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ABSTRACT. The crystal structure of fragment D from lamprey fibrinogen has been determined at 2.8 A
resolution. The 89 kDa protein was cocrystallized with the peptide Gly-His-Arg-Pro-amide, which in
many fibrinogens-but not lamprey-corresponds to the B knob exposed by thrombin. Because lamprey
fragment D is more than 50% identical in sequence with human fragment D, the structure of which has
been reported previously, it was possible to use the method of molecular replacement. The space group
of the lamprey crystals iB1; there are four molecules in the unit cell. Although the fragments are packed
head to head by the same D:D interface as is observed in other related preparations containing fragments
D, the tails are uniquely joined by an unnatural association of the terminal sections of the residual coiled
coils from adjacent molecules. Some features of the lamprey structure are clearer than have been observed
in previous fragment D structures, including {Behain carbohydrate cluster, for one, and the important
y-chain carboxyl-terminal segment, for another. The most significant differences between the lamprey
and human structures occur in connecting loops at the entryways t6-¢hain andy-chain binding
pockets.

Lampreys and hagfish comprise the earliest diverging His-Arg peptides do not inhibit fibrin formation at all, even
group of vertebrate animals; they are also the most primitive though they bind to lamprey fibrinogeB)( These apparently
creatures known to have a thrombin-clottable fibrinogkn ( contradictory observations make it clear that we do not yet
2). The lamprey protein has the same subunit composition have a full understanding of the role of the B knobs in fibrin
as all other vertebrate fibrinogens,f.y2). In this regard, formation. In an effort to untangle these events, we have
the 8 andy chains are both about 50% identical with their determined the structure of lamprey fibrinogen fragment D
mammalian counterparts, but thechains are more distinc-  complexed with the synthetic peptide GHRPa@ompari-
tive, having experienced a relatively recent series of internal sons with the equivalent human fragment D complex have
duplications that gave rise to 25 18-residue repeats in therevealed both obvious similarities and subtle differences.
regions tethering their carboxyl domains to the main
framework of the molecule3. MATERIALS AND METHODS

Lamprey fibrinogen can be clotted with mammalian
thrombins, but in the process only the fibrinopeptide B is
released 4, 4). The new amino-terminal segment exposed
by the cleavage has the sequence Gly-Val-Arg, different from
the Gly-His-Arg that occurs in all known mammalian
fibrinogen “B knobs”. On the other hand, lamprey thrombin
releases both the fibrinopeptides A and B, the “A knob”

Lamprey fibrinogen was prepared by a modified cold
ethanol procedures) and was digested with human plasmin
(Kabi) for 4 h atroom temperature, after which an appropri-
ate amount of aprotinin (Trasylol) was added to stop the
reaction. Fragment D was obtained by affinity chromatog-
raphy of the digest on a Gly-Pro-Arg-Pro affinity column
; (7, 8). The pooled peak fractions were concentrated by the
having the absolutely conserved sequence Gly-Pro-Arg thataddition of one-third volume of saturated ammonium sulfate;

occurs in all known vertebrate fibrinogens. the precipitate was dissolved in a minimal volume of 0.05
Synthetic knobs beginning with the sequence Gly-Pro-Arg \, 1js pH 7.0, and 5 mM CaGland dialyzed against the
severely inhibit fibrin formation in lamprey no matter which g5 6 byffer to remove ammonium sulfate. Protein solutions

thrombin is employed. Peptides beginning with Gly-Val-Arg (8—10 mg/mL) were stored at70 °C.

(the lamprey B knob) have only a slight effect, and Gly- Crystals were grown by vapor diffusion from sitting drops

at room temperature. PEG-3350 was used as a precipitant.
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Heart, Lung, and Blood Institute. -
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Table 1: Data Collection and Refinement Statistics v chain C terminal
extended

space group P1
unit cell dimensions (A/deg) a=76.74,b=47.65,c = 244.65
o=88.8,=97.2,y =86.2

molecules/asym unit 4

no. of crystals 1

highest resolution (A) 2.80

observationsi) 200629 i
unique reflectionsN) 74102 b ca™
completeness (%) 88.3

completeness in highest shell 58.4

(2.87-2.80 A) (%) ¥ ABC
Reym (1) (%0)2 0.078
mosaicity 0.55 a
refinement resoln range (A) 20-2.8
no. of residues in protein 765 awafy
no. of residues in model 733 (96%) coiled coil
R-value® 0.241 oo’ By
free R-value 0.289 coiled coil
rmsd from ideals

bond length (A) 0.008

bond angle (deg) 1.38

aRgym = (Z[I — TO)/(Z]N]). ° CrystallographicR-value [E||Fo| —
[F)/(ZFol)] with 95% of the native data for refinemeritFree
R-value: R-value based on 5% of the native data withheld from
refinement.

pH at which crystallization occurs relative to human fragment
D is likely a reflection of its lower isoelectric point, the
lamprey D having more negatively charged side chains and
fewer positively charged ones than its human counterpart.
Diffraction data were collected at the National Light
Source, Brookhaven National Laboratory, beamline X-12C.
Although data were collected from numerous crystals, only
data from a single frozen specimen (20% glycerol as a
cryoprotectant) were used for the structure determination.
Data were processed with DENZO and Scalepagk (
Molecular replacement was carried out with AMORE)
Extensive use was made of various programs in the CCP4
package 11). Model building was conducted with A.2)
and refinement with cn<l@); the freeR-factor (14) was used
as a guide throughout. lIllustrations were prepared with
various software programd%—18). FiGure 1: Co backbone structures of four molecules in the unit

: . : : : cell of lamprey fragment D. The structures have been depicted in
Residue NumberingResidue numbering for the various a way to emphasize intermolecular contacts; note especially the

vertebrate fibrinogens is most affected by the great variability artifactual coiled coil between the amino-terminal segments. Also
in the lengths of the fibrinopeptides A and B. Lamprey note the two different conformations fgrchain carboxyl-terminal
fibrinogen represents an extreme case, having the shortessegments.

known fibrinopeptide A (only 6 residues) and one of the yapiding and refinement were conducted. NCS restraints
longest fibrinopeptides B (36 residues). Because certain,yore kept in place for all foysC andyC domains throughout
residues in the human structure are well-known for their o procedure. In the end, the workifgfactor was 0.241
functional importance, we have mostly employed human g4 the freeR-factor 0.289’ (Table 1).

numbering 19), except in a few cases where the lamprey  cystal PackingEven though the same end-to-end packing
numbering is more appropriate and is specified as such.  5.curs in the lamprey fragment D crystals as has been
RESULTS observed in all previous fragment D or double-D prepara-
tions, the overall packing is very different. Instead of there
Molecular ReplacementA rotation search using one being a close side-by-side packing pfchain carboxyl
fragment D unit from a human double-D structug®)(as a domains, the major lateral contacts involve extended loops
search model yielded four solutions when the data from 10 from the s-carboxyl domain. In one of these the contact is
to 4 A were used, consistent with there being four molecules between the loop composed of residy@§7—5360 on the
in the unit cell of theP1 space group. When these top E and K molecules and another made up of resigi3d$s—
solutions were considered together, the correlation coefficient3320 on the B and H molecules, respectively (human
was 33.1 and th&-factor 48.6. From this point on, all data numbering). Another contact involves the asparaginyl-linked
between 20 and 2.8 A were used. SigmaA-weighted electroncarbohydrate cluster gt364 (E and K molecules, human
density maps were constructezil), including |2F, — F|, numbering) and the loop composed ##42—[(247 on the
|I3F, — 2F¢|, and |[F, — F¢] maps. Numerous cycles of adjacent molecules (B and H) (Figure 1).
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Lamprey A 72) C C “2) R (120res)
89 161 165 207

0/

Human v ¢ c—_82) R (87 res)

117 161 165 197

Lamprey s—81 ¢ C (es1) P (323 res)
B 136 193 197 - 459

Human D59 C C (264) Q (328 res)

134 193 197 461

Lamprey D__© c__¢ (261) K (325 res)
rY 80 135 138 - -- 403

Human K_W4n c__ ¢ (267) K (319 res)

88 135 139 -- 406

Ficure 2: Diagrammatic depiction of the three chains in lamprey and human fragments D. The differences in chain length reflect different
susceptible targets for human plasmin. Numbers in parentheses denote numbers of residues extending on either side of the disulfide rings.
Dashes indicate small gaps in aligned sequences.

lle B146

lle y89
Leu a115

Ficure 3: Close-up views of the hydrophobic interaction involved in the association of coiled coils in crystals of lamprey fragment D.
(Il_efi) Diagrammatic section through the hydrophobic cluster involving four chains. (Right) Stereo projection of the same hydrophobic
cluster.

The most intriguing interaction occurs between the residual whereas in molecules GHI and JKL the discernible density
coiled coils of adjacent molecules near their amino terminals. disappeared at residue GBO5 (lamprey numbering). Simi-
The major contributants are from tlechains, the terminal  larly, the carbohydrate at AS864 (human numbering;
segments of whichas a happenstance of susceptibility to lamprey Asi$384) was exceptionally clear in molecules JKL
cleavage by human plasmitare longer than theif- and and DEF, where it was possible to build seven sugar residues
y-chain counterparts (Figure 2). During the crystallization into the density.
the a. chains have formed an antiparallel fourth component  Main Structural FeaturesThe overall structure of lamprey
to the native three-stranded coiled coil; at one key nexus fragment D is similar to that of the corresponding fragment
hydrophobic side chains from all three chains of the coiled from human fibrinogen complexed with GHRPam (Figure
coil interact with each other and tliechain from the other ~ 4). Comparison of the individuglC andyC domains was
molecule (Figure 3). more revealing, however, important loops being significantly

Because of differences in the crystal packing for the differentin both instances. Thus, residg@&7—y361, which
different molecules in the unit cell, the electron density for constitute one side of thechain binding pocket, are situated
each had regions that were clearer, or not so clear, relativevery differently in the human and lamprey structures (Figure
to the others. Actually, the four molecules fall, more or less, 5, left). In the case of thg-chain hole, it is the loop made
into two sets of two; in molecules ABC and DEF it was up of 386—£3392, on one of the other sides of the pocket,
possible to build the-chain carboxyl-terminal segment out that differs (Figure 5, right). Remarkably, in both pockets
to the glutamine residue at399 (lamprey numbering), the residues directly involved in binding the ligands are
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chains of GI#397 and Asp398 are key interactants in
binding to the positively chargedi-amino and arginyl
guanidino groups in the ligand. The peptide was not observed
in the y-chain hole, although the electron density in this
region was relatively diffuse.

The D:D Interface As noted above, the D:D interface that
occurs naturally during fibrin formation invariably contributes
to the crystal packing of fragments D and doubleZD, 22,

23), as well as in crystals of a modified bovine fibrinogen
(24) and native chicken fibrinoger2). The interface is
asymmetric, the two participating molecules being arbitrarily
assigned as A or B on the basis of the residues they contribute
(23). In the human system, the A molecule is defined as the
one that has Arg275 interacting with Tyy280 of its B
partner, the latter having its Ap@75 interacting with
Ser300 from A. As it happens, although Ar@75 is
conserved in the lamprey, both of the opposing residues are
changed, without apparent consequence. Indeed, the comple-
mentarity of the interface looks to be highly conserved
despite a number of amino acid replacements (Figure 7). As
in past structures, the interface is virtually devoid of obvious
intermolecular interactions. One possible new exception is
a putative hydrophobic interaction between W80 of the

FIGURE 4: Superposition of @ backbone traces from lamprey (red) A molecule and Phe277 of the B molecule.

and human (green) fragments D complexed with GHRPam (the |n a previous report comparing human fragments D (and

human structure PDB code is 1FZG). The least-squares Operat'ondouble-D) a perceptible difference was observed in the

in O (13) was based on the most conserved regions offthend . - .

yC domains. orientation of the A and B molecules in the double-D
fragment complexed with GHRPam, relative to other com-

positioned in exactly the same way in the lamprey and human plexes, the_ crevice being wider on one side _than occurs when
proteins, even though the entryway loops differ significantly. GPRPam is present or when there is no ligand at2). (

Al told, there are four small gaps (one or two residues The lamprey fragment BGHRPam complex, while main-
each) in the alignment of the lamprey and human sequenceéam'ng the same _g_eneral arrangement, appears to fall in an
(Figure 2). All are in connecting loops and at sites where intermediate position between the two kinds of human
there are also gaps in an alignment of the homologdus Complex (data not shown).
and y chains. For example, the single one-residue gap in y-Chain Carboxyl-Terminal Segmerithe lamprey frag-
the S chain occurs in the region previously designated “the ment D provides a clearer picture of threchain carboxyl
snout” 23), an eight-residue inser3280—£287, human region than any of the several human fragments D previously
numbering) in the3 chain relative to thes chain. reported 22, 23). Two different conformations are present:

In another case, a short helix takes the place of a simplean extended form arising on one side of the D:D interface
extended strand as the result of two extra residues in theand a bent or folded form on the other side (Figure 1). The
lampreyy chain (residues 144A and 144B, human number- extended form could be traced as far asy@@9 (lamprey
ing). Similarly, the lamprey chain lacks human residues numbering)401 human numbering); the density for the bent
242 and 243, an extended loop merely being truncated. form faded after residue G895 (lamprey numbering,397

Peptide BindingThe GHRPam ligand was clearly evident human numbering). It should be noted that in lamprey
in the 8-chain binding site (Figure 6). As expected, the side fibrinogen the putative cross-link acceptor sites (glutamines)

coiled coil

1319,

FiGure 5: Superposition of @ backbone traces for the loops at the entrywayg-chain (left) ands-chain holes (right). Each hole has
two loops in common and a third that is changed. Yellowamprey; blue= human.
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Ficure 6: Electron density omit map showing peptide ligand
GHRPam in thgs-chain binding site. The density was calculated
from the|F,| — |F¢| coefficients and phases from the refined model
and contoured at 16 The ligand was not included in the
calculation.

are located at residue897—y399 (lamprey numbering) and
the putative lysine donor is at residyd01.

Calcium Binding SitesElectron density corresponding to
calcium atoms is prominent in the homologous primary
binding sites on thg andp chains {316—y322 ands379—
3385, respectively). No density was evident, however, in the
region between th@gC domain and the coiled coil where
secondarily bound calcium has been observed in human
fragments D 22). The situation in another secondary binding
site, y294—y301, which has a bound calcium in human
fragment D only when GHRPam occupies the A hole, was
not so clear. The diffuse density in this region of the lamprey
structure suggests partial occupancy by a calcium atom, in
line with the likelihood that GHRPam may also be partially
bound.

CarbohydrateLamprey fragment D has asparagine-linked
carbohydrate at two different positions: one corresponding
to a cluster that occurs in other vertebrate fibrinogens at
residue3364 (human numbering; the corresponding lamprey
residue ig5384) and an additional clustergtchain residue
Asny203. The first of these clusters is especially well
resolved in the DEF and JKL molecules, to the point where
the split in the biantennary cluster is readily evident; it was
possible to build in seven sugar residues. The clarity of the
electron density is at least partly due to the cluster being
immobilized by its participation in the crystal packing. As
in the human molecule, this cluster sits adjacent to the
fB-chain hole and may influence access to it. In the case of
the second carbohydrate cluster, at A203, three sugar
residues were easily modeled into each of the molecules.

DISCUSSION

The fact that lamprey fibrinogen is readily converted to
fibrin by the exclusive release of the fibrinopeptidesB (
4) provides a unique tool for studying the role of the B knobs.

Yang et al.

Lamprey
L-GH

Ficure 7: Comparison of D:D interfaces for lamprey and two
human preparations. Residues are colored according to their
distances from nearest residues on the opposite moleculg2A5g

and its nearest partner are labeled in all molecules. Top, human
DDBO (1FZC); middle, human fDGH (1FZC); bottom, lamprey
(1LWU). Note the position of Hig396 (human numbering) near
the carboxyl terminus of lamprey chain.

That the reaction is strongly inhibited by GPRPam (the A
knob) seems at first glance paradoxical. Moreover, even
though the new amino-terminal sequence revealed by the
cleavage is Gly-Val-Arg, the corresponding Gly-Val-Arg-
Pro (GVRP) synthetic peptide is only a very weak inhibitor
of the processY). That the synthetic peptide GPRP is a
strong inhibitor, associating more tightly with lamprey
fibrinogen than it does with mammalian oné&g, (suggests
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that it is they-chain hole that is being blocked, preventing linking and, at least in mammalian fibrinogens, because this
its interaction with the exposed B knobs. Consistent with part of the molecule is known to bind to platelets and other
this interpretation,y—y cross-linking occurs in the usual cells 6). The flexibility of the region was first demonstrated
fashion when activated factor XIII is present, even though by Yee et al. 27), who observed multiple conformations in
only the lamprey fibrinopeptides B are releas8y indicat- a crystallized recombinantC domain, including two dif-
ing that end-to-end polymerization is occurring normally. ferent forms in the same crystal, neither of which could be

One interpretation of these observations would have the observed to the very end of the chain. Experiments with
p-chain knobs somehow find the holes normally occupied carrier-driven crystallization of the-chain carboxyl-terminal
by the a-chain knobs; an alternative explanation is that the 14 residues from human fibrinogen fused with lysozy2®) (
exclusive interaction of B knobs wijtchain holes can result  and glutathion&-transferase9) have revealed a Z-shaped
in the same kind of initial association caused by A knobs structure that overlaps, in part, one of the forms from the
fitting into the y-chain holes. The latter scenario would be recombinanty chain.

consistent with a recent model for B-knob involvemei)( In previous studies of fragments D and double-D, however,
but it implies that inhibition by GPRP is due to its binding the electron density in this region has been too diffuse for
at thEﬁ'Chain hOle, an interaction that does not seem to occur modeiing_ This was especia”y disappointing in the cases of
in human fragment D (see below). We hope to resolve the double-D, where it had been thought the importaamino-
matter by determining the structure of lamprey fragment D (,-glutamyl)lysine cross-links between molecules would be
complexed with GPRPam. visualized. The lamprey fragment D structure has provided

Knobs and HolesSynthetic peptides corresponding to the the best picture yet for a naturally occurring arrangement
knobs involved in fibrin formation have proved to have a petween abutting D domains, different conformations existing
great influence on the mode of crystallization of various on the two sides of the abutment. Although this may be
fragments D and double-I28). When fragment double-D  attributable to the particular nature of the crystal packing, it
from human fibrin is cocrystallized with the synthetic A offers hope that crystals of factor Xl cross-linked double-D
knob, GPRPam, the peptide is bound exclusively in the from lamprey fibrin might reveal the cross-links themselves,
y-chain hole, no density at all being found in tiechain  something that has not been possible heretofore. The basis
hole 23). The certainty of the observation is attested to by for this optimizm stems from the fact that, in the case of the
the fact that the side chains ﬂ397 andﬂ398 are directed human fragments] the Crysta|s for the fragmeﬁ-t@]{RPam

away from theS-chain pocket. When human double-D is  complex were isomorphous with those for the cross-linked
cocrystallized with both A and B knobs, each knob finds its  double-D-GHRPam complex2?).

own hole, the A knob residing exclusively in thechain
and the B in the3 chain. Even at 2.3 A resolution, however,

it was not possible to determine the subtle structural
differences in the two homologous systems that allow this
discrimination 20). Indeed, the two ligands adopt exactly
the same position in their pockets, even to the extent of a
subsidiary water molecule involved in the binding.

In the case of human fragment D complexed with only
GHRPam, however, the peptide was found in both ghe
andy-chain holesZ3). In the lamprey complex reported her
the peptide is only clear in th8-chain hole; its apparent
absence from the-chain hole may be due to differences in

the entryway loops (Figure 5). : : " )
yway loops (Fig ) exists only two residue positions away in several other

It is unclear why it is so much easier to crystallize h | ins. including theEC d in th
fragments D (and double-D) with GHRPam than is the case . omologous proteins, including t omain that occurs

with GPRPam. One factor may be the conformational changeIn a minor alternative form of fibrinogersg, .34)' In th's.
that occurs in thg chain upon binding the peptide, the side latter case, a crystal structure of a reco_mblnant domain at
chains of Glg397 and Asp398 moving from a position 2.1 A resolution revealed four sugar residu@s)(
near the coiled coil to form the final leg of thgchain In summary, the structure of vertebrate fibrinogers
binding pocket 22). It may be, also, that binding the typified by its fragment D portionshas been highly
positively charged ligand alters the charge situation suf- conserved over the last 450 million years. The inner portions
ficiently in this region of the molecule to favor lateral growth. Of the ligand binding sites in thC andyC regions of the
The lamprey is the second instance of GHRPam binding molecule are well preserved, but in each case one of the
to a8-chain hole even though the Gly-His-Arg- sequence €ntryway loops differs and may influence the ability to
does not occur naturally in the native protein. In chicken discriminate between knobs.
fibrinogen the corresponding B knob begins with the  Other features of the molecule are also well conserved.
sequence Ala-His-Arg-Pro. Nonetheless, GHRPam was For example, the putative stimulator of t-PA, a site ondhe
readily observable in th8-chain pocket of crystals of native  chain (residuest151—0158, human numbering36), has
chicken fibrinogen crystallized in its presen@by, virtually the same sequence in lamprey as occurs in mammals
Carboxyl Terminus of the Chain The carboxyl-terminal  and is wholly inaccessible to solvent in fragment D, just as
segment of thes chain is one of the most elusive structural is the case in mammalian fibrinogens. In a sense, it is
features in fibrinogen. It is a region of great physiological remarkable that so much about lamprey fibrinogen is so
importance in that it is the primary site for factor XIll cross- similar to mammalian counterparts, especially when it is

Carbohydrate ClusterdAsparagine-linked carbohydrate is
generally regarded as a barrier to crystallization because of
its mobile nature. Nonetheless, even though lamprey frag-
ment D contains an additional cluster relative to the corre-
sponding fragments from other vertebrates, crystals were
obtained. One of the carbohydrate clusters participates in the
crystal packing and was surprisingly well resolved.

It should be noted that the second carbohydrate cluster
e (Asny203) occurs exactly at the same position as where some
(homologous) fibrinogen-related proteins have putative car-
bohydrate attachments8@), including a T-cell cytotoxic
protein from moused1) and human32). A similar cluster
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considered that no earlier diverging organisms have been 16
identified that have a thrombin-clottable fibinogen.
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