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Conformational Changes in Fragments D and Double-D from Human Fibrin(ogen)
upon Binding the Peptide Ligand Gly-His-Arg-Pro-Amide
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ABSTRACT. The structure of fragment double-D from human fibrin has been solved in the presence and
absence of the peptide ligands that simulate the two knobs exposed by the removal of fibrinopeptides A
and B, respectively. All told, six crystal structures have been determined, three of which are reported
here for the first time: namely, fragments D and double-D with the peptide GHRPam alone and double-D
in the absence of any peptide ligand. Comparison of the structures has revealed a series of conformational
changes that are brought about by the various kifalle interactions. Of greatest interest is a moveable
“flap” of two negatively charged amino acids (@ and As|§3%) whose side chains are pinned back to

the coiled coil with a calcium atom bridge until GHRPam occupiesftubain pocket. Additionally, in

the absence of the peptide ligand GPRPam, GHRPam binds tedhain pocket, a new calcium-binding

site being formed concomitantly.

The principal aim of structural studies on fibrinogen and The Gly-Pro-Arg-type peptides (A-knobs) have several
fibrin is to understand better the details of clot formation. attributes absent in the Gly-His-Arg type (B-knobs), however,
In this regard, it is well-known that fibrin formation is including the ability to inhibit fibrin formation &, 7) and

initiated by thrombin cleaving two different arginyglycine use in affinity chromatography for the purification of
bonds in each half of the fibrinogen dimer. One of these is fibrinogen or fragment D§).
near the amino-terminus of the chain and results in the Recently, we reported X-ray structures for fragment D

release of the fibrinopeptide A (16 residues in human). The from human fibrinogen and also its factor Xlil-cross-linked
other is near the amino-terminus of {fi€hain and removes gy ivalent, double-D from fibring). In the case of double-

the fibrinopeptide B (14 residues in human). The newly p'he material was cocrystallized with the ligand GPRPam
exposed sequences on the parent molecule serve as “knobs; 4 more recently, with both GPRPam and GHRPam
that fit into “holes” on neighboring molecules, the ensuing ogether £0). Additionally, other workers have reported a
noncovalent interactions being the basis of polymerization. i cture of a 30 k Da-chain carboxyl domain complexed
Ordinarily fibrinopeptide A is released much faster than | i GpRP (1). Previously, the principal focus has been

fibrinopeptide B, and it has been supposed that some n,,qy on the nature of ligand attachment, although in the
conformational change or general rearrangement resultmgCases of the GPRP and GPRPam reports, modest conforma-
from the first set of knob-hole engagements facilitates the tional changes in the binding pocket We,re noted between
removal of the B peptidel(-3). There is also a large body the ligated and unligated structures.

of circumstantial evidence that the first interaction, involving i . )
the A-knob and a hole on thechain carboxyl domain, leads _We have now determined three addl'glonal structures in
to the linear growth of a two-molecule thick oligomer with ~ this series: fragments D and double-D with only the peptide
a half-molecule stagger, whereas the second interaction,HRPam present (fD-GH and DD-GH), and double-D with
involving the B-knob, leads to lateral growth of the fiber NO ligand at all (DD-NL). Comparison of the four double-D
(refs 4 and5, inter alia). structures, each of which is composed of two molecules of

Synthetic peptides patterned on the two knob sequences<Sross-linked fragment D and therefore two of each kind of
bind preferentially at two different sites on fibrinogen, as Site, has revealed a dramatic conformational change involving

well as on the 86 k Da core fragment D generated from & wo-residue flap movement in the formation of fixehain

binding to each other’s site is apparent in either cés&)( absence of GPRPam has been found to occupy-tieain
site, concomitant with the formation of a new calcium-
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MATERIALS AND METHODS

Table 1: Data Collection and Refinement Statistics

Synthetic peptides were made by the BOC procedl2g (

on a Beckman model 990 Synthesizer. Fibrinogen was
purified from plasma obtained from the San Diego Blood
Bank. The factor XllI-cross-linked fragment D (double-D)
was prepared according to our previously described proce-
dure Q). Crystals were obtained by vapor diffusion from
sitting drops at room temperature as described previously
(9, 10, 13. For DD-NL, 10 mg of fragment double-D/mL

in 50 mM Tris buffer, pH 7.0, and 5 mM Caglere mixed

in equal volumes (5 mL+ 5 mL) with well solution
containing 50 mM Tris, pH 8.75, 60 mM Cagll2% PEG
3350, and 2 mM sodium azide. Crystals appeared sporadi-
cally and were used to streak-seed new virginal solutions;
the seeding reproducibly yielded good crystals. The condi-
tions for streak-seeding differed from the conditions de-
scribed above only in that the final protein concentration was
reduced to 2.5 mg/mL. For DD-GH and fD-GH crystals, the
starting solutions also contained 10 mg/mL protein and 10
mM GHRPam; the well solutions contained 50 mM Tris,
pH 8.0, 10 or 20 mM CaG| 12% PEG 3350, and 2 mM
sodium azide. In this regard, in two recent articles from this

DD-NL DD-GH fD-GH
data statistics
beam BNL X12C SSRL7-1 BNL X12C
detector Brandeis CCD Mar Brandeis CCD
space group P2 P21212¢ P21212;
unit cell dimensions
a 108.0 54.8 54.7
b 48.6 149.4 149.5
c 166.4 234.7 2325
104.41
molecules/asym. unit 1 1 2
number of crystals 1 4 1
resolution (A) 3.0 2.7 2.5
observationsK) 413 251 232395 737 489
unique reflections) 35615 49 458 66 513
mean redundancy 11.6 4.7 11.1
completeness (%) 96.7 88.5 96.0
Rmerge(l) (%0)? 10.4 11.9 11.1
refinement statistics
resolution range (A) 30:03.0 30.0-2.7 30.0-2.5
no. of model atoms 11 207 10585 10704
R-value 0.251 0.233 0.208
freeR-value 0.318 0.302 0.260
rmsd from ideals
bond length (A) 0.007 0.018 0.02
bond angle (deg) 1.4 3.4 3.2
averageB-value 53.98 49.50 53.56

laboratory 9, 10 the concentrations of peptides and calcium
were mistakenly reported for the particular DD crystals that
were actually described. They were 5 mM peptide and 12.5
mM CaCl, respectively, and not 2.5 and 7.5 mM. (See

2 Rmerge= (3|1 — <I>])/(31]). ® Crystallographidr-value ¢ ||Fobs)
— |Fcaie) )/ [Fobsy)) With 95% of the native data for refinemetftree
R-value: R-value based on 5% of the native data withheld from
refinement.

correction, Everse et al. (1998)jochemistry 3718128.)

Diffraction data from DD-NL and fD-GH crystals were
collected at Brookhaven National Synchrotron Light Source,
beamline X12C. In the case of DD-NL, a single crystal was
flash-frozen in a loop containing 12% PEG 3350 and 20%
glycerol. The data for fD-GH were taken from a single crystal
at room temperature. Data from several DD-GH crystals were
collected at room temperature at Stanford Synchrotron
Radiation Laboratory (SSRL), beamline 7-1. In all cases,
diffraction data were processed with DENZO and ScalePack
(14).

Structure DeterminationsThe unit cell for DD-NL (no
ligand) was indistinguishable from that determined for
fragment D from human fibrinogen in the absence of ligands
(13), and as a result, it was possible to use rigid-body
refinement 15). In contrast, the DD-GH crystals were of a
different space grougP@:2:2;), and it was necessary to use
molecular replacement®). In this regard, a rotation search
was carried out with one of the unit molecules from DD-
BOTH (10) with all data in the resolution range-& A. As
in the case of double-D with the ligand GPRP&8y, two
solutions were obtained that were approximately°ldart.
The correlation coefficients were 29.7 and 36.4%, respec-
tively, and the correspondirigfactors 0.527 and 0.522. The
solutions were 4.8 and 7@® above the mean, respectively.
When both solutions were taken together, the correlation
coefficient rose to 60.8% and tiiefactor dropped to 0.397.
From this point on, all data between 30 and 3.0 A were used.
SigmaA-weighted electron density maps were constructed,
and the ligand was clearly evident in bott@ — F¢| and
|Fo — F¢| maps. Crystals of fD-GH had the same space group
and unit cell dimensions as DD-GH, and it was possible to
obtain the structure by rigid-body refinemensy.

Models were improved by cycles of manual fitting with
O (16) and refinement, including in some cases procedures

from X-PLOR (15) and in others RefMac from the CCP4
package 17). Both the workingR-factor and freeR-factor
(18) were followed closely (Table 1). Extensive use was
made of the LSQ superposition operation in IB)(for the
comparisons of the various structures.

Molecule Assignment and Chain Designatiofise abut-
ment of the two cross-linked fragments D in double-D is
offset in such a way that the contribution from the two
interactants is not reciproca@) We have arbitrarily denoted
molecule A, composed of chains A, B, and C in all our
deposited structures, as being the molecule in which?trg
is directed toward S&i®° on the opposing unit, whereas
molecule B has Arg’>directed back to Ty?8° (of molecule
A). When dealing with interactions at or near the interface,
it is important to specify which molecule is being described.

As it happens, the crystal packing in all these structures
is similar, different unit cells and space groups not with-
standing, and molecule B consistently has fewer crystal
contacts than molecule A. As a result, the electron density
is usually better in molecule A, although different parts of
the structures can be favored differently in this regard.

RESULTS

Binding of GHRPam t@-Chain Site Comparison of two
double-D structures without bound GHRPam (DD-GP and
DD-NL) with two other structures in which the ligand is
present (DD-GH and DD-BOTH) revealed a significant
rearrangement of the amino acid side chains participating in
binding the peptide. Thus, in the absence of the ligand, the
side chains of residues GRY” and Asp3°¢ are directed
toward the coiled coil by way of a calcium ion bridge
involving ay-chain residue (GI#%?); the calcium bridge had
been overlooked in our original repor®)( In all three
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Ficure 1: Diagrammatic depiction of the conformational change that takes place upon binding of the ligand Gly-His-Arg-Pro-amide
(GHRPam) to thgg-chain site. The arrangement shown in panel A (upper) occurs in fD-NL, DD-NL, and DD-GP. The arrangement depicted
in panel B (lower) occurs in fD-GH, DD-GH and DD-BOTH. Figure prepared with BobscBpt 86)and Raster3D37, 38.

structures containing the GHRPam ligand (DD-GH, fD-GH,
and DD-BOTH), the two side chains have flipped ap-
proximately 180, forming a binding pocket with a similar
geometry to the one in thechain carboxyl domain (Figure

oxygens of GIy?°¢ and Asp?%8 (Figure 4). The involvement
of these residues in calcium binding is mainly the result of
a shift in the polypeptide backbone in the region including
residues GIy%—Asp?%7 (Figure 4).

1). Both carboxylates are directed toward the guanidino group Larger Scale Differences among the Structufesssible

of Arg-3 in the ligand. The distance moved by the two side- larger scale changes in the arrangement of the three polypep-
chain carboxylates amounts to about 10 A. Nonetheless, thetide chains, the coiled coils, the carboxyl domains, and the
calcium bridge is not totally disrupted when the shift occurs. two molecules that comprise the double D, were sought by
Instead, the lost coordination sites are replaced by theusing the superposition operation (LSQ) of the program O

carbonyl oxygen of GK?% and a water molecule (Figure
1).
Binding of GHRPam tg-Chain Site The two structures

(16). Numerous comparisons were conducted that superim-
posed the corresponding sectors of one of the two unit
molecules to see if (a) there was a change in the angle of

cocrystallized with only the GHRPam ligand (DD-GH and flexure between the two halves of the double-D molecules
fD-GH) are isomorphous, and each has the peptide presenor (b) whether there was any change in the relative
in both the3- and y-chain holes. For the most part, the orientations of the coiled coils. As we noted previoudlf)(
binding interactions appear to be the same as are observedhe most obvious difference is the change in angle between
for the ligand GPRPam (Figures 2 and 3). The fact that the abutting molecules. In this regard, DD-GH is “bent”
GHRPam can occupy the site ordinarily occupied by significantly more than the others (Figure 5), the apparent
GPRPam prompted us to reexamine our previously reportedconsequence of small changes in interaction near or at the
double-D structure with only the ligand GPRPa#8) {n interface, or possibly the result of different crystal contacts
which we failed to detect GPRPam in tjfechain hole in in the orthorhombic cell compared with the monoclinic ones.
the absence of GHRPam. Consistent with there being noln either case, the differences reflect the looseness of the
peptide present, residues G and Asp®8in that structure interfacial contacts in these double-D structures.
are pointed away from the binding site.
Another New Calcium-Binding Sit€oncomitant with the DISCUSSION
binding of the GHRPam ligand in thechain hole, another The initial attack on fibrinogen by thrombin sets in motion
calcium ion is bound, the coordination sites of which include a complex and extensive train of events that culminates in
the side chains of Agf’! and Asp?®4 and the carbonyl  the formation of an infinitely long, anastomosing polymer
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Ficure 3: Ball and stick diagram of GHRPam (light shading)
bound in they-chain hole (dark shading). Figure prepared with
Bobscript 85, 36)

FiGure 2: Electron density omit maps showing (upper) ligand Gly-
His-Arg-Pro-amide (GHRPam) bound jechain binding site in
DD-GH compared with (lower) Gly-Pro-Arg-Pro-amide bound to
same site in DD-GP. Densities were calculated friéig} — |F|
coefficients and phases from refined model contoured at ZThe
ligand models were not included in the Fc calculations. Figure
prepared with Bobscript35, 36)and Raster3D37, 3§.

which is hundreds of molecules thick. Only some of those
events can be reconstructed with proteolytic fragments from
fibrinogen and fibrin in conjunction with synthetic peptides.
Nonetheless, the experiments presented here are in harmony
with past biochemical results and allow a working scenario
of certain events to be depicted.

Foremost among the new findings is that the binding site
for the B-knob is not fully formed until the knob itself is . 4 Di ¢ caloium binding b ¢ ofchai
present, a dramatic conformational change occurring in their:GIUan :r ilagran; 0 C‘"i‘ ?rllulgnD- '”H'”g rky rsegmepn @rc a\;\?i h
presence OT the ligand. N.O such Change_ IS 0b_seryed WherbngO'?He(igﬁteSra?/isv(\)/hich doe(g nc(J?iavge ?:)glcciampe?t ?r?is stite.
GPRPam binds to the-chain hole, the participating ligand-  Note different positions of backbone in the two structures and the
binding groups already being correctly positioned. The participation of the carbonyl oxygen of G in ligating calcium
change in thg8-chain site takes the form of a sprung mouse in DD-GH. Figure prepared with Bobscrif8§, 36)and Raster3D
trap in that two critical side-chain carboxylate groups are (37,39
initially coordinated to a calcium ion pointing away from  which forms a helix running in the opposite direction to the
the pocket. Formation of the pocket deforms but does not coiled coil. In this regard, there have been reports that the
completely disrupt the calcium-bridge between the coiled coil o-chain carboxyl domain is involved in the lateral association
and thef-chain carboxyl domain, a new coordination site  of protofibrils (19) and that these interactions occur following
being provided by a nearby carbonyl oxygen (Figure 1). 3 conformational change dependent on the release of fibrin-

It might have been expected that the excursion of residuesopeptides B 20). No such large-scale movement of either
GIu*7 and Asp®98 could trigger other rearrangements, per- the fourth helix or the coiled coil away from thgchain
haps involving movement of the nearby part of thehain carboxyl domain or each other was observed, however. It
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Ficure 5. Superimposed-carbon backbone structures of three liganded double-D structures (DD-GP, DD-GH, and DD-BOTH, all colored
red) with that of DD-NL (no ligand, colored yellow). The structures were superimposed by settipectie@n domains of the molecules
A (chains ABC) to coincide. Ligands are colored blue. Note the increased angle between the two halves of DD-GH.

Table 2. Residues Involved in Four Different Calcium-Binding Sites in the Fragment D Portion of Human Fibrinogen

site 1 (strond) site 2 (weak) site 3A (weak) site 3B (weak) site 4 (weak)
Asp®18(scy Asp’38l(sc) Glut32(sc) Glut32(sc) Asp?%4(sc)
Asp32 (sc) Asi®® (sc) Aspi?®t (sc) Asi?®t (sc) Gly2% (bb)
Phe?22 (bbY Trp?3% (bb) GIu397 (sc) GIy?2¢3 (bb) Asp?%8 (bb)
Glyr324 (sc) As#398 (sc) Asp3 (sc)

a As first reported by Yee et al2@). ® From Everse et al.1(). ¢ Site 3A is converted to 3B upon binding of GHRPamptehain pocket? Site
4 occurs only upon binding of GHRPam fechain pocket® sc = sidechain carboxylatébb = backbone carbonyl.

must be kept in mind, as we have remarked beféjethat Now it is certain that at least the synthetic peptide can indeed
we are dealing with proteolytic fragments of the fibrin system bind to both sites when the A-knob is absent. Equilibrium
that may have retreated to their initial positions after dialysis studies had shown a similar res@lt 7). Although
proteolysis. it can be argued that the situation is kinetically controtted
Significance fors-Fibrin. That the GHRPam ligand can  because under physiological conditions the B-knobs are not
occupy the y-chain hole may offer at least a partial exposed until the-chain sites are mostly filled anyway
explanation of the enigma @kibrin. g-Fibrin is formed by the fact that GHRPam does not occupy hehain site when
removal of the fibrinopeptide B alone. It can be obtained in GPRPam is presenti() shows that the matter of relative
some cases by the use of heterologous thrombin-23) affinities is also a factor.
and in others by certain snake venor2d<27). The fibers Calcium Involvementsilt is well established that fragment
and clots ofs-fibrin appear similar to those of ordinary fibrin D from human fibrinogen has a single high-affinity calcium-
(24—27). The question has always been, does the B-knob in binding site 28, 29 situated on ther-chain @0), although
these situations fit into thg-chain, y-chain site, or both?  there is evidence for numerous weaker binding sig43, (
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Table 3. Comparisons of Unit Cells and Space Groups for Six
Different Structures of Fragments D and Double-D

fD-NL DD-NL DD-GP DD-BOTH DD-GH fD-GH

Space group P21 PZ]_ P21 P21 P212121 P212121
unit cell
a 107.7 108.0 93.8 83.4 54.8 54.7
b 48.1 48.6 95.5 95.6 149.4 1495
c 167.1 166.4 113.8 113.6 234.7 2329
15} 105.7 1046 96.1 90.2
temperature RT 100K RT 100K RT RT
molecules/a.u. 2 1 1 1 1 2
[CaCh] (mM) 25-65 325 125 12.5 75 12.5

also. Recently, we showed that one of these weaker binding
sites occurs at a position in thlechain homologous to the
y-chain high-affinity site 10). Now we have identified two
more weak binding sites in different parts of tie- and
y-chains (Table 2). Even though calcium is better known
for its effects in the later stages of fibrin formation involving
the lateral association of protofibril8Z, 33, the involvement

of calcium at sites associated with the binding of GHRPam
illustrates the complexity of calcium effects in fibrin forma-
tion. It should be noted that a direct correlation has been
made of the binding of calcium upon release of fibrinopeptide
B (34, 35. At this point, however, it is impossible to know

if the binding of calcium in conjunction with the binding of
GHRPam at the new-chain site is merely fortuitous or has
some function.

Influence of Ligands on CrystallizatioAs implied in the
Materials and Methods section, the presence or absence of
ligand has a direct bearing on the concentration of calcium
that will best lead to crystals of fragments D or double-D.
Indeed, in the absence of the peptide ligands, we have not
yet been able to obtain crystals of double-D at calcium
concentrations lower than 30 mM, whereas in the presence
of the peptide ligands, crystallization does not easily occur
much above 15 mM calcium.

It is noteworthy, also, that the particular ligand employed
has a direct bearing on the mode of crystallization with regard
to space group and unit cell dimensions (Table 3). Moreover,
the fragment D crystals usually form the same end-to-end
packing arrangement as is found in crystals of the cross-
linked double-D molecules. Thus, fBGH is isomorphous
with DD—GH, and fD-NL is isomorphous with DD-NL.
The exception is the complex of GPRPam with fragment D,
which crystallizes in a different space group and unit cell
from DD-GP (13). The very large unit cell of the fBGP
complex, combined with a large degree of mosaicity, has
been a hindrance to obtaining a structure. Crystals of the
complex fD-BOTH have also been unsatisfactory so far.
Whether these problems are mere happenstance or reflect
some important change when fD binds the GPRPam ligand
remains to be determined.
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