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ABSTRACT. Nonsubstrate interaction of thrombin with fibrinogen promotes sequential cleavage of
fibrinopeptides A and B (fpA and fpB, respectively) from the latter, resulting in its conversion into fibrin.
The recently established crystal structure of human thrombin in complex with the central part of human
fibrin clarified the mechanism of this interaction. Here, we reveal new details of the structure and present
the results of molecular modeling of the fpA- and fpB-containing portions of theAd B3 chains, not
identified in the complex, in both fibrinogen and protofibrils. The analysis of the results reveals that in
fibrinogen the fpA-containing portions are in a more favorable position to bind in the active site cleft of
bound thrombin. Surface plasmon resonance experiments establish that the fpB-containing portions interact
with the fibrin-derived dimeric D-D fragment, suggesting that in protofibrils they bind to the newly formed
DD regions bringing fpB into the vicinity of bound thrombin. These findings provide a coherent rationale
for the preferential removal of fpA from fibrinogen at the first stage of fibrin assembly and the accelerated
cleavage of fpB from protofibrils and/or fibrils at the second stage.

Thrombin-mediated conversion of the plasma protein polymerization sites (holes) “a” and “b” located in the D
fibrinogen to the insoluble fibrin matrix is the major event regions of neighboring molecules #E—D interaction)
in blood clotting. Fibrinogen consists of two identical results in spontaneous polymerization of monomeric fibrin
disulfide-linked subunits, each of which is formed by three to the insoluble fibrin polymer (clot) 3, 5).
nonidentical polypeptide chains,0ABpS, andy (1, 2). The Fibrin assembly is a highly ordered process that occurs in
NHz-terminal portions of all six chains form the central E two stages. At the first stage, monomeric molecules assemble
region of the molecule, while their COOH-terminal portions in a half-staggered manner through the B-D interactions
form two identical distal D regions and twaC domains to produce two-stranded protofibrils. At the second stage,
(1—-4). The Ao and B3 chains start with the 16-residue protofibrils aggregate laterally to make thicker fibers that
fibrinopeptide A (fpA) and the 14-residue fibrinopeptide B coalesce to form a three-dimensional network of fibrin clot.
(fpB) sequences, respectively. Proteolytic removal of fpA Numerous studies indicate that fpA is cleaved from fibrino-
and fpB with thrombin exposes in each E region two pairs gen much faster than fpB and that removal of fpA triggers
of polymerization sites (knobs), “A” and “B”, starting with ~ formation of protofibrils, while removal of fpB coincides
the Gly-Pro-Arg and Gly-His-Arg sequences, respectively. with their lateral aggregatior2( 6—10). It has also been
The interaction between these knobs and complementaryshown that fpB release, which is very slow at the start of
the reaction, is accelerated upon polymer formationg,
11, 12). Such a delay in fpB cleavage is necessary for normal
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Fragment E is the thrombin-treated central region of fibrinogen may be involved in their sequential cleavage. Recently, a
prepared by digestion of human fibrinogen with proteolytic enzyme : !

hementin 6). This fragment has the same b#érminal residues as ~ cOmplex between thrombin and fragment &erived from
fibrin, i.e., aGly17, BGly15, andyTyr1. the central region of fibrinogen was crystallized, and its X-ray
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Table 1: Crystallographic Parameters and Refinement Statistics

data collection
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the Ey—thrombin complex were built manually using
computer graphics. Individual residues were added starting
at AaCys28 and extending the chains towaradAXgl19. The

ﬁﬁﬁcfeﬁ?i;pensions A) P initial model was refined with short-term molecular dynamics
ab 76.2 at a constant temperature using CNS.

c 192.4 The entire NH-terminal portions of the & and B5 chains
lr/eas(‘l’)'“t'o” A) 322-?1%?5 (3.78-3.65F in fibrinogen were initially generated as extended polypep-
completeness (%) 93.4 (87%6) tides. To_ randomize the|r cpnfc_)rmatmns, several man_ual
Reym (%) 0.191 (0.389) perturbations of the main chain dihedral angles were applied,
f_redundatmcy 2.2(2.9) followed by a 5 psmolecular dynamics calculation with

rerinemen

resolution (A)
no. of reflections

20.6-3.65 (3.78-3.65)
25847 (2432)

simulated annealing.
The docking of the fibrin(ogen) E region into the dimeric

RuordRiree 22.1 (26.2)/29.0 (31.8) DD region was carried out manually guided by the topology
no. of atoms of the molecular surfaces. The structure of the cross-linked
protein 6834 D dimer in complex with the synthetic peptides mimicking

B_fgt';'grc(% 26;)5 polymerization knobs19) (PDB entry 1FZB) was used as
rms deviations from ideal values ' a template. The docking space was restricted to the area
bond lengths (A) 0.013 allowing the binding of knobs A into their complementary
bond angles (deg) 1.88 holes on the surface of the D-D dimer. The relative positions

of the individual components in the manually built model
were then subjected to final adjustment by a rigid body
dynamics procedure with X-PLOR(), followed by energy

aValues in parentheses are for the highest-resolution shell.

structure was determined®). Although the locations of the T L 4 o
NH.-terminal portions of the & and B chains in the minimization 9f the 'r?d""d”a' atomic positions.
complex were not identified, the structure established the 1€ model illustrating possible localization of the NH

mode of the specific nonsubstrate interaction between thesg€Minal portions of the B chains in a protofibril was
molecules via thrombin exosite 1L6). In this work, the prepared by manually arranging these portions on the surface

structure interpretation has been extended and molecularOf the dimeric D region. The initial arrangement was then

modeling of a possible arrangement of these portions in adjusted with short-term molgcular dynamics with CNS to
fibrinogen and a protofibril, both with bound thrombin, has relieve bad contacts and steric clashes.

been performed. The resulting three-dimensional models E!gqres.Allggures v¥ere grspatrlggéfjwtginorzo.)i
establish the structural basis for the preferential removal of lorinogen Fragments and Fept € Lh fragment was

fpA at the first stage of fibrin assembly and provide a prepared from the plasmin digest of fibrinogen, while the

coherent explanation for the accelerated cleavage of fpB atD'D:E.1 cqmplex and D-D dimer were prepared ffo'T‘ a
plasmin digest of factor Xllla-cross-linked fibrin as described
the second stage.

previously @2, 23). The recombinant dimeric (BL—66),
EXPERIMENTAL PROCEDURES 2 fragment mimicking the dimeric arrangement of thedhain
in fibrinogen and its H16P/P18V mutant, Mut{fB—66),,

Analysis of Electron Density and Model Buildinghe were produced ifEscherichia coliand purified as described
electron density was calculated on the basis of the diffraction previously @4). The truncated variant of the mutant, Mut-
data obtained previously from a crystal of the-Ehrombin (618—66),, was prepared by treatment of Mut{B—66),
complex (L6). Building of the additional Nbktterminal with thrombin @4). Although thrombin was expected to
residues of the & and B3 chains in the E—thrombin cleave only fpB (1—14), when the digestion mixture was
complex was performed with XtalViewly) using &, — left for more then 1 h, the major degradation product was
FcandF, — Fc electron density maps contoured atddhd ~ Mut-(818—-66). This was determined by NHerminal
2.00, respectively. The residues were added one by onesequence analysis performed with a Hewlett-Packard model
extending the chains for no more then one residue prior to G 1000S sequencer. Synthetic peptides Gly-Pro-Arg-Pro and
each cycle of refinement. The result of each addition was Gly-His-Arg-Pro mimicking polymerization knobs A and B,
subjected to conventional least-squares minimization of respectively, were purchased from Sigma.
atomic coordinates with CNS.§) and validated by calculat- Fluorescence Studyluorescence measurements of ther-
ing an omit map. The crystallographic parameters and the mal unfolding of the D-D:E complex and the D-D dimer
refinement statistics are presented in Table 1. The statisticSoaded with the synthetic peptides were performed by
for the new coordinates are similar overall to those reported monitoring the ratio of the fluorescence intensity at 370 nm
previously (6). However, the electron density map in the to that at 330 nm with excitation at 280 nm in an SLM
new areas that have been interpreted is markedly improved.8000-C fluorometer. The temperature was controlled with a

Molecular ModelingThe Ao20—28 segments connecting  circulating water bath programmed to increase the temper-
the newly built NH-terminal residues of thedchains with  ature at a rate of-1 °C/min. The concentrations of the D-D:
Arg19 of the fpA variant bound to thrombin molecules of E; complex and the D-D dimer were 0.12 and 0/,
respectively.

2 Certain commercial materials, instruments, and equipment are  Surface Plasmon Resonandée interaction of the B
identified to specify the experimental procedure as completely as chain fragment variants with the immobilized monomeric

possible. In no case does such identification imply a recommendation _ : ;
or endorsement by the National Institute of Standards and Technology, D, fragment and the D-D dimer was studied by surface

nor does it imply that the materials, instruments, or equipment identified Plasmon resonance using the BIAc_ore 3000 biosensor
is necessarily the best available for the purpose. (BlAcore AB, Uppsala, Sweden), which assesses the as-
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sociation and dissociation of proteins in real time. Im-
mobilization of b and D-D to the CM5 sensor chip was
performed using the amine coupling kit (BlAcore AB)
according to the recommended procedure. BrieflyabD25

ug/mL or D-D at 50ug/mL, each in 10 mM sodium acetate

Pechik et al.

to these residues, we did not attempt to interpret it due to its
substantial disorder. The locations of all newly identified
NH.-terminal residues in the jE-thrombin complex are
shown in Figure 2A. We next modeled possible conforma-
tions of the missing Nktterminal portions of the & and

(pH 5.0), was injected onto the chip surface to achieve the BS chains, Ax1—25 and B1—-53, respectively.

immobilization level of ~1000 or ~2000 response units

Modeling of the NHTerminal Portions of the & and

(RU), respectively. Binding experiments were performed in BB Chains.Since several structures of thrombin in complex

binding buffer, HBS-P (BlAcore AB), containing 1 mM
CaCl, at a flow rate of 1QuL/min. The B3 chain fragment

with fpA variants are availablelg, 27—30) (PDB entries
1FPH, 1BBR, 1UCY, 1YCP, and 1DM4, respectively), the

variants were injected at different concentrations, and the conformation of the Nktterminal portions of the & chains

association between them and immobilizeddp D-D was

in the thrombin-En; complex was modeled assuming that

monitored by the change in the SPR response; the dissociatheir fpAs interact with thrombin in a manner similar to that
tion was assessed upon replacement of the ligand solutionobserved in these structures. The atomic coordinates of one

for the binding buffer without ligand. To regenerate the chip

of the variantsZ8) (PDB entry 1UCY), which includes fpA

surface, complete dissociation of the complex was achievedresidues A7—16 and the flanking Gly17-Pro18-Arg19
by adding a solution containing 0.1 M sodium acetate (pH composing polymerization knob A, were selected as a

4.0) ard 2 M urea for 2 min followed by re-equilibration

template. This variant was docked to the thrombin molecules

with the binding buffer. Experimental data were analyzed of the By—thrombin complex (Figure 2A), and then the

using BlAevaluation version 3.2 supplied with the instru-
ment. Kinetic constants,ss and kgiss Were estimated by
global analysis of the associatiedissociation curves using

remaining six-residue segment,o20—25, was added to
connect Argl9, the last identified COOH-terminal residue
of the fpA variant, with AxSer26, the newly built Nk

the 1:1 Langmurian interaction model, and the dissociation terminal residues of the &chains of the g fragment. The

equilibrium constantiy) was calculated with the relationship

resulting model is shown in Figure 2B.

Ka = kiis/kass The values were examined for self-consistency  The modeling of the Niterminal portions of the &

of the data as described in r25b.

RESULTS
Analysis of Electron Densitylthough our previous study

chains was tightly restricted by the length of the connecting
Aa20-25 segment (21.8 A) and by the distance between
the main chain carbonyl and nitrogen atoms afA%g19
and AoSer26, respectively~20 A). An additional confor-

(16) established the crystal structure of a complex between mational restriction for the 420—25 segments comes from

thrombin and the fibrinogen-derived thrombin-treated E
fragment, locations of the Nl-terminal portions of the latter,
including Ao. and B3 chain residues 1731 and 15-55,

the topology of the molecular surface around the disulfide
bridge. There are two pairs of wall-like structures, each
formed by the A and B chain residueso(- andj-walls in

respectively, were not identified. In that study, while the Figure 3A), which sterically constrains the modeled segments
X-ray structure of the complex was refined, electron density forcing their accommodation in the canyonlike groove
in the vicinity of the first clearly observed NHerminal between them. In this configuration, several side chains of
residues of the & and B3 chains, AtAsp32 and BGIlu56, each segment can potentially interact through contacts
respectively, was not interpreted because of its partial (Figure 3B), which may further assist their localization in
disorder. In the study presented here, the interpretation ofthe groove. Most of the contacts could be formed with the
this electron density has been extended. When the electrorAa. and B5 chain residues composing the canyon walls.
density was reanalyzed, three more residues, Lys29, Asp30pParticularly, N of AaLys29 is surrounded by a number of
and Ser31, in eachd\chain (Figure 1A) were added. Even polar oxygen atoms, namely, by, ©f AaSer26 and by the
though we did not interpret the density between two main chain carbonyl oxygen atoms of&In25 and AxHis24.
AalLys29 residues, it most likely corresponds to the disulfide The side chain of AGIn25 may form hydrogen bonds with
bridge formed by two ACys28 residues. Therefore, these the main chain oxygen and nitrogen atoms gfBg57 and
residues were added to the model (Figure 1B). The locationsBfSAla59, respectively, and @His24 may form a salt bridge
of the AaCys28 residues imply antiparallel directions for with AaAsp30. This salt bridge seems to cause a bend
the Ao chain backbones. This in turn suggests that the pointing the chain toward the active site cleft of bound
electron density in the vicinity of eacha®sp30 most likely thrombin. In addition, the side chains of fibrinogen@&lu22
corresponds to two &Ser26 residues of the antiparalledA  and thrombin Arg73 may form a salt bridge.
chains. These residues were also added to the model, as well The contacts described above imply that in fibrinogen these
as the neighboring #Ala27 whose electron density was not segments should be bound to the body of the molecule
observed. It should be noted that in the crystal structure of through interactions with His24, GIn25, and Ser26 even when
chicken fibrinogen Z6) (PDB entry 1M1J, which replaced thrombin is not present, while the remainingon®-23
the original PDB entry 1JFE), in which positions of residues, whose structure in solution is not known, could be
homologous ACys28 and the neighboringafser27 resi- unbound or “free-swimming”, i.e., in a random conformation.
dues were identified, the dA chains also have a similar  This was taken into account in the modeling of a possible
configuration (Figure 1B). arrangement of the entire-R5 portions of the & chains
Similarly, when the electron density in the vicinity of in fibrinogen. To model such an arrangement, we used the
BSAGlus6 was reanalyzed, two more residues in the;NH  structure of the i fragment as a template for the newly built
terminal portion of each B chain, B3Lys54 and BVal55, A026—31 residues, to which we added thea24—25
were added to the model (Figure 1C). Although the final segment in the conformation presented in Figure 3. The
composite omit map displayed additional density adjacent remaining Axl—16 (fpA) and Axl7—23 segments were
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Ficure 1: Stereoview of the annealed composne omit electron densny map of the regions surroundlngﬂlesenhlhhl portions of the

Aa (A and B) and B (C) chains in the complex of thrombin with theEragment. The map is contoured at &.&anels A and C show

the newly built residues; panel B highlights those added through the modeling efforts. Carbon atoms of the newly built and modeled
residues are colored white, while those built earliE8) (are colored blue for the & chains and green for thefBchains; nitrogen and

oxygen atoms are colored blue and red. Panel B shows alsodttoh#ins of chicken fibrinogen superimposed with the homologous chains

of the By fragment. The chicken structur@@) is represented by a Qracing (yellow); the first two identified residues,o®er27 and
AoCys28, are also shown as a wireframe model with their side chains.

generated in a random conformation. A possible arrangementt has been previously proposed, mainly on the basis of the
of the entire Ax1—25 portions in fibrinogen is depicted in  secondary structure prediction, that in fibrinogen they adopt
Figure 4A. a specific conformation31). However, residues correspond-
Modeling of the missing B1—53 portions was more ing to these portions were not identified in the crystal
problematic since the structure of thrombin-bound fpB was structures of chicken fibrinoge2) or in the E—thrombin
not available, and the polypeptides to be modeled were muchcomplex (L6). Furthermore, the well-established fact that the
larger. Since the cleavage of both fpA and fpB requires that NH.-terminal portions of the B chains are easily cleaved
they fit into the active site cleft of thrombin, they should by proteases]) is in agreement with the fact that they lack
adopt similar conformations when bound to the cleft, at least a compact structure. Thus, since there was no experimental
in the area adjacent to the cleavage site. With such evidence for a folded structure in these portions, we generated
conformations, the distance between the last residue of fpBthem in a random conformation (Figure 4A).
(Arg14) and the first newly built B chain residue (Lys54) To clarify a possible mechanism for cleavage of fibrin-
was found to be~36 A, which is much shorter than the opeptides by thrombin, two thrombin molecules were added
length of the extended /5—53 segment to be modeled to the model of fibrinogen presented in Figure 4A, as they
(143.8 A). Since there were no apparent conformational appear in the structure of the thrombiB,, complex (L6).
restrictions for positioning these segments on the surface of The resulting complex of fibrinogen with thrombin (Figure
En, No attempt was made to locate them in the-Ehrombin 4B) clearly shows that the Nkterminal portions of the
complex. With respect to the folding status of these portions, fibrinogen Ao chains are in more favorable positions to
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Ficure 2: Arrangement of the NHterminal portions of the &
chains in the structure of the complex of thrombin with thge E
fragment. Panel A shows a ribbon diagram of the thromigin
complex with the newly built 426—31 and B54—55 residues

thrombin-bound fpA variant28) (PDB entry 1UCY) is shown as
magenta (A7—16) and yellow (Ax17—19) sticks. Dotted lines
indicate the distance betweemArgl9 and AxSer26 (see the text).

Pechik et al.
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Ficure 3: Topology of the molecular surface around the modeled
segments of the & chains in the thrombinE,; complex (A) and
shown as sticks colored by atom type: blue for nitrogens, red for potential contacts between these segments and the complex (B).
oxygens, orange for sulfurs, and white for carbons; locations of PanelA shows the solvent accessible surface of the thromBijp
BpA54—55 residues are also indicated by the dotted circles. The complex with the A&20—-28 segments (shown by sticks) located

in the groove between the wall-like structures denoted asdf
walls. The color scheme is the same as in Figure 2. TheBg,
andy chains of E; are colored blue, green, and red, respectively,

Panel B illustrates the solvent accessible surface of the complexand thrombin molecules are colored beige. The2B8—-25 segments

with the newly modeled 420—25 connecting segments shown as
white sticks. In both panels, theod BS, andy chains of k; are

are colored white; &Arg19 of the thrombin-bound fpA variant is
colored yellow, and the 426—28 segment is colored by atom type.

colored blue, green, and red, respectively; thrombin molecules arePanel B shows a ribbon diagram of the thrombif; complex in

colored beige.

occupy the active site cleft of thrombin than those of the
BS chains. This provides a plausible explanation for the
preferential removal of fibrinopeptides A at the first stage
of fibrin assembly, during which protofibrils are formed.

the same projection as in panel A with a potential set of polar
contacts between individual residues of the22—30 segments
and the bulk of the complex. The residues involved in contacts are
represented by balls and sticks and colored according to atom type;
interatomic contacts are shown as dashed lines.

Since numerous studies have established that polymercomplexed with synthetic peptides mimicking the polymer-

formation accelerates removal of fibrinpopeptides7B-9,

11, 12), we next modeled a protofibril, which represents the
simplest form of a fibrin polymer, to clarify the underlying
mechanism.

Modeling of a Protofibril. A number of previous attempts
to model protofibrils have been carried out after crystal
structures of fibrinogen and fibrin(ogen)-derived fragments
were establishedl9, 32—34). The most detailed model of
a protofibril was suggested by Yang et &).(It incorporated
the low-resolution crystal structures of chicken fibrinogen
and the fibrin-derived dimeric D fragment (D dimer or D-D)

ization knobs. In this model, the D and E regions were distant
from one another and all contacts between them (D:E:D
interactions) were limited to those between knobs A and B
and complementary holes a and b. However, such a mode
of interaction is in poor agreement with certain experimental
observations. First, it was found that in the fibrin-derived
D-D:E; complex, which mimics the conformation and
interactions of the D and E regions in (proto)fibril35],
knobs B are expose9), suggesting that in this complex
they are not involved in the D:E:D interactions. Second, it
was shown that the D:E:D interactions in fibrin and in the



Sequential Cleavage of Fibrinogen Fibrinopeptides Biochemistry, Vol. 45, No. 11, 20068593

hrombin

Ficure 4: Putative location of the Njterminal portions of the & and B3 chains in fibrinogen. Panels A and B represent the ribbon
diagram of fibrinogen and the solvent accessible surface of a complex of fibrinogen with thrombin, respectively. The newly modeled
portions of the A and B3 chains are presented in both panels by sticks. The model in panel A was generated by superimposing the chicken
fibrinogen structure46), which was used as a template, with that of thefEagment (6), followed by replacement of the overlapping

regions with those from the latter. In the model, the, B3, andy chains derived from fzare colored blue, green, and red, respectively,

and those derived from chicken fibrinogen are colored gray. The completeéMidinal portions of the & and B3 chains including fpA

and fpB (both colored magenta) were modeled as described in the text. Panel B represents the same fibrinogen molecule in complex with
two thrombin molecules that were docked to its central region in the way that they appear in the structure of the tHEgrobmplex

(Figure 2). The complete & Bp, andy chains are colored blue, green, and red, respectively. Thrombin molecules are colored beige, and
their catalytic triad is highlighted in red. The vertical lines denote approximate boundaries between the fibrinogen D and E regions.

D-D:E; complex cause conformational changes in the D the conformations of Pand D-D (L9) suggests similarity
regions resulting in the exposure of their tPA- and plasmi- in their affinities for Gly-Pro-Arg-Pro, at this peptide
nogen-binding sites2@). At the same time, binding of the  concentration 50% of the binding sites in D-D should be
synthetic peptides Gly-Pro-Arg-Pro and Gly-His-Arg-Pro, saturated. Further increases in the Gly-Pro-Arg-Pro concen-
which mimic knobs A and B, respectively, to the comple- tration to 160uM (a 1000-fold molar excess over D-D), at
mentary holes of the isolated D dimer was not sufficient for which more than 90% of the binding sites should be
exposing the binding site%). Further, denaturation studies saturated, did not change the thermal stability of D-D.
revealed that the D regions in the fibrin polymer and in the Altogether, these observations suggest that the interaction
D-D:E; complex had increased the thermal stability due to between the D and E regions in protofibrils is not limited to
the D:E:D interactions22, 36—38). To test whether the the knob-to-hole binding; i.e., these regions may form
synthetic knobs could cause such stabilization, the thermaladditional contacts and therefore should be closer to each
stability of the D-D:& complex was compared with that of other. This was taken into account in subsequent modeling
the D dimer loaded with the Gly-His-Arg-Pro and/or Gly- of the D:E:D contacts.

Pro-Arg-Pro peptides. When these species were heated in In modeling the D:E:D contacts, fpA was first removed
the fluorometer while monitoring the ratio of fluorescence from the structure of the E region of fibrinogen presented in
intensity at 370 nm to that at 330 nm as a measure of theFigure 4 to expose knobs A. Then the dimeric D fragment
spectral shift that accompanies unfolding, no thermal stabi- (19) was positioned in a way that permitted docking of these
lization of D-D was observed in the presence of /18 (a knobs into the complementary holes a (Figure 6A). With
100-fold molar excess over D-D) of either one or both such an arrangement, the central portion of the E region and
peptides (Figure 5). This peptide concentration is equal to the D dimer exhibit apparent surface complementarities.
the K4 for the interaction of Gly-Pro-Arg-Pro with the;D ~ Namely, there is a ridge in the middle of the E region which
fragment reported previoushB9). Since the similarity in seems to be complementary to the crevice formed bythe
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Ficure 5: Influence of the Efragment and the synthetic peptides
mimicking knobs A and B on the stability of the fibrin-derived D

dimer. Solid and dashed curves represent fluorescence-detected

melting of the dimeric D-D fragment at 0.16M and the D-D:k
complex at 0.12:M, respectively. Data for melting of 0.16M
D-D in the presence of a 100-fold molar excess of Gly-Pro-Arg-
Pro or Gly-Pro-Arg-Pro and Gly-His-Arg-Pro are represented by
empty and filled circles, respectively, while data for that in the

presence of a 1000-fold excess of Gly-Pro-Arg-Pro are represented

by empty triangles. All experiments were performed in 50 mM
glycine buffer (pH 8.6) with 0.5 mM Ca.

chains of the D dimer. Assuming that the D:E:D interaction

uses these complementarities, the structure of the E region

was then docked to that of the D dimer. In the resulting
structure (Figure 6B), which actually corresponds to that of
the D-D:E complex and represents an essential portion of a
protofibril (Figure 6B, bottom), the ridge interacts with the
crevice burying~600 A? of its solvent accessible area. Such

a contact area could be sufficient to account for the increased

thermal stability and function-related conformational changes
discussed above.

It should be noted that in fibrinogen variant Naples I,
which is characterized by defective thrombin binding, the
rate of the removal of both fibrinopeptides, fpA and fpB, is
substantially reduced4(). This implies that binding of
thrombin to the E region is required for effective removal
of both fpA and fpB and that interaction between the D-D
and E regions in a protofibril should not interfere with this
binding. This seems to be the case with the model of a
protofibril presented in Figure 6. Indeed, docking the
structure of thrombin with that of the protofibril reveals that
both thrombin binding sites in the E region are accessible to
thrombin, and there are no steric conflicts between bound
thrombin and D-D (Figure 6C).

Localization of the NkTerminal Portions of the B
Chains in a Protofibril.Because of the length and possible
conformational flexibility of the NH-terminal portions of
the BB chains, fpB could be quite distant from the active
site cleft of thrombin bound to fibrinogen (Figure 4B). At

Pechik et al.

Ficure 6: Putative arrangement of the D and E regions and location
of the NH,-terminal portions of the B chains in a protofibril. Panel

A represents docking of the D dimer (top) into the E region (bottom)
in the direction shown by the double-headed arrow to model the
D:E:D interaction in a protofibril presented in panel B (top). The
location of the D and E regions in a protofibril is shown in the
bottom panel of panel B by dashed lines; the individual fibrin
monomer in the protofibril is also denoted. The D dimer and E
region are shown with solvent accessible surfaces; the randomly
generated &17—23 and B1-53 segments are represented by
sticks. The Ax, Bf, andy chains are colored blue, green, and red,

the same time, the well-established accelerating effect of respectively, foBs magenta, polymerization knobs A of the E region

polymer formation on fpB cleavag&+{9, 11, 12) suggests
that the structure of protofibrils should reduce conformational

space for these portions in a way that promotes the binding

of fpB to the active site cleft. Indeed, visual inspection of

(Aa chain residues Gly17, Prol18, and Arg19) yellow, complemen-
tary holes a of the D regions white, and the thrombin-binding site
in the E region is colored beige. Note that although the-itiminal
portions of the B chains in panel B are shown in the same
conformation as in panel A, in a protofibril they should interact

the models presented in Figure 6 reveals that the D-D regionswith the newly formed D-D wall (see the text). Panel C shows the

form a wall separating the N-terminal portions of the B

same model as panel B with thrombin (beige) bound to the E region

chains from each other, thus restricting conformational spaceand the NH-terminal portion of the B chain bound to the D-D

for each portion to one side of a protofibril. Another possible
factor restricting such space in protofibrils would be an
interaction of these portions with the D-D wall. In this regard,
it has been proposed that the D-Dd®mplex is maintained

wall. Although the exact conformation of this portion and the mode
of its interaction with D-D are yet to be identified, in the model it

is arranged on the D-D wall in a way that would facilitate its

interaction with the active site cleft of bound thrombin (see the
text).
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A Table 2: Dissociation Constantd) for the Interaction of the
Recombinant Fibrinogen (B—66), Fragment and Its Mutant
Variants with the Fibrinogen-Derived;0Fragment and
Fibrin-Derived D-D Fragment Obtained by Surface Plasmon
Resonance

200

150 o (-

100 recombinant Kq for interaction Kq for interaction

fragment with D-D (M) with D (uM)

(BB1—66), 13.0+ 2.0 153+ 16
Mut-(B1—66), 14.84 3.7 148+ 21
Mut-(318—66), 14.0+ 0.6 -

a2Values are the means the standard deviation of at least three
200 B independent experiments.

0_

Response (RU)

150 1 and fibrils. They also indicate that fpB and flanking knob B
(residues 117) are not involved in this interaction.

Next the interactions between fB—66), or its mutant
.................. , and the immobilized fibrinogen-derived monomeric, D
l fragment were tested. Both the wild type and the mutant
' I bound to O, however, with a much lower affinity than to
0 = emie the D dimer. TheKqy values were found to be 153 and 148
o 100 200 200 400 uM for (BS1-66) and Mut-(B31—66),, respectively (Table
Time (sec) 2). .W|th such an aff|'n|ty,' in plasma, where th'e. normal
fibrinogen concentration is~10 uM, the probability of
Ficure 7: Analysis of binding of the recombinant f&—66), interaction between individual fibrinogen molecules through

fragment to the fibrin-derived D dimer (A) and the fibrinogen- _ ; ; ; ;
derived D fragment (B) by surface plasmon resonance. THL(B the NH-terminal portions of the B chains and the D regions

66), fragment was added at 0.5, 1, 2.5, 5, 10, 25, andMQo the should be quite low. At the same time, tkg value for the
immobilized D dimer (A) or the Pfragment (B), and its association  interaction of (81—66), with the immobilized D dimerKq
and dissociation were monitored in real time while registering the = 13 uM) is comparable to the concentration of fibrinogen

resonance signal (response). The dotted curves represent the beg plasma. This implies that binding of the NMerminal
fit of the binding data using global fitting analysis (see Experimental portions of the B chains to the D regions occurs mainly
Procedures). The determiné&g values are listed in Table 2. . . . .
when these regions are brought together (dimerized) in
protofibrils and fibrils by the D:E:D interactions. Such
binding should reduce the flexibility of these portions and
may immobilize them on the dimeric D regions in a
conformation that promotes their cleavage by bound throm-
bin, as shown schematically in Figure 6C. This is in
agreement with the accelerating effect of polymer formation
on the cleavage of fpB.

100

50

by the interaction through a composite polymerization site
that includes A chain residues 1719 (knob A) and B
chain residues 2049 (35). This implies that in protofibrils
the NH,-terminal portions of the B chains should interact
with the DD regions through the residues located beyond
fpB and knob B. To test this suggestion, the following
experiments were performed.

We have previously prepared a recombinant dimeric D|ISCUSSION
(Bp1—66), fragment which mimics the dimeric arrangement
and properties of the Nfterminal portions of the B chains According to the current view, fibrin assembly is a highly
in fibrinogen @4). We have also prepared a recombinant ordered process that occurs in two stages. At the first stage,
dimeric (B31—-66), mutant, Mut-(B31—66),, with the thrombin cleaves a pair of fibrinopeptides A from fibrinogen
Hisl6Pro and Prol8Val mutations in knob B, and its to trigger the formation of protofibrils. Subsequent cleavage
truncated variant, Mut-(B18—66), in which fpB and of a pair of fpBs at the second stage promotes lateral
flanking knob B (residues 1517) were missing44). All aggregation of protofibrils into thicker fibrils. Nonsubstrate
three fragments were used to test the direct interactionsinteractions of thrombin with fibrin(ogen) play an important
between the Nkterminal portions of the B chains and the  role at both stages. It is also well-established that during
fibrin(ogen) D regions by surface plasmon resonance (SPR).normal fibrin assembly fpB is mainly cleaved from as-
When increasing concentrations of the wild-type fragment, sembled protofibrils and fibrils and that their formation
(Bf1—66),, were added to the fibrin-derived dimeric D accelerates fpB cleavag@&<9, 11, 12). At the same time,
fragment immobilized onto a BIAcore sensor chip, a dose- the mechanisms underlying these events remained to be
dependent binding was observed (Figure 7A). The global clarified. In the previous studylg), we determined the
fitting analysis (see Experimental Procedures) of the SPR- crystal structure of thrombin in complex with a fragment,
detected binding curves obtained at various concentrationsE, corresponding to the central region of fibrin and
of (Bf1—66), gave aKq value of 13uM (Table 2). The established the mode of the nonsubstrate interaction between
recombinant mutant fragment and the truncated variant boththem. In this study, we revealed new details of the crystal
exhibited binding to the D dimer witkq values of 14.8 and  structure and modeled the MNerminal portions of the
14 uM, respectively, very similar to that for the wild-type fibrin(ogen) Ao and BS chains that were not identified in
fragment (Table 2). These results provide direct evidence the complex. We also modeled their possible arrangements
for the interaction between the N#erminal portions of the in protofibrils. Analyses of the resulting models established
Bf chain and the dimeric D regions formed in protofibrils a structural basis for the preferential cleavage of fpA at the
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first stage of fibrin assembly and for the accelerated removal Ala in the active site cleft of thrombin, which most probably

of fpB upon formation of protofibrils at the second stage of
assembly.

Modeling of the fpA-containing Nktterminal portions of
the Aa chains (Ax1—25) missing in the structure of the
thrombin—En;, complex was straightforward since these
portions were relatively short. More importantly, the crystal
structure of thrombin in complex with almost half of the
portion (Ao.7—19) that was available reduced the region to

affects its interaction with fpB to a lesser extent than that
with fpA, results in the drop in thrombin specificity toward
fibrinogen and the release of fpA and fpB with similar
kinetics @3). It was also shown that substitution of a
modified version of fpA (fpA) for fpB in the fibrinogen B
chain increased the rate of the thrombin-catalyzed release
of the former 44). However, even in such a mutant, the rate
of fpA' release from the fp/Ax chain was still higher than

that from the fpA3 chain most probably due to the
conformational restraints described above.

be modeled to a six-residue segmentl@®—25). Finally,
when this segment is fully extended, it has practically the
same length as the distance betweerl® and Ax26. This To clarify the structural basis for the accelerated removal
together with the unique surface topology of dictated the of fpB upon formation of protofibrils and fibrils, we modeled
unambiguous accommodation of the segment on the surfacehe structure of the D-D:Ecomplex, which represents an
of the complex, namely, in the groove between theand essential portion of a protofibril, and analyzed the possible
p-walls that directs this segment and the adjacent fpA toward arrangement of the fpB-containing Bterminal portions of
fibrinogen-bound thrombin (Figure 3). In contrast, the the B chains in this structure. While modeling the complex,
missing fpB-containing Nkterminal portions of the B we assumed that the interaction between D-D and E is not
chains (B1—53) were too large to be modeled unambigu- limited to the knob-to-hole contacts. As mentioned in the
ously. Although the size of each of these polypeptide Results, this assumption is in agreement with the experi-
segments is sufficient to form a thermodynamically stable mental data for the D:E:D interaction-induced stabilization
domain @1), there is no experimental evidence for the of the D regions and the exposure of their functional sites.
presence of a folded structure in them. Therefore, theselt was also taken into account that the Ntdrminal portions
portions of the molecule were generated in random confor- of the BS chains interact with D-D. Such an interaction,
mations and located arbitrarily relative to the bulk of the which was previously suggested by Moskowitz and Budzyn-
molecule (Figure 4A). ski (35) and confirmed by direct experiments in this study,
It should be noted that the conformation of the NH  provided a rationale for the accelerating effect of protofibril
terminal portion of the & chain complexed with thrombin ~ formation on the cleavage of fpB. Namely, when the D
was modeled previously by Rose and Di Ce43)(Accord- regions are brought together in a protofibril by the D:E:D
ing to their model, the 438 portion of the Ax chain interaction, the Nktterminal portions of the B chains bind
envelops thrombin making contacts with its exosite Il, active to them to position their fpB segments in the vicinity of the
site cleft, Sgroove, and exosite |. However, after the crystal active site cleft of bound thrombin.
structure of the thrombinE,; complex was determined ) It should be noted that other mechanisms of enhancing
and new details of the structure were revealed in this study, the cleavage of fpB from fibrin polymers cannot be excluded.
it became clear that the real conformation of the ¢hains For example, in fibrinogen, the NHerminal portions of the
is very different from the previously modeled one. Because Aa chains are located so close to bound thrombin that they
of the antiparallel arrangement of thexA&hains in fibrino- may create a steric problem for binding of fpB to its active
gen, thrombin interacts with theo®3—39 portion of one site cleft even after removal of their fpA. Such a problem
Ao chain through exosite 1), while its active site cleftis  should not exist in protofibrils and fibrils where these
occupied by fibrinopeptide A coming from the othenA  portions move away and become immobilized by the
chain. This can be seen in Figures 2 and 3. interaction with the complementary holes a. It should also
The model presented in Figure 4B shows that each fpA- be noted that the model presented in Figut dbes not
containing portion of the & chain is located in the vicinity ~ provide accurate positioning of the Nterminal portions
of fibrinogen-bound thrombin and is actually directed toward of the BS chains on the D-D wall as well as their exact
its active site cleft. Furthermore, the length of each portion conformations. In addition, the model does not reflect the
seems to be optimal for their fpAs to easily reach the cleft previously proposed conformational changes in the D regions
through minimal conformational adjustments. In contrast, the which occur upon the D:E:D interactiorb,(22). Only a
fpB-containing portions of the B chains could be quite  crystal structure of the D-DiEcomplex would clarify such
distant from bound thrombin due to their length and their important structural details. At the same time, neither of these
random orientation. Although these portions should have details is critical for the major conclusions of this study.
sufficient flexibility to reach the cleft, their excessive length In summary, the results of this work clearly indicate that
would prevent them from doing that as efficiently as fpA- the conformation of the fpA-containing NHerminal por-
containing portions do. Thus, the results of our modeling tions of the Ax chains and their location relative to the
indicate that in fibrinogen fibrinopeptides A are “preposi- thrombin-binding sites direct the preferential cleavage of fpA
tioned” for an efficient cleavage by thrombin while fibrin- by fibrinogen-bound thrombin at the first stage of fibrin
opeptides B are not. This provides the structural basis for assembly. They also suggest that the accelerating effect of
the preferential removal of fpA at the first stage of fibrin polymer formation on fpB cleavage is related mainly to the
assembly. It should be noted that this is not the only factor interaction of the fpB-containing Niterminal portions of
governing the preferential removal of fpA. For example, the the BS chains with the dimeric DD regions formed in
sequence of fpB is different from that of fpA, and therefore, protofibrils and fibrils. Finally, this and the previous study
its affinity for the active site cleft of thrombin may be lower (16) highlight the involvement of nonsubstrate interactions
than that of fpA, resulting in further reduction of the cleavage of thrombin with fibrin(ogen) in governing the two-stage
rate. In agreement, it was shown that mutation of Trp215 to fibrin assembly.
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