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Introduction

Morphometric characterization of fibrinogen’'s aC
regions and their role in fibrin self-assembly and
molecular organizationt

Anna D. Protopopova, 22 Rustem I. Litvinov,>® Dennis K. Galanakis,
Chandrasekaran Nagaswami,? Nikolay A. Barinov,? Alexander R. Mukhitov,?
Dmitry V. Klinov® and John W. Weisel*?

The flexible C-terminal parts of fibrinogen’'s Aa chains named the aC regions have been shown to play a
role in fibrin self-assembly, although many aspects of their structure and functions remain unknown. To
examine the involvement of the aC regions in the early stages of fibrin formation, we used high-resolution
atomic force microscopy to image fibrinogen and oligomeric fibrin. Plasma-purified full-length human
fibrinogen or des-aC fibrinogen lacking most of the aC regions, untreated or treated with thrombin, was
imaged. Up to 80% of the potentially existing aC regions were visualized and quantified; they were highly
heterogeneous in their length and configurations. Conversion of fibrinogen to fibrin was accompanied by
an increase in the incidence and length of the aC regions as well as transitions from more compact con-
formations, such as a globule on a string, to extended and more flexible offshoots. Concurrent dynamic
turbidimetry, confocal microscopy, and scanning electron microscopy revealed that trimming of the aC
regions slowed down fibrin formation, which correlated with longer protofibrils, thinner fibers, and a
denser network. No structural distinctions, except for the incidence of the aC regions, were revealed in
the laterally aggregated protofibrils made of the full-length or des-aC fibrinogens, suggesting a pure
kinetic effect of the aC regions on the fibrin architecture. This work provides a structural molecular basis
for the promoting role of the aC regions in the early stages of fibrin self-assembly and reveals this stage
of fibrin formation as a potential therapeutic target to modulate the structure and mechanical properties
of blood clots.

The C-terminal portions of the Aa chains, called the aC
regions, are ~400-residues long, mostly disordered and highly

Fibrinogen (Fg) is a soluble blood plasma protein that can be
proteolytically converted into polymeric fibrin, the structural
and mechanical scaffold of hemostatic clots and vessel-
obstructing pathological thrombi. The 340 kDa Fg molecule
consists of three pairs of polypeptide chains, designated Aa,
Bp and vy, arranged into an elongated structure 45 nm in
length and 2-5 nm in diameter (Fig. S1t)."”
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flexible.* Based on many studies, it is concluded that the aC
regions: (1) mediate intermolecular interactions during fibrin
self-assembly,” *° (2) modulate the structure and mechanical
properties of fibrin,”'*™* (3) serve as a substrate for fibrin
cross-linking by factor XIIIa,>®*>™'® (4) contain binding sites
for plasminogen, tPA, ay-antiplasmin, fibronectin’®?* and
adhesive cellular receptors,> > (5) increase the susceptibility
of fibrin to lysis,"* although their cross-linking by factor XIIla
decreases the fibrinolysis rate,® (6) provide cleavage sites for
plasmin,*” (7) determine the hydrodynamic properties of Fg in
solution,*®> and (8) mediate the adhesion of Fg to artificial
surfaces.*™*" The physiological importance of the Fg’s aC
regions is confirmed by reported dysfibrinogenemias (Fgs
Dusart, Caracas II, Marburg, Milano III, Lincoln, and Otago) in
which truncation or mutation of the aC regions predisposes to
thrombosis or bleeding.* Therefore, studies on the structure
and functions of the aC regions have been of great biological
and medical importance.

Nanoscale, 2017, 9, 13707-13716 | 13707


www.rsc.li/nanoscale
http://orcid.org/0000-0003-3729-4922
http://crossmark.crossref.org/dialog/?doi=10.1039/c7nr04413e&domain=pdf&date_stamp=2017-09-18
http://dx.doi.org/10.1039/c7nr04413e
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR009036

Published on 18 August 2017. Downloaded by University of Pennsylvania Libraries on 24/09/2017 18:02:11.

Paper

In the absence of the three-dimensional atomic structure of
the aC regions,**** the current view on their structural organ-
ization is based on sequence analysis, differential scanning
calorimetry, and transmission electron microscopy.””**° It is
generally accepted that in human Fg each aC region (Aa221-
610) consists of two structurally distinct portions: the
C-terminal portion (Aa392-610), called the aC-domain, con-
tains a compact folded domain, while the N-terminal portion
(A0221-391), called aC-connector, forms a flexible tether
linking the aC-domain to the bulk of the molecule. The only
direct microscopy observation of the aC regions was done by
transmission electron microscopy of rotary-shadowed Fg. It
revealed an additional (fourth) globule near the central part of
the molecule corresponding to the aC regions interacting with
each other,”*® but the aC connector regions were not
visualized.

The goal of our work was to obtain new structural infor-
mation on the aC regions in Fg and its derivatives and, by
combining the structural and functional approaches, to study
the involvement of the aC regions in the early stages of fibrin
self-assembly.

To obtain the structural characteristics of the aC regions,
we visualized fibrinogen and fibrin using atomic force
microscopy (AFM), which has become a valuable tool to study
protein molecules.’” ™! Recently, we improved the AFM-based
visualization of fibrin(ogen) using a modified graphite surface
as a substrate for protein adsorption.*” This method enabled
us to obtain single-molecule images with a resolution compar-
able to or better than that of transmission electron
microscopy, which is necessary for visualization of the Fg aC
regions. To obtain the functional characteristics of the aC
regions, we used dynamic turbidity, laser scanning confocal
microscopy, and scanning electron microscopy.

Here we provide a molecular structural basis for the role of
the unstructured Fg’s aC regions in fibrin self-assembly
based on the single-molecule imaging of the full-length Fg
and Fg subfraction I-9 with truncated aC regions (des-aC Fg).
The novelty of the work is based on the precise quantification
of the aC regions’ structure, which was only possible due to
development of the remarkably high-resolution AFM
imaging, and gives important information about its func-
tions. We analyze the incidence, contour length and mor-
phology of the aC regions in two Fg variants and their deriva-
tives, as well as fibrin polymerization kinetics, and finally
clot structure.

Methods

Handling and characterization of the full-length fibrinogen

Protein samples were prepared from lyophilized human Fg
(HYPHEN Biomed, France). The powder was dissolved in water
and dialyzed against 20 mM Tris-HCI buffer, pH 7.4, contain-
ing 150 mM NaCl. After centrifugation at 20 000g and 4 °C for
15 minutes to remove all micro-precipitates, the fibrinogen
(Fg) concentration was determined by absorbance at 4 =
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280 nm using an extinction coefficient of 1.51 for 1 mg ml™" in
a 1 cm cuvette. All the full-length Fg preparations were 93-95%
pure, as determined using 10% SDS-PAGE under reducing con-
ditions (Fig. S2}) and 98% clottable by thrombin, indicating
that the Fg was fully functional.

Purification and characterization of human des-aC Fg
subfractions

We used a thrombin-coagulable catabolic subfraction Fg I-9
(currently termed des-aC Fg) - a population of Fg molecules
without the aC regions or without a part of the aC regions
comprising a minor part of circulating plasma Fg.** The pro-
cedure used for isolation of fraction I-9 from pooled human
plasma®® is briefly described below. Following two consecutive
saturated glycine precipitations at 5 °C, cold insoluble material
was removed, and fraction I-2 was harvested at —2 °C, by 8%
ethanol precipitation. Fraction I-5 was subsequently precipi-
tated by increasing the ethanol concentration to 16%. Fraction
I-5 (amounting to 5-10% of Fg in plasma) was dissolved in
0.28 M NaCl and 0.1 M sodium phosphate, pH 6.4, to
0.1-0.15% protein concentration. The solution was cooled to
—2 °C, ethanol was slowly added to 8% concentration, and the
precipitate, fraction 1-6, was harvested by centrifugation at
—2 °C. The remaining soluble fibrinogen was precipitated by
raising the ethanol concentration to 16%, and redissolved in
0.1 M NacCl and 0.01 M sodium phosphate, pH 6.4. Addition of
glycine to 2.1 M precipitated fraction I-8. The Fg remaining in
the supernatant, fraction I-9, was precipitated by adding
ammonium sulfate to 33% saturation. The final isolates were
dialyzed and stored in 0.3 M NaCl at —70 °C.

The des-aC Fg subfraction lacks the C-terminal portions of
its Aa chains and contains the Aa chain core remnants with
intact N-terminus** ranging from 46.5 kDa to 22.6 kDa (or
~66% to 32% of the mass of intact Aa chain) (Fig. S27). As esti-
mated from these measurements, the subfraction lacks vir-
tually all of the aC-domains (Aa392-610) and variable lengths
of the aC-connector (Aa221-391). Evaluated by tryptic peptide
maps** and SDS-PAGE (Fig. S21), the Bf and y chains of des-
aC Fg were intact. The concentration of des-aC Fg was deter-
mined by absorbance at 4 = 280 nm using an extinction coeffi-
cient of 1.6 for 1 mg ml™" in a 1 cm cuvette, as for recombi-
nant Aa251 Fg without the aC regions. As a matter of fact,
larger quantities of plasma-purified Fg I-9 are available com-
pared to recombinant Fg Aa251, allowing the variety of
different experiments performed in this study.

Sample preparations for AFM

Fibrinogen samples were prepared by dilution of the initial
protein solution to 1-3 pg ml™" concentration with a 20 mM
Tris-HCI buffer, pH 7.4, containing 150 mM NaCl and 2 mM
CaCl,. To make the samples ready for imaging, typically 3 pl of
the diluted solution was applied on a substrate surface and
kept for 5-15 s. A 150 pl volume drop of fresh Milli-Q water
was then carefully placed above the sample for 10 s and then
removed with a flow of air making the surface dry for imaging
in air.

This journal is © The Royal Society of Chemistry 2017
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For fibrin formation, the initial protein solution was first
diluted to the desired concentration in the same buffer. To
produce short fibrin oligomers and individual protofibrils,
0.15 mg ml~" Fg was mixed with 0.05 U ml™" thrombin (final
concentration), incubated for 5 minutes at room temperature,
then diluted 100-fold to 1.5 pg ml™" concentration with the
buffer and immediately used for AFM sample preparation as
described above. To produce long fibrin protofibrils and their
lateral aggregates, 0.02 mg ml™' Fg was mixed with 0.05
U ml™" thrombin, incubated for 6-12 minutes at room tempera-
ture and used for AFM sample preparation without further
dilution.

All AFM samples were performed at least in triplicate.

Substrate selection for AFM

To perform high-resolution AFM of Fg and fibrin, we used a
modified hydrophilized graphite as a substrate for sample
preparation. Highly oriented pyrolytic graphite (HOPG) was
rendered hydrophilic with an amphiphilic graphite modifier
(GM) as described elsewhere.*>*> Because the results of AFM
imaging strongly depend on the properties of the substrate,
we tested and compared 3 other substrates: clean freshly
cleaved mica, mica modified with APTES, and glow-dis-
charged glass (ESI section 11). However, GM-HOPG was the
only substrate that allowed reproducible visualization of the
Fg’s aC regions. AFM images of full-length Fg molecules
adsorbed on the substrates other than GM-HOPG are shown
in Fig. S3.1

Acquisition and processing of AFM images

AFM imaging was performed using a MFP-3D microscope
(Asylum Research - Oxford Instruments, USA) or an Ntegra
Prima microscope (NT-Mdt, Russia) in a tapping mode with a
typical scan rate of 0.8 Hz. Images were taken in air using
sharpened silicon cantilevers SSS-SEIHR (Nanosensors, Germany)
with a guaranteed tip radius <5 nm or homemade super-sharp
cantilevers with a tip radius of about 1 nm.*® FemtoScan
Online software (http:/www.femtoscanonline.com) was used
to filter and analyze the AFM data.

Dynamic turbidity measurements

To follow and quantify the kinetics of fibrin formation from
different Fg variants, dynamic turbidimetry was used. Fibrin
self-assembly was initiated by adding 0.05 U ml™" thrombin
(final) to a solution containing 0.02 mg ml~" Fg in a buffer
(20 mM Tris-HCl, 150 mM NacCl, and 2 mM CaCl,, pH 7.4).
Turbidity measurements were carried out at 350 nm using a
Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific,
USA) at room temperature. The following parameters were
extracted from turbidimetric curves: the lag phase, which
corresponds to formation of fibrin oligomers and protofibrils;
the average slope of rise in optical density, which correlates
with the rate of protofibril lateral aggregation; and the final
optical density, which reflects the amount of protein and aver-
aged fiber diameter in the clot (Fig. S47).

This journal is © The Royal Society of Chemistry 2017
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Laser scanning confocal microscopy

To prepare fibrin clots for confocal microscopy, 1.5 mg ml™"
full-length Fg (4.4 uM) or des-aC Fg (5 pM; estimated molar
concentrations of des-aC Fg are based on an average molecular
weight (M,, = 300 kDa) between recombinant Fg Aa251 comple-
tely lacking the aC regions, M,, = 260 kDa (ref. 47) and the full-
length Fg (340 kDa)) in a 20 mM Tris-HCl buffer, pH 7.4,
150 mM NaCl and 2 mM CacCl, containing 0.06 mg ml™" (4%)
Alexa-488 labeled Fg (Invitrogen, Thermo Fisher Scientific,
USA) was mixed with thrombin and incubated for 2 hours at
room temperature in a cover glass bottomed chamber. To
maintain the same Fg/thrombin molar ratio (~2000/1) with
correction for the lower molecular weight of the des-aC Fg, we
added 0.22 U ml™" (2.2 nM) thrombin (final concentration) to
the full-length Fg and 0.25 U ml™" (2.5 nM) thrombin to the
des-aC Fg. Images were taken in a Zeiss LSM 880 microscope
using a C-Apochromat 40x water immersion objective lens (NA
1.2) and a PMT detector. An argon laser was used for excitation
at 488 nm. Confocal stacks of 15 pym depth were taken several
micrometers from the glass surface. The experiments were per-
formed in triplicate.

Fiji** and Imaris 8.3.1 (Bitplane - Oxford Instruments,
Switzerland) software were used to present and analyze the
confocal images. To determine the branch point density in
fibrin networks with the Imaris Filament Tracer software, iden-
tical tracing parameters were used for all images; short loops
(<2 pm) and branches (<1.5 pm) were excluded from
the analysis. Imaris Filament Tracer calculates a number of
branch points corresponding to each node of the network
based on a number of branches exiting the node (see
schematic examples in Fig. S51). Visual evaluation of tracing
results showed that the algorithm gives a fair estimation
of a total number of branch points per image for both
networks.

Scanning electron microscopy

1 mg ml™* full-length Fg (2.9 pM) or des-aC Fg (3.3 pM) in a
20 mM Tris-HCI buffer, pH 7.4, containing 150 mM NaCl and
2 mM CaCl, was mixed with 0.15 U ml™* (1.5 nM) or 0.17
U ml™ (1.7 nM) of thrombin (respective final concentrations)
and incubated for 1 hour at room temperature in plexiglass
microdialysis cells. Specimens were washed 3 times with a low
ionic strength 50 mM sodium cacodylate-HCI buffer (pH 7.4)
for 10 minutes, fixed overnight in 2% glutaraldehyde, then
washed 3 times and dehydrated with a series of graded con-
centrations of ethanol (30-100 vol%) in the cacodylate buffer.
The dehydrated samples were then rinsed with increasing con-
centrations of hexamethyldisilazane (HMDS) in ethanol
(50-100 vol%). Finally, the specimens were left to dry under a
fume hood in 100% HMDS. The dried samples were mounted,
sputter-coated with gold-palladium in a Sputter Coating Unit
E5100 (Polaron Equipment, UK) at 2.2 kV and 20 mA for
1.5 min, and examined in a FEI Quanta 250 FEG scanning elec-
tron microscope (FEI, USA). Several fields of each clot were
taken at different magnifications before choosing the areas

Nanoscale, 2017, 9, 13707-13716 | 13709
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that were characteristic of the entire clot. The experiments
were performed in triplicate.

Statistical analysis

Statistical analysis was performed in R (https://www.r-project.
org) using the package Psych (W. Revelle, https://cran.r-project.
org/web/packages/psych). The Chi-square test was used for
nominal scale data; Welch’s unequal variances two-sample
t-test and the non-parametric Wilcoxon rank sum test were
used for ordinal scale data.

Results
Molecular structure of the full-length and des-aC Fgs

An individual Fg molecule adsorbed on the GM-graphite sub-
strate was visualized in AFM as a linear sequence of three dis-
tinct globular regions connected by thin rods representing the
a-helical coiled coils (Fig. 1A and B). The central globular
region was smaller than the lateral regions with an average
height of 1.8 + 0.3 nm (n = 125), while the two identical lateral
globular regions were higher with an average height of 2.9 +
0.3 nm (n = 250). The structural differences between the full-
length Fg (Fig. 1A) and des-aC Fg (Fig. 1B) were the distinct
incidence and length of the filamentous protrusions that rep-
resented the aC regions. Most of the full-length Fg molecules
had one or two long strands sticking out from the lateral glo-
bules or near them (Fig. 1A), while the des-aC Fg typically had
only short stubs or no visible overhangs (Fig. 1B). In the full-
length Fg, some of these protrusions had a small single
globule on their end, which could represent a compact oC-
domain linked to the bulk molecule via a flexible aC-connec-
tor.” In the AFM images, both the end globule and thin aC-
connector were often observed, in contrast to transmission
electron microscopy images of Fg, where the globular regions
were observed without the connector regions. Some «C regions
were connected to the central globule of the Fg molecule
(Fig. 1A, red arrow), as observed earlier with transmission elec-
tron microscopy of Fg.> Quantitatively, both aC regions were
seen in 32% of the full-length Fg molecules, only one was
observed in 37%, and no aC-related protrusions were revealed
in 31% of the full-length Fg molecules (Fig. 1C). This was
quite distinct from des-aC Fg, of which only 6% of molecules
exposed two protrusions, 27% had one short filament, and no
extensions were seen in 67% of the des-aC Fg molecules
(Fig. 1C). A chi-square test showed a significant difference in
the proportion of molecules with two, one, or no aC regions in
the full-length and des-aC Fgs (p < 0.001, n = 400 for each
sample). On average, only 0.4 aC regions per molecule were
visualized in des-aC Fg compared to 1 aC region per monomer
in full-length Fg (Fig. 1C, inset).

The contour length of the aC regions in the AFM images
was also different in the full-length and des-aC Fg, consistent
with SDS-PAGE (Fig. S27). The peak contour length of the aC-
related protrusions in the full-length Fg was 21 + 6 nm (n =
280) with a unimodal distribution, while in des-aC Fg the dis-
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Fig. 1 Incidence and contour length distribution of the aC regions in
the full-length and des-aC Fgs. (A) AFM images of individual full-length
Fg molecules with their aC regions exposed. White arrows point to the
globular structures at the free ends of the aC regions, a red arrow tags
the aC region connected to the central globule of Fg molecules.
Magnification bar = 30 nm. (B) des-aC Fg molecules with partially trun-
cated aC regions shown by white arrows. Magnification bar = 30 nm. (C)
Percentage of the full-length Fg (FL) and des-aC Fg molecules with one,
two or no visible aC regions. An inset shows the average number of
visible aC regions per one Fg monomer (***p < 0.001). (D) Histograms of
the aC regions’ contour lengths in the full-length (FL) and des-aC Fg.

tribution was bimodal with two maxima at 20 + 4 nm and 10 +
3 nm (n = 280), showing the heterogeneity due to variable trun-
cation of the Aa chains (Fig. 1D).

This journal is © The Royal Society of Chemistry 2017
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In summary, single-molecule AFM imaging confirmed that
Fg’s aC regions could be visualized, and this enabled us to see
morphological distinctions between the full-length and des-aC
Fg molecules that differed in the incidence and contour length
of the aC regions. Moreover, in the full-length Fg we could
identify compact terminal aC-domains linked to the bulk
molecule via flexible «C connectors, thus confirming the pro-
posed structure of the aC regions based on transmission elec-
tron microscopy,” differential scanning calorimetry,>® and
NMR spectroscopy.>>

Structure of fibrin oligomers formed from the full-length and
des-aC Fgs

To see if the aC regions are involved in the early stages of
fibrin self-assembly, we compared the structures of fibrin
oligomers formed from the full-length and des-aC Fg variants
by thrombin cleavage. We identified fibrin oligomers in the
AFM images as elongated double-stranded structures contain-
ing periodically (~22.5 nm) spaced oval or “heart-shaped”
structures (Fig. 2A and B). Each of these structures within a
fibrin oligomer corresponded to a single D-E-D complex that
holds together two strands of the oligomer. The variability of
this shape was likely due to protofibril twisting and the
resulting non-uniform spatial orientation of the D-E-D
complex on the substrate. The longer oligomers were more
curved, but otherwise the structural characteristics of two-
stranded fibrin oligomers did not depend on the degree of
polymerization.

The average height of the whole D-E-D complexes was 3.6 +
0.3 nm (n = 150). The heart-shaped structures were present as
tri-nodular complexes made from the globular parts of two D
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regions and one E region based on its symmetry (Fig. 2C). The
distances between the geometric centers of the D or E globules
in the D-E or D-D structures were equal to 6.8 + 1.2 nm (n =
100) and 10.1 + 1.7 nm (n = 50), respectively.

To evaluate the possible role of the aC regions in fibrin
polymerization, we determined the number of the aC regions
extending from two-stranded short fibrin oligomers or longer
protofibrils relative to the number of monomeric molecules
forming each oligomer (Fig. 2D and E). On average, in the
oligomers made from the full-length Fg, we could identify 1.6 aC
regions per monomer, while in the oligomers made from des-
aC Fg, only 0.8 aC regions per fibrin monomer were observed.
Thus, in the oligomers the incidence or “visibility” of the aC
regions increased substantially compared to the Fg monomers
(Fig. 1C, inset, and 2E). However, the number of aC regions
was still significantly smaller in the des-aC-oligomers than in
the oligomers made from the full-length Fg (p < 0.001, Welch’s
two-sample t-test, n = 40 for both samples). Remarkably, the
bimodal distribution and the average contour length of the
truncated aC regions in des-aC fibrin oligomers were not sig-
nificantly different from those in des-aC Fg molecules
(Wilcoxon rank sum test p = 0.6319, n, = 194, n, = 246)
(compare Fig. 2F and 1D). In contrast, the aC regions’ contour
length in the fibrin oligomers made from the full-length Fg
was significantly longer than that in the full-length Fg mono-
mers (Wilcoxon rank sum test p < 0.001 n,, = 165, n, = 140)
and had a broad multimodal distribution (Fig. 2F), reflecting a
conformational change in the full-length aC regions happen-
ing upon conversion from Fg to fibrin.

Thus, for both Fg variants more aC regions were seen in the
fibrin oligomers than in the corresponding Fg monomers;

skokok

N

m

aC/molecule
-

o

FL des-aC

- mFL

"7 des-aC

Fig. 2 Incidence and contour length distribution of the aC regions in fibrin oligomers formed from full-length and des-aC Fgs. (A) Individual fibrin

oligomers formed from the full-length Fg. An inset shows how fibrin monomers are lined up in the protofibril. White arrows point to the aC regions.
Magnification bars = 50 nm. (B) Fibrin oligomers formed from the des-aC Fg. An inset shows how monomers are lined up in the protofibril.
Magnification bars = 50 nm. (C) Two enlarged “heart-shaped” particles showing the dispositions of the globular parts of d and e regions.
Magnification bars = 20 nm. (D) Protofibril fragment; the lines show how the contour length of the aC regions was measured. Magnification bars =
20 nm. (E) The average number of visible aC regions per one monomer in fibrin oligomers formed from the full-length (n = 40) and des-aC Fgs (n = 40)
variants (***p < 0.001). (F) Histograms of the aC regions’ contour lengths in fibrin oligomers formed from the full-length Fg (n = 140) and des-aC
Fg (n = 246).
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however, in the full-length Fg the aC regions’ contour length
increased after conversion to oligomeric fibrin, while in the
des-aC Fg the contour length of shortened aC regions did not
change upon fibrin oligomerization.

Structural basis for the aC region-dependent variations in the
kinetics of fibrin polymerization

Average turbidity curves for clotting of the full-length and des-
aC Fgs (Fig. 3A) revealed a big difference in the kinetics of
fibrin formation. In des-aC Fg vs. full-length Fg the average lag
time was longer and comprised 8.2 + 0.5 min and 3.7 *
0.2 min, respectively (p < 0.001, unpaired ttest). The rate of
protofibril lateral aggregation determined by the slope of the
curve was smaller in des-aC Fg vs. full-length Fg, equal to (11 +
3)x10~* a.u. min~ " and (55 + 6) x 10~* a.u. min~", respectively
(p < 0.001, unpaired t-test). These kinetic differences suggest
that without the aC regions protofibril formation is delayed
and their lateral aggregation is slowed down. In addition, the
maximal optical density of “des-aC clots” was 2.5 times lower
than that of the “full-length clots”, suggesting a dramatic
effect of the aC regions on the final structure of fibrin.

To provide a structural basis for the observed differences in
polymerization kinetics, intermediate fibrin structures formed
from des-aC and full-length Fgs were imaged and compared.
The samples were taken at or near the time points corres-
ponding to the middle of the ascending parts of turbidimetry
curves, i.e. at or near the gelation point determined in a paral-
lel experiment by eye as the clotting time. AFM showed that at
this time point a mixture of fibrin monomers, oligomers,
aggregating protofibrils, and fibers was present in the samples
(Fig. S6T). We measured the contour lengths of individual
double-stranded oligomers found in the images and converted
their lengths into the degree of polymerization for each oligo-

. L .
mer using the formula n = 25 1, where 7 is the number of

monomers (degree of polymerization), L is the measured
contour length of an oligomer in nanometers, and 22.5 nm

Incidence, %

Time, min
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corresponds to 1/2-length of fibrin monomers that are half-
staggered. Then we calculated the relative numbers of oligo-
meric structures with various degrees of polymerization
(Fig. 3B). In des-aC fibrin, oligomers built of more than
9-10 monomers were more frequent compared to the struc-
tures made from the full-length Fg. In contrast, in the fibrin
oligomers made from the full-length Fg, the fraction of shorter
structures (3-6 monomers) was bigger than that in the fibrin
oligomers formed from the des-aC Fg. These distinctions were
consistent at the time points within 6-12 min on the polymer-
ization curve at which we interrupted fibrin formation and
visualized intermediate fibrin structures using a relatively
narrow range of thrombin concentrations varying from 0.04
U ml™ to 0.06 U ml™". The aggregated protofibrils formed
from the full-length and des-aC Fgs had very similar backbone
structures, yet with different numbers of aC regions near and
between the strands (Fig. S6B and S6D7).

Thus, the dynamic turbidimetry correlated with AFM
imaging revealed a significant effect of the aC regions on
fibrin polymerization kinetics. The results of AFM indicate
that these differences in kinetics are associated with longer
intermediate fibrin oligomers made from the des-aC Fg than
those made from the full-length Fg, suggesting a larger
threshold length of des-aC-protofibrils at which they can
undergo lateral aggregation.

Structure of hydrated fibrin clots with the full-length and
truncated aC regions

The lower maximum turbidity of the des-aC clots (Fig. 3A)
suggests that fibrin fibers formed from des-aC Fg are thinner
than fibers formed from full-length Fg.** To confirm this
hypothesis, the final structures of the two types of fully
hydrated mature fibrin clots were studied with confocal
microscopy. Full-length and des-aC fibrin networks looked
very different with a substantially higher density of fibrin
fibers, many more branch points, and thinner fibers in the
clots made from des-aC Fg (Fig. 4A and B).

16 B m FL
3 [ des-aC
121
8 -
4L

2 3 4 5 6 7 8 9 1011 1213 14 15 >15
# of monomers in oligomer

Fig. 3 Kinetics of clotting of the full-length and des-aC Fgs. (A) Average turbidity curves of the full-length (®) and des-aC (O) Fgs at 0.02 mg ml™
concentration activated with 0.05 p ml™ thrombin (n = 3 for each sample). Fibrin formation was followed as a change in turbidity at 2 = 350 nm with
time. Arrows show the time points at which the samples were extracted and prepared for AFM shown in Fig. S5.1 (B) Length distributions of fibrin
oligomers measured from the AFM images presented as the number of monomers comprising each oligomer (degree of polymerization). The histo-
grams were made at the time points shown in a: 8 min after the initiation of clotting of the full-length Fg (n = 400), and 12 min after the initiation of
clotting of the des-aC Fg (n = 400). Structures containing >15 fibrin monomers were infrequent, so they were combined in the histogram.
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A

Fig. 4 Fluorescent confocal and scanning electron microscopy of fibrin
clots made from the full-length and des-aC Fgs at the same Fg concen-
tration and Fg/thrombin molar ratio. Confocal microscopy images of (A)
a fibrin clot made from full-length Fg, (B) a fibrin clot made from des-aC
Fg. Images are the maximum intensity projections of 15 um z-stacks,
image size 35.4 x 35.4 pm?. Electron microscopy images of (C) a fibrin
clot made from full-length Fg. (D) A fibrin clot made from des-aC Fg.
Magnification bars = 10 pm.

To estimate the network porosity, the number of branch
points per volume (branch point density) was measured using
the Imaris Filament Tracer image analyzing tool. With con-
focal microscopy we analyzed 4 clots made from the full-
length Fg and 3 clots made from des-aC Fg; the results
obtained were reproducible. For each clot, 20 randomly
selected images were examined, and an average branch point
density was determined in each clot. The mean density of
branch points was 5.7 + 2.2 per 100 pm® in the clots made
from the full-length Fg and 11.1 + 2.4 per 100 um® in the clots
made from des-aC Fg (p = 0.0344, Welch’s two-sample t-test,
npp = 4, No = 3), confirming the visual impression of a much
higher density of branch points of the des-aC fibrin network.
With the same protein mass, a higher network density implies
that individual fibers are thinner, which is in line with the
reduced lateral aggregation of protofibrils formed from des-aC
Fg and smaller turbidity of the des-aC fibrin clot (Fig. 3A).

Diameter of fibers in fibrin clots made from the full-length
and des-aC Fgs

Scanning electron microscopy of fibrin clots showed that the
fibrin network made of the full-length Fg had thicker fibers
than that made of the des-aC Fg (Fig. 4C and D). The average
diameter of the full-length fibrin fibers was 119 + 25 nm, while
the des-aC fibrin fibers were 83 + 18 nm in diameter (p < 0.01,
Welch’s two-sample t-test, n = 400 for both samples). This
result is consistent with the lower maximum turbidity of the

This journal is © The Royal Society of Chemistry 2017
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des-aC clots (Fig. 3A) and with a higher number of branch
points in these clots revealed by confocal microscopy. It could
also be noted that the des-aC clots appear to have more fiber
ends than the clots prepared from full-length Fg, which is
another sign of impaired polymerization (Fig. 4C and D).
Together all three methods (dynamic turbidimetry, confocal
microscopy and scanning electron microscopy) showed that in
the absence of the aC regions, fibrin clots were much denser
because they were formed of thinner fibers arranged into a
highly branched and less porous network.

Discussion
Physiological relevance of des-aC Fg variants

One of the general approaches to study the aC regions is using
Fg variants where the aC regions are partially or fully absent,
such as proteolytic fragment X produced by plasmin cleavage
of Fg>”*° or recombinant Fg Aa251 in which the C-termini of
the Aa chains are deleted at position 251."**” Here, for com-
parison with the full-length Fg, we used a natural catabolic Fg
subfraction, des-aC Fg (also named Fg I-9), purified from
normal human plasma,**** which has never been character-
ized structurally before. Des-axC Fg is produced naturally in vivo
by enzymatic digestion of the C-terminal parts of Fg Aa
chains.*>°" It belongs to 30% of the total clottable Fg com-
prising partially truncated Fg with variable parts of the aC
regions, while the full-length Fg with intact «C regions nor-
mally comprise about 70%.°°

Although the role of Fg catabolic derivatives is poorly
understood, based on in vitro studies of proteolytic fragment X
it has been suggested that truncated Fg variants interfere with
the coagulation process and have mild anticoagulant activity.””
Another study has shown increased levels of Fg mRNA and
elevated plasma Fg concentration in animals after intraperito-
neal injection of fragment X, suggesting a signaling role of the
truncated Fg derivatives.’® These and other data emphasize
the importance and physiological relevance of studies on
the natural Fg variants with partially cleaved Ao chains.
Additionally, larger quantities of plasma-purified des-aC Fg
are available compared to recombinant Fg Aa251, allowing the
variety of different experiments performed in this study.

What is the real length of the aC regions?

The distribution of the aC region’s contour lengths in the full-
length Fg was broad and skewed towards larger values with a
maximum at 21 + 6 nm (Fig. 1D). Remarkably, this peak length
is much shorter than the theoretical full contour length of
148 nm, considering that the aC regions contain 390 residues
with the backbone length of one residue equal to 0.38 nm.*”
This discrepancy could be interpreted in three possible ways. (1)
As discussed above, many of the oC regions in the full-length Fg
are proteolytically truncated. (2) There is evidence that the long
aC regions are likely partially folded,” so their visible length
could be much less than the theoretical full contour length. (3)
The oC regions could be only partially exposed outwards
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because of their interaction with the bulk of the molecule. The
proposed explanations are not mutually exclusive, and our
experimental data indirectly support all of them.

Remarkably, conversion of the full-length Fg to oligomeric
fibrin is followed by exposure of the aC regions that are more
than 2-fold longer than in the initial monomers, reaching
45-50 nm vs. ~20 nm, respectively (Fig. 1D and 2F). In con-
trast, the lengths of the aC regions in des-aC Fg monomers
and des-aC fibrin oligomers are identical and smaller (Fig. 1D
and 2F, E), suggesting the lack of any cryptic portions exposed
in des-aC fibrin. This “recovery” of the aC regions in the full-
length fibrin versus Fg supports the assumption that the aC
regions either undergo conformational unfolding/elongation
or dissociate from the compact core of Fg upon conversion to
fibrin, which is not mutually exclusive.

The incidence of the aC regions deviates from the theory

Based on the literature, analysis of the incidence of the aC
regions in molecular images of Fg is complicated by the varia-
bility of sample preparation procedures and imaging tech-
niques. In contrast, the appearance and incidence of the aC
regions in fibrin oligomers and monomers is more robust and
there is good agreement between the results of our work and
that reported by others. Specifically, the incidence of the aC
regions in the full-length fibrin oligomers of 1.6 aC per mole-
cule observed in our study (Fig. 2E) is almost equal to 1.5 aC
per molecule in the full-length fibrin monomers shown by
Veklich et al’® Our results are also in line with the data
obtained by SDS-PAGE analysis by Mosesson and coworkers**
who estimated the number of Aa chains containing at least
some of the aC regions to be equal to ~1.6 aC per molecule for
the full-length Fg and 0.7 aC per molecule for des-aC Fg. Both
values match our data: an average number of the aC regions in
the full-length and des-aC fibrin oligomers were equal to 1.6
aC regions per molecule and 0.8 aC regions per molecule,
respectively (Fig. 2E and D). The coinciding results on the inci-
dence of the aC regions in the three independent studies
suggest that there is about 20% of the aC regions in Fg prep-
arations that are either cleaved off or buried in the molecule,
thus remaining unexposed and perhaps non-functional.

Variable structural forms of the aC regions

The appearance of the aC regions in the full-length Fg is
diverse and can be roughly segregated into the following types:
(1) aC regions connected to the central region of the molecule
(Fig. 1A, red arrow); (2) prominent string-like aC regions with a
small globule on the end (Fig. 1A, white arrows); (3) prominent
and relatively long curved or bent aC regions (Fig. 2A, white
arrows). The first and second types were more typical of Fg,
while the third type was more characteristic of fibrin oligo-
mers. This diversity confirms a high structural flexibility of the
oC regions and suggests that more compact conformations,
such as a globule on a string, dominate in Fg, while extended
and more flexible conformations prevail in fibrin. For compari-
son, in des-aC Fg and fibrin, where virtually all the oC-
domains are missing, the shapes of the aC regions were more
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uniform, usually showing up as straight or bent short strings,
likely representing the aC-connectors. The results strongly
suggest that conformational transitions of the aC regions from
a more compact to more elongated and extended states is a
part of the overall structural transformation of Fg to fibrin.

The kinetic mechanism for the effects of the aC regions on
fibrin formation and structure

Experiments with the proteins lacking all (recombinant Fg
Aa251) or almost all (Fg fragment X) aC regions have shown
that the aC regions enhance fibrin self-assembly, most likely
via promoting protofibrils’ lateral aggregation.>*” Our data
(Fig. 3 and 4) agree with these studies (Table S1f) showing
unambiguously that without the «C regions, fibrin polymeriz-
ation is delayed (longer lag period and slower fibrin for-
mation) and the fibrin network has thinner fibers with more
branch points and lower maximum turbidity (with a partial
exception for fragment X). It is conceivable that the aC
regions act in three ways: (1) accelerate formation of proto-
fibrils; (2) modulate (shorten) the threshold length needed
for their lateral aggregation; (3) enhance the lateral aggrega-
tion of protofibrils.

To discriminate between these possibilities, we used the
AFM characterization of intermediate fibrin oligomers formed
at the rise of the turbidity curve (Fig. 3A). It was found that the
aC regions reduce the threshold length of the protofibrils at
which they begin to aggregate laterally. At the same time, a
careful examination of laterally aggregated double protofibrils
did not reveal any structural signs of impaired lateral aggrega-
tion in the absence of the aC regions; the aggregated proto-
fibrils formed from the full-length and des-aC Fgs had very
similar backbone structures, yet with a different number of aC
regions on and between the protofibrils (Fig. S6B and S6Df).

Thus, the aC regions accelerate fibrin self-assembly by redu-
cing the threshold length of protofibrils, thus speeding up
their lateral aggregation as simulated previously."® Therefore,
the effect of the aC regions on the thickness of fibrin fibers
and network density is likely purely kinetic without affecting
the structure of aggregating protofibrils.

Conclusions

In summary, our results confirmed that after conversion of Fg
to fibrin, the aC regions become exposed, undergo partial
unfolding and/or conformational elongation and their contour
length increases substantially, perhaps enabling them to
mediate homomeric intermolecular interactions during early
stages of fibrin self-assembly. However, the effects of the aC
regions on fibrin formation have a kinetic nature due to
reduction of the threshold length of protofibrils, leading to
accelerated lateral aggregation. The final structure and macro-
scopic properties of fibrin clots are affected by the kinetics of
the earliest stages of fibrin self-assembly. Therefore, these early
steps comprise a good potential therapeutic target to modulate
the structure and mechanical properties of blood clots.

This journal is © The Royal Society of Chemistry 2017
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