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Flexibility of the Major Antigenic Loop of Foot-and-Mouth Disease Virus Bound to a Fab
Fragment of a Neutralising Antibody: Structure and Neutralisation
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The interaction of foot-and-mouth disease virus (FMDV) serotype C (clone C-S8c1) with a strongly neutralising monoclonal
antibody (MAb) 4C4 has been studied by combining data from cryoelectron microscopy and x-ray crystallography. The MAb
4C4 binds to the exposed flexible GH-loop of viral protein 1 (VP1), which appears to retain its flexibility, allowing movement
of the bound Fab. This is in striking contrast to MAb SD6, which binds to the same GH-loop of VP1 but exhibits no movement
of the bound Fab when observed under identical conditions. However, MAbs 4C4 and SD6 have very similar neutralisation
characteristics. The known atomic structure of FMDV C-S8c1 and that of the 4C4 Fab cocrystallised with a synthetic peptide
corresponding to the GH-loop of VP1 were fitted to the cryoelectron microscope density map. The best fit of the 4C4 Fab is
compatible only with monovalent binding of the MAb in agreement with the neutralisation data on 4C4 MAbs, Fab2s, and
Fabs. The position of the bound GH-loop is related to other known positions of this loop by a hinge rotation about the base
of the loop. The 4C4 Fab appears to interact almost exclusively with the G-H loop of VP1, making no other contacts with the

viral capsid. © 1999 Academic Press
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INTRODUCTION

Foot-and-mouth disease virus (FMDV) is an important
nimal pathogen of the genus Aphthovirus of the family
icornaviridae (Rueckert, 1996). The virus is genetically
nd antigenically variable (Domingo et al., 1992), and this
resents one of the main problems in the design of
ffective synthetic vaccines (Taboga et al., 1992). Neu-

ralising antibodies appear as major determinants of
rotection against FMDV infection (Mateu, 1995; McCul-

ough et al., 1992). Structural and functional studies have
ocumented that the G-H loop of capsid protein VP1 of
MDV has a dual function. It includes an Arg-Gly-Asp

RGD) triplet involved in recognition of integrin avb3, one
f the receptors for FMDV (Berinstein et al., 1995; Fox et
l., 1989; Hernandez et al., 1996; Jackson et al., 1997;
ason et al., 1994; Sharma et al., 1997). In addition, the

ame G-H loop contains a major antigenic determinant,
nd synthetic peptides consisting of amino acid se-
uences of the loop are able to induce neutralising
ntibodies in animals (Bittle et al., 1982; Di Marchi et al.,
986; Pfaff et al., 1982). This antigenic loop protrudes

rom the relatively smooth surface of FMD virions, and it

1 To whom reprint requests should be addressed. Fax: 33-0-476-

a85494. E-mail: hewat@lmes.ibs.fr.
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ppears to be mobile as judged by the lack of well-
efined electronic density in crystals of FMDV particles

Acharya et al., 1989; Curry et al., 1996; Lea et al., 1994,
995). A structure of the loop could be determined on
hemical reduction of FMDV O1 BFS particles (Logan et
l., 1993).

For FMDV of serotype C (clone C-S8c1) (Sobrino et al.,
983), this major antigenic site, termed site A, has been
tudied in detail by examining neutralisation escape mu-

ants and by measuring the reactivity of antibodies with
ynthetic peptides bearing specific amino acid substitu-

ions. These studies show that antigenic site A is com-
osed of several distinct, overlapping, continuous
pitopes located between residues 136 and 150 of VP1

Mateu, 1995; Mateu et al., 1989, 1990). The three-dimen-
ional structures of the Fab fragment of two neutralising
onoclonal antibodies (MAbs) raised against FMDV type
, complexed with an antigenic peptide representing site
, have been determined (Verdaguer et al., 1995, 1996,
998). Interestingly, even though these two MAbs (SD6
nd 4C4, described in Mateu et al. (1990) recognise two
ifferent epitopes within site A, the antigenic peptide
dopts a very similar quasicircular structure in both com-
lexes (Verdaguer et al., 1998). This structure, in which

he RGD triplet forms an open-turn flanked by a b-strand

nd a helical region, is similar to the structure of the loop

https://core.ac.uk/display/82295795?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
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261STRUCTURE OF FMDV/4C4-Fab COMPLEX
n the reduced FMDV O1 BFS (Logan et al., 1993). In the
wo antigen-Fab structures analysed, the Asp143, which
s critical for integrin-recognition function, also estab-
ishes major interactions with residues of the variable
egions of the antibodies (Verdaguer et al., 1995, 1998).

oreover, the analysis of reactivity of additional site
-specific, neutralising antibodies with substituted syn-

hetic peptides indicates that in all cases Asp143 and
ome adjacent residues play an essential role in anti-
ody recognition (Verdaguer et al., 1998).

Cryoelectron microscopy data on the Fab SD6 com-
lexed to FMDV C-S8c1 particles, combined with infor-
ation from x-ray crystallography of a complex of the Fab
ith the peptide antigen, allowed the positioning of the
ntigenic loop on the virion surface (Hewat et al., 1997).
he loop is bent toward the fivefold axis, near the B-C

oop of VP1, similar to the “up” position proposed for
ative FMDV of serotype O (Parry et al., 1990). This
rientation is opposed to the “down” position observed

or the loop in chemically reduced FMDV O particles
Logan et al., 1993). The Fab SD6 projects almost radially
rom the viral surface in an orientation that was compat-
ble only with monovalent attachment of the antibody.
his was also supported by studies on neutralisation of

nfectivity with MAb SD6 (Verdaguer et al., 1997). The
esults suggest that neutralisation by MAb SD6 involves
locking the receptor-recognition site through monova-

ent binding. The picture emerging from these studies is
hat antigenic site A of FMDV exists as a defined qua-
icircular shape that tolerates little structural perturba-

ions but that may be subjected to hinge movements on
he virion surface (Logan et al., 1993; Parry et al., 1990;
erdaguer et al., 1998). The possible implication of loop
ovements for the immunogenicity or antigenicity of

MDV is a critical question for which no information is
vailable. In the present report, we analyse the cryoelec-

ron microscopic binding of the Fab 4C4 to FMDV C-S8c1
nd compare the neutralisation of the virus by the entire
Ab and their Fab and Fab2 moieties. The structural

nalyses provide evidence of flexibility of the Fab bound
o a fully exposed G-H loop that occupies positions
istinct from those previously identified in FMDV C-S8c1
omplexed to MAb SD6 or in reduced type O FMDV. The
esults reinforce monovalent antibody binding as the

echanism of FMDV neutralisation by this group of an-
ibodies.

RESULTS AND DISCUSSION

ryoelectron microscopy of FMDV C-S8c1/4C4-Fab
omplexes

Cryoelectron microscopy images of frozen hydrated
omplexes between FMDV C-S8c1 and 4C4-Fab re-
ealed that all the 300-Å-diameter virions were deco-
ated with Fabs (Fig. 1). However, the fringe of Fabs

rojecting from the virions appeared heterogeneous, h
hus indicating a partial occupancy and/or flexibility of
he bound Fabs. Images of the complex between FMDV
-S8c1 and the SD6-Fab obtained under practically iden-

ical conditions showed a much more homogeneous
ecoration of Fabs projecting radially from the virion
urface (Hewat et al., 1997). No empty capsids, deco-
ated or not, were observed.

econstructed density of the FMDV C-S8c1/4C4-Fab
omplex

Isosurface representations of the FMDV C-S8c1/4C4-
ab complex show the nearly spherical FMDV C-S8c1
ecorated with 60 Fabs that project from the surface at
n angle of ;20 to 25 degrees to the normal to the
apsid surface (Fig. 2). In the reconstruction, the maxi-
um density corresponding to the 4C4 Fab is lower than

hat in the viral capsid (50–60%), but it spans a volume
oughly twice as large as that of a single Fab. The
elatively poorly defined, smeared-out shape of the Fab
ensity is consistent with a flexibility of the bound Fab
bout the binding site (Fig. 3). Determination of the oc-
upancy is not straightforward when movement is in-
olved as well. We suppose that the occupancy is quite
igh, partly because of the large volume of density for the
ab and partly because the neutralisation experiments
uggest a high affinity of MAb 4C4 for FMDV C-S8c1.

The present reconstructed density (containing infor-
ation to 34 Å from 29 particles) can be compared with

hat of the FMDV C-S8c1/SD6-Fab complex (containing
nformation to 30 Å from 30 particles), where the Fab
ccupancy is 100% and the Fab has a very well-defined
osition (Figs. 2 and 3). FMDV C-S8c1 has a remarkably
mooth surface at low resolution and, in the FMDV
-S8c1/4C4-Fab reconstruction, there is insufficient sur-

ace detail to allow unambiguous determination of the

FIG. 1. Electron micrograph of frozen hydrated FMDV C-S8c1/4C4-
ab at a defocus of ;1.8 mm. The scale bar represents 1000 Å.
and of the reconstructed complex.
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262 VERDAGUER ET AL.
ocation of the Fab on the viral surface

The x-ray structure of the 4C4 Fab complexed with the
5-mer peptide, which mimics the VP1 G-H loop of FMDV
-S8c1 (Verdaguer et al., 1998), was initially placed visu-
lly in the cryoelectron microscopy density map. The
osition of contact of the 4C4 Fab on the capsid surface
as quite clear, and the long axis of the Fab could be

oughly defined. However, the orientation of the Fab
bout its long axis is not immediately obvious. There are
everal different orientations of the Fab that appear al-
ost equally probable.
Because the hand of the reconstruction was uncertain,

he fitting of the models of virus and 4C4 Fab was done
or both enantiomorphs. For one enantiomorph, the fitting

as sterically implausible because the Fab-bound G-H
oop was displaced from the corresponding loop ends in
he capsid structure of FMDV type C (Lea et al., 1994),
hus appearing as a sterically unfeasible fitting. There-
ore, only modeling in the most probable enantiomorph is
resented here. This enantiomorph also showed a

FIG. 2. (a) Stereo view of the isosurface representation of the reconst
50 Å), and the viral capsid (R , 150Å) in gray. (b) Superposition o
-S8c1/SD6-Fab complex (gold) viewed down a twofold axis. (c) A thic
uperimposed footprints of Fabs 4C4 and SD6 (arrows) on the FMDV c
cale bar represents 50 Å.
igher correlation with the electron density of the three- d
imensional reconstruction of the related SD6–FMDV
omplex for which the hand was determined directly

Hewat et al., 1997) (Figs. 2 and 4).
The rigid body fitting within the electron microscopy

ensity of the x-ray structure of the 4C4 Fab is very
ensitive to both lateral and radial displacements and to

he angle formed by the longest Fab axis with respect to
he viral surface (Table 1). However, even refinement did
ot allow a clear discrimination between the several
rientations that correspond to different rotations around
ne of the Fab pseudo-twofold axis (Table 1). The orien-

ation defined by a rotation of ;270 degrees, with re-
pect to the orientation of the Fab in the SD6 complex
odel (Hewat et al., 1997), gives the best agreement

actors with a 0.5 occupancy of the Fab (Table 1). Dock-
ng in this orientation facilitates modeling of the connec-
ion of the ends of the Fab bound peptide with the
rdered base of the VP1 G-H loop in the viral structure

Fig. 4). It is not surprising that the orientation with the
econd best agreement factor is at 90 degrees (i.e., 180

FMDV C-S8c1/4C4-Fab complex. The 4C4-Fab is coloured in blue (R .
econstructed FMDV C-S8c1/4C4-Fab complex (blue) and the FMDV
on from b (;40-Å-thick parallel to the plane of the page) showing the
All reconstructions are viewed down an icosahedral twofold axis. The
ructed
f the r
k secti
apsid.
egrees rotation about the pseudo-twofold axis from the
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FIG. 4. Stereo views of the complexes between FMDV C-S8c1 and the Fabs 4C4 (a) and SD6 (b). The cryoelectron microscopy map is represented
n green. The Ca tracing of the Fab fragments are indicated in red and blue for the heavy and light chains, respectively. All viral proteins are shown
n black. The peptides corresponding to the G-H loops are represented in cyan and magenta in a and b, respectively. The different orientations found
or the two site A-specific Fabs imply a different location of the G-H loop in these complexes.

FIG. 5. (a) Ribbon diagram of the viral proteins VP1 (blue), VP2 (green), and VP3 (red). The VP1 G-H peptide derived from the reconstructed model
s shown in cyan. For comparison, the disposition of the G-H loop determined in the cryoelectron microscope complex between FMDV and the Fab
D6 is shown in magenta, and the location of the loop determined in the crystallographic structure of the reduced FMDV-O1 BFS is indicated in yellow.

b) Enlarged stereo view of the relative disposition of the VP1 G-H loops. The side chains of arginine and aspartic acid from the essential RGD are

hown explicitly.
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264 VERDAGUER ET AL.
est orientation). The alternative orientations may reflect
he continued flexibility of the “hinge regions” of the G-H
oop even when the 4C4 Fab is bound. As indicated
reviously, the large volume and the relatively weak
alues of the density corresponding to the Fab fragments
lso suggest the simultaneous presence of a number of
ab positions.

eometry of the 4C4 binding

For the proposed model, the shortest distance be-
ween the C-terminal ends of the Fab heavy chains is 84
. This distance corresponds to the Fab fragments re-

ated by the icosahedral twofold axis. The epitopes re-
ated by the viral dyad axis are separated by 70 Å. When
ifferent Fab orientations are considered, distances be-

ween Fab fragments range from 60 to 95 Å. All of these
istances are too large to allow two Fab fragments to be

FIG. 3. Sections through the reconstructed density maps of the
MDV C-S8c1/4C4-Fab complex (a) and the FMDV C-S8c1/SD6-Fab
omplex (b). The sections are chosen to pass through the maximum
ab density. The section in b passes through the origin, and the
aximum density in the capsid and in the SD6-Fab are the same

arrows). The section in a is parallel to that in b but at a distance of 25
. The maximum density in the 4C4-Fab is 60% of the maximum density

n the capsid. The scale bar represents 50 Å.
inked together on the same viral particle; thus only S
onovalent binding of the MAb 4C4 to the viral surface
eems feasible. This is also supported by studies on
eutralisation of infectivity (see below). The only direct

nteractions between the 4C4 Fab fragments and the
iral capsid appear to involve residues from the G-H

oop.

-H loop position

The GH-loop in native FMDV-C is apparently mobile,
nd most of the loop residues were missing in the
rystallographic coordinates of the type C FMDV (Lea et
l., 1994). Therefore, the location of the loop in the com-
lex was defined only by the best-fit position of the Fab
C4 onto the viral shell (Fig. 4). In the proposed model,

he G-H loop is located in a fully exposed position clearly
ifferent than that found for the loop when interacting
ith antibody SD6 (Hewat et al., 1997) (Fig 5). The loop is
xtended so the RGD motif lies at its maximal distance

rom the capsid surface. The location of the G-H loop
lso differs from the disposition of the equivalent loop in

educed FMDV type O (Logan et al., 1993) (Fig. 5). How-
ver, a simple hinge rotation at the surface of the capsid
ould allow the transition between the loop position in

educed FMDV type O and when bound to the Fab 4C4.
hen the Fab SD6 is bound, the loop is also in an “up”

osition, but it is twisted around its base by ;180 degree
nd so remains closer to the capsid surface. The possi-
ility of large movements of the loop has already been
uggested (Parry et al., 1990).

It is notable that for adenovirus serotype 2, it was
eported (Stewart et al., 1997) that a neutralising MAb,
hich binds to an RGD motif on the virus, is also mobile

TABLE 1

Refinement Statistics in the Reciprocal Space Refinement
for the FMDV C-S8c1/4C4 Fab Complex

Model orientationa R-work (%)

4C4-0 31.8
4C4-90 29.6
4C4-180 30.0
4C4-225 30.5
4C4-270b 29.7
4C4-315 30.0
Referencec 40.5

Note. R 5 ¥hiFobs(h)u 2 kuFc(h)i/¥huFobs(h)u.
a The starting orientations of the 4C4 models were obtained by a

otation around one of the Fab twofold axis (see text). The orientation
f the SD6 model was used as the reference orientation (0° rotation).
or each model, the initial positioning of the Fab fragments inside the
ensity was chosen manually and refined by rigid body fitting using
PLOR.

b Orientation used to represent the 4C4 docking in the figures pre-
ented in this work.

c The refinement of the 4C4 docking starting with the position of the

D6 model was used as an unbiased reference.
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265STRUCTURE OF FMDV/4C4-Fab COMPLEX
hen bound. This RGD motif is believed to be located on
flexible loop and is also the site of interaction for an

ntegrin receptor.

tructural comparison between the two site
-specific antibodies: 4C4 and SD6

The location and disposition of electron density corre-
ponding to the Fab fragments appear to be similar in

hree-dimensional reconstructions of both the 4C4 and
D6 complexes (Hewat et al., 1997). However, based on

he proposed models, the 4C4 Fab fragments seem to
nteract exclusively with residues from the G-H loop,

hereas the Fab SD6 fragments could also present a
mall number of specific interactions with other capsid
egions. The absence of such additional specific inter-
ctions outside the loop might explain the larger mobility
f the 4C4 Fab moiety when bound to the virion surface.

n the x-ray structure of the Fab SD6 cocrystallised with
he 15-mer peptide that mimics the VP1 epitope, all 15
eptide residues are resolved and the Fab SD6 interacts
losely with 10 of these residues. However, in the x-ray
tructure of the complex of the Fab 4C4 with the 15-mer
eptide, only 10 residues of the peptide are resolved, and

he Fab 4C4 interacts closely with 8 of these residues.
he 10 common peptide residues, resolved in both of

hese complexes, which include the RGD motif, have
ssentially the same conformation. (Verdaguer et al.,
998).

echanism of neutralisation by antibodies directed to
ite A

The neutralisation profile of FMDV C-S8c1 by MAb 4C4
ndicates a reduction of 90% of infectivity over an anti-
ody-to-virus input ratio of ;60 (Fig. 6a). The MAb could
chieve a million-fold reduction in viral infectivity. No
ubstantial fraction of residual infectivity or U-shaped
eutralisation curve (indicative of a weak neutraliser or
ggregating antibody, respectively) was found. MAb 4C4

hus is an efficient neutraliser with very similar neutral-
sing characteristics to MAb SD6 (Verdaguer et al., 1997).

To test whether bivalence was required to neutralise
nfectivity, the neutralisation activity of the purified mono-
alent Fab was compared with that of the purified Fab2
nd the intact MAb and no significant differences were

ound (Fig. 6b). On a molar basis, the neutralisation
ctivity of MAb or Fab2 was at most sixfold larger than

hat of Fab (it must be considered that each MAb or Fab2
olecule has two potential attachment sites to the virus,
hereas Fab has only one). The similarity of the neutral-

sation curves strongly supports monovalent binding of
he MAb 4C4 to the FMDV capsid. Similar behaviour was
lso observed in the neutralisation experiments with
Ab SD6 (Verdaguer et al., 1997). Both antibodies neu-

ralise the FMDV infectivity with an almost identical effi-

iency by monovalent antibody binding. Also, both anti- i
odies interact with the peptide epitope in a similar
ashion, as deduced from the crystallographic structure
n the complexes (Verdaguer et al., 1995, 1998), making
irect contact with the integrin receptor recognition trip-

et RGD. Therefore, despite the larger flexibility of the
MDV C-S8c1/4C4 Fab complex with respect to the SD6
omplex and the differences in their interactions with the
apsid, we conclude that steric inhibition of the receptor
inding site is the major mechanism by which both
ntibodies neutralise FMDV infectivity and that bivalent
inding is not required for FMDV neutralisation. Hinge
ovements of the FMDV loop may help in accommodat-

ng different neutralising antibodies.

MATERIALS AND METHODS

reparation of virus and antibody

FMDV C-S8c1 is a biological clone derived from the

FIG. 6. (a) Neutralisation of FMDV as a function of the antibody
C4-to-virion input ratio. (b) Neutralisation by antibody 4C4 fragments.
he molar amounts of MAb Fab2 and Fab are indicated on the ab-
cissa.
solate C1 Sta Pau Sp/70 as previously described (So-
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266 VERDAGUER ET AL.
rino et al., 1983). It was purified using the standard
rocedures described by Curry et al. (1992). Site A-spe-
ific MAb 4C4 was raised against C1 Brescia It/64 (Ca-
ucci et al., 1984) and reacts with both C1 Brescia It/64
nd C-S8c1 in enzyme-linked immunosorbent assays,
ith VP1 in Western blots, and with synthetic peptides

epresenting the antigenic site A of FMDV C-S8c1 (Ma-
eu et al., 1990). The VP1 G-H loop of FMDV C1 Brescia
t/64 is identical to that of C-S8c1 except that it has a T
nstead of an A at position 140 and an A instead of a T at
osition 149. MAb 4C4 and its Fab fragment were pre-
ared and purified as described by Verdaguer et al.

1998).

reparation of virus-Fab complexes

The type C FMDV and 4C4-Fab complex was prepared
nd purified as described previously (Hewat and Blaas,
996, Hewat et al., 1997). FMDV C-S8c1 (33 mg) and
C4-Fab were incubated at a molar ratio of 1:200 in a
olume of 50 ml for 1 h at room temperature. Excess Fab
as removed by passage through a Sephacryl S300

pun column (Pharmacia).

reparation of frozen hydrated specimens

Frozen hydrated specimens were prepared on holey
arbon grids as previously described (Hewat et al., 1997).
he carbon films, supported on 400 mesh grids, were not

onised before use. Samples of the virus suspension (4
l) were applied to grids, blotted immediately with filter
aper for 1–2 s, and rapidly plunged into liquid ethane
ooled by nitrogen gas at 2175°C. Specimens were
hotographed at a temperature of close to 2180°C using

Gatan single-tilt cryoholder in a Jeol 1200 EX instru-
ent operating at 100 kV. Images were obtained under

ow-dose conditions (,20 e/Å2) at a nominal magnifica-
ion of 30,0003 at ;1.8 and ;3.0 mm underfocus. All the
xperimental work involving FMDV C-S8c1, including use
f the electron microscopy, was performed under P3

aboratory conditions at The Institute for Animal Health,
irbright.

mage analysis

Preliminary selection of micrographs, digitisation, and
reparation of virus particle images for analysis were
erformed as described previously (Hewat et al., 1992).
he pixel size of 20.9 mm on the micrograph corresponds

o a pixel size of 6.75 Å/pixel at the specimen. Further
mage analysis was performed on a DEC Alpha worksta-
ion using modified versions of the MRC icosahedral
rograms and the polar Fourier transform, PFT, model-
ased orientation determination programs (Baker and
heng, 1996) supplied by S. Fuller (Fuller et al., 1996).
he particle orientations and origins were determined
sing the PFT model based approach, using a starting

odel derived from the reconstruction of the FMDV-C- w
8c1/SD6-Fab complex. The starting model consisted of
he FMDV capsid and a small portion of the variable
egion of the SD6 Fab (i.e., the reconstruction was trun-
ated below a radius of 98 Å and beyond 160 Å). The
esulting reconstruction of the FMDV-C-S8c1/4C4-Fab
omplex was then similarly truncated and used as a
odel for the next cycle of refinement. The closer to

ocus images were refined through numerous cycles.
nly particles with a cross-correlation coefficient of
0.40 were retained. The best reconstruction used 29

articles and included information to 34-Å resolution.
sosurface representations of the reconstructed density

ere visualised using EXPLORER, and the density maps
ere visualised using SEMPER 6 Plus on a Silicon
raphics workstation.
The relatively poor quality of this reconstruction and

he lack of surface detail on the virus capsid arise from
he extreme difficulty in determining the orientations of
he images of the complex where a significant part of the
ensity is not related by icosahedral symmetry, arising

rom the Fab mobility and/or partial occupancy, and an
lmost spherical virus. By comparison, in the case of the
omplex between human rhinovirus serotype 2 and the
ab 3B10, the 80% occupancy of the Fab did not sub-
tantially hinder the icosahedral 3D reconstruction (He-
at et al., 1998). Also, in the case of a calicivirus with 50%
Ab occupancy, the icosahedral 3D reconstruction was

ot so difficult because the arched capsomers on the
apsid conferred a much higher icosahedral content on

he complex (Thouvenin et al., 1997). In both of these
ases, the Fabs had a well-defined position indicating

ittle or no Fab movement.

itting the FMDV C-S8c1 and 4C4-Fab x-rays
tructures to the cryoelectron microscopy density

The magnification of the electron microscopically re-
onstructed density map of the complex was determined
y scaling it to the x-ray data as described by Hewat et
l. (1997). The reconstructed map was then masked to
xclude all density except that corresponding to the
apsid and the Fab. This was done by subtracting the
ean density from the reconstructed map and setting all

ensity below zero to zero. The density at a radius below
10 Å (corresponding to the viral RNA) was also set to
ero. No correction was made for the electron micro-
cope contrast transfer function.

The x-ray structure of the Fab 4C4 was first fitted by
ye to the cryoelectron microscope density map using

he program O (Jones et al., 1991). The large volume of
he Fab density defines the Fab pseudo-twofold axis
easonably well but does not allow determination of the
otation angle of the Fab about this axis. To determine
he best fit, the structure factors corresponding to the
lectron microscope density of the Fab–virus complex

ere calculated by Fourier transformation and used to
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efine the structures with the program XPLOR (Brünger
993) by rigid-body minimisation at 35 Å resolution. Strict

cosahedral symmetry was always imposed with the
ppropriate 60 noncrystallographic symmetry operators,
nd the model of the viral shell was kept fixed. The

emperature factors for both capsid and Fab were set to
000 Å2. Refinement of the Fab molecule, always treated
s a single rigid body, was evaluated using the R-factor

Table 1).

-H loop modeling

The VP1 G-H loop was assumed to adopt essentially
he conformation found for the 15-mer peptide com-
lexed with the 4C4 Fab in the crystallographic structure,
here only 10 of the 15 residues were clearly visible in

he electron density maps (Verdaguer et al., 1998). The
ocation of the peptide with respect to the viral surface

as defined by positioning of the Fab during the rigid
ody refinement. Modeling was thus limited to linking the

and C peptide ends to the known structure of VP1 (Lea
t al., 1994). Four residues (T133, T134, A135, and Y136)
t the N-terminal portion of the peptide and five residues

T148, T149, T150, H151, and A152) at the C-terminus
ere missing from the FMDV type C structure. These

esidues were manually introduced using the graphic
rogram TURBO (Rousel and Cambillau, 1991). The direct

ink of the two peptide ends to the virus required only
inor rearrangements.

eutralisation experiments

The neutralisation profile of FMDV C-S8c1 by MAb 4C4
as measured as follows. A total of 4.5 3 107 PFU (4.5 3

011 virions) was mixed with different amounts of purified
Ab 4C4, the mixtures were incubated for 1 h at room

emperature, and infectivity was determined in a plaque
eduction assay as previously described (Mateu et al.,
987). The ratio of physical-to-infectious particles for
MDV C-S8c1 in purified FMDV preparations were de-

ermined by evaluating the virus titers in infectivity as-
ays and by measuring the amounts of viral proteins by
DS–PAGE and densitometry. This ratio was ;10,000
irions/PFU. The comparison of the neutralisation activity
y the antibody 4C4 and its fragments was done by
laque reduction neutralisation assays (Mateu et al.,
987) using equimolar amounts of MAb, Fab, and Fab2.
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