378A, FXIII-B C396 A, FXIII-B C425A, FXIII-B C454A, FXIII-B C486A, FXIII-B
C524A, FXIII-B C553A, FXIII-B C582A, and FXIII-B C616A). All primers were synthesized by MWG
Eurofins (MWG Eurofins GmbH, Ebersberg, Germany). All plasmid construct clones were completely
sequenced and verified for the correct incorporation of mutation in-house. Wild type FI3BcDNA and
mutated DNA were transfected into mammalian HEK293T cells for transient expression. Briefly,
2.7 % 10° cells were transfected with 3 pg of plasmid DNA along with 6l of transfection reagent
Lipofectamine 2000 (Invitrogen) following the manufacturer’s protocol. The culture was harvested 48 h
post-transfection. FXIII-B being a secretory protein, the culture medium (supernatant) was collected,
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and centrifuged at 1000 g, for 5 min at 4 degrees. Additionally, to analyze intracellular contents,
cellular lysis was performed using mammalian M-PER reagent (Thermo Fischer Scientific, Rockford,
IL, USA) following the manufacturer’s protocol. Cellular lysate was centrifuged at 13000 g, for 10 min
at 4 degrees. Both intracellular and extracellular fractions were stored at =80 degrees until further
use. The samples were verified for the antigenic presence of FXIII-B protein by ELISA and Western
blot analysis.

4.3. Antigenic Quantification of FXIII-B Cysteine Mutants

FXIII-B antigen levels were determined, upon wild-type/mutants FXIIIB were quantified in culture
supernatants (extracellular secreted FXIII-B) and cell lysates (intracellular FXIII-B) using the Technozym
FXIII-B:Ag Sub ELISA kit (Technoclone GmbH, Vienna, Austria) according to the manufacturer’s

instructions. The standard assay detection limit was 0.95 pg/mL; lower antigen concentrations to

0.009 pg/mL (sensitivity) were determined according to the manufacturer’s dilution protocol. FXIII-B
levels from normal pooled plasma and from high/low controls from the kit were measured as controls.

4.4. Western Blot Analyses

For antigenic estimation in extracellularly secreted FXIII-B protein in cysteine mutants, western

blot was performed using 10 pyL of crude supernatant. Briefly, an equal volume of total crude protein
corresponding to Wild-type (positive control), Un-transfected control (negative control), and 20 cysteine
mutants were separated on 4%-16% gradient SDS-PAGE (Bio-Rad Laboratories, Hercules CA, USA).
Resolved proteins were transferred to PVDF membrane at 80V for 90 min in cold-room. The membrane
was blocked for 1 hat room temperature in blocking reagent (3% w/v BSA in PBS with 0.05% Tween-20).
Subsequently, after a wash with PBS-Tween-20 (0.05%), the membrane was incubated for 1 h at room
temperature in Primary antibody (250ng/mL) (mouse-anti human FXIII-B monoclonal antibody, in-
house generated in association with Eurogentec Deutschland GmbH, Cologne, Germany) with mild
shaking. After washing thrice in PBS-Tween (0.05%), the membrane was incubated for1h atroom
temperature in HRP tagged Secondary antibody (50ng/mL) (Goat Anti-mouse IgG (H+L) Secondary
antibody, HRP; Thermo Fischer Scientific, Carlsbad, CA, USA). Finally, the membrane was washed
thrice in PBS-Tween 20, and PBS, respectively. Chemiluminescent signal quantification, Image
acquisition (ChemiDoc MP, Bio-Rad) and densitometric evaluation of signal were performed on Image
lab Software (Bio-Rad) version 4.1.

4.5. Confocal Immunofluorescence of Expressed FXIII-B Protein and its Cysteine Mutants

The HEK293t cells, transiently transfected for expression of FXIII-B protein, were subjected to
immunofluorescence analyses to evaluate intracellular trafficking of wild-type vs. cysteine mutants of
rEXIII-B protein. The mutants that exhibited no extracellular secretion and high intracellular retention
as compared to wild-type in ELISA assessments were tested further. Briefly, 24 h post-transfection
HEK-293T cells (grown on glass coverslips) were fixed using 4% (w/v) PFA in PBS, followed by blocking
with 0.1% (v/v) Triton-X 100 in PBS azide supplemented with 10% (v/v) FBS, and immunostaining
with first and secondary antibodies for 2 h and 1 h, respectively. Trafficking analyses were performed
via cell-specific markers; FXIII-B subunit (mouse monoclonal IgG, in-house generated in association
with Eurogentec, Belgium) and the cell compartments ER (IgG rabbit polyclonal anti-calnexin; Abcam,
England) and Golgi (anti-TGN46 antibody produced in rabbit; Sigma-Aldrich, Saint Louis, MO, USA)
Signal detection was performed using an IgG Alexa Fluor 488 conjugated goat anti-mouse IgG (H+L)
secondary antibody (Life technologies, Carlsbad, CA, USA) against the FXIII-B subunit and an IgG
Alexa Flour 594 conjugated goat anti-rabbit IgG (H+L) secondary antibody (Life technologies, Carlsbad,
CA, USA) against the ER and Golgi compartment. The coverslips were mounted onto microscope
slides with Vectashield antifade mounting medium (Vector Labs, Burlingame, CA, USA) and analyzed
with the Olympus Fluo View FV1000 or Leica SL confocal microscope. The comparative degree of co-
localization for wild type versus mutants was calculated as mean Pearson’s correlation coefficient
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in Image] software. A minimum number of n = 10 regions of interests were extracted from the
micrographs to calculate the degree of colocolization.

4.6. Native-PAGE-blot Analysis of Expressed FXIII-B Protein and its Cysteine Mutants

In order to track the oligomeric state of successfully secreted FXIII-B cysteine mutants (detected by
conventional westernblotand ELISA), non-denaturing Native-PAGE was performed (Life Technologies
Europe BV, Bleiswijk, Netherlands) as per manufacturer’s guidelines (only for the mutants reflecting
wider bands in Western blots above) (Figure 3A). Briefly, samples were prepared using the BN Sample
buffer (Life Technologies Europe BV, Bleiswijk, Netherlands ). After electrophoretic separation, the gel
was placed in 2X NuPAGE Transfer buffer (Life Technologies, Carlsbad, CA, USA) for 10 min at RT.
Subsequently, protein transfer to PVDF membrane was performed at 60V for 90 min in cold-room,
followed by blotting (as Western blot procedure mentioned above).

4.7. Purification of Wild Type FXIII-B and its Cysteine Mutants

Secreted protein harvested post transfection of HEK293T cells, was concentrated 15-20 times,
using Amicon ultra-filters (Cut-off 30,000Da, Merck, Darmstadt, Germany) and was subjected to
immuno-affinity based purification using the Thermo Scientific Pierce Co-IP kit (Pierce Biotechnology,
Rockford, IL, USA) following the manufacturer’s protocol. Briefly, mouse monoclonal antibodies
against human FXIII-B (generated in-house in association with Eurogentec Deutschland GmbH,
Cologne, Germany) were immobilized to Amino-Link plus coupling resin, for 2 h atroom temperature.
The resin was then washed and incubated with transfected HEK293T cellular medium concentrates
(with the detected antigenic presence of FXIII-B protein (Figure 3A)) overnight in cold-room. Next day,
the resin was washed, and protein bound to anti-FXIII-B antibody was eluted. Eluted protein was
further subjected to gel filtration chromatography, to ensure its purity and to characterize the oligomeric
association of secreted protein upon mutation in comparison to wild-type (Figure 3B). Gel filtration
chromatography was performed on Akta Pure protein purifier system, using Superdex®200 Increase
column (GE healthcare UK Ltd, England, UK). All purifications were performed in a cold room, on a
column pre-equilibrated with PBS, pH 7.4 (flow rate 400pL/min). The comparative oligomeric state of
wild-type versus mutant proteins was calculated on the basis of peak retention time for each mutant
vs. wild-typeFXIII-B.

4.8. In Silico Analysis of FXIII-B Subunit Disulfide Bonds

In the absence of a biophysical structure for the FXIII-B subunit, we generated a full-length
monomer model of the FXIII-B subunit. The model was built by assembling previously reported high
quality threaded models of all ten FXIII-B subunit sushi domains on the AIDA domain assembly server
(http:/laida.godziklab.org/) (accessed on November 19, 2018). in default mode, i.e., without any
constraint [16,34]. The model was initially subjected to 500 ps of refinement MD simulation using the
macro md_refine embedded in YASARA [35,36]. This macro uses YAMBERS3 force field parameters in
YASARA in order to remove steric clashes and improve rotamer geometry [37]. The structure with the
lowestenergy in the simulation trajectory was chosen for conducting further simulations. This structure
was then subjected to all-atom unrestrained MD simulation using the md_sim macro embedded in
YASARA. Briefly, a simulation cell with periodic boundaries and 20 A minimum distances to protein
atoms was employed with explicit solvent. The AMBERO3 force field, NPT ensemble was used with
long range PME potential and a cut-off of 7.86 A[38]. Hydrogen bond networks were optimized using
the method of Hooft and co-workers [39]. The simulation cell was filled with water at a density of
0.997 g/mL and a maximum sum of all bumps per water of 1.0 A. The simulation cell net charge was
neutralized with a final 0.9% (wtfvol) NaCl concentration. The entire system was energy minimized by
steepest descent to remove conformation stress within the structure, followed by simulated annealing
minimization until convergence was achieved. The MD simulation was performed at a temperature of
298 K. Simulation was run for ~500 ns (including the time needed to equilibrate). Electrostatic surface
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potential was calculated and graphically depicted using the Adaptive Poisson-Boltzmann Solver
integrated within YASARA [35]. The structural flexibility of the FXIII-B subunit disulfide bonds in the
monomer model was analyzed on simulation trajectory snapshots captured per 250 ps in the production
phase (i.e., post-equilibration). Each of these snapshots was converted to PDB format before submission
to the Disulfide Bond Dihedral Angle Energy Server (https://services.mbi.ucla.edu/disulfide/) (accessed
on February 7th, 2019). for evaluation of the disulfide bonds. This server calculates the dihedral angles
of all disulfide bonds found in the uploaded structure PDB file. Based on these angles, dihedral energy
(disulfide strain energy) is calculated according to an empirical formula first defined by Katz et al. [40].
Inaddition to disulfide strain energies, disulfide bond length variations for all uploaded structures were
also evaluated on this server. The change in free energy (i.e., loss or gain of stability) for each disulfide
bond was calculated on the MAESTROweb server (https://biwww.che.sbg.ac.at/maestro/web/maestro)
((accessed on February 7th, 2019).) by uploading the PDB file of the final simulation snapshot in the
production phase (i.e., equilibrated structure) [41]. This server predicts the change in free energy
(AAG) values along with a corresponding prediction quality measure for a single or list of mutations
corresponding to the uploaded structure is specified. Positive AAG values indicate loss of stability,
while negative indicate a gain of stability. The prediction quality measure varies between 0 and 1, with
values approaching 1 indicating a reliable prediction.

4.9. Effect of Spiking Wild Type FXIII-B and Its Cysteine Variants into the FXIII-Aa Generation Assay

FXIII-Aagenerationwastriggered by tissue factor/phospholipids (TF/PL),and FXIII-Aisopeptidase
activity was measured using the fluorogenic substrate A101 (Zedira GmbH, Darmstadt, Germany) in
a Safire microtiter plate reader (Tecan, Crailsheim, Germany). Twenty microliters FXIII-deficient
plasma (deficient for FXIII-As and FXIII-By; Haemochrom Diagnostica GmbH, Essen, Germany) spiked
with rFXIII-A; (7 pg/mL), and purified rFXIII-B-mutants (10 pg/mL) were incubated with 55 pL
reagent solution (5 uL 100 mM glycine methyl ester, 5 L 2 mM fluorogenic FXIII-A substrate, 10 pl
phospholipids (Rossix, MéIndal, Sweden) diluted 1:10 in HBS, and 35 yL HBS (20 mM Hepes, 150 mM
NaCl)/0.1% serum albumin pH 7.5. After pre-incubation of the mixture for 5 min, the reaction was
started with 20 pL Innovin (recombinant TF, Dade Behring, Marburg, Germany) 1:1400 diluted in HBS,
50 mM CaCl, pH 7.5. Fluorescence was measured over 1 h at A ex = 330 nm and A em = 430 nm in
kinetic mode two-times per minute. Data were analyzed based on growth-curve analyses, with the
slope of the curve (Y) representing the growth rate [32]. Data were fitted using R-package “grofit”,
based on the dose-response relationship [42]. Non-parametric spline estimation was done to fit the
data, and to obtain characteristic parameters lag phase tlag, maximal growth rate Y4, Area under curve
A, and maximal time to peak tmax) derived from a single growth curve.

5. Statistical Analyses

Comparisons of means were performed using a non-parametric Mann-Whitney’s t-test. All
statistical analyses were performed in Graphpad Prism (Version 8.0.2). Details for curve fitting for
FXIII-Aa generation assay are provided under the method section of FXIII-Aa generationassay.
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Accepted Article

The plasma Factor X111 heterotetrameric complex structure: unexpected
unequal pairing within a symmetric complex

Sneha Singh, Alexis Nazabal, Senthilvelrajan Kanniyappan, Jean-Luc Pellequer, Alisa S.
Wolberg, Diana Imhof, Johannes Oldenburg & Arijit Biswas

A brief synopsis:

Recollecting the conclusions derived from the former chapters as well as the recent findings on
FXIII reported by other research groups, this chapter aimed at deriving the first full-atom
structural model of FXIII-A2B> heterotetramer complex, as found in plasma. As much is known
both structurally, and functionally about the individual subunits so far by the former studies; in
this chapter we aim at the plasma FXIII complex, its complex interface, subunit assembly,
activation and ultimately how this complex interface can act as a potential driver of unexplained
FXIll-deficient states ranging from mild to severe FXIII deficiency. The structural model of
FXI1I1 complex presented in this chapter demonstrates; a) How integrative hybrid approaches are
useful for structural characterization of native plasma complexes; b) There exists an unequal
pairing among FXI11-B subunit monomers to FXIII-Az dimer, forming FXI11-A2B2 complex; that
influences both the association and activation of plasma FXIII; ¢) Thermodynamic patterns
corresponding to subunit interaction and complex activation reveal that both the events are step-
wise processes. This chapter hence provides the first atomic basis on which putative inhibitors
can be designed and tested. The ideas on assembly and disassembly of the complex would
require further biochemical validation but represent interesting starting points for research into
the conformational changes occurring during these events.
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Abstract: Factor XIII (FXIII) is a predominant determinant of clot stability, strength, and composition.
Plasma FXIII circulates as a pro-transglutaminase with two catalytic A subunits and two carrier-
protective B subunits in a heterotetramer (FXIII-A2B»). FXIII-A2 and -B2 subunits are synthesized
separately and then assembled in plasma. Following proteolytic activation by thrombin and calcium-
mediated dissociation of the B subunits, activated FXIII (FXIlla) covalently cross links fibrin,
promoting clot stability. The zymogen and active states of the FXIII-A subunits have been structurally
characterized; however, the structure of FXIII-B subunits and the FXIII-A;B> complex have remained
elusive. Using integrative hybrid approaches including atomic force microscopy, cross-linking mass
spectrometry, and computational approaches, we have constructed the first all-atom model of the
FXIII-A;B> complex. We also used molecular dynamics simulations in combination with isothermal
titration calorimetry to characterize FXIII-A»B assembly, activation, and dissociation. Our datareveal
unequal pairing of individual subunit monomers in an otherwise symmetric complex, and suggest
this unusual structure is critical for both assembly and activation of this complex. Our findings
enhance understanding of mechanisms associating FXIII-A»B> mutations with disease and have
important implications for the rational design of molecules to alter FXIII assembly or activity to
reduce bleeding and thrombotic complications.

Keywords: coagulation factor XIII complex; threaded modeling; cross-linking mass spectrometry;
HADDOCK flexible docking; molecular dynamics simulation; atomic force microscopy; isothermal
titration calorimetry

1. Introduction

Plasma coagulation factor XIII (FXIII) circulates as a heterotetramer composed of two catalytic
FXIII-A subunits tightly-associated (1077-10"° M) with two carrier/regulatory FXIII-B subunits
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(FXIII-A2B) [1,2]. During coagulation, proteolytic activation by thrombin and calcium-mediated
dissociation of FXIII-B subunit generates activated FXIII-A (FXIlIa) that covalently cross links fibrin,
promoting clot stability [3]. Deficiency in plasma FXIII antigen or activity is associated with mild-to-
severe bleeding [3]. The structure of the catalytic FXIII-A subunits is well-characterized, consisting of
an activation peptide (FXIII-AP, residues 1-37) followed by four distinct domains: B-sandwich
(residues 38-183), central core (residues 184-515), B-barrel-1 (residues 516-627), and B-barrel-2
(residues 628-731) [4]. Both zymogen and activated forms of FXIII-A have been crystallized [4,5],
revealing a compact structure of zymogen FXIII-A,, but an open, extended conformation of activated
FXIlIla. Despite the essential regulatory role of FXIII-B, structural information on this molecule is sparse.
Sequence homology with complement proteins suggest each FXIII-B subunit is composed of ten sushi
domains, each containing ~60 amino acid residues and two disulfide bonds [6]. Although
sedimentation analysis initially suggested FXIII-B is a monomer, more recent data suggest FXIII-B
circulates as a dimer [6,7]. Sushi domains 4 and 9 (54 and S9) are thought to mediate FXIII-B;
dimerization, whereas S1 and S2 are thought to promote interactions with the FXIII-A subunits [1,6].
The size and complexity of FXIII-A2B> make it difficult to characterize by traditional methods such as
X-ray crystallography or NMR. Apart from a partial all-atom model generated with minimal
experimental data [8], there is no detailed model for the FXIII-B, dimer or the FXIII-A;B> complex.
Consequently, knowledge of the structural interface between FXIII-B subunits or the FXIII-A,B>
heterotetramer is incomplete. Structural resolution of plasma FXIII-A;B and its transition to activated
FXIlla is essential for defining implications of missense FXIII mutations, as well as the development of
potential FXIII(a) inhibitors for treating bleeding and thrombotic complications associated with
abnormal clot stabilization

Integrative/hybrid (IH)approachesareuseful for dissecting the structural architecture of complexes
that escape traditional structural determination techniques [9,10]. These approaches integrate
biochemical and computed data to yield structural information on macromolecular complexes. For
example, IH has revealed detailed molecular conformational states of glucagon receptor [11] and the
chromatin remodeling complex [12], and recently a combination of structural methods with atomic
force microscopy (AFM) has provided key information on factor Va bound to activated protein C [13].
Since FXIII-A;B> has not been amenable to traditional structural analysis, we addressed this gap using
a bootstrapped IH approach. We first used atomic force microscopy to define the macromolecular
structure of the FXIII subunits individually and as a complex, and chemical cross-linking and mass
spectrometry (XL-MS) to define residues in the FXIII-A>B; inter-subunit interface. We then used these
data as structural constraints to assemble, first, a monomeric FXIII-B subunit model followed by an
all-atom structural model of the FXIII-A2B, complex. We then overlaid these putative models on
surface topographic atomic force micrographs of FXIII-A;B> to produce a complete macromolecular
structure [10]. Finally, we integrated molecular simulations from the all-atom model with ITC
(isothermal titration calorimetry) to interrogate conformational thermodynamics during FXIII-A>B,
assembly, activation, and subunit disassociation. Our data indicate FXIII-A;B, assembles with
unexpected unequal pairing within an otherwise symmetric complex, and suggest this conformation
is essential for FXIII function. These findings provide the first molecular structure of this important
coagulation protein.

2. Materials and Methods
Software, databases, and webservers used in this study are listed in Supplementary Table S1.

PDB co-ordinates for one of the simulation snapshots of the complex model taken from the
production phase of the simulation trajectory is provided as a supplementary file. Detailed
methodology can be found in the Supplementary Methods.
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2.1. FXIII-A and FXIII-B Subunit, Cloning Expression, and Purification

Cloning expression and purification of rFXIII-A (recombinant FXIII-A) subunit was performed as
described by Gupta et al., 2016 [8] (Supplementary Figure S2a). 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 [16]. Secreted protein harvested post-transfection was concentrated
and subjected to immunoaffinity purification using the Thermo Scientific Pierce Co-IP kit (Pierce
Biotechnology, USA) (Supplementary Figure S2b).

2.2. Purification of FXIII-A2B, Complex

FibrogamminP (CSL Behring, Germany) reconstituted in water was run on a Superdex 200
increase 10/300 column /Akta Pure system (GE healthcare, Germany) equilibrated with 20 mM Tris
and 100 mM NaCl, at pH7.4. The peak corresponding to FXIII-A>B, (320 Kda) was repurified in
triplicate, until a highly pure, single, homogenous, monodispersed peak was obtained with no
excipients (Supplementary Figure S2c). The eluted peak was concentrated and quantified for further
downstream applications.

2.3. Atomic Force Microscopy (AFM) of FXIII

Surface topology of recombinant FXIII-A» (rFXIII-A» expressed and purified in-house),
recombinant FXIII-B> (rFXIII-B> expressed and purified in-house), and FXIII-A2B, (purified from
FibrogamminP, CSL Behring, Marburg, Germany) was analyzed individually using high-resolution
AFM. Briefly, samples suspended in PBS pH 7.4 (1-2 mM) were placed on a freshly-cleaved mica and
allowed to adsorb (15 min). Non-adherent proteins were removed by washing twice with imaging
buffer (10 mM Tris-HCl, 50 mM KCl, pH 7.4). Samples were imaged in oscillation mode in liquid

(imaging buffer) as described by [17] and acquired using a Nanoscope IlImicroscope.

2.4. XL-MS of FXIII-A2B, Heterotetramer Complex

One pL of 3.12 pg/mL purified FXIII-A2B, was mixed with 1 pL of a matrix of re-crystallized
sinapinic acid (10 mg/mL) in acetonitrile/water (1:1, v/v), triflouroacetic acid (TFA) 0.1% (K200 MALDI
Kit; CovalX, Zurich, Switzerland). After mixing, 1 L of each sample was spotted on the MALDI plate.
After crystallization at room temperature, the plate was introduced in the MALDI mass spectrometer
(Ultraflex Il MALDI ToF, Bruker Daltonik GmbH, Bremen, Germany) equipped with HM2 high-mass
detection (CovalX, Zurich, Switzerland) and analyzed immediately in high-mass MALDI mode. MS
data were analyzed using Complex Tracker analysis software (CovalX, Zurich, Switzerland). For
characterization and peptide mass fingerprinting, the purified FXIII-A>B, complex was subjected to
ASP-N, trypsin, chymotrypsin, elastase, and thermolysin proteolysis, followed by nLC-LTQ Orbitrap
MSIMS analysis (formic acid 1% added to the final solution after digestion) (Supplementary Figure S3).
Purified FXIII-AxB, (1.25 pM) was cross linked with 2 pL of DSS (d0d12) reagent (Creative Molecules
Inc., Canada) atroom temperature for 3 h, prior to digestion. Nano-LC chromatography was performed
using an Ultimate 3000 (Dionex, IL, USA) system in-line with an LTQ Orbitrap XL mass spectrometer
(ThermoFischer Scientific, IL, USA). Acquired data were analyzed by XQuest version 2.0 and Stavrox
version 2.1. The FXIII-B intra-subunit and FXIII-A-FXIII-B inter-subunit cross-linked peptides and
residues are presented in Supplementary Tables S2 and S3.

2.5. Generation of the FXIII-B Subunit Model

FXIII-B intra-subunit XL-MS cross-linked residues were matched to residue contact prediction
data to generate constrained models of FXIII-B monomers on the AIDA server (http://aida.godziklab.
orgl) [18] (Supplementary Figures S4 and S5). Sushi domains were based on previously-generated
high-quality threaded models from I-TASSER [19] (https://zhanglab.ccmb.med.umich.edu/I-TASSER/
(Supplementary Figure S6a-S6j). Wealso assembled a FXIII-B subunit monomer model (Supplementary
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Figure S5)indefault mode, i.e., without constraints and docked this model symmetrically (M-Z docking
server [20]) to model unbound FXIII-B, dimer.

2.6. Generation of the FXIII-A»B> All-Atom Model

Inter-subunit, XL-MS-directed docking of all FXIII-B monomer conformations on the FXIII-A»
crystal structure (PDB ID: 1f13) was performed using the HADDOCK expert interface webserver
(http://milou.science.uu.nl/servicesst HADDOCK2.2/) [21]. Since this webserver allows for only bi-
molecular docking, whereas the in-silico model involves three proteins (FXIII-B monomer and FXIII-
A, dimer), we treated the dimer as a single molecule by renumbering the residues of each FXIII-A
monomer in continuum. We based structural constraints for modeling and docking FXIII-B monomer
on FXIII-A; on inter- and intra-subunit cross-linked residues (Supplementary Tables S2 and S3).
Docking constraints (n = 64) required that all residues belong to detected cross-linked peptides that
can form side chain contacts (Supplementary Table S4) to cover the FXIII-A/FXIII-B trimer surface.
Moreover, FXIII-A»/FXIII-B contact residues were assigned constant lower and upper limit distances
of 3 and 24 A, respectively [22]. We then manually constructed the resulting docked trimer into a
tetramer with bilateral symmetry.

2.7. Molecular Dynamics Simulations of the FXIII-A;B, Heterotetramer Models

Stability of the top-scoring FXIII-A2B> complex (best HADDOCK scores amongst the major docking
clusters, Supplementary Figure S7) from the HADDOCK [23] server was assessed using all-atom
molecular dynamics (MD) simulations (YASARA Structure suite 17.4.17 platform [21,23,24] with the
embedded md_sim macro) [25,26]. A steered molecular dynamics (SMD) simulation was separately
performed on the MD-equilibrated model 1 to dissociate the FXIII-B> subunit dimer from the FXIII-A»
dimer. The SMD was performed with md_runsteered macro embedded in YASARA, with minor
modifications in the steering force (applied acceleration, 100 pm/ps?). Analyses of simulation variables,
model quality, and model characteristics are detailed in Supplementary material. All subsequent
structural analyses were performed on the MD-equilibrated complex model 1.

2.8. Modeling Transition States between the First FXIII-Az: FXIII-B; Contacts and the Final FXIII-A>B:
Complex

To generate a model of the initial contact between dimeric FXIII-A; and FXIII-B,, we docked the
crystal structure of FXIII-A> dimer with the dimeric model of unbound FXIII-B, on the Z-dock rigid
docking server [27]. We considered the highest scoring complex as the initial contact structure and the
FXIII-A;B> complex model 1 generated on HADDOCK [21,23,24] as the final structure, and
submitted these to the MINACTION path server (http://lorentz.dynstr.pasteur.fr/suny/submit.
php?id0=minactionpath#submit) to generate Ca-backbone models of the transition-states between
these two structures [28]. Once a large number of coarse-grained intermediates were generated, we
converted 8 intermediates to full atom models, as described [4].

2.9. Fitting and Docking Atomic Protein Structures on AFM Surface Topographs

We docked three-dimensional heterotetramer coordinates within the AFM-derived topographic
surface (envelope) using the AFM-Assembly protocol [29,30]. We defined the docking score as the
number of atoms from the protein structure in the favorable layer, and translated this score into
pseudo-energy values, where the best score corresponds to the lowest energy. Weran docking protocols
on HADDOCK top-scored FXIII complex models, as well as on the crystal structure of FXIII-A; and the
models of unbound FXIII-B,. For each docking simulation, we retained the top 10° potential solutions
and further analyzed the top 10 to produce the minimum docking energy, average energy of the top 10
docking solutions, root-mean-square deviation (RMSD) of the top 3 docking solutions, and shift of the
best docking solution from the center of the docking grid.

110


http://milou.science.uu.nl/services/HADDOCK2.2/
http://lorentz.dynstr.pasteur.fr/suny/submit.php?id0=minactionpath&amp;submit
http://lorentz.dynstr.pasteur.fr/suny/submit.php?id0=minactionpath&amp;submit

Biomolecules 2019, 9, 765

2.10. ITC-Based Thermodynamic Profiling of the Assembly and Dissociation of the FXIII-A,B, Heterotetramer
Complex

Finally, we directly measured thermodynamic changes during complex assembly and disassembly
of the FXIII-A;B; heterotetramer using ITC on a MicroCal200 microcalorimeter (Malvern Panalyticals,
Malvern, UK). To examine FXIII subunit association, we titrated 2.5 uM of rEXIII-A, (cell) against 25
pM rEXIII-B (syringe). We analyzed the resulting isotherms using Origin 7.0 (Originlab) and fitted
the data using Affinimeter and a custom model based on stepwise association of the subunits, FS <
MA + A1-MA2, where FS is free species, M is FXIII-A; in cell, and A is FXIII-B from syringe. To
examine FXIII-A;B> complex disassembly, we titrated 1.25 mM FXIII-A,B; in the cell (13.8 U Thrombin;
Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) against 25 mM CaCl, in the syringe. We
performed blank experiments to account for the heat of dilution. We first analyzed data for a single set
of binding models using Origin software, to observe binding as a global fit. We then calculated heat
capacity changes for each injection based on algorithms within the Origin software and stoichiometric
equilibriamodel (described below) in Affinimeter (https://www.affinimeter.com)and iterated between
these until no further significant improvement in fit was observed. Data were fit using the custom
design model and hypothetical equation M1 + A1““M1A1 + A1““M1A2 + A1““M1A3, where M is
FXIII-A2B; and A is calcium ion.

3. Results

3.1. AFM Topographs Indicates Complex Formation Restricts the Conformational Flexibility of FXIII-B

AFM analysis of the FXIII-A>B> complex revealed that each isolated surface height signal had a
bi-partite appearance (Supplementary Figure S8) comprised of a clearly compact part (FXIII-A
subunit) from which filamentous signals (FXIII-B subunit) extended in different directions (Figure 1).
The maximum height observed in the topographic images (raw) for the FXIII-A2B> complex was 5.9 nm
for whole field, which was lower than those recorded for either the FXIII-A; subunit (9.5 nm) or the
FXIII-B; subunit (19.2 nm) (Figure 1, Supplementary Figure S8). This demonstrates that the association
of FXIII-B; with FXIII-A; restricts the conformational flexibility of free FXIII-B, subunit making it more
compact. In the surface topographic images only, part of the dispersed flexible region, i.e., the FXIII-B
subunit is visible peeking out from underneath the compact part, i.e., the FXIII-A subunit. This can be
explained by an overall negative charge carried by FXIII-A> dimer surface, which relies on positive
electrostatic patches on the FXIII-B subunit to adhere to the mica surface in acomplexed state (Figure 1).
The differences in height might be attributed to adsorption effects on the structure of the protein [31,32].
Wrapping of FXIII-B subunits around FXIII-A> dimer occurred from one side, giving the molecule a
bi-partite appearance, suggesting partial asymmetry in the complex.
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Figure 1. Conformational state of factor XIII (FXIII) complex, FXIII-A, and FXIII-B subunits by atomic
force microscopy (AFM). Figure 1 is split row wise into panels a, b, and ¢ running top to bottom. (a) goes
top to bottom in the following order for the AFM- and AFM-based docking of the best FXIII-A3B;
complex model, i.e, the topmost image is the raw AFM image with the docking pose of one of the

crops below it. In the docking pose, the topography is depicted as blue dots while the different docked
complexes (of model one only) are depicted in black (FXIII-Aj) and gray (FXIII-By) ribbon format.
Below the docking pose is a molecular surface-based representation of FXIII-AB, complex as it would
be viewed in one of the many poses it would adopt while adhering to the mica in the AFM instrument.
The minimum and maximum heights that this pose is likely to have, are indicated to the right. The
FXIII-A and FXIII-B subunits are depicted in black and gray color, respectively. The lowermostimage
is PME electrostatic surface structural representation of the same pose depicted in alignment with the
hypothetical mica surface to which it adheres. (b,c) panels follow the same trend as (a), only they
represent the FXIII-A dimeric crystal structure and the dimeric unbound FXIII-B model, respectively.

3.2. Cross-Links in the FXIII-A;B, Complex Interface Expose Reverse, N-to C-Terminal Symmetry between
FXIII-A and FXIII-B Subunits

Wethen used XL-MS to identify inter- and intra-molecular contacts within the FXIII-A>B, complex.
This analysis generated 358 total peptides, with an overall coverage of 80% for FXIII-A and 91% for
FXIII-B. The cross-linked FXIII-A»B> heterotetramer (MW 319.950 kDa) had 34 cross-linked peptides
located within the heterotetramer interface (Supplementary Table S3). Inter-subunit cross-links were
detected between residues from the FXIII-A C-terminal barrel domains and the FXIII-B N-terminal S1,

S2, and S3 sushi domains, whereas residues in the FXIII-A N-terminal B-sandwich domain were cross
linked to residues from the FXIII-B C-terminal S6, S7, S8, and S9 sushi domains (Figure 2a). The FXIII-A
catalytic core region was cross linked to FXIII-B sushi domains S3, S4, S5, S7, S8, and S9. Intra-subunit
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cross-links with the FXIII-B, dimer interface largely involved residues in the N-terminal sushi domains
(S1-54), but fewer cross-linkings within sushi domains S6, S7, and S8 (Figure 2b, Supplementary Table
S3). These findings differ from those previously reported for inter- and intra-subunit interactions
within the FXIII-A,B> complex [1,6].
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Figure 2. Cross-linkingand mass spectrometry (XL-MS) derived cross-linking residues of FXIII complex
reveals an N-to C-terminal symmetry. (a) shows the domain-wise distribution of both FXIII-B monomer
model docking to FXIII-A; crystal structure, distance constraints (upper part of image), and monomer
FXIII-Bmodel assembly, distance constraints (lower part of image), that were generated from the XL-MS
cross-linking information of the purified FXIII-A;B, heterotetramer complex (Supplementary Tables
S2 and S3). (b) shows a structural description of the information shown in (a). The crystal structure of
the FXIII-A subunit dimer and the monomer model of the EXIII-B subunit have been illustrated in
ribbon format.

3.3. Molecular Docking Reveals a Stoichiometrically-Symmetrical, Bi-Partite, FXIII-A>B; Complex

Tounderstand the origin of the reverse symmetry of the FXIII-A2B> complex observed in the XL-
MS data, we used molecular docking to model FXIII-A>B; assembly. Of five potential models of FXIII-
B monomer (Supplementary Figure S5), only two gave successfully docked clusters with FXIII-A»; of
these, weselected the topmost model (Supplementary Figure S9, chosen based on HADDOCK scores) of
the top-most docking cluster as our model of choice based on agreement with structural information
from AFM. This model (model 1) also illustrated a symmetric bi-partite structure, in which FXIII-A
subunits are compact, and FXIII-B subunits are more dispersed and flexible (Figure 3a). Following
equilibration, backbone RMSD/total energy charts (Figure 3b) indicated this model of FXIII-A2B>
showed good stability and was stereochemically validated (Supplementary Figure S10). Discrepancies
in validation were like those observed for standard complex crystal structures. The FXIII-B N-terminal
sushi domains (S1, S2, and S3 domains) extended into flexible arms (Figure 3c), although each FXIII-B
monomer showed different flexibility and secondary structure following the simulation (Figure 3d,e,
Supplementary video S1). We observed two distinct positively-charged electrostatic patches (two one
each monomer, four in all) on FXIII-B (Figure 3f,g), which may represent potential fibrinogen
interaction interfaces [33], since these would create excellent complementarity with the negatively
charged regions within the currently-proposed FXIII-B interaction site on fibrinogen [33-37].
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Figure 3. The all-atom structure of the FXIII-A>B; complex. (a) is the symmetrical representation of the
best modeled all-atom structure of the FXIII-A;B; complex. The structure has been depicted by its
molecular surface in different shades of black and gray for the individual chains of FXIII-A and FXIII-
B subunits. (b) shows the C-& backbone RMSD and the total energy graphs for the MD simulation
conducted on the FXIII-A;B, complex structure model. (c) are aligned simulation snapshots from the
MD simulation conducted on FXIII-A;B; complex structure represented with FXIII-A subunit face (left)
and the FXIII-B subunit face (right). The snapshots of FXIII-A and FXIII-B subunits are depicted in
ribbon format with colors ranging between yellow-red and cyan-blue for either subunit, respectively.
(d) shows the graph representing RMSF for the FXIII-A;By complex structure MD simulation, with
individual chains represented by different color as mentioned in the inset. (e) represents the secondary
structure profile of individual chains of FXIII-A and FXIII-B subunits for the FXIII-A;B, complex
structure MD simulation. (f) is the PBS-based electrostatic surface representation of the FXIII-A;B;
complex structure (left) and y chain of fibrinogen (right) taken from fibrinogen crystal structure (PDB
ID:3GHG). Red color indicates negative surface electrostatic potential, whereas blue represents positive
potential. Indicated positive electrostatic patches on the FXIII-A;B; complex structure are likely to
interact with negatively charge bearing regions in and around the FXIII interaction site of fibrinogen
Y chain (the specific residues are numbered and indicated with a black arrow). (g) is the same view as
(f) but electrostatic surface representation has been done with the PME method. The prominent
electrostatic patches on the FXIII-B subunit are marked with yellow arrows in (f,g). The complementary
electrostatic regions between FXIII and fibrinogen Y chain have been marked with dotted arrows and
continuous uneven lines covering the shape of the region in (f,g).

3.4. Molecular Docking into the AFM Topographs Identifies the Best Model Representative of the Native FXIII
Complex

To rule out false positive conformational models of the FXIII-A>B, complex, we docked the two
FXIII-A>B> modeled structures onto the AFM topography image. According to the docking scores
(AFM dock), FXIII-A;B> complex model 1 had globally better scores than complex model 2 for the

114



Biomolecules 2019, 9, 765

10 selected docked regions of the AFM images (Figure 4). Each isolated surface height signal had abi-
partite appearance (Supplementary Figure S8) comprised of a compact part (FXIII-A;) from which
filamentous signals (FXIII-B) extended in different directions. The AFM topographs were in line with
the complex model 1 appearance. The complex model 1, therefore, represents the native conformation
of FXIII complex.
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Figure 4. AFM based docking of FXIII complex models reveals model 1 as the best complex. (a) shows
the raw and denoised AFM topographic images for the purified FXIII-A>B, complex. The height scales
are depicted to their right. The denoised image also shows in white lined squares the crops on the
topographic surface to which docking of the two best models (HADDOCK scores) of the FXIII-A>B;
complex were performed on the DockAFM pipeline [30]. (b) is a table presenting the comparative
scores obtained from the docking of the two FXIII-A;B, complex model structures on the ten AFM
image crops depicted in (a). The xy (offset) represents the shift of the docked model structure (model 1
and model 2) from the center of the topographic surface. The most favorable structure is chosen as
that having the smallest shift from the center. (c) shows side-by-side the best docking pose for the two
FXIII-A,B; complex model structures on each of the ten crops side by side to a close-up topographic
view of the crop itself. The topography of the docked pose is inverted, i.e., looking from below the
surface. The color of the topography (blue to red) is the height in Z (red is low and blue is high). The
structures of the two models are depicted in ribbon format.

3.5. Unequal Pairing within the Bi-Partite FXIII-A;B, Complex Influences Dissociation of Subunits during
FXIII Activation

Analysis of the final model 1 of the FXIII-A;B; complex indicated inequality in binding of
individual FXIII-B monomers to the FXIII-A; dimer (Figure 5a), as well as comparative differences in
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pseudo-binding energies (from both simulation and PRODIGY calculations) [38] calculated for FXIII-B
monomers and FXIII-A; subunits (Figure 5b,c). The SMD-based separation of FXIII-B, from FXIII-A,
showed that even though steering force was only applied to FXIII-B, it displaced one of the FXIII-A
monomers, resulting in a FXIII-A,B heterotrimer-like scenario (Supplementary video S2). Unequal
pairing results in disproportionate displacement of FXIII-A subunits, wherein strong affinity between
FXIII-A and FXIII-B subunits causes the FXIII-A subunits to be pulled apart along with the FXIII-B
subunit. This observation raises the possibility that a FXIII-AB heterodimer is generated transiently
during activation-induced disassembly of the complex. Thus, unequal pairing of FXIII subunits results
in a previously unrecognized dissociation pattern of FXIII-B and -A subunits during FXIII activation.
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Figure 5. Interdomain interactions, binding affinity, and the assembly of the best FXIII-A>B, complex
model structure. (a) shows the different type of interactions between the different chains of FXIII-A
and FXIII-B subunits within the best FXIII-A;B, complex model structure. (b) shows a comparative
binding energy graph of the two individual chains of the FXIII-B subunit to the FXIII-A, dimer as
calculated during the MD simulation conducted in the best FXIII-A;B, complex model structure.

(c) show the comparative predicted binding affinities for different structural entities within the best
FXIII-A;B, complex model structure as calculated over the PRODIGY server [38]. These entities are
abbreviated as: FXIII-Ach1/FXIII-Ach2, FXIII-A subunit chain 1 and 2; FXIII-Bch1/FXIII-Bch2, FXIII-B
subunit chain 1 and chain 2; FXIII-Ad/FXIII-Bd, FXIII-A and FXIII-B subunit dimers, respectively.

(d) shows the conformational transitions taking place in the FXIII-B dimer during its association with
the FXIII-Aj subunit dimer. Both the subunits are depicted in ribbon format. Solid arrows represent the
conformations adopted by FXIII-B during its association. The FXIII-A> subunit dimer is colored orange,
whereas the individual monomers of FXIII-B subunit dimer are colored blue and cyan, respectively.

3.6. Transition State Analysis Suggests Stepwise Binding Events during the Association of FXIII-A: FXIII-B
Subunits

Since FXIII-A;B; assembly occurs in plasma, we modeled the association events taking place
during FXIII-Az and EXIII-B; interaction leading up to complex formation using transition state
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analysis. The transition state analysis of the heterotetramer assembly shows that the association of
dimeric subunits to form a complex is asymmetric, two-step binding, where FXIII-B monomer first
strongly associates with FXIII-A» dimer, stabilizing a transient state FXIII-A2B'B (where B’ represents
the unbound monomer). This complex then forms the FXIII-A>B, complex where all subunits interact
in totality (Figure 5d). These data show that the two-step asymmetrical binding most likely results in
unequal pairing between the monomers within the complex.

3.7. Thermodynamic Patterns Underlying FXIII-A>B, Complex Assembly and Dissociation Suggest Stepwise
Models for Both Events

Finally, having investigated the complex assembly and disassembly (during activation) events ata
structural level, we performed ITC for the same events to explain the operant thermodynamic variables.
ITC enabled us to (a) examine the thermal changes corresponding to protein interface interactions
upon binding and (b) correlate the thermal motions derived from activation-induced disassembly of
the complex to the structural dynamics of individual subunits obtained by the model analyses. The
first set of ITC experiments were performed to illustrate the thermal mechanics underlying the
binding of FXIII subunits. When fitted with one set of binding sites, data measuring association of
FXIII-A> and FXIII-B; yielded a Kq of 66.7 nM. A sequential two-step binding model based on hints
from the unequally paired FXIII-A>B, complex model 1 suggested that the first binding event of FXIII-
B> to FXIII-A; is an enthalpically-favorable exothermic reaction (AH = =226.25 kJ/mol), however, yields
a conformationally-restricted state with positive, unfavorable entropy (=TAS > 0) and Ky of
1.5 nM. The second binding event (MA«MA)) is also enthalpically favorable (AH = =360 kJ/mol) with
unfavorable entropic changes (=TAS > 0), but a comparably weaker Kq of 4.3 pM, due to the spatial
restriction faced by the second monomer upon interaction (Figure 6). These thermodynamic patterns
agree with our transition state analysis suggesting a two-step binding assembly, the latter being of low
affinity, leading to heterotetramer assembly.

Toanalyze the dissociation of the complex upon activation, we also interrogated calcium binding
to the thrombin-cleaved FXIII-A;B> complex. On the basis of the stoichiometric equilibrium model
(Figure 7a) post-fitting, the first calcium binding event (set at Kg 100 pM [39-41]) showed an
entropically-driven, negative-TAS, and unfavorable, endothermic AH (4.78 kJ/mol) pattern. The second
event, corresponding to Kq of 1 mM, had highly negative =TAS, and endothermic AH (150.70 kJ/mol)
behavior. In contrast, the third event, corresponding to Kq of 1.94 uM, had a highly positive =TAS and
exothermic AH (=154.42 kJ/mol) (Figure 7) heat change. Experiments assessing thrombin- and
calcium-mediated dissociation of FXIII-A;B, suggested the events proceeded stepwise. (i) Calcium
binds to FXIII-A; in the heterotetramer complex. (ii) The calcium-bound heterodimer separates (i.e.,
FXIII-AB). Given heat signatures (Figure 7d) obtained for event 2 (AH > 0, =TAS > 0), we propose that the
system maintains thermal equilibrium by first dissociating into a transient FXIII-AB heterodimer. This
step combats the unfavorable enthalpy of A/A or B/B subunits suggested by the insilico pseudo-binding
energy calculated for our complex model 1 (Figure 5c). (iii) The FXIII-AB heterodimer separates into
individual, free subunits. During this event, unfavorable conformational entropies are counteracted by
favorable enthalpic changes, which explain the final disruption of FXIII-AB heterodimer into calcium
saturated, activated and open FXIII-A * monomer [31]). At the conditions used (T = 30 °C), all three
events were spontaneous (AG < 0). The flipping patterns of enthalpy and entropy in the sub-events
that occur during dissociation of the complex suggests the role of bulk solvent coming into play, along
with calcium saturation of FXIII-A that is responsible for stepwise disassembly of the complex [42-44].
Collectively, our thermodynamic data support the premise that FXIII undergoes two unique stepwise
modes of complex assembly and disassembly in plasma (Supplementary Figure S11).
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Figure 6. In-solution associations of FXIII subunits studied by ITC. (a) is the equation depicting the
stoichiometric binding equilibrium model, followed for the analysis of data derived from ITC (model
was generated in Affinimeter using model builder approach). (b) represents the titration of 2.5 uM
rFXIII-A; (in cell), with 25 pM FXIII-B subunits (in syringe). The upper image of this panel is the raw
data depicting the heat change upon each injection; the lower image in this panel is the normalized data,
with integrated heat change plotted against the concentration ratio of rFXIII-B vs. rFXIII-A;, (blank
controls not shown). A solid black line represents the corresponding fit obtained in Origin software
using one-set of binding mode. (c,d) are based on Affinimeter analyses depicting the contribution of
individual reactants of the equation (a) towards the isotherm. The heat signatures depicting the free
energy changes, changes in enthalpy, and entropy in the two events explained in (a), respectively. (e) is
a table explaining the two thermodynamic events, and their corresponding dissociation constants (Kq)
and changes in enthalpy (AH).
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Figure 7. In-solution dissociation of FXIII complex in the presence of thrombin and calcium studied
by ITC. (a) is the equation depicting the stoichiometric binding equilibrium model followed for the
analysis of data derived from ITC (model was generated in Affinimeter using model builder approach).
(b) represents the titration of 1.25 mM FXIII-A,B,, with 25 mM CaCl,. Upper image of this panel is the
ORIGIN raw data depicting the heat change upon each injection and the lower image in this panel is the
normalized data, with integrated heat change plotted against the concentration ratio of CaCl, vs. FXIIL
A solid black line represents the corresponding fit obtained in Origin software using one-set of binding
mode. (blank controls not shown) (c,d) are based on Affinimeter analyses depicting the contribution of
individual reactants of equation (a) towards the isotherm. The heat signatures depicting the free energy
changes, changes in enthalpy, and entropy in the two events explained in Figure 6a, respectively. (e) is
a table explaining the three thermodynamic events, and their corresponding dissociation constants (Kq)
and changes in enthalpy (AH).

4. Discussion

4.1. IH Approaches Reveal a Unique FXIII Complex Structure

The FXIII complex has always presented a structural functional challenge to researchers owing to
its dynamic nature and association with various other proteins such as fibrinogen in its physiological
and biochemical life cycle. The interpretation of pathomolecular mechanisms is further limited by
the absence of an all atom basis for this complex, as well as the development of drugs and inhibitors
to bind both complexed and isolated FXIII-A [45-48]. Indirect evidence, in the context of
interdomain interactions, exists but does not have a visual and structural basis [1]. The final structure
of the FXIII-A;B> complex model derived in this study fills this gap. Notably, our model presents a
new picture of the complex that differs from the current paradigm in several important ways [1,6].
First, our model suggests FXIII-B subunit N-terminal sushi domains are relatively free, with positive
surface electrostatic patches, indicating a potential role of this flexible region in interactions with
other proteins like fibrinogen [30,31,33]. These interactions would be especially relevant when
evaluating the effect of FXIII or fibrinogen surface mutations that disrupt or disorder their mutual
complex. In addition, reports have suggested the N-terminal region of FXIII-B interacts with the
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FXIII-A subunit [1]. This observation could also be a secondary allosteric effect observed during the
competitive binding studies performed, since both our all-atom structure, as well as the XL-MSanalysis,
suggest increased density of interdomain interactions at the C-terminal end of FXIII-B. The recent
report by Proptopopova et al. [49], based primarily on AFM studies in air, suggests partial wrapping
of B subunits around central core of FXIII-A,. Our study registers similar observations, but we propose
a different orientation possibility for individual subunits within the complex. Differences between
our interpretations might be due to the surface properties of the following: (a) complex; (b) the
HOPG/mica surface; (c) sample preparation; or (d) imaging in air or buffer, which affects the overall
behavior of the molecule under the microscope [32,50]. The association analyses by ITC reveal that
the binding of individual subunits is strong (~10™ M, single set of binding mode) but differs by a
factor of 10 from the latest report (~1071° M) in which one of the subunits was immobilized, unlike our
solution-based label-free evaluation [1]. Interestingly, our heterotetramer model 2 generated from the
flexible docking (which was observed to be stable over an MD simulation run for >100 ns) matches the
previous literature on FXIII-A. The FXIII-B interactions, i.e., the C-terminal sushi domains of this model
were observed to be free and the S1 and S2 sushi domains were observed to be partially interacting
with the FXIII-B subunit (Supplementary Figure S9). Nevertheless, this model was eliminated from
being the best representation, since it showed lower scores when matched to the AFM images of the
heterotetramer (Figure 4). However, because of the similarity observed for the model 2 with previous
literature, we do not completely deny that another conformational pose of the heterotetramer, one
similar to the model 2, could actually be a more correct representative. Future studies involving cryo-
EM-based exercises could shed more light in this regard.

4.2. Assembly of FXIII-A;B> is a Two-Step Process Aided by the Conformational Flexibility of FXIII-B Subunit

Assembly of the FXIII-A;B, complex in plasma and its subsequent activation and disassembly
are well known phenomenon. However, the thermodynamic variables underlying these events have
not been investigated in detail, especially in the context of the conformational changes that occur
during these processes. Published data address only the thermolability of individual domains of
FXIII-A subunit [51]. In contrast to transglutaminase-2 (TG2), a near homologue of FXIII-A which has
been thoroughly investigated in the thermodynamic aspect [52], detailed data for the FXIII complex
is not available. Our ITC experiments performed in-solution balance our structural investigation into
FXIII oligomeric association and disassembly upon activation by identifying subtle changes in
thermodynamic parameters that fit into our structural models. The thermodynamic study of FXIII
complex assembly was performed by titrating both subunits against each other. Stepwise association
of the two FXIII-B subunits onto FXIII-A dimer, also depicted by the in-silico transition state models,
suggests the conformation adopted by the transient transition state FXIII-A>;BB’ supports final complex
association (Figure 5d). The heat signatures observed in our study show that desolvation of the inter-
subunit interface leading to the stabilization of non-covalent contacts across the interface is a
gradual two-step event aided by the conformational flexibility of FXIII-B subunits. While the globular
FXIII-A structure remains relatively static, the flexible FXIII-B monomers twist and bend to
individually accommodate the FXIII-A monomers. This two-step, unequal, asymmetrical assembly,
further supported by the significantly different binding energies for the two events observed in our
ITC profile (Figure 6), is the underlying cause for an unequally paired complex. This analysis is
additionally supported by our AFM-based observations, in which the free form of FXIII-B is flexible
and long but once associated with the FXIII-A, becomes more compact. Regardless of this association,
even complex-bound FXIII-B retains some flexibility, especially at its N-terminal regions, as observed
from the thermal motions of the complex model simulation (Supplementary video S1). These
observationsalsosuggest that the FXIII-B subunit undergoesasignificant conformational change during
its transition from a free molecule to a bound one.
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4.3. Unequal Pairing within the FXIII Complex May Generate a Transient FXIII-AB Species during the
Activation Induced Complex Disassembly

Westudied FXIII complex disassembly by saturating thrombin-cleaved FXIII-A,B; with increasing
concentrations of calcium in an ITC platform. The thermodynamic driving forces responsible for
complex activation indicate the role of solvation energies [43] that release the subunits in the presence
of calcium ions (Figure 7). Here, the transition of the zymogenic heterotetramer to active, open,
monomeric FXIII-A* involves formation of a transient FXIII-AB heterodimer in which FXIII-A subunits
are incompletely saturated with calcium and are still loosely bound to one of the FXIII-B monomers.
Our thermodynamic analyses indicate how low-entropy interfacial water molecules [42,53,54] assist in
disrupting the tetrameric interface in FXIII-A»B,, aiding the entropic compensations that act against
unfavorable enthalpies. The relevance of this model of dissociation becomes clearer when examining
the nature of unequal pairing within the complex. Unequal pairing of individual FXIII-B monomers,
especially at the C-terminal hinge region of FXIII-A (residues 500-520) (Supplementary Figure S12a,
Supplementary videos S3 and S4), is favorable since it enables bulk solvent to sneak past the interface
between loosely bound B monomer and A subunits (Supplementary Figure S12b), aiding dissociation
to perform timed activation. This flexible hinge region is critical for the movement of FXIII-A barrel
domains, enabling its activation and giving rise to its open extended conformation [8]. Equally strong
binding of both FXIII-B subunit monomers to FXIII-A; would be energetically expensive, also yielding
possibly slower activation and subunit dissociation. However, this observation does not suggest the
complex breaks down into a trimer (FXIII-A2B) and a monomer (FXIII-B), as is also observed in our
SMD for separation of FXIII-B, from FXIII-As. Notably, bulk solvent and water does not play a role
during the separation in the SMD (Supplementary video S2), unlike a physiological scenario in which
it is an active participant. Bulk solvent/water permeates interfaces between all subunits, bringing a
semblance of symmetry to the disruption and disassembly process in the physiological environment.
Nevertheless, we can conclude that the process of dissociation is strong enough to separate FXIII-A
monomers from each other (Supplementary video S2 and Supplementary Figure S13), providing
further support that the activated FXIII-A molecule is a monomer [31]. Given the binding affinity of
the FXIII subunits and their conformational motions, FXIII mutations that affect interface residues or
conformational flexibility are likely to undermine complex assembly, resulting in either loosely or too
tightly bound complex. A tightly bound complex can trap the oligomer in less flexible states and alter
rates of activation, whereas a loosely held complex can be susceptible to spontaneous disassembly.
The models of assembly and disassembly during activation of FXIII complex implicated by our study
are particularly relevant in the context of the structural data and thermodynamics for research
pharmacologists interested in generating inhibitors and drugs directed against the complex. The steps
detailed in these events, especially in the thermodynamic context, can be objectively addressed to
virtually and actually screen for inhibitors as has been done for TG2, FXIII's homologue [55].

4.4. Is Complex Interface a Potential Underlying Driver of Unexplained Heterozygous FXIII Mutations
Observed in Mild FXIII Deficiency?

The catalytic FXIII-A subunit bears a special place in the transglutaminase (TGase) family as it is
the only member that exists in a complexed form (FXIII-A>Bo). Consequently, interfacial residues within
the complex are under selective pressure, wherein mutations at these residues might be associated with
abroad range of factor deficit (mild to severe FXIII deficiency). Inspection of recently reported missense
mutations of F13A1 genes (p.His342Tyr, p.Asp405His, p.Gly411Cys, p.GIn416Arg, p.Leu539Pro,
p-Arg540GIn, p.GIn601Lys, and p.Arg611His) [56-59] suggests these mutations lie on the interface
rim [60] where they may be involved in FXIII-A and FXIII-B subunit interactions. Similarly, FXIII-B
missense mutations (p.Cys336Phe, p.Val401Glu, p.Pro428Ser, and p.Cys430Phe) [61,62], also map to
interfacial patches. Notably, a majority of these mutations were reported in the heterozygous state
from mild FXIII deficiency patients. Since inherited FXIII deficiency is an autosomal recessive
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disorder, the dominant negative effect of heterozygous FXIII gene mutations might be explained by
their pathomolecular influence on the complex interface.

5. Conclusions

Tosummarize, our study presents not only a new view of the EXIII complex, but also proposes new
mechanisms to explain FXIII complex association and disassembly. The structure provides a basis on
which FXIII mutations (particularly those thought to affect the FXIII molecular interface) can be probed
to define their pathomolecular mechanisms. Furthermore, our model provides the first atomic basis on
which putative inhibitors can be designed and tested. Our models present interesting starting points
for research into conformational changes occurring during FXIII complex assembly and disassembly.
Further biochemical validation of hypotheses stemming from these models is warranted. In addition,
the AFM-based analysis only presents a partial surface view of the structure, and therefore we plan to
further refine the structure by matching it to cryo-EM based images of the FXIIIA;B>complex.
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