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Elevated levels of circulating fibrinogen are associated with an
increased risk of atherothrombotic diseases although a causa-
tive correlation between high levels of fibrinogen and cardiovas-
cular complications has not been established. We hypothesized
that a potential mechanism for an increased prothrombotic
state is the post-translational modification of fibrinogen by
tyrosine nitration. Mass spectrometry identified tyrosine resi-
dues 292 and 422 at the carboxyl terminus of the 3-chain as the
principal sites of fibrinogen nitration in vivo. Immunoelectron
microscopy confirmed the incorporation of nitrated fibrinogen
molecules in fibrin fibers. The nitration of fibrinogen in vivo
resulted in four distinct functional consequences: increased ini-
tial velocity of fibrin clot formation, altered fibrin clot architec-
ture, increased fibrin clot stiffness, and reduced rate of clot
lysis. The rate of fibrin clot formation and clot architecture
was restored upon depletion of the tyrosine-nitrated fibrino-
gen molecules. An enhanced response to the knob “B”
mimetic peptides Gly-His-Arg-Pro®™ and Ala-His-Arg-Pro*™
suggests that incorporation of nitrated fibrinogen molecules
accelerates fibrin lateral aggregation. The data provide a
novel biochemical risk factor that could explain epidemiolog-
ical associations of oxidative stress and inflammation with
thrombotic complications.

Activation of the coagulation cascade converts soluble fibrin-
ogen to insoluble fibrin, which polymerizes to produce, along
with platelets, the hemostatic clot (1, 2). Whereas the normal
activation of the coagulation cascade is essential for life, inap-
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propriate activation may result in thrombosis and complica-
tions that arise from the formation of fibrin clots. Indeed patho-
logically induced thrombogenesis is associated with adverse
cardiovascular events (3, 4), thromboembolism in chronic
obstructive pulmonary disease (5), and vascular complications
in autoimmune diseases (6). Because fibrinogen is an acute
phase reactant, epidemiological studies have documented ele-
vated fibrinogen levels in subjects with these disorders (7-10).
Moreover, increased levels of circulating fibrinogen (11, 12)
and common polymorphisms (13, 14) have been associated
with an increased risk for thromboembolic episodes in subjects
with coronary artery disease and in some cases of premature
death from cardiovascular disease. Despite these established
associations, a causative correlation between high levels of
fibrinogen or polymorphisms and cardiovascular disease has
not been firmly documented.

Recently it was shown that the levels of proteins modified on
tyrosine residues to form 3-nitrotyrosine, a protein marker of
nitric oxide-derived reactive nitrogen species, are enhanced in
the plasma of coronary artery disease patients and independ-
ently predict risk for coronary artery disease (15). Using affinity
capture of fibrinogen followed by stable isotope, liquid chroma-
tography (LC)*/tandem mass spectrometry (LC/MS/MS)
quantification we reported increased levels of nitrated fibrino-
gen in coronary artery disease subjects (16). Furthermore, bio-
chemical and biophysical experiments indicated that nitration
of fibrinogen in vitro accelerated the rate of fibrin formation,
and altered the architecture and viscoelastic properties of the
fibrin clot (16). In contrast to the effects of nitration, oxidation
of fibrinogen in vitro decreased the rate of fibrin formation
(16 -18). Although these studies have suggested a potentially
unrecognized link between enhanced oxidative/nitrative stress
and pro-thrombogenic events, it remains unclear if nitration of
fibrinogen will exhibit the same alterations in kinetics and
architecture in vivo. Herein we provide evidence that nitration
of fibrinogen in vivo results in changes in the kinetics, architec-
ture, stiffness of fibrin clots, and fibrinolysis suggesting an
increased risk for thombrotic complications.

3 The abbreviations used are: LC, liquid chromatography; MS, mass spectrometry;
bis-tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
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EXPERIMENTAL PROCEDURES

Sources of Human Fibrinogen—Subjects (smokers and non-
smokers) were between 18 and 45 years of age, with a sex and
race distribution reflective of the United States population.
They were in good health; in particular, they had no risk factors
for cardiovascular disease other than smoking. Smokers had a
history of 4-20 years of smoking 11-20 cigarettes/day. Non-
smokers had a lifetime consumption of less than 20 cigarettes
and lived and worked in a smoke-free environment. Subjects
(smokers and non-smokers) were not on chronic medications
including aspirin, NSAIDs, multivitamins, or herbal prepara-
tions. However, the oral contraceptive pill, anti-histamines, and
acid suppressants were permitted. Smokers followed a smoking
schedule typical of the number of cigarettes (11-20) for at least
14 months and over a 12-h monitored period in the General
Clinical Research Center prior to the collection of blood. Blood
samples were collected 1 h after the last cigarette in citrate
tubes. Plasma was rapidly collected and stored at —80 °C. Com-
pliance was confirmed biochemically by measurement of uri-
nary cotinine. The protocols for all clinical studies were scruti-
nized and approved by the Institutional Review Board.

Quantification of Fibrinogen Nitration—An enzyme-linked
immunosorbent assay was used to quantify the extent of fibrin-
ogen nitration in plasma, using a polyclonal anti-nitrotyrosine
antibody to coat the plate and a polyclonal anti-human fibrin-
ogen antibody conjugated with horseradish peroxidase to
detect bound fibrinogen. The enzyme-linked immunosorbent
assay was confirmed using 3-nitrotyrosine quantification in
affinity purified fibrinogen from human plasma by stable iso-
tope dilution ESI/LC/MS/MS (19). The data are expressed as
the ratio of 3-nitrotyrosine/tyrosine to normalize for variations
in fibrinogen plasma concentration.

Fibrinogen Isolation—Fibrinogen was isolated from human
plasma by glycine precipitation as described previously (20) and
under supplemental materials. The pellets were reconstituted
with 200 ul of 50 mm Tris, 140 mm NaCl, pH 7.4, and fibrinogen
concentration was determined by BCA protein assay (Pierce)
using fibrinogen as the standard (American Diagnostica, Stam-
ford, CT).

Fibrinogen Polymerization and Fibrinolysis Assays—These
assays were performed as described previously (16) with minor
modifications described in detail under the supplemental data.

Immunodepletion of Nitrated Fibrinogen—Nitrated fibrino-
gen was isolated using the polyclonal anti-nitrotyrosine anti-
bodies described elsewhere (21). The antibodies were
covalently coupled to aminolink plus-agarose beads (Pierce).
Isolated fibrinogen (200 ug of total protein for nitrotyrosine
depletion experiments and 500 g for mass spectrometry) dis-
solved in 400 ul of 50 mMm Tris, 140 mm NaCl, pH 7.4, was
incubated overnight with the beads at 4 °C. The samples were
then centrifuged at 3,000 X g for 3 min and the flow-through,
which contained the nitrotyrosine-depleted fibrinogen, was
used for polymerization assays. The beads were washed with 10
column volumes of Tris-buffered saline. The nitrated fibrino-
gen was eluted with 0.1 M glycine, pH 2.7, concentrated to a
small volume using YM-10 microcon filters (Millipore, Bil-
lerica, MA) and used for Western blot experiments or
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trypsinized for mass spectrometry. The average depletion for
nitrated fibrinogen molecules was 65 = 11%, n = 4. Because the
nitrotyrosine immunodepletion required handling that could
alter the fibrinogen polymerization properties, aliquots of iso-
lated fibrinogen were also processed through the same proce-
dure in beads linked to nonspecific rabbit immunoglobulin.

Peptide Capture—Fibrinogen (500 ug) was digested as
described under supplemental materials and elsewhere (22).
Anti-nitrotyrosine antibodies were added to the peptide mix-
ture (antibody to protein ratio 1:25) and incubated overnight at
4 °C. The mixture was transferred into a 10-kDa MWCO filter,
washed with 5 volumes of phosphate-buffered saline, 5 volumes
of 0.5 M NaCl, and finally 3 volumes of water. The bound pep-
tides were eluted with 1 M formic acid, 10% acetonitrile, con-
centrated, and analyzed by LC/ESI/MS/MS.

Gels and Western Blotting—Samples were separated in 10%
Tris glycine or 4—12% bis-tris gradient gels (Invitrogen) and
stained with colloidal blue (Invitrogen) or transferred to a poly-
vinylidiene difluoride membrane and probed with anti-nitroty-
rosine or polyclonal anti-human fibrinogen antibodies (DAKO,
Carpinteria, CA). Band intensities where quantified using the
Odyssey software version 1.2 (LI-COR, Lincoln, NE).

Mass Spectrometry and MS/MS Spectra Evaluation—Sam-
ples were analyzed with a LTQ linear ion trap instrument
(Thermo Electron, San Jose, CA) as described under the sup-
plemental materials and elsewhere (23, 24). High resolution
LC/MS/MS of the nitrated peptides were analyzed with an
LTQ-Orbitrap hybrid instrument (Thermo Fisher, Bremen,
Germany) equipped with an Eksigent 1Dplus nanoLC and
autosampler (Eksigent, Dublin, CA). One full MS scan from 400
to 2,000 m/z at a resolution of 60,000 was acquired followed by
data-dependent acquisition of MS/MS scans as previously
described (23, 24). In separate experiments, the one full MS
scan from 400 to 2,000 m/z at a resolution of 60,000 was fol-
lowed by acquisition of MS/MS in a targeted fashion collecting
MS/MS spectra for the specific m/z values 864.86, 842.86,
842.37, 850.36, 857.35, 865.35, 893.38, 900.89, and 915.89.
MS/MS spectra were collected using an isolation width of 2
m/z, an activation time of 30 ms, and activation Q of 0.250 and
35% normalized collision energy using 1 microscan and maxi-
mum injection time of 100 for each scan. The mass spectrom-
eter was tuned prior to analysis using the synthetic peptide
TpepK (AVAGKAGAR). Typical tune parameters were as fol-
lows: spray voltage of between 1.8 KV, a capillary temperature
of 150 °C, a capillary voltage of 50 V, and tube lens 100 V. Pep-
tide sequences matched to MS/MS spectra by Sequest were
accepted based on the selection criteria described previously
(23, 24).

Immunoelectron Microscopy, Scanning Electron Microscopy,
and Viscoelastic Properties of Clots—These experiments were
performed as described under supplemental materials and pre-
viously (21, 25, 26).

RESULTS

To identify the tyrosine residues targeted by reactive nitro-
gen species in vivo plasma from smokers and non-smokers was
used to isolate fibrinogen (Fig. 14). Consistent with previous
reports that smoking increases oxidant stress (17, 18, 27) the
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circulating levels of nitrated fibrinogen were significantly
higher in smokers compared with non-smokers (51.0 = 5.5 ver-
sus 36.0 = 3.2 umol of 3-nitrotyrosine/mol of tyrosine, mean =
S.E., p = 0.04, n = 31). Because a fibrinogen molecule has 134
tyrosine residues two complementary approaches were
employed to enrich for nitrated fibrinogen or nitrated peptides.
Affinity capturing with anti-nitrotyrosine antibodies was used
to enrich for nitrated fibrinogen molecules from the glycine-
isolated fibrinogen (Fig. 1B). The enriched fractions were
probed with anti-nitrotyrosine antibodies, which revealed pos-
itive reactivity primarily with the B-chain of fibrinogen (Fig.
1C). The enriched fractions were digested with trypsin and ana-
lyzed by mass spectrometry. Alternatively, the isolated fibrino-
gen was first digested with trypsin followed by immunoaffinity
enrichment for nitrated peptides. A modified method for pep-
tide capture that employed incubation of peptides with anti-
bodies not linked to agarose beads in 10-kDa cutoff filters was
applied to reduce nonspecific interactions.

Four separate samples were analyzed with the first approach.
Each sample consisted of pooled fibrinogen isolated from four
individuals. Five putative fibrinogen B-chain tryptic peptides
were detected with +45 atomic mass unit increases that
mapped to tyrosine residues. The peptide capture approach
was then applied to 9 different samples of individual fibrinogen
preparations derived from smokers and non-smokers, which
were analyzed with an LTQ-Orbitrap hybrid MS instrument.
This analysis confirmed with high mass accuracy the presence
of two peptides with the expected +45 atomic mass unit
increase. The peptides ***NYCGLPGEY " **WLGNDK?**® and
HYYWGGQY " **TWDMAK*?® were identified in 6 and 7 of
the 9 samples, respectively. The inability to detect these pep-
tides in all samples reflects the low abundance of these peptides
as well as technical limitations with the acquisition of quality
spectra for nitrated peptides by mass spectrometry. To fur-
ther confirm these identifications, the immunoaffinity
enriched peptide mixtures were treated with dithionite,
which reduces 3-nitrotyrosine to 3-aminotyrosine. Follow-
ing reduction, the peptide mixture was analyzed by selec-
tively monitoring for the monoisotopic masses of the unmod-
ified, 3-nitrotyrosine, and 3-aminotyrosine containing peptides
of the two dominant modified sequences (peptides 284 —-298
and 416 —428). This analysis revealed the presence of unmodi-
fied peptides, and peptides with increased masses of +15
atomic mass units (***NYCGLPGEY "'*WLGNDK?**® and
HEYYWGGQY TP TWDMAK*?®) indicating the presence of
3-aminotyrosine derived from the reduction of 3-nitrotyrosine.
Typical spectra of these two peptides before and after reduction
with dithionite are shown in Fig. 1, D-G. Together the data
indicate that the predominant sites of fibrinogen nitration in
vivo are residues 292 and 422 in the carboxyl terminus of
B-chain.

To explore the functional consequences of nitration, fibrin-
ogen was isolated from 30 individuals, both smokers and non-
smokers to represent the entire spectrum of 3-nitrotyrosine
levels (ranging from 0 to 108 wmol of 3-nitrotyrosine/mol of
tyrosine). The quality of the preparation was assessed by SDS-
PAGE (Fig. 1A). The samples were then divided into 3 groups
based on the levels of fibrinogen nitration: levels <25 umol of
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3-nitrotyrosine/mol of tyrosine, levels between 25 and 50 umol
of 3-nitrotyrosine/mol of tyrosine, and levels >50 wmol of 3-ni-
trotyrosine/mol of tyrosine. Ex vivo polymerization was initi-
ated by the addition of 1 NIH unit/ml of human a-thrombin. As
shown in Fig. 24, polymerization curves of fibrinogen samples
with levels >50 wmol of 3-nitrotyrosine/mol of tyrosine exhibited
a steeper increase in absorbance and a higher final turbidity as
compared with samples with moderate, 25-50 wmol of 3-nitroty-
rosine/mol of tyrosine and low <25 pumol of 3-nitrotyrosine/mol
oftyrosine levels (p < 0.05, n = 10). Using previously characterized
affinity purified anti-nitrotyrosine antibodies and immunoelec-
tron microscopy we confirmed that indeed nitrated fibrinogen
molecules were incorporated in the fibrin fibers (Fig. 2B).

The initial velocity V,, of fibrin clot formation normalized
for the maximum absorbance (V,/Abs max) showed a posi-
tive correlation with the 3-nitrotyrosine levels (Spearman’s r =
0.73, p < 0.0001, Fig. 2C). Nitration levels were also positively
associated with the initial velocity V, (Spearman’s r = 0.35, p =
0.05), but not with the final turbidity (Spearman’s » = 0.24, p =
0.25). The inclusion of 2.5 mM calcium exhibited the same
accelerated kinetics and increased final clot turbidity in sam-
ples of purified fibrinogen with >50 wmol of 3-nitrotyrosine/
mol of tyrosine compared with samples with low nitration lev-
els (data not shown). The same effect was also evident when
fibrin clots were made in whole plasma in place of isolated
fibrinogen (Spearman’s r = 0.43, p = 0.03, n = 23).

Two different approaches were applied to evaluate the con-
tribution of 3-nitrotyrosine to the altered kinetics of fibrin clot
formation. Fibrinogen samples were depleted of nitrated fibrin-
ogen molecules by affinity capturing. Aliquots of the same
fibrinogen preparations underwent the same procedure using
nonspecific immunoglobulin to eliminate any interference
from sample handling. Depletion of nitrated fibrinogen mole-
cules decreased the initial velocity of clot formation as com-
pared with the nonspecific immunoglobulin for identical
fibrinogen concentrations (Fig. 2D). Alternatively, the clotting
assay was performed using either isolated fibrinogen or plasma
in the presence of the polyclonal anti-nitrotyrosine antibodies
or nonspecific rabbit immunoglobulin. Inclusion of the specific
anti-nitrotyrosine antibody reduced the initial rate of fibrin clot
formation compared with the nonspecific IgG in both isolated
fibrinogen (p = 0.001, » = 12) and whole plasma (p = 0.016,
n=22).

The effect of tyrosine nitration on clot morphology was
investigated by scanning electron microscopy. A distinct fea-
ture in the fibrin clots made from fibrinogen with levels >50
pmol of 3-nitrotyrosine/mol of tyrosine was the presence of
clusters of fibrin. This feature is not apparent in fibrin clots with
low 3-nitrotyrosine levels, which appear dense and homoge-
nous (Fig. 3C). Clusters were counted in fibrin clots from 12
different samples with fibrinogen nitration values ranging from
0 to 104 wmol of 3-nitrotyrosine/mol of tyrosine. We defined a
cluster the structure formed by more than 8 single fibers cross-
ing ata single point. The fibers depart the cluster as single fibers
and continue in separate directions, hereby forming a well
defined cluster, which appears as a bright spot in the image (Fig.
3A). Six images per sample under X1000 magnification were
selected randomly and clusters were manually counted. Each
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FIGURE 1. Fibrinogen B-chain carboxyl terminus tyrosine residues are nitrated in vivo. A, isolated fibrinogen analyzed on 10% SDS-PAGE gels and stained
with colloidal blue. Lanes 7-6, isolated fibrinogen, 2.5 ng/lane with 3-nitrotyrosine/tyrosine ratio <25 wmol/mol (lanes 7 and 2), 25-50 umol/mol (lanes 3 and
4),>50 wmol/mol (lanes 5 and 6). B, affinity enrichment for nitrated fibrinogen. Lanes 1,4, and 7, input isolated fibrinogen; lanes 2, 5, and 8, unbound fibrinogen;
lanes 3, 6, and 9, fibrinogen bound to anti-nitrotyrosine antibodies. Fibrinogen was analyzed on 10% SDS-PAGE gels and stained with colloidal blue. C, a
representative sample after immunoprecipitation probed with a polyclonal anti-human fibrinogen antibody (lanes 1-4) or a polyclonal anti-nitrotyrosine
antibody (lanes 5-8). Lane 1, input fibrinogen; lanes 2 and 3, washes; lane 4, bound fraction. D and E, representative MS/MS spectra of peptides
28ANYCGLPGEY***WLGNDK?*®  and  “'®YYWGGQY***TWDMAK?*?®, respectively. F and G, representative MS/MS spectra of peptides
28INYCGLPGEY " ""WLGNDK?8 and *'6YYWGGQY " ">"TWDMAK*?® after reduction.

measurement was repeated for 3 consecutive days and the aver-  Fiber diameters of ~150 fibers per image were measured from 5
age number of clusters per sample was plotted against fibrino- images per clot in 6 randomly selected clots. The diameter of
gen nitration levels. A significant correlation between the num-  individual fibrin fibers did not vary as a function of 3-nitroty-
ber of clusters per sample and fibrinogen nitration level rosine content (r = 0.58, p = 0.23) (Fig. 3E). Scanning electron
(Spearman’s r = 0.70, p = 0.01) was revealed (Fig. 3F). Because micrographs of fibrin clots made from isolated fibrinogen after
final turbidity directly relates to the thickness of the fibrin depletion of nitrated fibrinogen molecules were examined to
fibers, the thickness of individual fibers was also quantified.  ascertain the role of fibrinogen nitration on the architecture of
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The observed effect of 3-nitroty-
rosine formation on fibrinogen lat-
eral aggregation, which features the
effect of knob “B” mimetic peptides,
along with the localization of the
modified residues suggested that
tyrosine nitration might acceler-
ate fibrinogen clotting by means of
enhancement of knob B:hole b
interactions. To explore this
hypothesis, fibrinogen was iso-
lated from 21 plasma samples and
polymerization was initiated with
the addition of 0.1 unit/ml
a-thrombin to 3 uM fibrinogen in
the absence or presence of 250 um
of the knob B mimetic peptide
Gly-His-Arg-Pro-amide (Gly-His-
Arg-Pro*™). The presence of the
peptide accelerated the lateral
aggregation in all samples. How-
, ever, the response to the mimetic
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FIGURE 2. Fibrinogen nitration accelerates fibrin clot formation. A, polymerization curves represent the
mean * S.E, n = 10 subjects per group. B, representative immuno-EM image of fibrin fibers labeled with
anti-nitrotyrosine antibodies and 10 nm protein gold; bar, 500 nm (top). Higher magnification of single fibers
(bottom) showing the distinctive fibrin band pattern and labeling with anti-nitrotyrosine antibodies; bar, 200
nm. C, the initial velocity V, of each separate curve, normalized for the final turbidity (V,/Abs. max) was plotted
against the 3-nitrotyrosine/tyrosine ratio. Spearman analysis reveals a positive correlation between V,/Abs
max and 3-nitrotyrosine/tyrosine ratio (r = 0.73, p < 0.0001, n = 30). D, polymerization assays after immu-
nodepletion. Paired t test statistical analysis showed a marked reduction of the Vy/Abs. max after immuno-
depletion with the anti-nitrotyrosine (NT) immunoglobulin (p = 0.0004, n = 14).

the fibrin clots. Removal of nitrated fibrinogen molecules
resulted in formation of fibrin clots with significantly reduced
fiber clustering (Fig. 3G).

The physical properties of fibrin clots were determined by
measurement of both the elastic and inelastic parameters in
nine different clots. A positive correlation between changes in
the storage modulus G’, which reflects clot stiffness, with the
3-nitrotyrosine levels of fibrinogen (r = 0.90, p = 0.0009) were
observed (Fig. 44). Similarly changes in the loss module G,
which indicates clot plasticity were positively correlated with
the 3-nitrotyrosine levels of fibrinogen (» = 0.73, p = 0.024)
(Fig. 4B). The loss tangent tand calculated from the ratio G"/G’,
which indicates the ratio of energy lost to energy stored in a
cyclic deformation declined exponentially when plotted against
the levels of 3-nitrotyrosine in fibrinogen. This association is
primarily derived by the relatively large increase in the G’ val-
ues as a function of fibrinogen nitration (Fig. 4C). Moreover,
higher nitration levels were associated with lower plasmin-in-
duced fibrinolysis rates (Fig. 4D), whereas fibrinogen degrada-
tion products were similar among samples with different nitra-
tion levels (supplemental Fig. 1).

The mass spectrometric analysis revealed that the modified
tyrosine moieties reside on the carboxyl-terminal of fibrinogen
B-chain, in close proximity to the backbone ridge of the hole “b”
(28). The amino acid sequence Gly-His-Arg on the N-terminal
of the B-chain interacts with a pocket on the C-terminal of the
B-chain (29) and appears to enhance lateral aggregation (30).
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non specific IgG

peptide, assessed by the percent
increase in the final turbidity,
exhibited a significant correlation
with the 3-nitrotyrosine levels
(Spearman’s r = 0.86, p < 0.0001)
(Fig. 5). Similar results were
obtained when polymerization
assays were performed with the
knob B-specific (28) peptide Ala-
His-Arg-Pro-amide (Ala-His-Arg-Pro®™) (Spearman’s r =
0.56, p = 0.035). The data suggest that the presence of tyro-
sine nitration might induce conformational changes that
may facilitate the knob B/hole b interactions.

3-NT depleted

DISCUSSION

Epidemiological studies have indicated that increased lev-
els of circulating fibrinogen are an independent predictor of
coronary heart disease and in some cases premature death
from cardiovascular disease, although a causative correla-
tion between high levels of fibrinogen and cardiovascular
disease has not been firmly established (7, 8, 11, 12). Ciga-
rette smoking has also been shown to increase the circulat-
ing levels of fibrinogen and smokers have a higher risk for
cardiovascular disease and thrombotic events (31, 32). Oxi-
dative stress has been considered as one of the mechanisms
responsible for the development and progression of cardio-
vascular and pulmonary disorders and is increased, as
reflected by indices of lipid peroxidation, in otherwise
apparently healthy smokers (33, 34). Moreover, protein tyro-
sine nitration has been considered one of the post-transla-
tional modifications derived from the reaction of nitric
oxide-derived oxidants with proteins. Notwithstanding its
recognized value as a marker of oxidant burden in human
disease, it remains unclear whether protein nitration is
responsible for alteration in protein function that imparts an
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FIGURE 3. Scanning electron microscopy of fibrin clots. A-C, fibrinogen isolated from three different subjects with 3-nitrotyrosine/tyrosine ratios of 80.2,
37.0, 3.3 wmol/mol, respectively, was used to generate the fibrin clots. D, image from the same sample as in A after immunoaffinity depletion of nitrated
molecules. Based on the efficiency of immunoaffinity depletion (65 = 11%, n = 4) the level of 3-nitrotyrosine/tyrosine is ~28 wmol/mol in this sample. E, fiber
diameter is independent of levels of fibrinogen nitration. F, correlation between fibrin clot cluster formation and fibrinogen nitration levels. Spearman’s r =
0.71,p = 0.0092, n = 12. G, removal of tyrosine-nitrated molecules by immunoaffinity depletion results in fibrin clots with a significantly decreased number of

clusters (p = 0.01, n = 3). Bar = 20 um.

increased risk and therefore represents a disease modifier.
Attributing tyrosine nitration a causative pathophysiological
function has been hindered by concerns relating to the low
yield of nitration quantified on specific proteins and the co-
existence of other oxidative modifications on the protein.
The current study provides direct experimental evidence to
indicate that tyrosine nitration of fibrinogen is a specific func-
tional modification and a risk factor for increased thrombotic
tendency observed under conditions of oxidative stress. Using
enrichment strategies and mass spectrometry we localized the
sites of in vivo nitration at 2 specific tyrosine residues, Tyr*>
and Tyr**? on the B-chain among the 134 tyrosine residues in a
fibrinogen molecule. This selectivity of tyrosine nitration (35)
could explain the consistent effect of tyrosine nitration on
fibrin clot formation. If nitration of fibrinogen occurred at ran-
dom, then one would observe variable effects, if any, on the
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function of the protein. However, in this case the effect of tyro-
sine nitration is consistent and is characterized by the acceler-
ation of lateral aggregation of fibrin molecules. Ex vivo studies
revealed significant correlation between the levels of fibrinogen
nitration and the velocity of fibrin clot formation, whereas spe-
cific elimination of the nitrated fibrinogen molecules restored
the kinetics of fibrin clot formation. These results support a
functional consequence of tyrosine nitration on fibrin polym-
erization in the form of “gain of function” rather than “loss of
function,” which is typically observed in the oxidatively dam-
aged proteins, including oxidized fibrinogen (16—18). Indeed
exposure of fibrinogen to different oxidative conditions in vitro
(singlet oxygen, metal, and myeloperoxidase-derived oxidants)
was found to reduce the velocity of fibrin clot formation and to
result in dense fibrin clots (16 —18). However, the in vitro stud-
ies do not always reproduce faithfully the in vivo conditions
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Fibrinogen B-Chain Tyrosine Nitration as a Risk Factor

to investigate fibrinogen nitration as
a risk factor that influences normal
homeostasis.

The profound effects on fibrin
clot structure and biophysical prop-
erties were produced by a relative
small fraction of fibrinogen mole-
cules modified by nitration, which
based on two primary sites of nitra-
tion represent 0.6—6% of the
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B-chain per molecule of fibrinogen.
Kinetic analysis of fibrin formation
revealed that nitration influences
the lateral aggregation, an event that
follows the initial fibrinopeptide
cleavage, oligomerization, and the
formation of half-staggered, dou-
ble-stranded protofibrils. We hy-
pothesize that in the organized
assembly of fibrin molecules addi-
tion of a molecule with nitrated
tyrosine residues accelerates the
association of the knob B:hole b
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FIGURE 4. Viscoelastic properties of fibrin clots. A, correlation between the G’ value (clot stiffness) and
3-nitrotyrosine levels (Spearman r = 0.95, p < 0.0001, n = 9). B, correlation between the storage module G”
(clot plasticity) with the 3-nitrotyrosine burden (Spearman r = 0.73, p = 0.02,n = 9). C, tan8 (G"/G’) association
with 3-nitrotyrosine/tyrosine ratio (Spearmanr = —0.9, p = 0.0009). The G’ and G” values of each separate clot
were measured in triplicate. D, fibrinolytic rate is negatively associated with 3-nitrotyrosine levels in fibrin clots

(Spearman’sr = —0.71, p = 0.0045,n = 14).
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FIGURE 5. Positive association between the response to the knob B
mimetic peptide Gly-His-Arg-Pro®™ and fibrinogen nitration levels
(Spearman’s r = 0.86, p < 0.0001, n = 21). The response to the mimetic
peptide was assessed by the percentage increase in final turbidity compared
with the baseline (final turbidity in the absence of the peptide).

such as the sites and magnitude of modifications. Whereas the
increase in the velocity of fibrin clot formation and altered
fibrin clot architecture observed ex vivo are entirely consistent
with in vitro exposures (16), the ex vivo changes in fibrin clot
stiffness and the closely related rate of clot lysis differ from in
vitro exposures to nitrating oxidants. Therefore the current
work used exclusively isolated fibrinogen from human subjects
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interactions, because the two sites
of nitration are within the hole b of
the B-chain. The knobs B are
exposed after B fibrinopeptide
release and engage the hole b in the
carboxyl terminus of the B-chain
during lateral aggregation. The
location of the tyrosine-modified
residues suggested that 3-nitrotyrosine formation might accel-
erate lateral aggregation by enhancing the knob B:hole b inter-
actions. To explore this hypothesis, we performed clotting
assays in the presence or absence of knob B mimetic peptides
Gly-His-Arg-Pro™™ and Ala-His-Arg-Pro*™. The former,
which is considered the prototypical knob B mimetic, has been
shown to interact to a minor extent with the hole “y” as well
(36), whereas the latter has been shown to be hole b specific
(28). Interestingly, the response of fibrinogen polymerization to
the knob B mimetic peptides, assessed by the percent increase
in the final turbidity, exhibited a positive correlation with the
3-nitrotyrosine levels. The data suggest that the presence of
tyrosine nitration might induce conformational changes that
facilitate the knob B:hole b interactions. An alternative plausi-
ble explanation for the effect of nitration relates to the location
of Tyr*?%, This residue is located in close proximity to the
coiled-coil connecting the middle and ends of the fibrinogen
molecule. Nitration of Tyr*?* could affect the stability of the
interaction between BbAsp®°® and AaLys'®” that is thought to
be responsible for anchoring the COOH-terminal B-chain to
the coiled-coil in fibrinogen. This bond is broken and there is a
conformational change of the C-terminal B-chain upon bind-
ing of Gly-His-Arg-Pro®™ peptide in hole b. Thus, there are
potentially direct links between nitration of these tyrosine res-
idues and the function of this region of fibrinogen in lateral
aggregation, although detailed structural effects of nitration of
these residues require further investigation.
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The mechanical properties of fibrin clots are different in
individuals with premature thrombotic events compared with
healthy controls (37—41). It has also been suggested that these
differences might influence the occurrence of thrombotic
events. For example, fibrin clot stiffness, which was associated
with reduced fibrinolytic rates, was found to be an independent
predictor of premature atherothrombotic events (39). Despite
these intriguing associations, the biochemical reasons for the
altered mechanical properties remain unknown. In this work
we demonstrate that fibrin clot properties are strongly affected
by the presence of tyrosine-nitrated molecules. We report a
positive association between the levels of fibrinogen nitration-
accelerated kinetics and clot stiffness as well as a negative asso-
ciation between levels of fibrinogen nitration and the rate of
clotlysis. We also demonstrated altered fibrin clot architecture,
which were restored upon removal of tyrosine-nitrated mole-
cules. This is compatible with a role for fibrinogen tyrosine
nitration as a risk factor for the increased thrombotic tendency
during inflammation and oxidant stress.
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