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Structured Abstract

Background—Thrombin activates fibrinogen and binds the fibrin E-domain (K4 ~ 2.8 uM) and
the splice variant -y’-domain (Kq ~ 0.1 pM). We investigated if the loading of D-Phe-Pro-Arg-
chloromethylketone inhibited thrombin (PPACK-thrombin) onto fibrin could enhance fibrin
stability.

Methods—A 384-well plate thermal shift assay (TSA) with SYPRO-orange provided melting
temperatures (Ty,) of thrombin, PPACK-thrombin, fibrinogen, fibrin monomer, and fibrin.

Results—Large increases in Ty, indicated that calcium led to protein stabilization (0 vs. 2 mM
Ca?*) for fibrinogen (54.0 vs. 62.3 °C) and fibrin (62.3 vs. 72.2 °C). Additionally, active site
inhibition with PPACK dramatically increased the T, of thrombin (58.3 vs. 78.3 °C). Treatment of
fibrinogen with fibrin polymerization inhibitor GPRP increased fibrinogen stability by AT, = 9.3
°C, similar to the AT, when fibrinogen was converted to fibrin monomer (AT, = 8.8 °C) or to
fibrin (AT, = 10.4 °C). Addition of PPACK-thrombin at high 5:1 molar ratio to fibrin(ogen) had
little effect on fibrin(ogen) T, values, indicating that thrombin binding does not detectably
stabilize fibrin via a putative bivalent E-domain to -y’-domain interaction.

Conclusions—TSA was a sensitive assay of protein stability and detected: (1) the effects of
calcium-stabilization, (2) thrombin active site labeling, (3) fibrinogen conversion to fibrin, and (4)
GPRP induced changes in fibrinogen stability being essentially equivalent to that of fibrin
monomer or polymerized fibrin.
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General Significance—The low volume, high throughput assay has potential for use in
understanding interactions with rare or mutant fibrin(ogen) variants.

Keywords
thrombosis; fibrinogen; bleeding; fibrin; thrombin

1. Introduction

Fibrinogen (340 kDa) plays a crucial role in platelet aggregation and fibrin stabilization of a
clot. Fibrinogen is a dimer of three separate chains (Aa, BB, and ) that structurally form
the central E domain surrounded by two D domains. As a result of alternative splicing,
approximately 7% of fibrinogen contains a 20 amino acid extension on the -y chain known as
v’ fibrinogen (De Willige et al., 2009). Thrombin cleaves fibrinopeptides A and B from the
Aa and B chains, forming fibrin monomers. Fibrinopeptide cleavage exposes the A and B
knobs and leads to protofibril extension of the monomers via interactions with
complementary holes in fibrinogen or fibrin monomer subunits (Mosesson, 2005).

Thrombin interacts with fibrin via two different binding sites. The low affinity binding (Kd =
1.3 - 2.6) (Meh, Siebenlist, & Mosesson, 1996; Pospisil, Stafford, Fredenburgh, & Weitz,
2003) occurs between thrombin exosite 1 and the E domain of fibrinogen. The high affinity
interaction (Kd = 0.11 — 0.25) (Meh et al., 1996; Pospisil et al., 2003) involves thrombin
exosite 2 and the -y’ chain of fibrinogen, potentially also including a bivalent binding
interaction between exosite 1 and the E domain (Lovely et al., 2003; Pospisil et al., 2003).
Thrombin can interact with these sites individually or in a bivalent combination
(Fredenburgh et al., 2008). Recent papers have shown evidence that high concentrations of
thrombin remain bound to the fibrin clot for extended periods of time under flow (Zhu et al.,
2016), potentially due to bivalent binding or physical trapping of thrombin within fibrin
fibers (Haynes et al., 2017; Kelley & Leiderman, 2019; Zhu et al., 2016, 2018).

In this study, we investigated how various mechanisms during the formation of fibrin might
affect the structural stability of fibrin(ogen) monomers and their assemblies. The fibrin
polymerization inhibitor GPRP is a synthetic peptide that binds the complementary holes in
fibrinogen by mimicking the A knob of fibrinogen (Laudano & Doolittle, 1978; Litvinov et
al., 2005). When present at large concentrations, GPRP blocks the protofibril extension of
fibrin monomers by binding to the complementary holes in the D domains of fibrinogen
(Kononova et al., 2013).

We hypothesized that the exosite interactions between thrombin and fibrin(ogen) have the
potential to increase the structural stability of fibrin. D-Phe-Pro-Arg-chloromethylketone
(PPACK) is a modified peptide that covalently reacts with the active site serine of thrombin,
preventing the cleavage of fibrinopeptides and the formation of fibrin. It has been shown that
PPACK does not interact with the exosites of thrombin, which would still allow the high and
low affinity exosite interactions (Kaminski & McDonagh, 1987; Meh et al., 1996). PPACK-
inhibited thrombin was used in assays of fibrinogen and fibrin to determine the effect of
thrombin on the stability of fibin(ogen).
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The thermal denaturation temperature (Ty,) is typically used as a metric of thermal stability
of proteins or protein-ligand complexes. Increased melting temperature in the presence of a
binding agent indicates that the bound complex has more stability than the purified protein
(Brandts & Lin, 1990; Niesen et al., 2007). Differential scanning calorimetry (DSC) has
traditionally been used to determine protein stability by measuring the molar heat capacity
of a sample and comparing it to a reference. The DSC peaks are analyzed to determine the
denaturation temperature of the sample (Sturtevant, 1987). Although DSC is a powerful
method of determining thermodynamic parameters, it is a complex and time consuming
approach to determine the denaturation temperature (Durowoju et al., 2017), often requiring
large amounts of protein. DSC was used previously to infer structural properties of
fibrin(ogen), as well as the effect of the calcium ion on its thermal stability (J. W. Donovan
& Mihalyi, 1974; John W. Donovan & Mihalyi, 1985).

The thermal shift assays (TSA) deploys an environmentally sensitive fluorescent dye in
order to determine the melting temperature of a protein (T,,). As a protein denatures and
unfolds, the dye binds the exposed hydrophobic residues with concomitant increase in
fluorescent signal. The melting temperature is the critical point of the fluorescent reading
with increasing temperature, determined through the first derivative of the measured
fluorescent reading (Huynh & Partch, 2016). By using 384-well plate gPCR equipment for
creating linear temperature ramps with time, thermal shift assays are a high throughput and
cost effective way to study protein stability (Lo et al., 2004), alone or in the presence of
ligands. In this study, we confirmed previous DCS analysis of fibrin(ogen) with thermal shift
assays and looked at thermal stability of fibrin monomers in comparison to GPRP-bound
fibrinogen. We also investigated the effect of PPACK-thrombin as a fibrin stabilizing agent.

2. Methods

2.1 Materials

The following reagents were obtained and stored as per the manufacturers’ instructions:
Human Fibrinogen Plasminogen Depleted (FIB1, Enzyme Research Laboratories, South
Bend, IN), Human Alpha Thrombin (Haematologic Technologies, Essex Junction, VT),
Human D-Phe-Pro-Arg-chloromethylketone-inhibited thrombin (PPACK-thrombin)
(Haematologic Technologies, Essex Junction, VT), Gly-Pro-Arg-Pro (GPRP, Millipore
Sigma, Burlington, MA), SYPRO Orange Protein Gel Stain (450 nm EX/568 nm EM)
(Sigma-Aldrich, St. Louis, MO). -yA/y’ fibrinogen (v’ fibrinogen) was generously donated
by Dr. John Weisel from the University of Pennsylvania Department of Cell and
Developmental Biology.

2.2 Melt Curve Generation

All melt curves were performed using a 384-well plate Roche LightCycler 480. Various
mixtures of reagents and buffer conditions were prepared in a final volume of 9 pL with 5X
SYPRO Orange and equilibrated for 20 min at 30 C prior to programmed heating. Each well
was fluorescently imaged during a linear temperature ramp from 30 C to 90 C (Fig. 1A) over
30 min. First derivative calculations were performed using GraphPad Prism 8 software (Fig.
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1B-C). Melt temperature calculations for all samples were determined using LightCycler
Thermal Shift Analysis software.

3. Methods
3.1 Fibrinogen and fibrin Melt Curve

Calcium ion is known to stabilize fibrinogen and fibrin (Purves et al., 1978; Weisel, 2005),
thus providing a useful validation test for TSA. Fibrinogen T, was determined in the
presence and absence of 2 mM Ca?* (Fig. 2A-B) where a large increase in fibrinogen Tpy,
was detected in the presence of Ca2*. This was further observed in a TSA of increasing
concentrations of Ca2* from 0.1 mM to 10 mM with 1 mg/mL fibrinogen (Supplemental
Fig. 1). The Ty, increased with increasing concentration of calcium ion (Supplemental Table
1). In a similar test of fibrin stability with or without Ca2*, 50 nM thrombin (0.18 pg/mL or
~5 U/mL) was added to 2.9 pM fibrinogen (1 mg/mL) and incubated for 20 min to allow
fibrin generation prior to TSA assay, noting that thrombin does not require calcium for
activity. As seen with fibrinogen, a large increase in fibrin T, was detected in the presence
of Ca?*, as expected (Table 1). The Ty, values of both fibrinogen and fibrin were similar to
the thermal denaturation temperatures previously determined by calorimetry (J. W. Donovan
& Mihalyi, 1974). The presence of 2 mM Ca?* in the assay shifted the T, values by
approximately 12°C for fibrinogen and 10°C for fibrin. Increases in stability were previously
reported by Donovan et. al of 6°C for fibrinogen and 12-13°C for fibrin using differential
scanning calorimetry. (John W. Donovan & Mihalyi, 1985). All following experiments were
conducted with 2 mM Ca?*. In Fig. 2B, the concentration of active thrombin was much
lower than that of the polymerized fibrin (50 nM thrombin vs. 2.9 uM fibrin) so as to have
no detectable denaturation signal on its own in the fibrin TSA assay, other than to
polymerize the fibrin. In a separate control experiment, the Ty, values of thrombin and
PPACK-inhibited thrombin (no fibrinogen present) were measured (Fig. 3, raw data included
Supplemental Fig. 2). Active site inhibition of thrombin produced a remarkable increase in
Tm of 20 °C (Table 1). Fibrin was shown to be fully polymerized with a 20 minute
incubation time and 50 nM lla (Supplemental Fig. 3).

3.2 SYPRO Orange Titration

It has been previously observed that SYPRO orange can interact with a protein and affect the
thermal shift assay and the measured Tm (Layton & Hellinga, 2010), though this effect has
been found to be minimal at low concentrations of SYPRO less than 10x (Layton &
Hellinga, 2011). It was assumed that any effect of SYPRO on the thermal stability would be
the same between samples when measuring a shift in Tm with added ligand. To further
ensure there was no effect by SYPRO orange dye on the Tm determination of the assays
reported, we performed thermal shift assays with varying concentrations of SYPRO between
1x and 10x for fibrinogen, thrombin, and PPACK-thrombin (Supplemental Figs. 4, 5, 6;
Supplemental Tables 2, 3, 4, respectively). There was no significant effect of SYPRO
concentration on the Tm measured, only an increase in the maximum fluorescence of
SYPRO was observed with increasing SYPRO.
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3.3 Fibrinogen/fibrin and Gly-Pro-Arg-Pro

The addition of 5 mM GPRP resulted in a 9.3°C increase in the T, of fibrinogen, clearly
demonstrating an increased stability change in fibrinogen due to GPRP occupancy, even in
the absence of fibrinopeptide release. Fig. 4A shows a distinct peak for fibrinogen at 61°C.
When 5 mM GPRP was present in the assay, the peak shifted to 70°C (p < 0.0001). The Tm
~ 70 C of fibrin monomer, produced with GPRP present during thrombin treatment of
fibrinogen, was very similar to that of fibrin (no GPPR present) (Fig. 4B). Fibrin was only
slightly more stable (~2 C) than fibrin monomer in TSA (p < 0.0001). Cleavage of
fibrinopeptides by thrombin caused a substantial change in protein stability compared to
fibrinogen. Interestingly, the stability of the fibrin monomer was not significantly different
from GPRP-fibrinogen as their melting peaks were very similar (Fig. 4). Relative to
fibrinogen, statistically significant increases between AT, values of GPRP-treated
fibrinogen, fibrin monomer, and fibrin were observed (p < 0.0001; N = 3 plates, n = 9 wells).
Also, the average AT, values of fibrin (no GPRP) and fibrin monomers (5 mM GPRP)
relative to fibrinogen were significantly different (*p < 0.0001) (Table 2).

3.4 Effect of high dose PPACK-thrombin on fibrin stability

Clots formed under flow can bind substantial amounts of thrombin due to the antithrombin-I
activity of fibrin (Chen & Diamond, 2019; Zhu et al., 2016, 2018) and the continual
penetration of fresh prothrombin substrate into clots under flow. Active thrombin bound
within the clot through bivalent interactions of thrombin exosite I and Il (Kelley &
Leiderman, 2019) may have the potential to contribute to clot stability (Meh et al., 1996).
Therefore, we tested whether high concentrations of PPACK-thrombin could alter the T, of
fibrin. Fibrin clots were polymerized with active thrombin in the presence of increasing
doses of PPACK-thrombin. Unlike the clear shift in the melting temperature between
fibrinogen and fibrin (50 nM thrombin), there was no significant difference in Ty, between
fibrinogen and fibrin with added PPACK-thrombin (Fig. 5, Table 3). While the measured
melting temperature of PPACK-thrombin (78.3°C from Table 1) was much higher than that
of fibrinogen or fibrin, PPACK-thrombin had no detectable effect on the melting temperature
profiles at low concentrations of PPACK-thrombin We conclude that a concentration of 600
nM PPACK-thrombin (22 ug/mL) was not high enough concentration to give a noticeable
peak in the thermal shift assay. In contrast in Fig. 6, the PPACK-thrombin T, peak was
easily observed at 78°C at a PPACK-thrombin concentration of 0.2 mg/mL (0.54 pM). The
maximum peak increased with larger concentrations of PPACK-thrombin, which is typical
of purified systems with increasing concentrations of their reagents (Niesen et al., 2007).
The most first and most significant T, peak for both fibrinogen (~61°C) and fibrin (~71°C)
did not shift in this assay by addition of high concentrations of PPACK-thrombin. Loading
of fibrin with high doses of PPACK-thrombin had no observable effect on fibrin stability.

3.5 Effect of high dose PPACK-thrombin on +y’ fibrin(ogen) stability

To understand the effects of the high affinity thrombin exostie 2 interaction and the -y’ chain,
purified v’ fibrinogen was used to perform a thermal shift analysis of v’ fibrin(ogen)
incubated with and without PPACK-thrombin. Table 5 shows the summary of the Ty,’s
determined. -y’ fibrinogen had no significant shift in Ty, to unfractionated fibrinogen when
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compared on the same plate (results not shown). The Ty, of y’ fibrin (64.9 + 1.3°C) was
shifted from -y’ fibrinogen (T, 61.7 = 0.5°C) but did not have the same stability of
unfractionated fibrin. The first derivative curve had a wider and less distinct peak
(Supplemental Fig. 7), potentially indicating more heterogeneity in the structure of v’ fibrin
or weaker knob-hole interactions between fibrin monomers. 300 nM PPACK-thrombin (5:1
molar ratio with fibrinogen) did not appear to have a significant effect on the T, of y’
fibrin(ogen). There was a separate, small peak at the determined T, of PPACK-thrombin
(78°C), which appears to be a separate melting event.

4. DISCUSSION

The thermal shift assay detected the calcium-dependent enhancement of fibrinogen and
fibrin stability. The conversion of fibrinogen to fibrin also resulted in a large increase in Tp,.
As indicated by a large and similar increase in T,,,, GPRP had the ability to force fibrinogen
into a structure similar to that of the fibrin monomer in the absence of fibrinopeptide
cleavage. The effect of the knob A mimetic interaction of GPRP on the stability of
fibrinogen as indicated by the large increase in Tm has been previously noted. (Kononova et
al., 2013)

However, PPACK-thrombin had no effect on fibrin Ty,. PPACK covalently binds to the
active site of thrombin (Bode et al., 1992). Active site inhibition of thrombin with PPACK
resulted in a large enhancement of thrombin thermal stability. Previous reports indicate that
PPACK-thrombin maintains exosites that are still able to bind to fibrinogen (Kaminski &
McDonagh, 1987; Mosesson & Kaminski, 1990). The high affinity interaction was
specifically investigated with a TSA of -y’ fibrin(ogen) with and without PPACK-thrombin,
with no significant stabilizing effect of PPACK-thrombin on -y’ fibrin(ogen) observed.

There was not a large stabilization of -y’ fibrin, as seen with unfractionated fibrin. It has been
shown that purified -y’ fibrin has an altered structure and slower fibrinopeptide B release
than both unfractionated and pure yA/yA fibrinogen (Cantero et al., 2019; Cooper et al.,
2003). The structural changes might parallel the thermal stability of the -y’ fibrin, potentially
due to the changes in fibrinopeptide release or changes in knob hole dynamics between the
v’ fibrin monomers.

Fibrin had a higher shift in T, from fibrinogen than both GPRP-bound fibrinogen and the
fibrin monomer. While the lateral aggregation of the fibers might explain this difference,
interactions between fibrinogen and clot-bound thrombin (Kelley & Leiderman, 2019) might
also contribute to this increased stability. PPACK-inhibited thrombin did not affect the
melting temperature of fibrinogen or fibrin, even in high concentrations (>0.54 pM). This
might suggest that the binding interactions between thrombin’s exosites and fibrinogen were
not significant enough to add to fibrin thermal stability (Mosesson & Kaminski, 1990).

We have presented a method for determining ligand interactions with fibrin(ogen) and key
proteins that are involved in coagulation and hemostasis. We assume that the dye is always
rapidly equilibrated with the denatured domains of the unfolding protein. Because the T-
ramp occurs over 26 minutes with 35 florescent readings per minute, we also assume that the
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protein structure is at a pseudo-equilibrium over the short time of a few seconds when the
fluorescence is read in each well (even though unfolding is irreversible and there is no
equilibrium between native and unfolded protein) (Lo et al., 2004). The slowest time scale in
the measurement may actually be thermal equilibration which should be also rapid for the 9
uL volume in each well.

Some limitations that might exist from the presented results could be in the simplistic
determination of the Tm of each protein through the maximum of the first derivative. There
are methods that achieve a more accurate determination of the Tm such as fitting the curve
to the Boltzman sigmoid function by nonlinear regression (Senisterra et al., 2012). This is
most beneficial in TSA’s where the melt curve generated has an abnormal shape. However,
the curves observed in our experiments fit the typical description as described in Fig. 1, and
the first derivative determination served as a straightforward and widely used approach to
compare assays directly (Gao et al., 2020; Huynh & Partch, 2016).

Though this study has a limited scope of its observations, the assay can be used in future
experiments to determine fibrinogen interactions in which a small volume is required due to
rarity of reagents. Specifically, the assay has the potential for studying fibrin(ogen) mutants
for instability. For example, Fiby390-396A 3 mutant of fibrinogen that exhibits reduced
binding of transglutaminase factor XI1I has been useful in the understanding of the
relationship between factor X111l and deep vein thrombosis (Aleman et al., 2014). Our assay
would allow further study of this relationship in fibrin clots, requiring small volumes of the
mutant type to produce high throughput results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Graphical Abstract. Thermal shift assay procedure. (A) Reagents were prepared and added

to LightCycler 384 well plates. Assay was incubated for 20 minutes to allow for fibrin
formation. Reagents then imaged from 30-90°C in LightCycler to develop melt curve. (B)
Example melt curve generated from thermal shift assay. Ty, is determined by inflection point
of curve. (C) Example first derivative curve.
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Figure 2.
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Page 11

Generation of melt curves and determination of T, for fibrinogen and fibrin assays in the
presence of Calcium. All assays contained 10x SYPRO. (A) Fibrinogen (1 mg/mL) melt
curve. Samples contained either no Ca2* (black) or 2 mM Ca?* (red). (B) First derivative of
fibrinogen melt curve. Minimum is T, of the assay. (C) First derivative of melt curve of
fibrin with and without Ca2*. Fibrinogen (1 mg/mL) was incubated with 50 nM thrombin for
20 minutes before performing thermal shift analysis. No Ca?* (black), 2 mM Ca?* (red).
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Figure 3.
Representative melting temperature comparison. First derivative of melt curve for PPACK-

thrombin (0.5 mg/mL), thrombin (0.5 mg/mL), fibrinogen (1 mg/mL) and fibrin (1 mg/mL
fibrinogen; 50 nM thrombin). 2 mM Ca?* and 5x SYPRO. Results are summarized in Table
1.
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Figure 4.
Representative fibrinogen and fibrin melt curve derivative with and without GPRP. 1 mg/mL

fibrinogen, 5x SYPRO, 2 mM Ca2* in each well. (A) Fibrinogen comparison. No GPRP
(black) and 5 mM GPRP (red). (B) Fibrin (50 nM thrombin). No GPRP (black) and 5 mM
GPRP (red).
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Figure 5.
Graphs of first derivative of melting curve with the addition of PPACK-thrombin. Each well

contained 1 mg/mL fibrinogen (3000 nM), 5x SYPRO, and 2 mM Ca2* and was incubated
for 20 minutes following the addition of all reagents. (A) Fibrinogen (no thrombin). (B)
Fibrin (50 nM thrombin).
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Figure 6.
Representative first derivative of melting curve for fibrinogen and fibrin with added PPACK-

thrombin. 1 mg/mL fibrinogen (3000 nM), 5x SYPRO, and 2 mM Ca2+ were used in each
well. (A) Fibrinogen with no PPACK-thrombin (black), 5000 nM (0.2 mg/mL) PPACK-
thrombin, and 8000 nM (0.3 mg/mL) PPACK-thrombin. (B) Fibrin (70 nM thrombin) with
no PPACK-thrombin (black), 5000 nM (0.2 mg/mL) PACK-thrombin, and 8000 nM (0.3
mg/mL) PPACK-thrombin
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Table 1

Summary of melting temperatures for pure or reference reagents. Fibrinogen (1 mg/mL), fibrin (1 mg/mL
fibrinogen, 50 nM thrombin), thrombin (0.5 mg/mL), and PPACK-thrombin (0.5 mg/mL). 20 minute
incubation with all prepared wells and 5x SYPRO before thermal shift assay. n=3 wells for all data.

Sample Average Tm (°C)
fibrinogen; 0 mM Ca?* 54.0+0.1
fibrinogen; 2 mM Ca?* 62.2+0.3
fibrin; 0 mM Ca%* 62.3+0.3
fibrin; 2 mM Ca2* 722+0.3
thrombin 58.3+0.2
PPACK-thrombin 78.3+0.0
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Table 2

Summary of shift in T, measurements from reference fibrinogen. N = 3 plates, n = 9 wells.

Sample Average ATm from ref. fibrinogen (°C)
fibrinogen 00+04
fibrinogen; 5 mM GPRP 9.3+04
fibrin; 5 mM GPRP 8.8+0.4
fibrin 10.4+04
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Table 3

Summary of shift in T,, measurements from reference fibrinogen on each well plate. N = 1 plates, n = 3 wells

Sample Average ATm from ref. fibrinogen (°C)
fibrinogen 0.0+0.3
fibrinogen; 300 nM PPACK-thrombin -0.3+04
fibrinogen; 600 nM PPACK-thrombin -0.4+0.3
fibrin 10.1£0.0
fibrin; 300 nM PPACK-thrombin 9.7+0.2
fibrin; 600 nM PPACK-thrombin 9.6+0.3
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Table 4

Summary of shift in T,, measurements from reference fibrinogen on each well plate. N = 3 plates, n = 9 wells

Sample Average ATm from ref. fibrinogen (°C)
fibrinogen 0.0+03
fibrinogen; 5000 nM PPACK-thrombin -0.1+0.1
fibrinogen; 8000 nM PPACK-thrombin -0.2+04
fibrin 10.1+0.0
fibrin; 5000 nM PPACK-thrombin 10.1+0.3
fibrin; 8000 nM PPACK-thrombin 10.3+0.5
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Table 5

Summary of Tm’s measured from +’ fibrin(ogen) with PPACK-thrombin. N=3 plates, n=2 wells. 0.5 mg/mL
v’ fibrinogen, 2 mM Ca?", 10x SYPRO, 25 nM thrombin. 20 minute incubation time.

Sample Average Tm (°C)
v’ fibrinogen 61.7+05
v’ fibrinogen; 300 nM PPACK-thrombin 61.6+0.4
v’ fibrin 64.9+13
v’ fibrin; 300 nM PPACK-thrombin 64.6 £0.7
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