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ABSTRACT: Specific molecular interactions mediated by the N-terminus of fibrinogeff'<i&in were
revealed using laser tweezers-based force spectroscopy. We examined interactions between fibrinogen
fragments representing the center of the molecule, NDSK, desA-NDSK, and desAB-NDSK, and two
recombinant fibrinogeng;D364H andyD364A, which have nonfunctional-chain polymerization sites

to prevent the dominant knethole binding. Interactions between desA-NDSK, where the N-terminus of

the B chain is present, and the fibrinogen variants showed a complex spectrum of rupture forces which
disappeared with desAB-NDSK, lacking both FpA and FpB. The interactions between desA-NDSK and
yD364H oryD364A were inhibited by addition of soluble FpB, but not FpA or the polymerization inhibitor
peptides GPRP and GHRP. Whe®364H fibrinogen was replaced with its X-fragment lackiag-

domains or with fragment D, the strongest component of the rupture force spectrum disappeared, suggesting
interactions between the uncleaved FpB andotBedomain. Electron microscopy confirmed the binding

of desA-NDSK to either D or E regions of fibrinogen as well as©-domains. The data demonstrate

the existence of weak transient interactions within and between fibrin molecules mediated by the N-terminus
of the fibrinogen B chain.

Fibrinogen is a key player in hemostasis and wound
healing (—3). The fibrinogen molecule consists of three
pairs of nonidentical polypeptide chainspABj, andy,
linked together by 29 disulfide bondg)( The N-termini of
all six chains come together in the central E region of the
molecule, while the C-termini of each pair olbABS, and
y chains extend outward to form independently folgzl
and yC modules at the distal ends of the molecule, called
the D regions (Figure 1a). A coiled-coil consisting of all three
chains links the globular domains in the middle and ends of
the molecule §).

Thrombin converts fibrinogen into fibrin monomer by C) d) ‘&/

cleaving short N-terminal sequences of the #nd B chains Ficure 1: Fibrinogen molecule (a) depicted in-E—D linear

arrangement. The two distal D regions consisty& and SC
modules and are connected to the central region E by coiled-coil
connectors. The positions of theC-domains, FpA, and FpB in

* . the center of the molecule are denoted with arrows. Compared to
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Pathology and Laboratory Medicine, University of North Carolina f'b”mgen' the X fragment (b) lacks bQﬂC-domalns (marked ‘.N'th
School of Medicine, CB#7525 BBB 821, Chapel Hill, NC 27599-7525, WO asterisks) and parts of the N-terminus of thedBain, including
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* University of North Carolina School of Medicine. arrangement and the N-terminus of the 8hain, including FpA.

§ University of Pennsylvania School of Medicine. The D fragment (c) consists of th#C andyC modules and the

1 Abbreviations: NDSK, N-terminal disulfide knot fragment of  coiled-coil connector. The N-terminal disulfide knot (NDSK)
fibrinogen; desA-NDSK, N-terminal disulfide knot fragment of fibrin ~ represents the E region and consists of the intact N-termini of all
with FpA cleaved; desAB-NDSK, N-terminal disulfide knot fragment  six fibrinogen chains (d). Unlike in fibrinogen, X, and D fragments,
of fibrin with FpA and FpB cleaved; FpA, fibrinopeptide A; FpB, the coiled-coil connector in NDSK is composed of thg &ndy
fibrinopeptide B;yD364H oryD364A, recombinant fibrinogens with  chains only, because tlechain is not long enough to be a part of
Asp substituted with His or Ala, respectively, at position 364 inithe  jt.
chain; GPRP, Gly-Pro-Arg-Pro-amide peptide; GHRP, Gly-His-Arg-
Pro-amide peptide; CHO, Chinese hamster ovary; SBSGE, sodium o . L .
dodecy! sulfate-polyacrylamide gel electrophoresis; HEPBE$(2- called fibrinopeptide A (FpA)and fibrinopeptide B (FpB).
hydroxyethyl)piperaziné-2-ethanesulfonic acid; HBS, 20 MM HEPES ~ The removal of fibrinopeptides exposes the polymerization

(pH 7.4), 150 mM NaCl buffer; Tris, 2-amino-2-hydroxymethyl-1,3- ; "N
propanediol; DyD364H, fragment D of recombinant fibrinogen sites called the ‘A’ knobs, represented by the GPRV sequence

yD364H; X-yD364H, fragment X of recombinant fibrinoge/d364H; of thea chain, and the ‘B knobs, represented by the GHRP
BSA, bovine serum albumin. sequence of thg chain ). During clot formation, the newly
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exposed “knobs” interact with corresponding polymerization a) b) c)
“holes” always available in thezC and SC modules 7— N2 003 4 5 6 789
10). This interaction of knobs located in the E region of one -
molecule with holes located in the D region of another Aa,| 2 lees -97

molecule leads to the formation of an intermediate polymer Bp- = TR | L | [ el XIT
called a protofibril ¢, 11, 12). In the course of polymeri- v K Lsstie] - Fpf
zation, the protofibrils grow in length and aggregate laterally _10 - Efr
to form thicker, cablelike fibers13—15). The fibers grow
in length and diameter and form branches, and at the end, denln d)
this polymerization process produces the three-dimensional 037 Dff s — — =
network of a fibrin clot (6, 17). o

During thrombin-initiated fibrinogen polymerization, the
majority of FpB is cleaved after FpA has been removEg),
indicating that the loss of FpA initiates polymerization. This
finding, along with other substantive data, supports the model
of polymerization in which the A:a “knobhole” interactions
mediate the assembly of protofibrils while the B:b interac- 0 . : ' T
tions mediate lateral aggregation of protofibrils and formation 0 10 20 30 40
of fibers ©, 19—21). On the other hand, clot formation, (ml)
including lateral aggregation, occurs in the absence of B:b Fgure 2: SDS-PAGE analysis of (a) reduced samples of
interactions 20, 22, 23). Other experiments indicate the N- fibrinogens in 8 to 25% gradient SB®AGE with the position of
terminus of the B chain is part of a “composite” poly-  fibrinogen chains marked at the left, (b) nonreduced samples of

At ; ot NDSK fi ts in 12.5% SDSPAGE d d d
merization site consisting of sequences from botnd B3 Samplesr%gf”;;%ge'ih o 15% graoiie?nrt] Sé%:ﬂl‘é{‘é? T”ﬁ:

chains 24—26). Recently, a peptide representing th8 B qsitions of molecular mass markers are indicated on the side of
chains [(B31—66),] was reported to bind to the DD fragment each panel. The order of samples is as follows: wild type
derived from fibrin, suggesting that removal of FpB is not recombinant fibrinogen (lane 1)D364H fibrinogen (lane 2),
required for interactions between the E and D regi@%. ( yD364A fibrinogen (lane 3), NDSK fragment (lane 4), desA-NDSK

: : : fragment (lane 5), desAB-NDSK fragment (lane 6)P364H
Using a laser tweezers instrument, we examined the role Offibrinogen, nonreduced (lane 7), trypsin digesyBi364H fibrino-

FpB and the N-terminus of the/Bchain in fibrin poly- gen with the order of the fragments indicated at the right (lane 8),
merization. This instrument measures the discrete ruptureand X+ D364H fragment (lane 9). (d) Affinity chromatogram of

forces needed to separate interacting molecules covalentlyD-yD364H fragment purification on a GPRPAA affinity column.

attached to a stationary surface and to a spherical particlelgriglr“:seéfitsh g?rygpsticr)] gg’e/"stsp'%%’aﬁﬁib?ﬁéjﬁtﬁfatr\‘,f/’;‘sg;ggg
trapped in a laser bean2§). This experimental design onto the column (lane S), the D fragment purified from a trypsin

enables the study of individual fibrirfibrin interactions,  digest of wild type recombinant fibrinogen (lane N),)D364H,
circumventing the problem of multiple simultaneous interac- collected in peak 1 (lane 1), and proteins recovered in peak 2

tions and complications associated with the soluble to (lane 2).

insoluble phase change of fibrin polymerizatidzg), We

limited the nature of the interacting pairs by using well- thesized and purified as previously describ&g)(Briefly,
defined fibrinogen fragments and variant recombinant fi- recombinant fibrinogens were expressed in CHO cell lines
brinogens 29—32). Our studies uncovered the existence of transfected with cDNA expression vectors encoding normal
weak, transient interactions within and between fibrin(ogen) Ac and B3 chains and the appropriate mutanthain. Cells
molecules mediated by the N-terminus of the fibrinoggh B Were grown in serum-free medium in roller bottles. Media

[ o]

0.2

ABS 280 nm

0.1

chain. containing secrete¢tD364H or yD364A recombinant fi-
brinogen were harvested and stored-80 °C. Fibrinogen
MATERIALS AND METHODS was purified from the media by immunoaffinity chromatog-

raphy with IF-1 antibodies coupled to Sepharose 3B, (

Materials.All chemicals were reagent grade and purchased 32). The purified protein was stored in 20 mM HEPES (pH
from Sigma (St. Louis, MO) unless otherwise specified. FpB, 7.4) and 150 mM NaCl buffer (HBS) at-80 °C. The
FpA, and GPRP amide (GPRP) peptides were purchasedyolypeptide chain composition and the purity of fibrinogen
from Bachem USA (Torrance, CA), and GHRP amide were assessed by sodium dodecyl sutfqtelyacrylamide
(GHRP) was purchased from Biopeptide Co. (San Diego, gel electrophoresis (SBSPAGE) (Figure 2a). Fibrinogen
CA). Latex and silica beads were purchased from Bangs concentrations were determined by absorption at 280 nm
Laboratories, Inc. (Fishers, IN). Cyanogen bromide-activated ysing an extinction coefficients] of 1.5 for a 1 mg/mL
Sepharose 4B was purchased from Amersham Biosciencesolution.
(Piscataway, NJ). Monoclonal antibody IF-1 was purchased  preparation and Purification of Fibrinogen Fragments.
from KAMIYA Biomedical Co. (Seattle, WA). Human  The E region of fibrinogen or fibrin can be obtained by
plasma fibrinogen and humax-thrombin were purchased. cyanogen bromide (CNBr) cleavad®@8(-35). This fragment,
from Enzyme Research Lab (South Bend, IN). Batroxobin called the N-terminal disulfide knot or NDSK (Figure 1d),
(Batroxobin moojeni was purchased from CenterChem \yas prepared as described previoug§)(We prepared three
(Stamford, CT). NDSK fragments: NDSK, retaining both FpA and FpB, by

Expression and Purification of Recombinant Fibrinogen. CNBr cleavage of human plasma fibrinogen; desA-NDSK,
Recombinant fibrinogengD364H andyD364A were syn- lacking FpA, by CNBr cleavage of fibrin clotted with
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batroxobin; and desAB-NDSK, lacking both FpA and FpB, HEPES buffer (pH 7.4) containing 150 mM NaCl and 3 mM
by CNBr cleavage of fibrin clotted with thrombin. AIINDSK  CaC). After being incubated at 37C for 30 min, samples
fragments were purified by size-exclusion chromatography for electron microscopy were prepared by diluting the protein
on two sequentially connected Superdex 200 prep grademixture with a volatile buffer [50 mM ammonium formate
HR16/50 columns (Amersham-Pharmacia, Piscataway, NJ)(pH 7.4) and 25% glycerol] to a concentration of-240
equilibrated with 5% acetic acid and 0.1 M NaCl buffer. ug/mL and immediately spraying it onto freshly cleaved
Purified NDSK fragments were characterized by SDS mica. Sprayed material was rotary shadowed with tungsten
PAGE (Figure 2b), dialyzed against HBS, frozen, and stored in a vacuum evaporator (Denton Vacuum Co., Cherry Hill,
at—80°C. NDSK fragment concentrations were determined NJ) as previously described3& 37). The presence of
by absorption at 280 nm using an extinction coefficient ( glycerol in the sample helps to preserve fibrinogen structure
of 0.8 for a 1 mg/mL solution. and minimize interaction with the surfac87). Prepared
Two fibrinogen fragments, X and D (Figure 1b,c), were specimens were observed in a Philips 400 electron micro-
prepared by trypsin digestion pD364H fibrinogen, using  scope (FEI, Hillsboro, OR) at 80 kV and 6000@nagnifica-
a modification of the procedure described previoudly. (  tion. Images were examined from prints of micrographs taken
Briefly, 20 uL of immobilized TPCK trypsin (Pierce, from many different areas of the preparations to obtain a
Rockford, IL) was added tpD364H fibrinogen (2 mg, 0.5 random sample.
mg/mL) in 20 mM HEPES (pH 7.4), 150 mM NacCl, 20 mM Laser Tweezers-Based Model System for Studying Protein
CaCl buffer. To prepare fragment X (%DP364H), the Protein InteractionsThe laser tweezers instrument and the
reaction mixture was incubated at room temperature for 1 h model used to study the interaction of individual protein
and the reaction stopped by filtration through a Q&2filter molecules were described in detail previoush,(29). In
(Costar, Corning, NY) to separate the trypsin-coated beadsbrief, interacting proteins were covalently immobilized on
from the reaction mixture. The products (4 mL) were loaded two opposite surfaces. One surface (a latex bead) was trapped
onto two sequentially connected Superdex 200 prep gradein a focused laser beam and brought into repeated contact
HR16/50 columns (Amersham-Pharmacia) equilibrated with with the other surface (a motionless silica bead covered by
HBS and eluted at a flow rate of 1 mL/min. Fractions with a thin layer of polyacrylamide) by moving the laser beam in
the X-yD364H fragment, collected between 84 and 94 mL, an oscillatory manner. Upon contact, proteins on the opposite
were identified by molecular mass-260 kDa) via SDS surfaces reacted with each other; however, not every surface
PAGE. Fractions were pooled and the fragments precipitatedcontact resulted in specific protein interaction. When inter-
with an equal volume of saturated ammonium sulfate, and acting proteins were pulled apart, a force arising from the
the precipitate was collected at 16 000 rpm for 10 min at 4 rupture of the established intermolecular bond was measured.
°C in an Avanti J25 centrifuge (Beckman-Coulter, Fullerton, The rupture forces (reflecting the strength of protein binding)
CA). The precipitated protein was dissolved in and dialyzed were collected, normalized by the total number of interaction
against HBS, characterized by SBBAGE (Figure 2¢), and  cycles, and displayed as histograms for each experimental
stored at—80 °C. The concentration of the XPB364H condition.
fragment was determined by absorption at 280 nm, using an Coating Surfaces with the ProteiSurfaces coated with
extinction coefficient §) of 1.6 for a 1 mg/mL solution. the interacting proteins were prepared as described previously
Fibrinogen fragment D, DD364H (Figure 1c), was (29). Each type of NDSK (NDSK, desA-NDSK, and desAB-
prepared in the same manner, except it was digested for 2NDSK) was bound covalently to motionless spherical silica
days at room temperature. The course of the reaction waspedestals tum in diameter anchored to the bottom of a
monitored with the PHAST System (Amersham-Pharmacia) chamber. The pedestals were coated with a thin layer of
by SDS-PAGE, on 4 to 15% gradient gels. When only bands polyacrylamide, then activated with 10% glutaraldehyde
corresponding to fragments D and E were visible on the gel (room temperature for 4 h), and washed with 55 mM borate
(Figure 2d inset, lane S), the digestion was stopped by buffer (pH 8.5), and the proteins were allowed to be
filtration, as described above. The reaction mixture was immobilized overnight at 4C from a 1 mg/mL solution in
diluted with an equal volume of water and loaded onto a 2 HBS. A solution of 2% BSA in 55 mM borate buffer (pH
mL GPRPAA affinity column 8) equilibrated with 200 mM 8.5) was used as a blocker. In some instances, to form a
Tris (pH 7.4), 20 mM CaGl buffer. Under these loading desAB-NDSK-coated surface, the desA-NDSK was im-
conditions and at a flow rate of 0.2 mL/min, the)M>364H mobilized first and then treated with thrombin (1 unit/mL,
fragment eluted in the flow-through in a broad peak, while 37 °C, 1 h) to cleave FpB, and the reaction chamber was
the E fragment bound to the resin (Figure 2d). The peak then washed with 20 volumes of 100 mM HEPES (pH 7.4),
was collected and the protein concentrated and washed with150 mM NaCl, 3 mM CaGl 2 mg/mL BSA, 0.1% (v/v)
HBS in a centrifugal filter device (50 kDa molecular mass Triton X-100 buffer.
cutoff; Millipore, Bedford, MA). This concentratieAwash- Recombinant fibrinogengD364H andyD364A, fragment
ing step removed low-molecular mass products that con- X-yD364H, and fragment B'D364H were bound covalently
taminated the D+:D364H fragment. The pure fragments, to carboxylate-modified 1.8Zm latex beads using-[3-
characterized by SDSPAGE (Figure 2d), were stored at (dimethylamino)propyl[N'-ethylcarbodiimide hydrochloride
—80°C. The concentration of the PP364H fragmentwas  as a cross-linking agent. A solution of 2% BSA in 55 mM
determined by absorption at 280 nm, using an extinction borate buffer (pH 8.5) was used as a blocker. The im-
coefficient ¢) of 2.0 for a 1 mg/mL protein solution. mobilization step lasted 15 min at“€ in 55 mM borate
Electron Microscopy of Fragments and Complexes. buffer (pH 8.5), 150 mM NaCl, and 3 mM CaClThe
brinogen and NDSK fragments were mixed together at a 1:1 concentration of fibrinogen and fibrinogen fragments in the
molar ratio and a final concentration of @ in 20 mM binding solution was the same (2@/mL). When it was
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immobilized from a 2Qug/mL solution, the surface density missing in desA-NDSK, and both FpA and FpB were missing
of [**]fibrinogen was estimated to be approximately @1 in desAB-NDSK. For the interaction of the NDSK fragment
2) x 107° uglum?, which is near the saturation point for  with yD364H fibrinogen, a multimode rupture force spectrum

surface coverage with bound fibrinogen. in the range of 26120 pN was detected with three peaks at
For binding of desAyD364H fibrin toyD364H fibrinogen, 24 + 2_,. 54 + 1, and_ 84i. 3 pN that had a depreasing
fibrin monomer-coated pedestals were prepayda364H probability of interaction with stronger forces (Figure 3a).

fibrinogen (1 mg/mL) was immobilized on spherical silica The cumulative probability of all rupture forces &fL0 pN
beads (5um in diameter) coated with a thin layer of was as high as 7Z 11%. When we replaced NDSK with
glutaraldehyde-activated polyacrylamide, repeating the pro- desA-NDSK, the interaction became more complicated with
cedure used for the NDSK fragments. Then, the surface-the advent of additional stronger forces peaking at £14
boundyD364H fibrinogen was treated with batroxobin (1 pN (Figure 3b). The cumulative probability of rupture forces
BU/mL, 37°C, 60 min), and the reaction chamber was then of >10 pN for the interaction of desA-NDSK withD364H
washed with 20 volumes of cold (4C) 100 mM HEPES  fibrinogen was 72+ 8%. The removal of FpB in addition
(pH 7.4), 150 mM NaCl, 3 mM Cagl2 mg/mL BSA, 0.1% to FpA caused almost complete abrogation of the interactions
(v/v) Triton X-100 buffer. The reaction chamber containing of the desAB-NDSK fragment withyD364H fibrinogen
desA+D364H fibrin was prepared fresh, 30 min before each (Figure 3c). The range of rupture forces was significantly
binding experiment. diminished to 26-60 pN, and the cumulative probability for
In a number of experiments, the interacting proteins were these interactions dropped to & 3%. Comparing the
immobilized on the opposite surfaces, which did not cause histograms depicted in panels-a of Figure 3, it is clear
a difference in rupture force profiles. The binding experi- thatthe presence of uncleaved FpB was critical for interaction
ments were performed at room temperature in 100 mM of the NDSK fragments witlyD364H fibrinogen.
HEPES (pH 7.4) containing 150 mM NaCland 3 mM CaCl  To verify the effect of removal of FpB on the interaction
with 2 mg/mL BSA and 0.1% (v/v) Triton X-100 added to  of the NDSK fragment withyD364H fibrinogen, we treated
reduce the level of nonspecific interactions. the surface-bound desA-NDSK with thrombin, which re-
Measurement of Rupture Forces, Data Processing, and sulted in FpB cleavage and formation of desAB-NDSK
Analysis.The position of the optical trap and hence a protein- directly on the surface. The newly formed desAB-NDSK was
coated latex bead was oscillated in a triangular waveform atthen allowed to interact wityD364H. The rupture force
0.5 or 1 Hz with a pulling velocity of 1.8 or 36m/s, which spectrum of the interaction of the thrombin-treated desA-
corresponded to a loading rate of 400 or 800 pN/s, NDSK and theyD364H fibrinogen (Figure 3d) appeared as
respectively. Results obtained at the two loading rates did a broad range of forces and was substantially different from
not differ and, therefore, were combined. All experiments the force spectrum of the desA-NDSK fragment (Figure 3b).
were conducted at a trap stiffness 0.22 pN/nm, as  Although the cumulative probability of the rupture forces
computed from the bandwidth of Brownian moti@8). The of >10 pN was reduced insignificantly (72 12%), the
duration of the contact between interacting surfaces variedoverall force distribution shifted toward lower values and
from 5 to 150 ms. Rupture forces after contact were collected was more typical of that for nonspecific proteiprotein
at 2000 scans per second (0.5 ms time resolution). The result$nteractions, because it did not contain well-defined char-
of many experiments under similar conditions were averagedacteristic peaks28, 38). It is noteworthy that incomplete
so that each rupture force histogram represented from 1 inhibition of yD364H binding to thrombin-treated surface-
10° to 3 x 10* repeated contacts of more than 10 different bound desA-NDSK could be a result of incomplete conver-
bead-pedestal pairs. Individual forces measured during each sjon of desA-NDSK into desAB-NDSK since the rate of FpB
contact-detachment cycle were collected into 10 pN wide cleavage from NDSK is much slower than that from
bins. The number of events in each bin was plotted againstfibrinogen, particularly when a protein was immobilized on
the average force for that bin after normalizing for the total a surface19, 39). Itis also possible that covalent attachments
number of contactdetachment cycles. The percentage of to the surface preclude surface-bound thrombin-treated desA-

events in a particular force range (bin) represents the NDSK from assuming the same conformation as desAB-
probability of rupture events at that force. Optical artifacts NDSK that was formed in solution.

observed with or without trapped latex beads produced
signals that appeared as forces below 10 pN. Accordingly,
rupture forces in this range were not considered when the
data were analyzed. Rupture force histograms were empiri-
cally fit with a multipeak Gaussian function using Origin
7.5 (Origin Lab Corp., Northampton, MA). The curve fit
allowed determination of the position of a peak that corre-
sponds to the most probable rupture force.

One way to confirm the specificity of the binding reaction
between the NDSK fragments ap®364H fibrinogen was
to look at the competitive inhibitory effect of free FpB added
to the interaction medium. Introduction of 0.1 mM FpB into
the binding reaction mixture of desA-NDSK ampiD364H
fibrinogen resulted in a substantial reduction in the level of
binding (Figure 3e). The cumulative probability of the rupture
forces of>10 pN was reduced to 4% 5% with the force
RESULTS spectrum lacking peaks, typical for specific interaction

between fibrinogen and its fragments. The inhibitory effect

Interaction of the N-Terminus of thesBChain from the of FpB introduced into the binding reaction mixture was
NDSK Fragment with FibrinogenBinding to yD364H much more pronounced than that caused by thrombin-
fibrinogen was examined for three types of NDSK fragments induced cleavage of FpB from the surface-bound desA-
that differed by their fibrinopeptide composition. Both FpA NDSK (Figure 3d). However, it was not as strong as in the
and FpB were intact in the NDSK fragment; only FpA was case of the complete absence of FpB in the NDSK molecule
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Ficure 3: Rupture force histograms demonstrating the interactions of different NDSK fragments with fibrinogen variants containing a
nonfunctional polymerization hole in thechain. The rupture forces were arranged into histograms with 10 pN wide bins and normalized
by the total number of counts)for each experimental condition: (&) interactions between fibrinogei364H and NDSK i = 2135),
desA-NDSK 6 = 6743), and desAB-NDSKn(= 5042), respectively; (d) interactions between fibrinog@®864H and thrombin-treated
desA-NDSK ( = 1995); (e and f) interactions between fibrinogeb364H and desA-NDSK in the presence of 0.1 mM FpB=2040)

and FpA 6 = 1132), respectively; (g) interactions between fibrinog&B864A and desA-NDSKr( = 3182); (h) interactions between
fibrinogenyD364A and desA-NDSK in the presence of 0.1 mM FpB=4315); (i) interactions between fibrinoggd364A and thrombin-

treated desA-NDSKn(= 2375); (j) interactions between fibrinogeD364A and desAB-NDSKr{= 1371); and (k) interactions between

the surfaces coated with fibrinogen and desA-fiprd364H ( = 1014).

(Figure 3c). Introduction of free FpA into the binding reaction interactions between thgD364A fibrinogen and desAB-

mixture of desA-NDSK angtD364H fibrinogen also seemed
to affect the interaction, but the effect was relatively mild,
with a much smaller reduction in the level of binding,
compared to that for FpB addition (Figure 3f).

To understand whether the NDSK hinding mediated by
the N-terminus of the B chain was limited to the specific
properties ofyD364H fibrinogen, we repeated the binding
experiment withyD364A fibrinogen, another variant with
an impairedyC hole polymerization site. Although the amino
acid residue that was replaced (Asp 364 inthehain) was

NDSK (Figure 3j). These data suggest that the interactions
between the N-termini of the/Bchains and fibrinogen are
not dependent on the structure and properties of a particular
fibrinogen variant.

Although the structure of NDSK is similar to the structure
of the fibrinogen E region, they are not identicdD). To
determine if these structural differences could be responsible
for the binding mediated by the N-terminus of thg &hain,
we replaced desA-NDSK with despb364H fibrin in the
binding experiments witlyD364H fibrinogen. The binding

the same in the fibrinogens, their polymerization properties of yD364H fibrinogen to desA:D364H fibrin was only
and thus structures were quite different. When treated with slightly different from the binding to desA-NDSK and closely
thrombin, theyD364A fibrinogen was capable of forming a resembled the binding to the NDSK fragment. Three rupture
fibrin clot, while yD364H was not32). The interactions of  force peaks were detected at 252, 61 + 4, and 96+ 7
yD364A fibrinogen with desA-NDSK resembled closely pN, but with a lower interaction probability (Figure 3k). The
those ofyD364H fibrinogen. The rupture force peaks were lower probability could be a result of a difference in protein
detected at 44- 7, 72+ 11, and 105+ 17 pN (Figure 3g). density between surface-bound desA-fibrin and surface-
When 0.1 mM FpB was added to the interacting desA-NDSK bound desA-NDSK. These results indicate that the binding
and yD364A fibrinogen, the resulting force spectrum was interaction mediated by the N-terminus of thg &hain does
similar to the force spectrum 9fD364H and desA-NDSK  not depend on the unique structural features of the NDSK
in the presence of FpB (compare panels e and h of Figurefragment.

3). The interaction o D364A with thrombin-treated desA- Determining Which Region in Fibrinogen Interacts with
NDSK (Figure 3i) was very similar to the interaction shown the N-Terminus of the B Chain. By using fibrinogen

by yD364H (Figure 3d). Finally, there were almost no fragments instead of the whole molecule, we eliminated
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certain parts of fibrinogen from participating in binding NDSK completely abrogated binding of the desAB-NDSK
interactions with NDSK. We prepared fragments X (X- and DyD364H fragments (Figure 4d). Since removal of the
yD364H) and D (DyD364H) from limited trypsin digests  center of the fibrinogen molecule and one distal part (which
of yD364H fibrinogen. Compared to intact fibrinogen, the occurs during transformation of X©364H into D+D364H)
X-yD364H fragment lacke.C-domains and the N-terminus  did not change the force spectrum (compare panels a and ¢
of the B3 chain (Figure 1b), while the pD364H fragment of Figure 4), we conclude that the distal part of the fibrinogen
contains part of the coiled-coil connector and the and molecule corresponding to the D region was responsible for
BC modules, representing the D region of fibrinogen (Figure the interaction with the N-terminus of theSRhain of the

1c). A broad spectrum of rupture force was detected for the desA-NDSK fragment.

binding of desA-NDSK to X¥D364H. Rupture forces in the Analysis of NDSKNDSK Binding. We assessed the

range of 26-130 pN were observed with peaks at2211, binding of NDSK fragments to each other because we wanted
46 + 15, and 75+ 22 pN, and the cumulative probability to know if the N-terminus of the B chain was capable of
of forces of >10 pN was equal to 72 12% (Figure 4a). interacting with central region E of another molecule. We

This binding interaction was similar to the binding interaction examined interactions between NDSK fragments that differed
of desA-NDSK andyD364H fibrinogen with one notable in their fibrinopeptide content. Interaction of desA-NDSK
exception; the strong binding forces with a peak at 11 with NDSK or desA-NDSK produced a force spectrum with
pN for yD364H or at 105+ 17 pN foryD364A were missing binding interactions in the range of 2020 pN (Figure 5a,b).
(compare panels b and g of Figure 3 with panel a of Figure When both fibrinopeptides were removed from both interact-
4). Removal of FpB resulted in the almost-complete ing NDSK fragments (Figure 5c¢) or from only one NDSK
disappearance of interactions between desAB-NDSK andfragment (Figure 5d), the interaction was weak, almost
X-yD364H (Figure 4b), similar to the outcome of other nonexistent. The binding of desA-NDSK to desAB-NDSK
binding experiments in which desAB-NDSK was used and NDSK to NDSK was different from the binding of other
(Figure 3c,j). We assigned the binding force of H T pN pairs of NDSK fragments. This binding was characterized
to interaction of the N-terminus of thefBchain with the by a broad asymmetrical peak a25 pN, with a shoulder
aC-domain, because these forces were evident in bindingthat extended well up to 140 pN (Figure 5e,f). The data
of fibrinogen but not fragment X to desA-NDSK, and the suggest that NDSK fragments are capable of interacting with
main difference between fibrinogen and X fragments was each other, and this interaction clearly depends on whether
the absence of theC-domains. fibrinopeptides are present or absent in the NDSK fragments.
When the XyD364H fragment was replaced with the Effect of GPRP and GHRP Peptides on the Interaction of
D-yD364H fragment, rupture forces in the range of20 DesA-NDSK withyD364H Fibrinogen.Because ‘B’ knob
130 pN with three well-defined peaks at #82, 44 + 8, exposure led to abrogation of interactions betweb364H
and 86+ 12 pN were detected (Figure 4c). The cumulative fibrinogen and desA-NDSK, we ruled out the involvement
probability of the forces of10 pN was 78t 14%. As with of B:b or A:b knob-hole interactions in this binding.
fibrinogen and X fragments, the removal of FpB from desA- Nevertheless, to substantiate this finding, we studied the
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effect of GPRP or GHRP peptides on the binding of the yD364H fibrinogen was examined (Figure 6a,b). The
desA-NDSK fragment tooD364H fibrinogen. WithyD364H introduction of either peptide changed the binding but did
fibrinogen, both peptides were most likely binding to the not stop it, like the removal of FpB did. In the presence of
polymerization hole located in th&C module, because the peptides, the interactions became less defined, but the
polymerization hole in theyC module was incapable of cumulative probability of binding forces was changed
peptide binding. It was shown previously that GPRP and insignificantly (60-85%), resulting in a moderate inhibitory
GHRP are capable of binding to ti# hole @1, 42). The effect somewhat similar to what was seen with added FpA
peptides were introduced into the reaction chamber at a final (Figure 3f). The change in force spectra when peptides bind
concentration of 5 mM, and the binding of desA-NDSK with to the D region was another indication that the D region was
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FIGURe 7: Transmission electron micrographs of rotary shadowed complexd@33§4H fibrinogen with NDSK. The’D364H fibrinogen

is no different in appearance than control fibrinogen, while the NDSK appears as a single nodule. The NDSK fragments are denoted with
arrowheads. (AyD364H fibrinogen with desAB-NDSK. No complexes are present, so the appearance of the sefia38#id fibrinogen

and NDSK can be observed. {I®) yD364H fibrinogen with desA-NDSK. In panel B, the desA-NDSK is near the end of B@64H
fibrinogen. In panel C, the desA-NDSK is near the middle of #f#864H fibrinogen. In panel D, the desA-NDSK is farther from the
backbone of thesD364H fibrinogen, indicating complexes of the N-terminus of thiedBain of desA-NDSK and theC-domains of the

yD364H fibrinogen. In some cases, a smaller nodalé-lomain) is present adjacent to the larger nodule (NDSK). The magnification bar

is 50 nm.

involved in the interaction between desA-NDSK grio364H system. By making knobhole interactions unavailable, we
fibrinogen. expected to eliminate their masking effect. That was achieved
Electron Microscopy Analysis of the NDSK Fragment and by using recombinant fibrinogerD364H and its fragments
yD364H Fibrinogen.To confirm the ability of the NDSK ~ containing a nonfunctional ‘a’ hole3®). Indeed, by eliminat-
fragments to bindyD364H fibrinogen in solution and to  ing the binding of ‘A’ knob to ‘a’ hole, we discovered
localize the interacting molecular regions, we visualized previously unknown, specific interactions between NDSK
NDSK—fibrinogen complexes by transmission electron or desA-NDSK fragments angD364H. These interactions
microscopy. Rotary shadowing in the presence of addedwere dependent on the availability of uncleaved fibrinopep-
glycerol was used to minimize protetsurface interactions  tides, particularly FpB. Although the cleavage of FpA also
(37). yD364H fibrinogen was mixed with desA-NDSK at a  affected these interactions, only removal of FpB completely
1:1 molar ratio.yD364H fibrinogen appeared to be similar eliminated them, leading us to the conclusion that we
to control fibrinogen (Figure 7A). desA-NDSK appeared as discovered interactions independent of the known knob
a single nodule (Figure 7A, arrowheads). Three types of hole mechanism. This was further confirmed by the lack of
complexes were observed. There were (a) complexes withan inhibition effect of peptides mimicking the polymerization
the desA-NDSK near the endsgD364H fibrinogen (Figure ~ knobs (GPRP and GHRP). We have shown that these
7B) or (b) complexes with the desA-NDSK near the middle interactions were not peculiar to the structure of NDSK
region of theyD364H fibrinogen (Figure 7C). In both cases, fragments oryD364H fibrinogen because binding remained
most complexes displayed a small gap between the NDSKwhen desA-NDSK was replaced with desA-fibrin and
nodule and the fibrinogen, suggesting that the extended N-yD364H fibrinogen was replaced witfD364A fibrinogen.

terminus of the B chain acts as a spacer between the two.  Taken alone, a rupture force spectrum cannot be used to
(c) Other complexes with a longer spacing between desA- prove the specificity of interactions because specific and
NDSK and'}/D364H f|br|nogen were also observed (F|gure nonspecific interactions may Overlama 38' 43) We

7D), likely corresponding to interactions between the N- gemonstrated the specificity of the interactions by inhibiting
terminus of the B chain of desA-NDSK and theC- them with free FpB or by cleaving FpB.

domains ofyD364H fibrinogen. Even with very low ratios
of desA-NDSK, complexes of these three types were

observed. In contrast, few complexes were observed with The finding of 1114 7 pN rupture forces arising from the
desAB-NDSK andyD364H fibrinogen (Figure 7A). disruption of the bond between FpB and th€-domain,

also confirmed by electron microscopy, is in good agreement

DISCUSSION with the known dependence of the dissociation of @&

Previously, using laser tweezers, we determined the domains from the central E region of the fibrin monomer
binding forces between single molecules of fibrin NDSK upon fibrinopeptide release8, 44). However, no part of
fragments and fibrinogen, which were shown to reflect the fibrinogen molecule was identified before as a binding
exclusively the ‘A’ knob and ‘a’ hole interaction29). We site for theo.C-domains. We propose that the&€-domains
hypothesized that strong ‘A’ knob and ‘a’ hole interactions are bound to the center of the fibrinogen molecule by
were masking other weaker interactions in our experimental interacting with FpB or with FpB together with other parts

Studies of the binding modulated by the N-terminus of
the B3 chain revealed the complex nature of this interaction.
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of the fibrin 5 chain. When FpB is cleaved, the binding site
is destroyed and th@eC-domains are released from the center

of the fibrin monomer, thus enabling participation of th@-

domain in the lateral aggregation of protofibrils and interac-

tions with other proteins and celld4, 45).
In addition to binding to thexC-domains, we found that

the N-terminus of the B chain binds to the D region of the
fibrinogen molecule. This binding was slightly affected by
the addition of GPRP or GHRP peptides, which could be a

result of conformational changes in the D regidii, (42).

Therefore, it is conceivable that the N-terminus of the B

chain is interacting with th8C module in the D region.
Because the N-terminus of thggBhain is an integral part

of the central E region of the fibrinogen molecule, we
investigated the binding of NDSK fragments to each other.
The interactions between NDSK fragments were dependent
on the presence of intact fibrinopeptides, indicating that the
removal of fibrinopeptides alters the exposure of reactive
sites. Since the conformation of the N-terminus of the B

chain and its location in fibrinogen remain unknovin27),
we can conclude only that the N-terminus of thg &hain

is capable of weak binding to the central E region of the

same or another fibrin(ogen) molecule.

While the physiological implication of binding of theC-
domain to uncleaved FpB is cleat4), the importance of
binding of the N-terminus of the Bchain to the D region

is less obvious. There is evidence that the N-terminus of the
Bg chain affects fibrin polymerization before FpB cleavage.

For example, batroxobin-catalyzed polymerization (no FpB
cleaved, only the ‘A’ knob exposed) of fibrinogen with

alterations in the N-terminus of thefBchain is impaired
(30, 46, 47). Interaction of the N-terminus of the/Bchain

with the D region of the same or another fibrinogen molecule
could serve as a mechanism by which FpB cleavage by
thrombin is delayed until formation of the desA-fibrin
polymer. The weak intramolecular interactions of the N-
terminus of the B chain could be important also for proper
folding and maintenance of the native conformation of
fibrinogen needed for its functions as well as for intracellular
processes such as fibrinogen post-translational modification,

sorting, trafficking, and secretio®$, 49).

In conclusion, we discovered and quantified interactions

between the N-terminus of thefBchain of one molecule

and the D region, E region, arndC-domains of the same or
another fibrinogen or fibrin molecule. These interactions are
dependent on fibrinopeptide availability and involved in the

mechanism of dissociation ofC-domains upon fibrinopep-

tide cleavage and participation of the N-terminus of tife B

chain in desA-fibrin polymerization.

ACKNOWLEDGMENT

We thank Dr. David Klapper for the synthesis of GPRPAA
resin, Dr. Susan Lord for helpful discussions, and Dr. Henry
Shuman for access to the laser tweezers instrument and expert25.

assistance with measurements.

REFERENCES

1. Weisel, J. W. (2005) Fibrinogen and fibriady. Protein Chem.
70, 247-299.

2. Roberts, H. R., Stinchcombe, T. E., and Gabriel, D. A. (2001)

The dysfibrinogenaemia&r. J. Haematol. 114249-257.

3.

6.

7.

Biochemistry, Vol. 45, No. 49, 20064851

Browder, T., Folkman, J., and Pirie-Shepherd, S. (2000) The
hemostatic system as a regulator of angiogendsBiol. Chem.
275, 1521-1524.

. Henschen, A., Lottspeich, F., Kehl, M., and Southan, C. (1983)

Covalent structure of fibrinogenn. N.Y. Acad. Sci. 4028—
43.

. Yang, Z., Kollman, J. M., Pandi, L., and Doolittle, R. F. (2001)

Crystal structure of native chicken fibrinogen at 2.7 A resolution,
Biochemistry 4012515-12523.

Laudano, A. P., Cottrell, B. A., and Doolittle, R. F. (1983)
Synthetic peptides modeled on fibrin polymerization sifesn.
N.Y. Acad. Sci. 408315-329.

Spraggon, G., Everse, S. J., and Doolittle, R. F. (1997) Crystal
Structures of Fragment D From Human Fibrinogen and Its
Crosslinked Counterpart From FibriNature 389 455-462.

8. Kostelansky, M. S., Betts, L., Gorkun, O. V., and Lord, S. T.

11.
12.
13.

14.

16.

17.

18.

23.

24.

26.

27.

(2002) 2.8 A crystal structures of recombinant fibrinogen fragment
D with and without two peptide ligands: GHRP binding to the
“b” site disrupts its nearby calcium-binding siipchemistry 41
12124-12132.

. Yang, Z., Mochalkin, I., and Doolittle, R. F. (2000) A model of

fibrin formation based on crystal structures of fibrinogen and fibrin
fragments complexed with synthetic peptidEsoc. Natl. Acad.
Sci. U.S.A97, 14156-14161.

. Olexa, S. A., and Budzynski, A. Z. (1981) Localization of a fibrin

polymerization site,). Biol. Chem. 2563544-3549.

Ferry, J. D. (1952) The mechanism of polymerization of fibrinogen,
Proc. Natl. Acad. Sci. U.S.A. 3866-569.

Hantgan, R. R., and Hermans, J. (1979) Assembly of fibrin. A
light scattering studyJ. Biol. Chem. 25411272-11281.

Erickson, H. P., and Fowler, W. E. (1983) Electron microscopy
of fibrinogen, its plasmic fragments and small polyméusn. N.Y.
Acad. Sci. 408146-163.

Weisel, J. W., and Nagaswami, C. (1992) Computer modeling of
fibrin polymerization kinetics correlated with electron microscope
and turbidity observations: Clot structure and assembly are
kinetically controlled,Biophys. J. 63111—-128.

. Weisel, J. W., Veklich, Y., and Gorkun, O. (1993) The sequence

of cleavage of fibrinopeptides from fibrinogen is important for
protofibril formation and enhancement of lateral aggregation in
fibrin clots, J. Mol. Biol. 232 285-297.

Weisel, J. W., Nagaswami, C., and Makowski, L. (1987) Twisting
of fibrin fibers limits their radial growthProc. Natl. Acad. Sci.
U.S.A. 84 8991-8995.

Baradet, T. C., Haselgrove, J. C., and Weisel, J. W. (1995) Three-
dimensional reconstruction of fibrin clot networks from stereo-
scopic intermediate voltage electron microscope images and
analysis of branchingBiophys. J. 681551-1560.

Higgins, D. L., Lewis, S. D., and Shafer, J. A. (1983) Steady state
kinetic parameters for the thrombin-catalyzed conversion of human
fibrinogen to fibrin,J. Biol. Chem. 2589276-9282.

. Blomback, B., Hessel, B., Hogg, D., and Therkildsen, L. (1978)

A two-step fibrinoger-fibrin transition in blood coagulation,
Nature 275 501-505.

. Shen, L. L., Hermans, J., McDonagh, J., and McDonagh, R. P.

(1977) Role of fibrinopeptide B release: Comparison of fibrins
produced by thrombin and Ancrodm. J. Physiol. 232H629—
H633.

. Weisel, J. W. (1986) Fibrin assembly. Lateral aggregation and

the role of the two pairs of fibrinopeptideBiophys. J. 501079~
1093.

. Dyr, J. E., Blomback, B., Hessel, B., and Kornalik, F. (1989)

Conversion of fibrinogen to fibrin induced by preferential release
of fibrinopeptide B,Biochim. Biophys. Acta 990.8—24.

Shainoff, J. R., and Dardik, B. N. (1979) Fibrinopeptide B and
aggregation of fibrinogerScience 204200—-202.

Moskowitz, K. A., and Budzynski, A. Z. (1994) The (DD)E
complex is maintained by a composite fibrin polymerization site,
Biochemistry 331293712944,

Pandya, B. V., Gabriel, J. L., O'Brien, J., and Budzynski, A. Z.
(1991) Polymerization site in the chain of fibrin: Mapping of
the B3 1-55 sequenceBiochemistry 30162—-168.

Siebenlist, K. R., DiOrio, J. P., Budzynski, A. Z., and Mosesson,
M. W. (1990) The polymerization and thrombin-binding properties
of des-(B31—42)-fibrin, J. Biol. Chem. 26518650-18655.
Pechik, I., Yakovlev, S., Mosesson, M. W., Gilliland, G. L., and
Medved, L. (2006) Structural Basis for Sequential Cleavage of
Fibrinopeptides upon Fibrin Assemblgjochemistry 453588~
3597.



14852 Biochemistry, Vol. 45, No. 49, 2006

28.

29.

30.
31

32.

33.

34.

35.

36.

37.
38.

39.

Litvinov, R. I., Bennett, J. S., Weisel, J. W., and Shuman, H. (2005)
Multi-step fibrinogen binding to the integrimllb; detected using
force spectroscopyBiophys. J. 892824-2834.

Litvinov, R. 1., Gorkun, O. V., Owen, S. F., Shuman, H., and
Weisel, J. W. (2005) Polymerization of fibrin: Specificity,
strength, and stability of knob-hole interactions studied at the
single-molecule levelBlood 106 2944-2951.

Lord, S. T., and Gorkun, O. V. (2001) Insight from studies with
recombinant fibrinogensinn. N.Y. Acad. Sci. 93601-116.
Gorkun, O. V., Veklich, Y. I., Weisel, J. W., and Lord, S. T. (1997)
The conversion of fibrinogen to fibrin: Recombinant fibrinogen
typifies plasma fibrinogenBlood 89 4407-4414.

Okumura, N., Gorkun, O. V., and Lord, S. T. (1997) Severely
impaired polymerization of recombinant fibrinoger364 Asp-

His, the substitution discovered in a heterozygous individiial,
Biol. Chem. 27229596-29601.

Blomback, B., Hessel, B., lwanaga, S., Reuterby, J., and Blomback,
M. (1972) Primary structure of human fibrinogen and fibrin. I.
Clevage of fibrinogen with cyanogen bromide. Isolation and
characterization of NiHterminal fragments of the (“A”) chainl.

Biol. Chem. 2471496-1512.

Blomback, B., Hessel, B., and Hogg, D. (1976) Disulfide bridges
in NHz-terminal part of human fibrinogehromb. Res. 8639

658.

Hessel, B., Makino, M., lwanaga, S., and Blomback, B. (1979)
Primary structure of human fibrinogen and fibrin. Structural studies
on NH;-terminal part of B chain, Eur. J. Biochem. 98521~
534.

Veklich, Y. ., Gorkun, O. V., Medved, L. V., Nieuwenhuizen,
W., and Weisel, J. W. (1993) Carboxyl-terminal portions of the
o chains of fibrinogen and fibrin. Localization by electron
microscopy and the effects of isolatedd C fragments on
polymerization,J. Biol. Chem. 26813577 13585.

Tyler, J. M., and Branton, D. (1980) Rotary shadowing of extended
molecules dried from glycerol. Ultrastruct. Res. 7195-102.
Leckband, D. E., Schmitt, F. J., Israelachvili, J. N., and Knoll,
W. (1994) Direct force measurements of specific and nonspecific
protein interactionsBiochemistry 334611-4624.

Evans-Nguyen, K. M., Tolles, L. R., Gorkun, O. V., Lord, S. T.,
and Schoenfisch, M. H. (2005) Interactions of thrombin with

41.

46.

47.

48.

49.

Gorkun et al.

fibrinogen adsorbed on methyl-, hydroxyl-, amine-, and carboxyl-
terminated self-assembled monolay@mchemistry 4415561
15568.

. York, J. L. (1983) Comparative study of the iodination of tyrosines

in the amino terminal domain of fibrinogen and in N-DSK and
fibrin-N-DSK, Thromb. Res. 31203-209.

Kostelansky, M. S., Bolliger-Stucki, B., Betts, L., Gorkun, O. V.,
and Lord, S. T. (2004) B Glu397 and B Asp398 but not B
Asp432 are required for “B:b” interaction®iochemistry 43
2465-2474.

. Betts, L., Merenbloom, B. K., and Lord, S. T. (2006) The structure

of fibrinogen fragment D with the ‘A’ knob peptide GPRVVEH,
Thromb. Haemostasis, 4139-1141.

. Leckband, D. (2000) Measuring the forces that control protein

interactions Annu. Re. Biophys. Biomol. Struct. 29—26.

. Gorkun, O. V., Veklich, Y. I., Medved, L. V., Henschen, A. H.,

and Weisel, J. W. (1994) Role of theC-domains of fibrin in
clot formation,Biochemistry 336986-6997.

. Belkin, A. M., Tsurupa, G., Zemskov, E., Veklich, Y., Weisel, J.

W., and Medved, L. (2005) Transglutaminase-mediated oligo-
merization of the fibrin(ogenpxC-domains promotes integrin-
dependent cell adhesion and signaligipod 105 3561-3568.
Moen, J. L., Gorkun, O. V., Weisel, J. W., and Lord, S. T. (2003)
Recombinant B Argl4His fibrinogen implies participation of
N-terminus of B chain in desA fibrin polymerizatiorBlood 102
2466-2471.

Hirota-Kawadobora, M., Kani, S., Terasawa, F., Fujihara, N.,
Yamauchi, K., Tozuka, M., and Okumura, N. (2005) Functional
analysis of recombinant/B5C and B15A fibrinogens demon-
strates that B15G residue plays important roles in FPB release
and in lateral aggregation of protofibrild, Thromb. Haemostasis

3, 983-990.

Brennan, S. O., Fellowes, A. P., and George, P. M. (2001)
Molecular mechanisms of hypo- and afibrinogenemian. N.Y.
Acad. Sci. 93691—100.

Neerman-Arbez, M. (2006) Molecular basis of fibrinogen defi-
ciency, Pathophysiol. Haemostasis Thromb., 387—198.

BI061430Q



