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VIROLOGY 204, 777—788 (1994)

Direct Imaging of Interactions between an Icosahedral Virus and Conjugate F,, Fragments

by Cryoelectron Microscopy and X-Ray Crystallography

CLAUDINE PORTA,"* GUOIJI WANG,"* HOLLAND CHENG, ZHONGGUQ CHEN,?
TIMOTHY S. BAKER, Anp JOHN E. JOHNSON®

Oepartment of Biofogical Sciences, Purdue University, West Lafayeite, Indiana 47307-1332

Received April 21, 1984, accepted July 14, 1994

The binding properties of seven mouse moncclonal antibodies {(McAbs) raised against cowpea mosaic virus (CPMV) were
characterized by conventional and inhibition enzyme-linked immunosarbent assay (ELISA} technigue. McAb binding to CPMV
on electron microscope (EM) grids was alse assayed with gold-labeled anti-mouse antibodies, Twe of the seven McAbs
(8B2 and 10B7) were found to bind tighter to CPMV than the others in the inhibition ELISA and the EM assay. F,, fragments
from both of these McAbs were prepared and complexed with CPMV in solution. Electron micrographs of flash frozen
{vitrified) samples of native CPMV and CPMV complexed with F,, fragments from McAbs 5B2 and 1087 as well as IgGs
trom 5B2 were recorded and reconstructions were computed at 23 A resolution for the CPMV/F,, complexes and 30 A
resolution for the CPMV/1gG complex. Structures of all three complexes ciearly displayed the F,, fragments distributed with
icosahedral symmetry on the surface of CPMV. The lgG bound in 2 monodentate fashion with only one F,, attached to the
virus surface. F., fragments from 5B2 and 10B7 bound to nearly identical positions. The refined 2.8 A X-ray structure of
CPMV was used to identify the roughly 30 amino acids covered by the F,, fragments. The “footprint” spans a subunit
interface and appears spatially similar to antigenic site 3B on poliovirus. In a previous, preliminary report of the CPMV/F,,
5B2 complex {Wang et al, 1992, Nature 356, 276-278) the wrong enantiomorph of the reconstruction was chosen. This

was corrected and, since the F,, binds close to a mirrer plane, the change in the footprint was minor.

Press, Inc.

INTRODUCTICN

Immune recognition and neutralization of viral anti-
gens are problems of fundamental and practical impor-
tance. The antigenic surfaces of the influenza virus hem-
agglutinin and a variety of picornaviruses have been ex-
tensively mapped by three methods: (i) analysis of
naturally occurring mutants that result in outbreaks of
disease (e.g., Wiley et al,, 1981), (i} analysis of binding of
monoclonal antibodies generated by immunization with
polypeptides corresponding to contiguous amino acid
sequences in the viral protein (e.g., Attassi and Kurisaki,
1984; Chow et &/, 1985), and (iii) analysis of changes in
envelope or coat protein sequences feund in viral vari-
ants that avoid neutratization by particular monoclcnal
antibodies {e.g., Rossmann et a/, 1985; Sherry et a/,
1986; Page et a/, 1988). The data derived from these
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studies correlate well with the known three-dimensicnal
structures of the influenza virus hemagglutinin (Wilson
and Cox, 1990} and a number of picornaviruses (Ross-
mann et al, 1985, Hogle et &/, 1985; Page &t af, 1988).
Until recently the biochemical and structural data for ico-
sahedral viruses could only be obtained in independent
experiments, making it impossible to directly establish
the mode of interaction beiween the viral immunogeénic
site and the antibody, although reasonable models were
developed on the basis of high resolution X-ray studies
of F,e fragments complexed with protein antigens (Amit
et al, 1986: Padlan et a/., 1989; Colman et al., 1987).
We recenily reported the moderate resolution structure
of an icosahedral virus, cowpea mosaic virus (CPMV),
complexed with a F,, fragment that was derived from a
monoclonal antibody {(McAb) to the virus, designated 5B2
{(Wang et af, 1992). We now present the procedures used
for the production and structure determination of the
CPMV/F,, BEB2 complex and report the study of CPMV
complexed to a F,, fragment derived from a different
monoclonal antibody, called 10B7. In the course of ex-
tending this investigation we employed a new technique
for computing the reconstructions and we discovered
that we had chosen the wreng enantiocmorph in the origi-
nal report of the CPMV complex with 5B2. Since the site
of binding is close to a mirror plane, the revision of the
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footprint in the light of this discovery was minor. The F,,
fragment of McAb 10B7 covers nearly the same region
of the vira!l surface as 5B2. We also repont the structure
of the IgG of monoclenal antibody 5B2 complexed to the
virus and show that it binds in @ manovalent fashion, L.e,,
with only one of the two F,, portions attached to the
surface.

CPMV is a multicomponent, single-stranded, RNA
plant virus (for a recent review see Lomonossoff and
fohnson, 1891). Typical preparations are composed of
empty capsids (called top component or CPMV-T), cap-
sids which contain the 3481-base RNA2 (called middle
component or CPMV-M), and capsids which contain the
5889-base RNA1 (called bottom component or CPMV-B).
The external surfaces of the three different particles are
virtually identical because they cocrystaliize in a singie
crystal that diffracts X rays to 2.8 A resolution (White and
Johnson, 1980}

The CPMV capsid has an architecture similar to that
of the picornaviruses with the icosahedral asymmetric
unit formed by three G-barrel structures where each §-
barrel has a unique sequence, but all three have strik-
ingly similar tertiary structures (Chen et al, 1989; 1980},
Two of the B-barrels are part of a single polypeptide
chain (42 kDa) corresponding to the “large” (L) capsid
protein. The 8-barrel of the L protein, analogous to VP2
of picornaviruses, is at the amino end of the polypeptide,
and the g-barrel corresponding to VP3 of picernaviruses
is at the carboxy end of the chain. These two S-barrels,
along with the corresponding B-barrels from two neigh-
boring L proteins, form a pseudo hexamer about the
icosahedral threefold symmetry axes. The third S-barrel
is analogous to VP1 of picornaviruses; it is a single poly-
peptide chain {23 kDa), called the “small” (S) capsid pro-
tein, and forms the pentamers at the 12 particie vertices.
Like picornaviruses, the CPMV capsid proteins are ini-
tially synthesized as a polyprotein that is processed by
a virally encoded protease.

The structures of native CPMV and the CPMV/F,, 5B2
complex, determined by cryoelectron microscopy (cryo-
EM} and image reconstruction, were compared with the
refined 2.8 A structure of native CPMV determined by X-
ray crystallography {Chen et af, 1990). A detailed foot-
print o} the F,, {identification of all amino acids covered
by the F,,) on the viral surface was determined and this
was found to correlate {with respect to the guaternary
particte structure) with an antigenic site on poliovirus 1,
known as 3B. Site 3B was identified by 1the analysis of
escape mutations (Page ef a/, 1988) and has been further
explored by site-directed mutagenesis (Reynolds et al,
1991}, The commoen immunogenic sites on CPMV and
poliovirus probably arise because of the overali simitarity
in the capsids of the twe viruses which is illustrated in
Fig. 1.

PICORNAVIRUS COMOVIRUS

B SS o
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Fia. 1. A comparison of the picorna and comovirus capsids with 6
{of the 60) F,, footprints on the comovirus capsid representad by ellip-
soids. The picornavirus particle is formed from 60 coples each of three
different, but similar, gene products (each composed of an eight-
stranded, antiparalle! g-barrel) labeled VP1, VP2, and VP3. The como-
virus capsid is formed of 60 cepies each of 2 large (L) subunit and a
small (S) subunit. The L subunit is formed of two S-barrels correspond-
ing to VP2 at the amina end and VP3 at the carpoxy end while S
corresponds to VP1. Note that the footprint spans a subunit interface
with the smaller part of it interacting with the VP2 portion of one L
subunit and the larger part of it interacting with the VP3 portion of a
different L subunit.

MATERIALS AND METHODS
Production of monoclonal antibodies

Immunizations. Monoclonal antibodies to CPMV were
generated in two separate fusion experiments. Three
Balb/c mice were injected three times with 50 pg of
CPMV in the first fusion experiment. The first two injec-
tions were given intraperitoneally at an interval of 10
days, the third injection was given, intramuscularly, 3
weeks later. In the second fusion experiment Balb/c mice
were immunized twice subcutaneously, first with 100 ug
and then with 50 ug of virus and then twice with intramus-
cular injections of 25 ug of virus each. The four immuniza-
tians were spaced by 8 days. Booster injections were
performed after a period of rest of 1 and 2 months, re-
spectively, for the first and the second fusion. These
intravenous injections with 10 g of virus were adminis-
tered to the mice presenting the highest specific antibody
serum titer, 4 and 3 days before sacrificing the animals.
For the intraperitoneal and subcutanecus injections, the
antigen was emulsified in an eaual volume of Freund's
complete adjuvant, while Freund’s incomplete adjuvant
was used for the intramuscular immunizations.

Hybridoma preparation. A protocol adapted from Fa-
zekas de St Groth and Scheidegger (1980) was used 1o
carry out the fusion procedures. Spleen lymphocytes
were fused in a 1/1 ratic with PAl myeloma cells (Stocker
et al., 1982} inthe presence of b0% sterile filkered polyeth-
ylene glycol 4000. Hybridoma cells were grown in RPMI-
based medium and selected by the presence of HAT
{hypoxanthine, aminopterine, thymidine). Subcloning of
hybridomas that secreted CPMV-specific antibody was
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performed by a limiting dilution method in which an aver-
age of 0.5 cell per well is distributed on tissue culture
plates. The McAbs were amplified in ascites fluid in-
duced in pristane-primed Balb/c mice by injecting 0.5 X
107 cells of subcloned hybridomas into the peritoneal
cavity.

Screening test

Detection of the hybridoma clones that secreted anti-
bodies specific for CPMV was performed by ELISA. Two
types of assays were used. In the DAS (double anti-
body sandwich)—ELISA (enzyme-linked immunosorbent
assay) format, rabbit antibodies raised against CPMV
were adsorbed at a concentration of 1 ug/ml in 0.056 M
carbonate buffer, pH 9.6 (coating buffer), to the polyvinyl
microtiter plates (Falcon 3912, Beckton Dickinson). Ad-
sorption was for 3 hr at 37°. Incubation of CPMV at 1 ug/
m! in PBS-T (PBS containing 0.06% Tween 20} followed
for 2 hr at 37°. In ACP (antigen-coated plate)—ELISA the
plates were coated with 2 pg/ml of CPMV in coating
buffer for 3 hr at 37°. In both assay procedures, the subse-
guent steps were identical. First the remaining binding
sites on the plastic were saturated by incubation with
1% BSA in PBS-T overnight at 4°. Hybridoma culture su-
pernatants dituted /3 in PBS-T were then added to the
wells for 2 hr at 37°. Bound McAbs were detected with
a sheep anti-mouse 1gG alkaline phosphatase conjugate
{Jackson Laboratories, West Grove) diluted 1/1000 in
PBS-T, followed by addition of the substrate p-nitrophenyl
phosphate at 1 mg/ml in 0.1 M diethanalamine, pH 9.8
(substrate huffer). Each incubation step on the microtiter
plates was followed by three washes with PBS-T. The
isotype of McAbs from hybridoma supernatants was de-
termined in indirect ELISA with subclass specific rabbit
anti-mouse antisera (Nordic, Tilburg} and a goat anti-
rabbit IgG alkaline phosphatase conjugate {Sigma Chem-
ical Co.). For these experiments, chicken antibodies di-
rected against CPMV were used as the first antibody in
DAS—-ELISA.

Purification of IgGs from ascites fluids

The protocol described by McKinney and Parkinson
(1987) was followed. The ascites fluids were treated with
caprylic acid to precipitate the albumin and non-IgG pro-
teins and then with ammonium sulfate to precipitate the
IgG fraction,

Production of Fg.s

A method employing papain attached to beaded aga-
rose (Sigma Chemical Co.) and adapted from that de-
scribed by Coulter and Harris (1983) was used. Purified
laGs were dialyzed against TNE (50 mM Trig, 150 mM
NaCl, 2 mM EDTA, pH 7.5} and a suspension of papain—
agarose in TNE was prepared. Dithiothreitol, 10 mAf final,

was added to the IgG solution and the resuspended
papain & min before mixing of the two reagents followed
by incubation at 37° under continuous shaking. Ten units
of papain were used to digest 10 mg of igG and the
optimal length of incubation was determined by a kinetic
study of the digestion of a small sample of McAh. The
insoluble enzyme was subsegquently pelieted at 2000 g
for 5 min and the digestion products were dialyzed
against PBS. The dialysate was either used as a Fu
fragments and Fc regions mix or purified further.

Purification of F,, fragments

The papain digestion products were purified on a pro-
tein G-column (Pierce Chemical Co.), used according to
the manufacturer's instructions. Protein G binds the Fc
regions of immunoglobuling (Akerstrém and Bjérek, 1986)
which were therefore retained on the column in binding
buffer (0.1 M sodium acetate, pH 5.0) while the F,, frag-
ments weare collected in the flow through and subse-
quently dialyzed against PBS and concentrated on Cen-
tricon 10,000 (Millipore Corp.). Regeneration of the pro-
tein G column was with elution buffer (0.1 M glycine—~
HCI, pH 2.8},

Immunogold labeling method

Five microliters of virus particles at 1 mg/ml in PBS
was adsorbed directly on the surface of carbon-coated,
formvar grids for 1 min. After saturation of the carbon
surface with 1% BSA in PBS for 20 min, 5 ul of McAb, as
a purified IgG or an ascites fluid, diluted in PBS was
incubated for 15 min, Binding of the McAb was revealed
by incubation for 15 min with 5 ul of goat anti-mouse
immunoglobulins conjugated to gold particles {Sigma
Chemical Co.} and diluted 1/20 in PBS. Grids werg
stained with 1% uranyl acetate for 1 min. Three washes
with PBS were performed between each incubation step.

Inhibition ELISA

Rabbit anti-CPMV igGs were adsorbed to ELISA plates
at a concentration of 1 ug/ml in coating buffer far 3 hr
at 37°. After a 1 hr saturation step with 1% powdered milk
in PBS-T, 2 ug/mt of CPMV-M in PBS-T was incubated for
2 hr. During this interval, the McAbs were preincubated
with concentrations of free CPMV-M ranging from 125 to
0.25 ug/ml in PBS-T. The virus—~antibody solutions were
subsequently incubated on the plates for 2 hr at 377
Immobilized McAbs were detected with sheep anti-
mouse immuncglobulins conjugated to alkaline phos-
phatase and diluted 1/5000 in PBS-T, followed after 2 hr
by p-nitrophenyl phosphate at 1 mg/ml in substrate
buffer. Between every step of incubation the microtiter
plates were washed three times with PBS-T.
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Production of virus—F,, complexes for cryoelectron
microscopy

CPMV-M (100 ug) and F,, fragments from McAb 582
were incubated in a ratio of 1:600 in 500 p! of PBS for 2
hr at 37°. Unbound antibedy fragments were separated
from virus—F,, complexes by centrifugation on a 5—40%
linear sucrose gradient for 2 hr at 38,000 rpm. Peaks
obtained with an ISCO density gradient fractionator were
screened by EM of negatively stained samples. Gradient
fractions containing virus particles saturated with Fg,
fragments were identified and subjected 1o centrifugation
through Ultrafree-MC fitters of MW cut off 100,000 {Milli-
pore Corp.) to remove the sucrose.

CPMV-M at a congentration of 0.2 mg/ml was incu-
bated with purified F,, fragments from McAb 10B7 in a
molar ratio of 1:120 in a volume of 20 gl PBS, for 5 min
at 37°. The reaction volume was then brought to 400 p/
with PBS and EM grade | glutaraldehyde {Sigma Chemi-
cal Co.) was added to a final concentration of 0.1%. The
incubation was continued for 10 min at room tempera-
ture, before concentration and washing of the sample
with PBS on Ultrafree-MC filiers (MW cut off 100,000).

Production of virus—IlgG complexes

CPMV (100 pg) was incubated with igGs from McAb
5B2 in a final volume of 200 ul. A 1:60 ratio of virus to
antibody was chosen in order 10 minimize virus particle
aggregation and the level of background due to unbound
antibedy. Freezing of the samples for cryoEM followed
within minutes after mixing the two reagents.

Cryoelectron microscopy and image reconstruction

The cryoEM and image analysis procedures that were
used to obtain the three-dimensional reconstructions of
CPMV and the CPMV/F,, complexes were essentially
similar to those previously reported (Baker et al, 1991;
Cheng et al, 1992; Dryden et af, 1993). The sample was
maintained at near liquid nitrogen temperature in a Gatan
626 cryotransfer stage (Gatan, Inc., Warrendale, PA) in a
Phillips EM420 transmission electron microscope {Phil-
lips Electronics Instruments, Mahwah, NJ}. Micrographs
were recorded under minimal dose conditions {<20e™/
A% at an objective lens defocus ot ~0.8 um and an
instrument magnification setting of X498,000. Micregraph
selection and digitization and particle image selection
were performed as previously described (Baker et al,
1981; Cheng et al, 1992; Dryden et a/,, 1993).

Cross-common lines procedures (Fuller, 1987; Baker
et al, 1988) were used to select out a set of particle
images from which the final three-dimensional recon-
structions, with full 532 icosahedral symmetry (Fuller,
1987) were computed. An R-factor calculation (Winkel-
mann et al, 1991) indicated that the data were reliable

to ~23 A for the CPMV/F,, complexes and 30 A resolu-
tion for the CPMV/1gG complex. Each of these resolution
values was estimated on the basis of a comparison (e.q.,
Baker et a/, 1991; Dryden et &/, 1993) between two sepa-
rate reconstructions that were computed from smailer
and independently refined subsets of images.

X-ray crystallography

CPMV crystallizes in space group 123 (& = 317 A) with
two molecules in the cell. Only the fivefold symmetry
axes of the particle are noncrystallographic since the
particles are positioned on tetrahedral {23} symmetry
sites of the crystal lattice. The CPMV structure was
solved by multiple isomorphous replacement and phase
refinement by real space averaging. A detailed model
was constructed to fit the electron density and this model
was refined with the programs PROLSQ (Hendrickscn,
1985) and X-PLOR (Brunger, 1988). The final structure
had a crysiallographic agreement factor for all data with
i/{l) > 4 between 6.0 and 2.8 A of 18.1% with an rms
bond distance deviation of 0.019 A The final model in-
cluded 4510 protein atoms and 84 water molecules in
the icosahedral asymmetric unit {unpublished data).

RESULTS

Production and characterization of monoclonai
antibodies

Mice immunizations and the initial screening of cell
culture supernatants were done with unfractionated
CPMV (a mixture of top, middle, and bottom components).
Subclonings were performed with CPMV-M as the test
antigen in ELISA. CPMV-M was used in all the experi-
ments described hereafter.

Ten stable hybridomas were obtained. Eight of the
clones (1A1, 5B2, 8C8, 9B2, 10B7, 16A4, 29E4, and 32F5)
originated from the first fusion experiment and secrated
McAbs of the 1gG2a isotype. The second fusion experi-
ment produced only two clones, secrating, respectively,
an 1gG1 {IVB8) and an IgM {VID7), With the excepticn of
VID7 which cculd only be cultured in vitro, specific asci-
tes were produced in Balb/c mice for all the clones.

Nine McAbs reacted with CPMV in DAS-ELISA; how-
ever, only McAb VID7 was able to recognize CPMV
coated directly to the plastic in ACP~ELISA. Since direct
binding to the plate is assumed to result in partial dena-
turation of the virus panicles (McCullough et al, 1985) all
the McAbs but VID7 must be sensitive to the quaternary
structure of the CPMV particte. McAbs IVBE and 8C8
could only be produced in small amounts in ascites fluids
and were not considered further in this study. The reactiv-
ities of the seven McAbs for which several milligrams of
lgG could be purified from ascites fluid were examined
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FiG. 2. Reactivity in DAS—ELISA of (A) McAbs 1A1 (ll), 9B2 {{J), 15A4
(A), 29E4 (A), 32F5 {+) and {B) McAbs 5B2 (@), 10B7 {O) with CPMV-
M. Plates were coated with rabbit anti-CPMV igGs at 2 ug/ml in coating
buffer and saturated with 1% milk in PBS-T. CPMV-M was incubated
at 1 pg/ml in PBS-T. The bound McAbs were detected with a shaep
anti-mouse !gG enzyme conjugate diluted 1/5000 in PBS-T. Substrate
hydrolysis time was 90 min in A and 15 min in B.

{Fig. 2). They can be classified into two categories: the
strong binding 1gGs 6B2 and 10B7 (Fig. 2B) and the mod-
erate binders 1A1, 9B2, 15A4, 28E4, and 32F5 {Fig. 2A)
of which some reach 0D 405-nm readings of the same
order of magnitude as the antibodies in Fig. 2B, but after
a much longer enzyme substrate incubation time. Since
identical concentrations of the different IgGs were used.
the relative absorbances can be correlated with binding
affinity.

To initiate the investigatiocn of virus—antibody com-
plexes by EM, conditions were sought in which antibody
binding to virus in the sclid phase could be readily moni-
tored. An immunogold labeling assay was developed in
which the binding of McAbs 1o virus, directly adsorbed
to the EM grids, was revealed by an anti-mouse antisera
caonjugated to gold particles. Of the seven McAbs stud-
ied, only two, 5B2 and 10B7, were positive in this binding
assay (Fig. 3).

Althcugh there is some similarity between the ACP-
ELISA and the immunogold labeling technique, insofar
as both assays involve virus particles directly adsorbed
to a solid phase, McAbs 65B2 and 1087 gave a clear
positive resultin the immunogold analysis and a negative
result in the ACP—ELISA. The most likely explanation is
the difference in the conditions for adsorption. In the EM
asgsay the virus is adsorbed to the carbon-coated formvar

grids in PBS at pH 7.4, whereas coating to the plastic
surface of a microtiter plate requires a pH 9.6 buffer.
The latter conditions at least partially denature the virus
particles and alter their antigenic properties (Dare et al,
1988).

The binding of moneoclonal IgG molecules to CPMV
was also menitored by an assay in solution. The screen-
ing for tight-binding McAbs was carried out in a DAS-
ELISA by reacting a McAb with soluble virus prior to
incubation in microtiter plates where virus particles were
immobilized. The trapping of specific 1gGSs by virus parti-
cles in solution resuits in a decrease in the amount of
antibody available for interaction with the solid-phase
virug particles. Six of the McAbs were assayed for their
ability to bind to soluble CPMV-M in this inhibition ELISA.

Binding 10 solid-phase CPMV-M of McAb 10B7 (Fig.
43, as well as McAb 5B2 (result not shown) was already
significantly inhibited by less than 1 ug/ml of soluble
CPMV-M while a cencentration range of 10 to 100 ug/
m! of soluble virus was necessary to affect the binding of
lgGs 9B2 and 29E4. McAbs 1A1 and 15A4 had behaviors
intermediate between those of 9B2 and 29E4 (results not
shown).

Solution complex formation of CPMV with F, s 5B2
and 10B7

The solid- and solution-phase binding assays clearly
differentiate 5B2 and 10B7 ag exceptionally tight-binding
antibodies when compared with the seven other mone-
clonal antibodies examined. Monocional antibodies B2
and 10B7 were therefore chosen to study the interaction
of antibodies with native virus particles. lnitial attempts
tc complex 1gG molecules of these clones with virus in
solution resulted in the formation of aggregates. This
problem could be only partially circumvented by variation
of the concentrations and ratios of the interacting moie-
cules. The assays for aggregation were monitored by
both EM and light scattering {results not shown). Since
the aggregated particles in most micregraphs were un-
suitable for image reconstruction, monovalent binding
F., fragments were prepared by papain cleavage of the
immunogicbulin chains. Complexes of F,,s derived frem
bB2 and 10B7 were formed with CPMV-M at different
malar ratios in solution. The F,, 582 and CPMVY reaction
mix was centrifuged on a sucrose gradient. Fractionation
of the gradient allowed resolution of two separate peaks,
the unbound F,, fragments, which remained at the top
of the gradient, and the virus—F,, complexes (Fig. 5).

Analysis of the fractions within the virus—F,, peak
showed a variation in the number of F,, fragments
attached to the virus, with the slowest sedimenting por-
tion of the peak containing the greatest number of
attached F,, fragments. (Although the complex has a
greater molecuiar weight, the increased size of the com-
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Fia. 3. Electron micrographs of negatively stained samples illustrating the variation in binding of different manoclonal antibodies to CPMV. (a)
Native CPMV particles stained with 1% uranyl acetate. (b) The EM bhinding assay with McAb 29E4 illustrating a typical negative result with this
protocol. {&) The EM binding assay applied to McAb 5B2. (d) The EM binding assay applied to McAb 10B7. Only McAb 5B2 (¢} and McAb 1087 (d)
gave positive results with this assay and these were used for the studies performed with crycEN. The bar corresponds to 100 nm,

plex actually reduces the § value.) The sucrose had 1o virus complexes with McAb 10B7. Low speed centrifuga-
be removed fram the fractions by ultrafiltration to allow tion over the ultrafiltration device resulted in significant
rapid vitrification of the samples (Trinick and Cocper, losses of F,, fragments from the virus surface. Incubation
1990). of the virus with purified F,, fragments (Fc regions re-

It was more difficult to produce homogenecus F,,— moved by adserption to protein G) without any further
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FiG. 4. Inhibition of the binding of several McAbs to solid-phase
CPMV by preincubation with scluble CPMY is monitored in this DAS—
ELISA experiment, CPMV-M (2 ug/ml) was used to saturate the rabbit
anti-CPMV coating IgGs adsorbed at 1 ug/ml. McAbs 29E4 {A) and
9B2 (O) were used as IgG preparations at & final concentration of 0.5
ug/ml while ascites fiuid 10B7 (C) was diluted 107%. Substrate incuba-
tion was for 2 hr. Results are expressed as the percentage of raactivity
of each McAb relative to the control experiment in which the McAb
was not preincubated in the presence of soluble CPMV-M,.

treatment resulted in high background levels of unbound
F.o fragments. A stable complex was formed with an
aiternative approach in which purified 10B7 F,, frag-
ments were incubated with CPMV-M in a small volume.
The addition of a dilute solution of glutaraldehyde {after
reducing the concentration of the complex to prevent
virus particle aggregation) aliowed a limited crosstinking
of the F,;, fragments to the viral coat proteins which re-
duced F,, shedding during the subsequent ultrafiltration-
concentration over a 100,000 MW cut off filter. This step
was required to produce a sufficient concentration of
virus particles complexed with F,, fragments (0.5 mg/ml
minimum} for the preparation of frozen-hydrated sam-
ples.

Cryoelectron microscopy of CPMV complexed with
Fa, of 5B2 and 10B7 and IgG of 5B2

CryoEM images were recorded for native CPMV and
each of the complexes (Fig. 6). The complex with IgG
had a distinctly different appearance from those with
F.» with significant numbers of particles crosslinked and
regions of density extending further from the viral surface
than abserved with the F,, complexes. Stereoviews of
the image reccnstructions of native CPMV, and of the
complexes of CPMV with F,, fragments from monoclonal
antibodies 5B2 and 10B7 and the igGs of 582 reveal the
overall morphologies of these structures (Fig. 7). The wo
Fan complexes are nearly indistinguishable, yet the two
monoclonal antibodies are different in their behavior in
solution and when digested with papain, eliminating any
possibility that they are the same. The appearance of the
lgG complex shows that the binding is monodendate.
The Fc portion of the IgG and the F,, fragment that is

not attached to the viral surface have sufficient mobility
that they are only marginally detected in the reconstruc-
tion. In addition 1o the density of the bound F,,, in the
virus—1gG (5B2) reconstruction there are two regions of
density that are clearly above background, but appear
as "islands" of density which are not visibly attached to
the virus surface or the F, that is in contact with the virus
surface. One of these regions suggests the approximate
average position of the unbound F,, of the 1gG. The mo-
bility of the Fc fragment makes assignment of density for
this portion of the |gG more speculative. A molecular
model of F,, (Koij and the refined structure of CPMV were
fit into the electron density of the image reconstruction
of CPMV/F,, 10GB7 (Figs. 8 and 9, respectively). Such
modeling allowed the footprint of the F,,5 10 be accu-
rately defined on the CPMV surface and thereby identi-
fied residues that are likely to be involved in the interac-
tion with the antibody. Lys34 (VP2 domain} and Thr2b
{VP3 domain) are particularly prominent within this F,y,
footprint. These residues are located on the outermaost
loops of the VP2 and VP3 domains, respectively. The
footprints of the F,, and 1gG of 5B2 and the F,, of 10B7
are nearly identical, indicating that there is no difference
in binding of the IgG and the F,, of B2 and also that
10B7 binds to virtually the same site as 5B2.

Although the F,, (Kol) model fits the density quite well,
it is impossible to a priori determine unambiguously its
orientation, in terms of the respective positions of the
heavy and light immunoglobulin chains. Either of two
orientations that are related by a 180° rotation about the
pseudo dyad axis that relates light and heavy chains, fit
the density equally well. The F,, extends radially from
the surface of the virus about 70 A and the shape of the
density indicates that the elbow angle is nearly linear,
i.e., 180° (Fig. 8). The footprint {shown in Fig. 9} has an
ellipsoidal boundary with major and minor axes of 40 and
20 A. The approximate center of the footprint is located
25 A from the icosahedral threefold axes. Roughly 30
residues lie entirely under the footprint of the F,, and 6

a b
0.4+
£
3 0.3
[=]
9 q.2-
0.14
5% 40% 5% 40%

sucrose concentration

Fic. 5. Sucrose gradient density profiles of CPMV-M alone (a) and
complexed to 5B2 F,;, fragments in a ratio of 1 to 800 (b) (chart speed,
60 em/hr; flow rate, 1 ml/min; size of the paak fractions collected, 0.2
ml).
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TABLE 1

RESIDUES IN CONTACT WITH F,, FRAGMENTS BB2 anD 10B7

VP2 Domain VP3 Domain VP3 Domain (cont.)
Leu 32 Lys 17 Arg 29
Ser 33 Leu 18 Arg 30
Lys 34° Thr 1% Met 31
Ala 35 Phe 20 Ala 41
Met 36 Pro 21 Thr 42
Gly 38 Gln 22 Thr 183
Gly 39 Gly 23 Gly 154
Ser 154 Val 247 Gly 158
Gly 155 Thr 25° Asp 159
Pro 160 Ser 26 Leu 186
Thr 161 Glu 27 Leu 187
Thr 162 Val 28
Asp 183

? These residues (highlighted in Fig. 9} are spatially equivalent to
the residues that define site 3B of poliovirus as determined by escape
mutation analysis (Page et a/, 1988).

others are partially covered (Table 1}). Because these
residues are located on two different L subunits, the
binding site spans a subunit interface.

DISCUSSION

Polyclonal and monoclonal antibodies are widely used
in plant virology for identification and classification pur-
poses, but this report is the first description of the tertiary
structure of an icosahedral plant virus epitope. Escape
mutaticn analysis is the most widely used technigue by
which animal virus epitopes are identified. This proce-
dure cannot readily be applied to plant viruses because
of the difficulty in establishing neutralization by antibod-
ies in plants. Tremaine et a4/ (1986) examined the anti-
genic surface of southern bean mosaic virus with a panel
of moneccelonal antibodies; they identified regions of over-

lap and determined the number of binding sites per parti-
cle, but it was impossible tc determine the F,, footprints.
The physical mapping described here has identified one
site on the surface of CPMV that is cormmon to two mono-
clonal antibodies. The procedure used selects for those
antibodies with the strongest binding in solution and on
the microscope grid. The common binding site we identj-
fied permits all 60 equivalent positions cn the viral sur-
face to be occupied with no overlap of symmetry equiva-
lent F,, fragments and this may be important for iheir
detection by this procedure.

The binding site is formed at the interface of two L
subunits. The covered regions correspond to portions of
the VP2 and VP3 domains of picernaviruses {Fig. 1). Thus,
the capsid quaternary structure is required for the forma-
tion of this site and this explains why 6B2 and 10B7 react
only in sandwich type ELISAs. The antigenic surface of
another comovirus, bean pod motile virus, has been in-
vestigated with the synthetic peptide approach (Joisson
et al, 1993). This analysis revealed a site corresponding
to NIm-1A in rhinovirus {see below), but was sensitive
only to the portion of the 5B2 site on CPMV that lies on
the VP2 domain {the peptide generating reactive antibod-
ies contained residues 31—-42 of the bean pod motile
virus VP2 domain).

Lys34 (VP2 demain) and Thr2s (VP3 domain), the most
prominent residugs within the F,, footprint on CPMV, are
spatially equivalent to the corresponding aming acids
that define the 3B antigenic site on poliovirus (Page et
al, 1988; Mosser et af,, 1989). If either of these two resi-
dues are changed 1o a different amino acid in poliovirus,
the virus is no longer neutralized by a particular group
of monoclonal antibodies. Analysis of this site in poliovi-
rus has shown that it is dependent on assembly of multi-
ple 14S subunits made up of a pentamer of the capsid
polypeptides (Rombaut et a/, 1990). This result is consis-
tent with the nature of the site determined in CPMV.

Fia. 6. CryoEM images of native CPMV (a), CPMV complexed with F,, from antibody 5B2 {b), and CPMV complexed with [gG-5B2 (c). All micrographs
were 1aken at a magnification of 49,000 and at a lens defocus of ~0.8 um. The bar is 100 nm.
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Fia. 7. A gallery of stereo images of reconstructed densities of native
CPMV and CPMV complexad with F,, fragments or IgG. The reconstrue-
tions with F.s fragments are at ~23 A resolution and the reconstruction
with 1gG is at 30 A resolution. From top 10 botiom: (a) Native CPMY
reconstructed from 17 particles. (b} CPMV complexed with F,, from
antibody 10B7 reconstructed from 27 particles. {¢) CPMV complexed
with F,, from antibody 5B2 reconstructed from 23 particles. {d) CPMY
complexed with 1gG from McAb 582 reconstructed from 10 particles.
This is contoured at & higher level than the reconstructions shown
above 1o emphasize the F,, density. (e} The bottorn reconstruction is
the same as immediately above, but contoured at the same level as
the first three reconstructions. Figure 8¢ shows part of the micrograph

Human rhinovirus 14 (HRV14) and poliovirus share a
number of gecmetrically equivalent antigenic sites as
determined by escape mutations. However, neutralizing
immunogenic site Il {NIm-11}), the site on HRV14 that
most closely corresponds to the 3B site of poliovirus, is
confined 10 a single subunit, VP3 {(Mosser et al, 1989).
The VP3 domain of the CPMV large subunit constituies
roughiy two-thirds of the footprint for the 582 and 10BY
antibodies, thus this binding site is probably similar for
HRV14 as well as for poliovirus.

The NIm-lA site on HRV14 has been analyzed by Smith
et al. {1993a) with F,, derived from McAb 17 using the
same procedure reported here. This site differs in two
ways from the 3B site discussed above. The F,, 17 bind-
ing site is on subunit VP1 and zll the regions of interac-
tion between this F,, and the virus are confined to a
single subunit. In a subsequent report Smith et a/. (1923b)
have shown that the McAb 17 IgG binds in a bidentate
fashion that maintains the icosahedral twofold symmetry.
The distance between the centers of gravity of the two-
fold-related NIm-IA footprints is 110 A. This is much
longer than the corresponding distance between the two-
fold-related footprints in CPMV which is 78 A. Although
the 582 sites on CPMV are situated adjacent 1o twofold
symmetry axes, there is nc density connecting the two-
fold-related F,, units. Each binding site must therefore
correspond to an 1gG with one F,, attached and the cther
unattached. Mosser et al. {1989) considered the likeli-
hood of bidentate binding for all the monaclonal antibod-
ies that they analyzed for poliovirus and rhinovirus. They
concluded that monoclonal antibodies binding to site 3B
could not form a twofold axis-retated bidentate interac-
tion with the virus because the distance between these
binding sites was less than 90 A, the minimal distance
estimated for bridging by an 1gG (e.g., Icenogle et af,
1983). The monodentate binding that we observed with
the 1gG of 56B2 supports this conclusion.

The cryoEM reconstruction of the IgG/CPMV structure
contained islands of density that did not appear in either
of the two different F,,/CPMV reconstructions when all
three were contoured at comparable levels. The lack
of continuity in this additicnal density reflects the high
moebility of the nonbound portions of the IgG. ltwas exam-
ined, however, to see if it might be consistent with mar-
ginally preferred positions of the Fc and nonbound F,,
porticns of the 1gG. To test this hypothesis we assumsd
that the relative positions of the F,, units in an IgG would
remain approximately the same in the bound and un-
bound states. We used the bidentate McAb 17 {(Smith et

used for the reconstruction and the higher density surrounding the
particle is apparent. The strong density features that appear as "is-
lands™ are probably preferred positions for unbound F,. The arrow
indicates the connection to the bound F,, and the asterick indicates
the F, position. The baris 5 nm.
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Fia. 8. Stereoview of density derived from the reconstruction of CPMV complexed with F,, 10B7 shown in Fig. 7 compared with the atomic model

of F.p Kol used as a generic model for the Fay.

Fia. 9. Stereoview of a detailed footprint of the Fy, on the surface of CPMV showing the residues in contact with F,, 10B7. Lys 34 (VP2), Val 24
(VP3), and Thr 25 {VP3) are highlited in the Ce backbone. The electron density of the cryoEM reconstruction is shown as blue contours, the VP2
domain is shown in green, the VP3 domain is shown in red, and VP1 {small subunit) is shown in yellow.

al, 1993b) as a model 1o fit the IgG/CPMV density. The
McAb17 model approximately fits the 1gG-5B2 density in
two orientations that are related by the pseudo twofold
symmetry betwaen the heavy and light chains of the F,,.
One orientation placed the unbound Fu, close to the
threefold symmetry axes in severe steric overlap with
threefold symmetry-related unbound F,, fragments and
away from the island of density. The other orientation

placed the unbound F,, in the center of gravity of the
island density and in a sterically favorable location rela-
tive to symmetry-related, unbound F,, units. In addition,
a small piece of disconnected density was found in the
position expected for the Fc. The possible preferred ori-
entation of the unbound F,, and the position for the Fc
are depicted in Fig. 7.

By superimposing the McAb 17 coordinates to the igG
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5BZ complexes with CPMV density two further conclu-
sions can be drawn. First, the F,, elbow angles in bath
McAb17 and McAb B5B2 are similar, and second, the
relative positions of the 5B2 F,, heavy and light chains
cn the footprint are defined (the heavy variable domain
lies primarily on the VP3 region of the CPMV subunits
and the light variable domain lies primarily on the VP2
region). The former was already established by compar-
ing the optimal F,, models available which were used to
fit the density in the two structures, while the latter was
a consequence of the detailed analysis performed by
Smith et al. {1893a) in which the orientation of the F,, on
the viral surface was established with the high resolution
structure of McAb 17 Fu (Liu et &/, 1994).

Knowledge of the antigenic sites on the surface of
plant viruses has significance at twec levels. First, epi-
topes might be classified as "natural” or “acguired” by
comparing their character and location on related plant
and animal viruses. Since plant viruses are not under
the surveillance of a circulating immune system, the site
common to 582 and 10B7 con comoviruses and 3B cn
poliovirus may result from quaternary structure that is
shared by all viruses with a picorna-type capsid. In con-
trast, the NIm-1A site on rhinovirus appears to have
evolved specifically for the purpese of "decoying” the
immune system, This site and others consist of surface
loops that are readily mutable without affecting other
functions of the capsid structure. A second level of impor-
tance reiates to the possible use of plant viruses as
“expression systems” for animal virus epitopes through
the genetic engineering of chimeric plant viruses that
contain regions of polypeptide chains known to be anti-
genic on the surface of the animal virus {e.g., Usha et
al., 1893). The knowledge of naturally occurring antigenic
sites on the surface of plant viruses may assist in making
the most rational constructs or altering acquired immu-
nity that may have resulted from previous exposure of
an animal 1o a natural version of the virus. In CPMV, for
instance, changing Lys34 or Thr35 in the 5B2 footprint
may reduce natural immunity to native or altered CPMV
particles.

The structures reported illustrate the power of combin-
ing the moderate resoiution of cryoEM reccnstructions
of a complex with the high resolution structures of the
components of the complex determined by X-ray crystal-
lography. Although the actual resolution of the recon-
struction is ~23 A, the effective resolution with the com-
bined information is much higher, because the atomic
resclution structures of the components are known and
can accurately be docked within the EM density. A shift
of the F,, fragment by as little as 5 A significantly reduces
the guality of the fit of the atomic model to the cryoEM
density (Liu et g/, 1994). The footprint of the F,, on the
viral surface is defined with even greater precision than
the overall fit of the F,, model to the density, leaving

virtually no doubt regarding which residues of the virus
are covered by the F,,. The combination of cryoEM and
X-ray methods presented here is anatogous to the refine-
ment of protein structures. Structural data for typical pro-
teins are available to only 2.5 A but it is possible to
refine these structures to within a fraction of an angstrom
because the detailed structures of amino acids and small
polypeptides are known and these dramatically constrain
the stereochemistry of the protein. Similarly, the known
high resolution structures of the components {the F,,
fragment and the virus) dramatically constrain the inter-
pretation of the cryoEM reconstructions.
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