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ABSTRACT: When fibrin clots are formed in vitro in the presence of certain positively charged peptides, the
turbidity is enhanced and fibrinolysis is delayed. Here we show that these two phenomena are not always
linked and that different families of peptides bring about the delay of lysis in different ways. In the case of
intrinsically adhesive peptides corresponding to certain regions of the fibrinogen γC and βC domains, even
though these peptides bind to fibrin(ogen) and enhance turbidity, the delay in lysis is mainly due to direct
inhibition of plasminogen activation. In contrast, for certain pentapeptides patterned on fibrin B knobs, the
delay in lysis is a consequence of how fibrin units assemble. On their own, these B knob surrogates can induce
the gelation of fibrinogen molecules. The likely cause of enhanced clot turbidity and delay in fibrinolysis was
revealed by a crystal structure of the D-dimer from human fibrinogen cocrystallized with GHRPYam, the
packing of which showed the direct involvement of the ligand tyrosines in antiparallel βC-βC interactions.

In blood clots, fibrin is formedwhen thrombin releases amino-
terminal peptides (fibrinopeptides) from fibrinogen, thereby
exposing sets of knobs that can interact with holes on neighbor-
ing molecules. Synthetic peptides patterned on the A knob
of fibrin canprevent polymerization and arrest clot formation (1).
In contrast, peptides based on B knobs enhance the turbidity
of in vitro clots and can delay the onset of tissue plasminogen
activator-induced fibrinolysis (2, 3). With regard to the latter,
a similar result has been reported for a peptide patterned on
the segment of the γC domain of human fibrinogen encompassed
by residues γ365-380 (4). Here, we inquire about the basis of
the delays in fibrinolysis caused by these two different kinds
of positively charged peptides. In the end, the delays in lysis
were found to be due to completely independent activities. The
subject is important because much disagreement about how
fibrin stimulates tPA1 to activate plasminogen remains
(reviewed in ref 5).

In the case of B knob homologues, we had hypothesized that
the delay could be due to occupancy of the βC hole by the
synthetic B knob, thereby preventing the tethered authentic B

knob from holding the βC domain in a conformation providing
access for the binding of tPA or plasminogen (2). We have now
performed additional experiments that suggest such a model is
likely not correct. Instead, the data indicate that certain B knob
homologues, but not all, lead to specific associations between
molecules of fibrin(ogen), causing them to be less vulnerable to
destruction.

Independently, longer peptides corresponding to portions of
the fibrinogen γC domain were also found to enhance clot
turbidity and to delay fibrinolysis (4). In that study, 77 over-
lapping dodecameric peptides were synthesized corresponding to
virtually the entire length of the γCdomain. Of all those peptides,
one (γ369-380) stood out above all the others whenmeasured by
thromboelastography. The same peptide also greatly delayed
tPA-stimulated fibrinolysis (4).

Reports involving synthetic peptides based on this region of
the γC domain had appeared earlier, including the finding that
essentially the same peptide (γ370-381) is an integrin-binding
site for platelets (6, 7), or, in another study, to enhance
clotting (8). Even earlier, a similar peptide (γ369-376) had been
synthesized on the basis of findings of phage display, in which
case it was found that sequences involving three tryptophans
spaced in the order W-X-X-W-X-X-X-W are remarkably adhe-
sive, or “sticky”, and bind tightly to polystyrene (9). A computer
search for that motif led those authors to the finding that the
β and γ chains of vertebrate fibrinogens invariably satisfy this
sequence requirement (9). Because the β and γ chains of fibrino-
gen are homologous, we included the β chain equivalent (β437-
448) of the γC dodecamer (γ369-376) in our study. The
sequences and structural locations of these peptides are shown
in Figures S1 and S2 of the Supporting Information.

MATERIALS AND METHODS

The synthetic peptides used in this study were obtained from
three different sources; several were frommore than one source and
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behaved identically. GPRPam, GHRPam, GHRPLam, and
GHRPYam were synthesized by the BOC procedure at the
(former) UCSD Peptide Synthesis Facility. Peptide WATWKTR-
WYSMK was purchased from Sigma-Genosys, as was a mutated
version, WATWHDHWYSMK, designed to be refractory to
plasmic cleavage.Replacement peptides for oneswe hadpreviously
synthesized, including GHRPam, GHRPYam, and GHRPLam,
were also bought from Sigma-Genosys. The γC and βC homo-
logous peptides WATWKTRWYSMKam and WMNWKGS-
WYSMRam were purchased from GenScript. The chromogenic
peptide dVLKpna was obtained from Sigma Aldrich.

For peptides containing tyrosine or tryptophan, solution
concentrations were determined by spectrophotometry; other
peptide concentrations were determined either by amino acid
analysis or by dry weight. Small portions of some peptides were
acetylated by dissolving aliquots in glacial acetic acid and treating
them briefly with acetic anhydride at 100 �C, followed by the
addition of cold water and freeze-drying. Removal of the
carboxyl-terminal lysine from the γW12am peptide was accom-
plished by treatment with CNBr in 70% formic acid; the
completeness of the reaction was ascertained by paper electro-
phoresis.
Proteins. Fibrinogen was purified from outdated blood bank

plasma by a cold ethanolmethod (10). Although the preparations
were more than 95% clottable, they contained observable
amounts of fibronectin and biologically active amounts of
plasminogen and factor XIII. Accordingly, some experiments
were conducted on material that had been purified further by
DEAE chromatography (11, 12). Additionally, some experi-
ments were conducted with plasminogen-free fibrinogen pur-
chased from CalBiochem.

The fibrin fragment D-dimer (also known as double-D) was
prepared from Factor XIII-cross-linked fibrin by limited tryptic
digestion (13). Plasminogen was prepared from outdated blood
bank plasma by affinity chromatography on lysine-Sephar-
ose (14). Plasmin was obtained fromChromagenix and thrombin
from Enzyme Research; the tPA used was obtained from Sigma-
Aldrich and was also a kind gift from T. Morris of the Depart-
ment of Medicine, University of California at San Diego.
Streptokinase was obtained from Sigma.
Turbidity Assays. Turbidity assays were performed in dis-

posable cuvettes in a Helios UV-visible spectrophotometer at
350 nm. Assays involving a tPA/plasminogen mixture-induced
fibrinolysis were performed as described previously (2). Briefly,
unchromatographed fibrinogen (final concentration of 1.0 mg/
mL, 0.135MNaCl, 0.04 M imidazole buffer, pH 7.0) containing
plasminogen was mixed with an appropriate peptide and a
solution of thrombin and tPA (final concentrations of 0.08
and 0.29 μg/mL, respectively) added at time zero. Alternatively,
in some experiments, plasminogen-free fibrinogen was used
and purified plasminogen added. In all cases, the final volume
was 900 μL. Delays in lysis were calculated on the basis of half-
lysis times as described previously (3).

In the cases of peptide-induced association assays, peptides
were mixed with fibrinogen at time zero and the association was
monitored at 350 nm. In some experiments, assays were con-
ducted at multiple wavelengths to determine the nature of the
scattering material (15-17).

Microtiter plate assays were conducted in triplicate. Readings
were taken with a TECAN M200 automatic plate reader. In the
case of preformed clots, clots were formed by the addition of
thrombin to fibrinogen containing various peptides (final volume

of 100 μL) and left to stand for 18 h, after which 100 μL of an
active enzyme solution was overlaid and the progress of lysis
followed in the plate reader. The various proteases tested
included trypsin, plasmin, and a tPA/plasminogen mixture.
Scanning Electron Microscopy. Scanning electron micro-

scopy (SEM) was used to investigate the fibrous nature of
peptide-induced gels and was conducted at the UCSD Engineer-
ingNano3Facility. Samples were prepared in amanner similar to
that described by Weisel and Nagaswami (18). Aliquots of
fibrinogen solutions were pipetted into 25 μL Plexiglas micro-
dialysis cells immediately after peptide addition or, for the sake of
comparison, after thrombin addition, allowing gels or clots to
form in situ. After a suitable time under humidified conditions,
samples were washed with saline and fixed with glutaraldehyde,
and then passed through a progressive series of ethanol solutions,
from 20 to 95%, after which they were stored in absolute ethanol
until being subjected to critical point drying. Samples were
sputtered with chromium and then examined in a Phillips
XL30 ESEM scanning electron microscope.
Crystallography. Crystals were grown at room temperature

from sitting drops containing equal volumes of 5 mg/mL
D-dimer in 0.05 M Tris (pH 7.0) and 5 mM CaCl2, containing
0.5 mM GHRPYam and 0.3 mM GPRPam, and a well solution
composed of 0.05 M Tris (pH 8.0) containing 1% PEG-3350,
1.0 mM iodoacetamide, 1.0 mMCaCl2, and 2 mM sodium azide.
Typically, small plates appeared in 1 or 2 days and continued to
grow over the course of 1-2 weeks, after which they were
harvested. MPD was added gradually as a cryoprotectant to a
final concentration of 15%, and crystals were cooled with liquid
nitrogen and stored in a Dewar with liquid nitrogen.

PreliminaryX-ray diffraction datawere collected at theUCSD
X-ray Crystallography Facility. Higher-resolution data were
collected at the Advanced Light Source, Lawrence Berkeley
National Laboratory (Berkeley, CA), beamline 5.0.3. Data were
processed with HKL2000 or Denzo and Scalepack (19). The
structure was determined by molecular replacement using
AMoRe (20) as described in the CCP4 package (21). Model
reconstructions were made with the O modeling program pack-
age (22), and refinement was conducted with CNS (23). Ellipsoi-
dal truncation was conducted with the UCLA web server (www.
doe-mbi.ucla.edu/∼sawaya/anisoscale/anisotropy) (24). Struc-
ture quality was checked periodically with PROCHECK (25).
Illustrations were prepared with the aid of PyMol (26).

RESULTS

High Concentrations of GHRPam Do Not Delay Fibri-
nolysis. In an earlier report on synthetic B knobs delaying
fibrinolysis (2), we compared GHRPam, GHRPLam, and
GHRPYam, all at 100 μM.Although all three peptides enhanced
turbidity, the delays in lysis were much stronger for the penta-
peptides. No effort was made to test the tetrapeptide (GHRPam)
at higher concentrations to show that it also delayed fibrinolysis,
as opposed to merely enhancing turbidity. We have now per-
formed the experiment and found that, even at 4 mM, GHRPam
does not delay lysis significantly (Table 1 and Figure S3 of the
Supporting Information), even though it renders clots distinctly
more turbid, indicating that occupancy of the βC hole by a
surrogate B knob that prevents binding of the authentic B knob is
not the cause of the delayed lysis reported previously (2). Instead,
as developed more fully below, the binding of tyrosyl-ending
pentapeptides leads to intermolecular associations between
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fibrin(ogen) units that are likely the cause of the observed delay in
lysis.
GHRPYam and γW12 Both Delay Fibrinolysis. In an

assay in which fibrin formation and lysis are observed consecu-
tively, and in which all the components are present at time zero,
the dodecapeptide γW12 is a much better inhibitor of lysis than
GHRPYam is (Figure 1 and Table 1). Moreover, when the two
peptides are both present, the effect is more than additive
(Table 1). The same general results are obtained when strepto-
kinase is substituted for t-PA (Figures S4 and S5 of the
Supporting Information).

The presence of 100 μM tranexamic acid (TX), an inhibitor of
fibrinolysis that acts by binding to plasminogen (27, 28), greatly
extends the delay in fibrinolysis caused by GHRPYam (Figure 2
and Table 1). In contrast, when TX and γW12 are both present,
the effect is less than additive (Table 1), suggesting that tranexa-
mic acid and the γW12 peptide may be competing for plasmino-
gen. The observation led directly to the finding that the γW12
peptide at concentrations as low as 25 μM suppresses fibrin-
independent tPA activation of plasminogen in a chromogenic
assay, whereas 200 μM GHRPYam has no effect at all
(Figure 3A). The γW12 peptide also inhibits plasmin, but not
nearly to the same degree (Figure 3B).
Other W12 Peptides. Several peptides related to γW12 were

studied in an effort to find how thesematerials act, with regard to
their ability to enhance clot turbidity, on one hand, or to delay
lysis, on the other. These included acetylated γW12 (AcγW12), a
carboxy-terminal amidated version of γW12 (γW12am), a
CNBR-treated version of γW12am in which cleavage at the
penultimate methionine residue removed the carboxy-terminal
lysine (CbγW12am), a mutated version of γW12 with three
amino acid substitutions (MuγW12), βW12am, and a CNBr
version of βW12am (CbβW12am) (Table 2).

Acetylation of the three amino groups inγW12greatly reduced
the peptide’s effectiveness, both in enhancing turbidity and in
delaying lysis (Table 2), but not to the point where it was less
active than GHRPYam on a molar basis in slowing lysis (Figure
S6 of the Supporting Information). In contrast, amidation of the
carboxy terminus of γW12 greatly increased the effectiveness of
the peptide in all respects (Table 2 and Figure S7 of the
Supporting Information). CNBr treatment of this latter peptide
reduced its effectiveness in both kinds of test, but only to the
point where its activity was approximately the same as that of
γW12 (Table 2 and Figure S8 of the Supporting Information).
The βW12am peptide was actually more active than γW12 with

regard to increasing clot turbidity, but it was only modestly
effective in delaying fibrinolysis (Table 2 and Figure S9 of the
Supporting Information), an observation consistent with clot

Table 1: Delays in Fibrinolysis Caused by Various Agents

mixturea Half-Lysis Ratiob

control (no additive) 1.00

4000 mM GHRPam 1.14

100 μM GHRPYam 1.65

20 μM γW12 2.52

20 μM γW12 and 100 μM GHRPYam 4.63

100 μM tranexamic acid (TX) 2.86

100 μM TX and 100 μM GHRPYam 6.54

100 μM TX and 20 μM γW12 4.37

100 μM GHRPYamc 1.6

20 μM γW12c 3.3

aUnchromatographed fibrinogen treated with t-PA and thrombin;
detailed solution conditions described in the text. bRatios are half-lysis
times of experiment to control. c t-PA replaced by streptokinase.

FIGURE 1: Comparison ofGHRPYam (100 μM) and γW12 (20 μM)
in delaying tPA-stimulated fibrinolysis. Thrombin and tPA were
added at zero time.NPmeans nopeptide.When 100 μMGHRPYam
and 20 μMof γW12 are both present, the effect is more than additive
(see also Table 1).

FIGURE 2: Influence of tranexamic acid (100μM)on the effectiveness
of GHRPYam (100 μM) and γW12 (20 μM) in delaying tPA-
stimulated fibrinolysis (see Materials and Methods). The dashed
lines denote the absence of tranexamic acid; the solid lines denote
the presence of tranexamic acid. NP means no peptide (see also
Table 1).

FIGURE 3: (A) Fibrin-independent generation of plasmin in the
presence of GHRPYam (200 μM) or γW12 (25 μM) as measured
by a chromogenic assay conducted under the same conditions of
clotting-lysis assays except fibrinogen was omitted. (B) Effect of
γW12 on plasmin acting on a chromogenic substrate.
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turbidity and lysis delay effects caused by W12 peptides being
independent of each other.
Lysis of Preformed Clots. Preformed clots on microtiter

plates were overlaid with trypsin, plasmin, or the tPA-plasmino-
gen combination, and the influence of various peptides was
examined with regard to the course of fibrinolysis. Lysis was
delayed by the γW12 peptide, but GHRPYam was not effective
(Figure 4). The results were the same whether the various
peptides were present in the fibrinogen when the clots were
formed. The γW12 peptide did not inhibit the destruction of the
fibrin clots by trypsin and only to a small degree with plasmin
(Figure 4), consistent with the notion that these peptides, like
tranexamic acid, bind to subsidiary domains of plasminogen and
not to the catalytic site.
Crystal Structure and Packing. Crystals of D-dimer co-

crystallized with GHRPYam were limited to small thin plates,
and it was only possible to collect data to 3.6 Å resolution
(Table 3). Electron density maps were clear, however, and the
GHRPYam ligands were obvious in both βCholes, but not in the
γC holes. The small amounts of GPRPam (0.3 mM) needed
during crystallization were sufficiently low that this ligand
appeared in only one of the γC holes in Fo - Fc maps (F chain).

The carbohydrate clusters at βAsn364 were prominent, eight of
11 sugars being positioned in both locations.

The molecular packing is completely different from what has
been reported for D-dimer cocrystallized with GHRPam or
GPRPam. Similarly, DD-GHRPam crystals soaked with
GHRPYam naturally retained the original GHRPam lattice, a
form in which the D-dimers are bent across the D-D interface
compared with other D-dimer structures (29). In contrast, the
DD-GHRPYam cocrystal has the more extended form observed
for D-dimer crystallized without peptide ligands (29). The most
significant difference, however, is that in the cocrystal the βC
domains are packed against each other in a reciprocal and
antiparallel fashion (Figure 5). Electron density maps clearly
show an interaction between the terminal tyrosines of the peptide
ligand and neighboring molecules in the crystal (Figure 6).
Peptide-Induced Gelation of Fibrinogen. When GHR-

PYam is added to a fibrinogen solution, amild turbidity becomes
evident over the course of 20-30 min, the strength and speed
of the response depending on the concentration of the peptide,

Table 2: Relative Effectiveness of Various “W12 Peptides”a

designation (sequence) net charge enhanced turbidity delayed lysis enhanced PIb gelation

γW12 (WATWKTRWYSMK)c þ3 1.00 1.00 1.00

γW12am (WATWKTRWYSMKam)d þ4 1.92 1.27 1.97

AcγW12 [(Ac)3WATWKTRWYSMK]e 0 0.62 0.68 0.62

CbγW12am (WATWKTRWYSHse)f þ2 1.33 0.74 0.40

MuW12 (WATWHDHWYSMK)g δþ 0.99 0.76 0.53

βW12am (WMNWKGSWYSMRam)h þ3 2.02 0.42 1.32

CbβW12am (NWKGSWYSHse)i þ1 0.47 0.21 not done

aAll values scaled to those of γW12 set at 1.00. bPI indicates peptide-induced polymerization of fibrinogen by GHRPYam or other XHRPYam
peptides. c γW12 represents human fibrinogen γ chain residues 369-380. d Same as γW12 except amidinated carboxy terminus. e Same as γW12 except all
three amino groups acetylated. fSame as γW12am except carboxy-terminal lysine removed by CNBr; Hse is homoserine. gSame as γW12 except residues 5-7
(KTR) replaced byHDH. hHomologous region of the human fibrinogen β chain; amidinated carboxy terminus. iCNBr-treated βW12 leading to a 9-mer with
homoserine.

FIGURE 4: Comparison of the effectiveness of GHRPYam (left) and
γW12 (right) in delaying lysis of preformed clots on microtiter plates
(clots formed in presence of peptide as well as being included at the
same concentration in the protease overlay) by trypsin, plasmin, or
the tPA-plasminogen combination. In the GHRPYam clots,
the concentrations of peptide were 0 ([), 100 (2), and 200 μM (9).
In the γW12 clots, the peptide concentrations were 0 ([), 50 (2), and
100 μM (9). The only significant delay was the γW12 inhibition of
lysis by the tPA-plasminogen combination (bottom right).

Table 3: Data Collection and Refinement Statistics for DD-GHRPY

space group C2
unit cell

a (Å) 264.74

b (Å) 97.32

c (Å) 132.50

β (deg) 122.8

highest resolution (Å) 3.6 (3.53-3.66)a

no. of observations 110824

no. of unique reflections 31584 (2075)a

completeness (%) 89.4 (59.0)a

redundancy 3.6 (2.9)a

Rsym(I)
b 0.073 (0.310)a

mosaicity (deg) 0.4

no. of reflections submitted for anisotropy 30310

no. of reflections removed by ellipsoidal truncation 5308

no. of reflections after truncation 25002

isotropic B factor (Å2) -48.1

refinement resolution range (Å) 50-3.6

no. of amino acid residues in protein 1478

no. of amino acid residues in model 1356

R factorc 0.2631

Rfree
d 0.3199

root-mean-square deviation for ideal bond lengths (Å) 0.0130

root-mean-square deviation for bond angles (deg) 1.679

aValues in parentheses describe data for the highest-resolution shell.
b Rsym = (

P
|I - ÆIæ|)/(

P
|I|). cCrystallographic R factor [(

P
||Fo| - |Fc||)/P

|Fo|] with 95% of the native data. d Rfree is the R factor based on 5% of
the native data withheld from the refinement.
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the concentration of fibrinogen, and the pH (Figure 7). Turbidity
does not result upon the addition of γW12. When it is added
together withGHRPYam, however, a greatly enhanced turbidity
is generated (Figure 7); the enhancement is even greater with
γW12am (Figure S10 of the Supporting Information).

Even more remarkable is the fact that all of the solutions
containing GHRPYam, whether or not W12 peptides were
present, gelled to the point where tubes could be inverted without
flow. Moreover, other members of the XHRPYam family are
also effective (Figure S11 of the Supporting Information), more
or less in proportion to their effectiveness in delaying lysis,
although only a few of the peptides characterized in a previous
study (3) were tested. The tetrapeptide GPRPam, an antipoly-
merant, diminished the turbidity ofXHRPYam-induced systems,
presumably by competing with the XHRPYam peptides for the
βC hole.

The wavelength dependence of the turbidity induced by these
peptides was consistent with the generation of fibers rather than a
flocculent precipitate (Figure S12 of the Supporting In-
formation), an observation confirmed by scanning electron
microscopy (Figure 8).

DISCUSSION

Over the years, there have been countless studies of the
influence of environmental factors on the character of

thrombin-catalyzed fibrin clots. In brief, coarse (turbid) clots,
which havemore extensive lateral associations than fine clots (30),
are favored under conditions of low ionic strength or low pH and
many other circumstances, including the presence of calcium
ions, removal of fibrinopeptides B, and the removal of sialic
acids.Kinetic factors also play a role in how fibrin assembles, and
the less thrombin supplied under a given set of conditions, the
slower the polymerization and the more turbid the final pro-
duct (31, 32).

In general, coarse clots are lysed more rapidly than fine
clots (31-34). However, clots formed in the presence of certain
synthetic peptides based on B knobs (2, 3) and another set based
on a section of the γC domain (“W12 peptides”) (4) appear to be
exceptions to this rule. Both kinds of peptides enhance the
turbidity of fibrin and delay tPA-provoked fibrinolysis, but they
do so by completely different mechanisms.
W12 Peptides. The basis for how the γ chain W12 peptides

delay lysis is now clear; these peptides inhibit the conversion
of plasminogen to plasmin. It is doubtful that their effectiveness
depends on the presence of lysine, a common feature of many
plasmin(ogen) inhibitors, because even fully acetylated peptides
retain some activity, and a mutant peptide without lysine was
also effective (Table 2). The fact that γW12am is significantly
more effective than γW12 shows that the unamidated carboxy-
terminal lysine is definitely not involved. Complete removal
of the carboxy-terminal lysine by cyanogen bromide diminishes
the effectiveness of this peptide for enhancing turbidity, but only
to the extent that it matches the similarly charged γW12
(Table 2).

In the end, γ chain W12 peptides were shown to exhibit two
independent activities: they interfere with the generation of
plasmin, but they also bind to fibrin(ogen) and enhance both
the turbidity of fibrin clots and the XHRPY-induced association
of fibrinogen. In the latter roles, they do not generate fibers
on their own. The more net positive charge any of these peptides
carry, the greater their enhancing effect on clot turbidity and
the XHRPYam inducement of fibrinogen polymerization
(Table 2).

FIGURE 5: D-Dimer cocrystallized with GHRPam (Protein Data
Bank entry 1FZF) packs differently thandoesD-dimer cocrystallized
with GHRPYam. In particular, the latter has an antiparallel,
symmetrical, β-β interface. Red spheres correspond to the
GHRPYam ligand; blue regions denote the first two sugars
of the carbohydrate cluster: R chains, gray; β chain, green; γ chain,
gold.

FIGURE 6: Fo - Fc electron density map of D-dimer cocrystallized
with GHRPYam showing how the tyrosine ring of the peptide
extends to the side chain of βGln332 on the neighboring molecule.
A reciprocal interaction occurs at the other end of the interface (see
Figure 5). The map is contoured at 2.7σ; the Tyr and Gln residues
were not included in the calculation. The interaction between Tyr5 of
the ligand and the βC hole has been shown to be stabilized by
interaction of the ring and the guanidine group of βArg406 (3). The
magenta backbone is from the host β chain; the green backbone is
from the β chain of the neighboring molecule.

FIGURE 7: Turbidity of a fibrinogen solution [1 mg/mL in 0.15 M
NaCl and 0.05M imidazole buffer (pH 7.0)] induced by GHRPYam
at concentrations of 100 and 200 μM. The γW12 peptide does not
induce turbidity on its own (concentration of 100 μM), but it
enhances that induced by GHRPYam. All solutions containing
GHRPYam gelled to the point where cuvettes could be inverted
without observable flow.
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There was no direct correspondence between a peptide’s ability
to enhance turbidity and the extent of delay in fibrinolysis. As an
example, βW12am greatly enhances the turbidity of thrombin-
generated fibrin clots, but it is not nearly as effective as γW12 or
γW12am in delaying tPA-activated fibrinolysis by plasminogen
(Table 2 and Figure S9 of the Supporting Information).

The question of whether the enhanced clot turbidity and
suppression of plasmin generation induced by these peptides
are merely consequences of the unusual adhesiveness associated
with this constellation of amino acids arises (9). Whether or not
this is the case, it is remarkable that, on a molar basis, these
peptides inhibit plasmin generation more effectively than tra-
nexamic acid, a highly touted inhibitor (27, 28).
Synthetic B Knobs. The mechanistic basis for slower fibri-

nolysis with the tyrosine-containing B knobs is completely
different from the case of the γ chain W12 peptides and instead
has to do with the way fibrin is assembled. The likely cause of this
alternative assembly was revealed by an X-ray structure of
D-dimer cocrystallized with GHRPYam that showed a novel
set of intermolecular contacts compared with what had been
previously observed when GHRPYam was soaked into preexist-
ing D-dimer crystals (3). What was lacking in that previously
determined crystal structure was any information about how the
binding of the peptide might affect interactions in solution with
other molecules. The structure of D-dimer cocrystallized with
GHRPYam confirms an interaction with βArg406 and shows
further that the tyrosine also interacts with neighboring mole-
cules, leading to a crystal with novel packing with βC-βC
interfaces. The interaction involves β chain residues 332-362,
which are homologous to γ chain residues 268-298, a key
segment at the D-D interface. In the case of the βC-βC
situation, however, the abutting molecules are oriented in a
symmetrical, antiparallel fashion. Almost certainly, the
GHRPYam-induced association of fibrinogen molecules, which
leads to a fibrous network (Figure 8), must be the result of this
same set of βC interactions. Not surprisingly, the most active of
the XHRPYam peptides with regard to delaying fibrinolysis by
the tPA-plasminogen system (3) are also the best at inducing
fibrinogen association.

Antiparallel interfaces betweenβCdomains at this stagewould
prevent the kind of lateral associations proposed in a model of
fibrin formation (35); it may be that this alternative arrangement
slows the normal course of fibrinolysis, either by inhibiting
access to critical targets or by occluding important binding sites
for tPA, SK, or plasminogen. The fact that half-lysis times are

approximately doubled when these peptides are at saturating
concentrations might suggest that half of such critical sites have
been rendered inaccessible.

If the basis of the XHRPYam-caused delay in lysis is in
fact alternatively assembled fibrin, several previously enigmatic
observations can be explained, including the exaggerated turbid-
ity and lysis delay observed with batroxobin-induced clots,
as well as delayed lysis of fibrin clots when plasmin is substitu-
ted for the tPA-plasminogen system (2). It also explains
the exaggerated additivity of lysis delay observed when
either tranexamic acid or γ chain W12 peptides are present.
The extent of plasmin generation is reduced, and the plasmin
that does emerge encounters a less vulnerable form of fibrin.
All of these results are consistent with delay caused by mis-
assembly.

A new, but small, anomaly may be the lack of inhibition
observed when plasmin or tPA-plasminogen mixtures are over-
laid on preformed clots made in the presence of GHRPYam
(Figure 4). This may be attributable to the difference between
experiments in which all the components are present at the start
(endogenous) and the overlay experiments in which the proteases
are provided from without (exogenous) and where the rate of
lysis is diffusion-limited. Others have commented on these
distinctions in the past (34).

As an aside, it should be noted that bovine fibrinogen appears
to be unique in having a tyrosine at position 5 of its B knob; 16 of
17 sequences available from different vertebrates have either Leu
or Val at that position. The peptide GHRPLam is not nearly as
effective as GHRPYam in enhancing clot turbidity and delaying
tPA activation of plasminogen (2), requiring a 10-fold higher
concentration ofGHRPLam to give the same delay in lysis that is
achieved by GHRPYam. It seems unlikely that the presence of
tyrosine at this position in bovine fibrinogen, where it is a part of
the long tether extending to the B knob, leads to significant
differences from other fibrins; further experiments may be
illuminating.

It is possible that the addition of the tyrosine residue to the
synthetic B knobs merely provides additional stabilization for a
kind of association that does in fact occur during natural fibrin
formation. In fact, the very same crystal packing observed for D-
dimer cocrystallized with GHRPYam was recently found in a
crystal structure of human fibrinogen with bound GPRPam and
GHRPam (36).

All these observations support the notion that XHRPYam
peptides, which have aþ2 charge, induce fibrinogenmolecules to

FIGURE 8: (A) Scanning electron micrograph of a gel produced by incubating GHRPYam with human fibrinogen. Solution conditions as
described in the legendofFigure 7. (B)Control preparation of fibrinogen clottedwith thrombin. In both cases, themagnification is approximately
27000�. The scale bar is 1 μm.
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associate in a continuous network on their own by way of the
antiparallel association of βC domains from different molecules.
The network is further promoted by the binding of the generally
adhesive (and positively charged) W12 peptides, which in turn
enhances the turbidity by additional lateral association.

In summary, the enhanced turbidity and delayed fibrinolysis
observed in fibrin clots formed in the presence of GHRPYam are
apparently the result of the way in which protofibrils associate.
The association involves antiparallel interactions between the βC
domains of neighboringmolecules and can be induced even in the
absence of thrombin. In contrast, the turbidity of clots formed in
the presence of W12 peptides depends on apparently nonspecific
binding of these peptides to fibrin(ogen), but the delay in lysis is
due to these peptides inhibiting the conversion of plasminogen to
plasmin.
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SUPPORTING INFORMATION AVAILABLE

Sequences in the γC and βC domains of fibrinogen contain
three identically spaced tryptophans (Figure S1). Model of
fragment D of human fibrinogen (from Protein Data Bank entry
1FZC) showing locations of homologous γ and β dodecapeptides
(Figure S2). The tetrapeptide GHRPam does not delay fibrino-
lysis at concentrations as high as 4.0 mMunder conditions where
0.1 mM GHRPYam doubles the half-lysis time (Figure S3).
Streptokinase can substitute for tPA in the activation of plasmi-
nogen, and lysis is still delayed byGHRPYam (Figure S4). γW12
peptides delay fibrinolysis in streptokinase-activated plasmino-
gen systems, just as they do in tPA-activated ones (Figure S5).
Acetylation of γW12 inhibits its ability to enhance clot turbidity
and delay lysis (Figure S6). Carboxy-terminal amidation of
the dodecapeptide γW12 enhances clot turbidity and increases
delays in fibrinolysis (Figure S7). Cyanogen bromide treatment
of γW12am removes the carboxyl-terminal lysine and weakens
its ability to delay fibrinolysis (Figure S8). βW12am delays the
onset of fibrinolysis of thrombin-generated fibrin in the tPA-
plasminogen system (Figure S9). The γW12am peptide enhances
the GHRPYam-induced association of fibrinogen more than
γW12 does (Figure S10). The MHRPYam peptide induces the
association of fibrinogen, and the response is enhanced by γW12
(Figure S11). The wavelength dependence of turbidity is char-
acteristic of fibers with low mass-to-length ratios in that plots
of turbidity (2.3� “absorbance”) versus the cube root of the
wavelength pass through the origin (17) (Figure S12). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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