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VIROLOGY 207, 486-494 (1995}

In Vitro Assembly of Cowpea Chlorotic Mottle Virus from Coat Protein Expressed
in Escherichia coli and in Vitro-Transcribed Viral cDNA

XIAOXIA ZHAO, JAMES M. FOX, NORMAN H. OLSON, TIMOTHY 8. BAKER, and MARK ). YOUNG*!

Department of Biological Sciences, Purdue University, Wes! Lafayelte, Indiana 47807; and *Department of Plant Pathology.
Montana State University at Bozeman, Bozeman, Montana 58717-0314

Received November 16, 1994, accepled December 29, 1994

The small spherical plart virus, cowpea chiorotic mottle virus {CCMY), provides an ideal system to examine spherical
virus assembly. We have modified the CCMV in vitro assembly system to produce virions from coat protein expressed in
Escherichia coli and viral RNA transcribed in vitro from full-length cDNAs. Examination of the in vitro-assembled particles
with cryoelectron microscopy and image reconstruction techniques demonstrates that the particles are indistinguishable
from plant purified particles at 2.5 nm resolution. Mutational analysis of the coat protein N- and C-terminal extensions
demonstrate their respective roles in virus assembly. The N-terminus is required for agssembly of RNA containing particles
but not for the assembly of empty virions. The C-terminus is essential for coat protein dimer formation and particle assembly.

© 1995 Academic Press, Ing,

INTRODUCTION

The assembly of spherical viruses remains a poorly
understood process. The hromoviruses, and cowpea
chlorotic maottle virus (CCMVY) in patticular, provide an
ideal model system for examining icosahedral virus as-
sembly. Bromoviruses are members of the Bromoviridae
virus family (aiphavirus-like superfamity). The 28-nm ico-
sahedral virus particles encapsidate four (+) single-
stranded viral RNA's (for reviews see Ahlquist, 1992; Ban-
croft and Horne, 1977, Lane, 1881). The RNA genome is
packaged separately in three virus particles, all with simi-
lar or identical capsid structures. RNA 1 and RNA 2,
which encode proleins involved in RNA-dependent repli-
cation, are each packaged in separate particles. RNA 3
{a mRNA for the 32-kDa viral movement protein) and
RNA 4 {a subgenomic BRNA expressed from RNA 3 which
serves as a mRNA for the 20-kDa coat protein) are co-
packaged into a third particie in a 1:1 molar ratio. Virus
particles purified from infected plant cells contain only
viral RNAs, Empty particles are not detected in vivo.

The assembly of CCMV has been extensively studied
both in vitro and in vive. CCMV was the first spherical
virus to be assembled in vitro iro an infectious form
from its purified components (Bancroft et a/,, 1969, 1968;
Bancroft and Hiebert, 1967; Higbert and Bancroit, 196%;
Hiabert et g/, 1968). The in vitro assembly studies estab-
lished that changes in ionic strength and pH alter the
type of particle formed, presumably by altering RNA-
protein and protein—protein interactions. Under low pH
{«<6.0} and low ionic strength {i = 0.2} conditions, T = 3
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particles devoid of RNA (empty) self assemble. At higher
pH (>7.0} and in the presence of viral ENA, RNA-con-
taining capsids form. Under appropriate in vitro assembly
conditions, CCMV coat protein will preferentially bind its
own RNA out of a mixture of nonviral RNAs (Fox et af,
1994; Fox and Young, 1993). Infectious particles assem-
bie in vitro in seconds {Hiebert and Bancroit, 1969). Pos-
sible CCMV assembly and disassembly intermediates
have heen suggested but not characterized (Adelph,
1975; Fox and Young, 1993). The native coat protein puri-
fied from virus particles forms a noncovalent dimer in
sofution (Adolph and Butler, 1977; Adolph, 1975). The
high resolution structure of CCMV suggests that C-termi-
nal “arms" extending away from the cenirai coat protein
core are involved in dimer formation {Speir et al, 1994}
The first 26 N-terminal residues of the coat protein con-
tain a high proportion of hasic amino acids which have
been modeled to interact with viral RNA on the interior
of the virus particle (Verduin et al, 1984, Vriend, 1983;
Vriend et al, 1986). Deletion of this region eliminates the
ability of the virus to assemble RNA-containing particles
but not empty particles in vitro {(\Vriend et af, 1981). Dele-
tion of the N-terminal 25 amino acids in the closely re-
lated brome mosaic virus eliminates viral assembly in
vivo without efimination of viral RNA replication (Sacher
and Ahlguist, 1989).

We are using CCMV as a model system to examine
the role of RNA—~protein and protein—protein interactions
in regulating icosahedral virus assembly. We report here
the development of a CCMV in vitro assembly system
which uses coat protein expression in Escherichia coli
and viral RNAs /in vitro transcribed from full-length cDNA
clones. The utility of this assembly system is demon-
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strated by the characterization of N- and C-terminal coat
protein deletion mutants to form dimers in solution and
10 assemble into virus particles,

MATERIALS AND METHODS

Propagation and purification of CCMV coat protein
from plants

CCMV (Bancroft, 1971} was propagaled in cowpea
nlantg (Vigna ungufcufata (L) var. California Blackeye)
and purifiad by methods previousty described (Bancroft
and Hiebert, 1367). Purified CCMVY was disassembled by
dialysis against buffer A {0.05 M Tris—HCI, pH 7.5, 0.5 M
CaCl,, 0.001 M dithicthreito! (DTT), 0.0002 M phenylmeth-
ylsulfonyl fluoride (PMSF) for 16—20 hr at 4°. The disas-
sembled virus was centrifuged at 14,000 rpm for 15 min
at 4° to pellet the viral RNA, The remaining supernatant
was dialyzed against buffer B (0.02 M Tris—HC, pH 7.5,
1.0 M NaClJ, 0.001 M DTT, 0.0002 M PMSF) for 2 hr at
4°, The coat protein was further purified by FPLC Su-
perose 12 size exclusion chromatography (Pharmacia
Biotech Inc., Piscataway, NJ).

In vitro RNA transcription of CCMV ¢cDNA

CCMV RNA 2 was synthasized by in vitro transcription
from Xbal-linearized pCC1TP2 {kindly provided by P. Ahl-
quist, University of Wisconsin, Madisen, (Allison et &l,
1988) with T7 Megascript (Ambion, Austin, TX). RNA
quantitation and integrity were determined by uv spectro-
photometry and visualization on denaturing agarose gals
(Sambrook et g/, 1989).

Construction, expression, and purification of CCMV
coat protein from E. coli

All DNA and RNA manipulations were carried out with
previously described methods (Sambrook ef af, 1989)
unless stated otherwise.

A CCMV RNA 4 cDNA, pCC4iFt4, was constructed
by cloning the Apol-Xbal fragment (RNA 3 coordinates
1352-2173) from pCC3TP4 (kindly provided by P. Ahl-
quist (Allison et af, 1988)) into the E£coRl site of pBlue-
script 8K+ (Stratagene, La Jolla, CA). Polymerase chain
reaction amplification with pCC4iF14 and the deoxyoligo-
nucleotide primers GTAATTCATATGTCTACAGTCG (an
introduced Ndel endonuciease restriction site at RNA 3
genomic coordinate 135671362 is undertined) and AAC-
AGCTATGACCATG (a primer to the T3 RNA polymerase
promoter located in pCC4)F14) was digestsd with Ndel
and BamHI (located in the polylinker of pCC4IF14) and
cloned into the Adel and BamHI sites of the £ cofi ex-
pression vector pET 23a {Novagen, Madison, WI). The
resulting fuil-length coat protein ¢cONA clone was termed

T-7 RNA
romoter ths {\UG cDNA of RNA 4 COOH
?ﬁgAFL 1 190G
pCCaNs [—i—
(N&S) 12 ~78 190
pCCaN26 ———— —
1 s 18 120
(N426) S
pCC4N49 =:"—D—'—\1 S/—_"_Z 90
- -
(Na49) 280 .
v
caCls T —F— 31— -
%5153 1 17? ~ 190

FIG. 1. Schematic representation of the full-length and deletion forms
of the CCMV coat protein cDNAs. All ¢DNAs are clonad downstream
of the T7 RNA polymerase promoter and ribosomal binding site (rbs})
provided in the pEY expression vectors (Novagen, Madison, Wi The
designation cf each construct and corresponding protein is indicated.
The numbers indicate coat protein amino acid positions. Cashed lines
represent deleted regions of the coat protein.

pCCAFL (Fig. 1). A CCMV coat protein cDNA lacking se-
quences encoding for the N-erminal five amino acids
was generated by cloning the 822-bp Hpal (RNA 3 genc-
mic coordinate 1381) and Xba) ({lccated in the polylinker
of pCC4JF14 after the 3’ end of RNA 3 cDNA) fragment
of pCC4JF14 into the Ndel (filled by Kienow fragment of
DNA polymerase | to create a blunt end} and Xbal sites
of pET11a (Novagen, Madison, WI) and designated
pCC4NS (Fig. 1). A CCMV coat protein ¢cDNA lacking
sequences encoeding for the N-terminal 26 amino acids
(RNA 3 genomic coordinates 1361-1442) was generated
by PCR amplification from pCC4JF14 with deoxyoligo-
nucieotide primers ACTCCCATGGTCCAACCTG {an in-
troduced Neoi site corresponding to RNA 3 genomic
coordinate 1357-1362 is underlined) and AACAGCTAT-
GACCATG (T3 primer). The PCR product was subse-
qguently digested with Ncol and BamHI {located in poly-
linker of pCC4JF14), cloned into the Ncol and BamH!
sites of pET11d and termed pCC4N26 {Fig. 1). A coat
protein cDNA lacking sequences encoding for N-terminal
aming acids 3—51 was created by deoxyaligonucleotide
mutagenesis {Kunkel, 1987) with the single-stranded
template generated from pCC4FL and the deoxyoligo-
nucleotide GGCGGTCCACTTCGATACGTAGACATATGT-
ATATCTCC. The resulting construct, pCCAN4AS (Fig. 1),
deletes the 49 amino acids encoded by RNA 3 genomic
coordinates 13681513, Likewise, a cozt protein cDNA
lacking sequences encoding for the C-terminal 15 amino
acids was created by deoxycligonucieotide directed mu-
tagenesis with the deoxyoligonucleotide CGCTCTTCA-
GCGGGCACTAAACCTCCAAATGCAC which introduces
a stop codon {underlined) at RNA 3 genomic coordinates
1931-1833 and deletes 45 nucleotides {genomic RNA 3
coordinates 1885—1929) encoding for the last C-terminal
15 amino acids. This construct was designated pCC4C15
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{Fig. 1). All coat protein—pET veclor constructs were con-
firmad by restriction endonuclease mapping and DNA
sequencing.

Expression of full-length and deletion forms of the
CCMV coat protein in E. coli was carried out by estab-
lished protocols (Studier and Mcffatt, 1986; Studier et &/,
1990). Briefly outlined, the plasmids containing the coat
protein constructs were transformed into E. coli strain
BL21 (Grodberg and Dunn, 1988) which contains a chro-
moscmal copy of the T-7 polymerase gene under control
of fac UVS promoter {(Studier et 8/, 1990). Liquid cultures
were grown 10 an ODgg of 0.4-0.6 at which time coat
protein expression was induced by addition of isopropyl-
B-p-thicgalactopyranoside to a final concentration of 1
mM. The cultures were incubated for an additional 4-6
hr and the cells collected by centrifugation. To partially
purify the coat protein, cells were disrupted by sonication
in lysis buffer (1x TBS, pH 7.5, 1.0% Triton X-100, 1 mM
DTT, 1 mM PMSF). The insoluble ceilular fraction con-
taining the coat protein was resuspended in buffer B
containing urea (8.0 M) at 4°. The urea concentration was
slowly decreased by dilution in 0.26 M increments with
buffer B 1o 2.0 M urea. Polyethylenimine (PEIl, Sigma
Chemical Co., St. Louis) was added to a finaf concentra-
tion of 0.033%, incubated on ice for 10 min and centri-
fuged to remove cantaminating nucieic acids, The super-
natant was dialyzed against buffer B 10 remove the
remaining urea. The coat protein was selectively precipi-
tated by addition of (NH.}.50, to a final concentration of
33%, collected by centrifugation, and the protein pellet
resuspended and dialyzed against multiple changes of
buffer B. The protein preparaticns were further purified by
FPLC Superose 12 (Pharmacia, Uppsala, Sweden) size
exclusion chrematography. The FPLC partially purified
coat protein was analyzed by SDS—-PAGE, Western blot-
ting with polyclonal antibodies produced against purified
CCMV, and by spectrophotometry.

Glutaraldehyde cross-linking and FPLC analysis of £,
coli over expressed proteins

Glutaraldehyde cross-linking of partially purified coat
protein was carriad out for 1 hr at 257 in the dark in 0.1
M phosphate buffer (pH 7.5) containing 1.0 M NaCl, 1.0
mA DTT, and 0.2 mM PMSF. Cross-linking conditicns
were first optimized by varying the glutaraldehyde con-
centration from .80 mM to 0.17 mAM at a fixed coat protein
concentraticn of 0.5 mg/mi (in a reaction volume of 20
pl). In the second set of cross-linking reactions, dilutions
of the coat protein from 1 mg/ml to 0.01 mg/ml were
reacted at the optimized glutaraldehyde concentration of
0.32 mM. Both sets of cross-linking experiments were
carriad out separately for the E. coli-exprassed coat pro-
tein full-length and deletion mutants, as well as controls
of native coat protein purified from plants. Cross-linking
products were analyzed on SDS-PAGE gels and con-
firmed by Western blotting.

FPLC size exclusion chromatcgraphy was used to
compare the oligemeric state of the £, coli-expressed
coat protein with native coat protein in solution. Coat
protein samples were Joaded on a Supercse 12 column
(Pharmacia, Uppsala, Sweden) and eluted with buffer B.
Eluted iractions weare analyzed by SDS-PAGE gel and
confirmad by Western blotting. The column was cali-
brated with protein gel filtration standards ranging from
6 to 2000 kDa (Sigma Chemical Co., 5t. Louis, MQ).

in vitro reassembly

Partially purified £, coli expressed coat protein or na-
tive coat protein suspendad in buffer B was added to in
vitro-transcribed CCMV RNA 2 {in H,O in a 4:1 {wtwt)
ratio (180:1 molar ratio) in a totai volume of 100 ul. The
reassembly mixture was dialyzed against buffer C (50
mAt NaOAc, pH 7.0, 50 mM NaCl, 10 mAf KCI, 5 mAf
MgCl,, 1 mAM DTT, 0.0002 M PMSF) for 2.5 hr at 4°. Empty
pariicles were assembled by dialysis of the coat protein
suspension against buffer D {0.1 M NaOAc, pH 4.8, 0.1 M
NaCl, 0.0002 M PMSF) for 10—12 hr at 4°. The reassembly
mixtures were icaded on a 10—40% sucrose gradient and
centrifuged at 38,000 rpm, 4°, for 2.0 hr in a Beckman
SW4a1ti rotor. The gradients were fractionated on an ISCO
model 640 gradient fractionator while monitoring the ab-
sorbance at 250 nm. The desired fractions were ¢ollected
and dialyzed against virus buffer (0.1 Af NaOAc, pH 4.8,
0.001 M EDTA) for 2 hr at 4°. The virus particles were
concentrated using Centricon-100 microconcentrators
{Amicon, Beverley, MA).

Electron microscopy

The reassembly reactions were maonitored by examin-
ing the preparations, stained with 1% urany! acetate, on
a Philips EM300 (Philips Electronic Instruments, Mah-
wah, NJ} transmission electron microscope.

Cryoelectron microscopy and image reconstruction

The cryoelactron microscopy and image processing
procedures used 1o obtain three-dimensional reconstruc-
tions of CCMV particles have been previously described
(Baker et &/, 1988; Cheng et a/, 1994a, 1994ph). The £
coli-expressed sample was examined in a Philips EM420
(Philips Electronic Instruments, Mahwah, NJ) transmis-
sion electron microscope and was maintained at near
liquid nitrogen temperature in a Gatan cryctransfer stage
{Gatan Inc., Warrendale, PA). The vitrified, native sample
wags examined in a Philipgs CM12 elsctron micrcscope
and micrographs were recorded with a spotscan proce-
dure {Downing and Giaeser, 1986). The micrograph of
the E. coli-expressed sample chosen for image pro-
cessing was recorded under minimal dose conditions
(~2000 e~/nm?), at an instrument magnification setting
of 49,000, at 80 kV, and at an objective lens defocus
of 0.9 um. The orientations and phase origins (particle
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2 3 4 5 6

—
I—coat proteins

FIG. 2. SDS-PAGE analysis of CCMV full-length and deletion forms
of the coat proteing expressed in £. colfi. Lane 1, coat protein isclated
from virions purified from infected plant material; lanes 2-6, coat pro-
tein constructs expressed in £, coli. Lane 2, FL; lane 3, NAD; lane 4,
NAZ28; lane &, NA49; and lane 6, CA16, Molecular weight standards
are indicated.

centers) of the particle images were determined by use
of a model-hased approach which utilizes a reconstruc-
ticn of native CCMV as the starting model (Cheng et al,
1994a; Speir et al, 1994). Fifty-seven particle images of
the £ coli-expressed sample weare used to calculate the
three-dimensional reconstruction cut to an effective reso-
lution of 2.5 nm.

RESULTS

Expression and purification of full-length and mutant
form of CCMV coat protein from E. cofi

Both the full-length and deletion mutant forms of the
CCMV coat protein were expressed in £, coli. The CCMVY
coat protein was identified in £. colf extracts by migration
in SDS-PAGE geis {Fig. 2) and Western blot analysis
{data not shown). As expected, the full-length coat protein
expressed in £, coli and the native coat protein isolated
from virus migrated at equivalent positions in gels corre-
sponding 10 a molecular mass of 22 kDa {Fig. 2, lanes
1, 2). Expression from N{pCC4N5, pCC4NZ8, and
pCC4N48)- and C(pCCA4C15)-terminal coat protein dele-
tion constructions resulted in the accumulation of pro-
teins which migrated with a mobility shift corresponding
to the extent of the expected deletion (Fig. 2, lanes 3-6).
Wesiern blot analysis with CCMV polyclonal antibodies
confirmed that the induced proteing were the expecled
coat protein products [data not shown). The maximum
accumulaticn of coat protein in induced E. colf was ap-
proximately 10—30% of the total cellular protein as esti-
mated by Coomassie staining of SDS-PAGE gels. As
expected, uninduced E. coli did not express coeat protein,

Both the full-length and mutant forms of the coat pro-
tein were localized in the insoluble inclusion body frac-
tian of £. colf lysates. Partial purification of tha coat pro-
tein required resolubilization in 8 M urea, followed by a
stepwise dialysis with a high salt buffer to remove the
urea and renature the protein. A PEl precipitation step
was also required to remove RNA that copurified with
the coat proteéin in the presence of urea, presumably due
to electrostatic interactions with the charged N-terminus.

The observation that RNA does not copurify with coat
protein expressed from pCCANZ26 or pCC4N48 which
lack the charged N-terminus supports this conciusion.
The renatured protein was further purified by sslective
ammonium sulfate precipitation and by FPLC size exciu-
sion chromatography. The final soluble coat protein used
in the assembly experiments was 50-80% pure. The final
yield of the partiaily purified protein was estimated from
spectrophotometric and Coomassie staining of SDS-
PAGE gels to be 76— 100 mg/l of induced culture media.

E. coli-expressed coat protein can form dimers in
solution

The biological activity of partialiy purified £ cofi-ex-
pressed cost protein was determined by the ability to
form dimers in solution. Glutaraldehyde cross-linking
{Fig. 3) and FPLC size exclusion chromatography (Fig. 4)
were used as twc independent assays to determine the
predominant coat protein cligomeric state in solution.
The partially purified full-length coat protein (pCC4TL),
and all N-terminal deletions (pCC4N5, pCC4NZE,
pCC4N49) formed noncovalent homadimers in solution
under conditions similar to those in which dimers form
from native coat protein isolated from virions (Fig. 3).
Both the £. cofi-expressed coat protein and native coat
protein can be cross-linked with glutaraldehyde at pro-
tein and glutaraldehyde concentrations ranging from 0.5
to 0.01 pg/up and from 80 to 0.17 mM, respectively (Fig.
3A, lanes 1-8). Likewise, the E. coli-expressed coat pro-
tein and the native ceoat protein repreducibly eluted at
the position appropriate for a dimer (40 kDa) as estimated
by FPLC size exclusion chromatography (Fig. 4).

Coat protein C-terminal deietions cannot form dimers
in solution

in contrast 1o full-length and N-terminal deletion forms
of the coat protein, dimer formation was not detected by
either gluiaraldehyde cross-linking {Fig. 3B, lanes 7-9)
or FPLC chromatography (Fig. 4) with the £ coli ex-
pressed coat protein lacking 1% amino acid residues at
the C-terminus (pCC4C15). This indicates that the C-ter-
minus is essential for dimer formation or psrhaps this
deletion fails to form the expected coat protein subunit
structure.

In vitro assembly of virus particles with E. cofi-
expressed coat protein

Partially purified full-length and deletion mutation
forms of the coat protein were tested for their ability o
assemble in vitro into virus particles. The in vitro assem-
bly conditions that produce RNA-containing virus parti-
cles with native coat protein and /n vitro-transcribed RNA
2 (Fox and Young, 1993) were used to assay the E. cofi-
expressed coat protein. Under these assembly condi-
tions, only coat protein expressed from pCC4FL (full
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FIG. 3. Western blot analysis of glutaraldehyde cross-linked WT, FL, NAB, NA28, NA4S, and CA15 coat proteins. (A) Lanes 1, 4, 7 are noncross-
linked WT, FL, and NAB coat protein controls, respectively. Lanes 2-3, 5—8, and 8—9 are cross-link products in the presence of 0.032 and 0.016
mA glutaraidehyde, respectively. {B) Lanes 1, 4, 7 are noncross-linked NA26, NA49, and CA16 controlg, respectively, Lanes 2-3, 5-6, and 8-9
are cross-link products in the presence of 0.032 and 0.016 mAf glutaraldehyde, respectively. The position of coat protein dimers and monomers

{arrows) and the molecular weight standards are indicated.

length} and pCC4NB (the 5 amino acid N-terminal trunca-
tion}, but not from pCC4N26, pCC4N49 or pCCACTS,
formed virus particles (Fig. 5, Table 1). Virus particles,
assembled from coat protein expressed from pCC4FL
and pCC4NE, sediment on sucrose gradients at similar
positions as the particles assembled from native coat
protein (data not shown). The particles isolated from su-
crose gradients, negatively stained and examined in the

4.8
Dimer
— N 44 kDa (WT, FL, NAS)
481— & 41kDa (NA26)
; )¢39 kDa (Nad9)
4.4 I
= Manomer
= o = — | — = —)\#-21 KDa (CA15)
g 4.2 | .
' l
4.0 b I
| 1 J
L
3.8 1 [}
1 ——
I | Protein standard
36 1_ — —
1.4 16 1.8 2.0 2.2

V/ivo

FIG. 4. FPLC size exclusion chromatography profite of full-length and
deletion forms of the CCMY coat protein, A plot of the elution volume
divided by the exclusion volume (V/Vy) and the Log molecular weight
{Log MW) for the WT, FL, NAB, NA26, NA49, and CA15 are indicated
by arrows. The expected region of coat protein monomer and dimer
positions are indicated as well as molecular weight standards.

electron microscope, appeared similar to the native parti-
cles (Fig. 5}. Even though the coat proteins expressed
from pCC4NZ8, pCC4N49, or pCC4C15 failed to assem-
ble into virus particles, they did appear to form aggre-
gates. The nature of these aggregates Is under investiga-
tion. Analysis with cryoelectron microscopy and image
reconstruction techniques demonstrates that at 2.5-nm
resolution the particles assembled from the E cofi-ex-
pressed full-length coat protein are virtually identical to
virions purified from infected plants (Fig. 6).

The various forms of the E. cofi-expressed coat protein
were also assayed for their ability to form empty particles.
/n vitro assembly conditions previously determined to
favor the formation of empty particies with purified native
coat protein (Fox and Young, 1993) were used in the
assay. Upon examination in the electron microscope it
was observed that coat protein expressed from pCC4FL,
pCC4N5, and pCC4N28, but not pCC4N49 or pCC4C15,
produced empty virus particles (Tatle 1). The empty parti-
cles formed were indistinguishable from empty particles
assembled from the native coat protein controls {Fig. 58).

DISCUSSION

Qur goal is to determine how protein—protein and pro-
tein—RNA interactions control CCMV virus assembly.
Here we show that CCMV coat protein, expressed in £
cofi and partially purified, assembles into particles that
are indistinguishabla from native virus particles. Since
virus particles can be assembled from expressed protgin
and /n vitro-transcribed RNA(S), mutagenesis experi-
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FIG. 5. Negative-stain preparations of in vitro-assembled particles from partially purified coat protein expressed in £ cofi. (A) Full particle
assemblies with CCMV RNA 2 and coat protein: {1) purified from virions isolated from infected plants; (2) FL; (3) NAE; (4) NA26; (5) NA49; and (6)
CA16. (B) Empty particle assembly reactions with coat protein from {1) purffied virions isolated from infected plants; (2) FL; and (3} NAZ26.

ments provide a powerful approach to examine the inter-
actions which dictate viral assembly.

The potential role of the coat protein N- and C-termini
in virion assembly is suggested by the structure of CCMYV
determined to 3.2A resolution by X-ray crystallography
(Speir et g, 1994). The virion is made up of 180 copies
of the coat protein subunit arranged with a T = 3 quasi-
symmetry and organized in 20 hexameric and 12 penta-
meric capsomers. A striking feature of the coat protein

subunit structure is the presence of N- and C-terminal
“arms” that extend away from the central, eight-stranded,
antiparallel S-barrel core (Fig. 7). Each coat protein sub-
unit consists of a canonical F-barrel fold (formed by
amino acids 52—176) from which long N-terminal {resi-
dues 1-5b1; 1-27 are not ordered in the crystal structure)
and C-terminal arms (residues 176~190) extend in oppo-
site directions. The N- and C-terminal arms may provide
an intricate network of “ropes” which *tie" subunits to-
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TABLE 1

in Vitro Assembly of Full and Empty CCMV Particles with Full-Length
and Deletion Forms of Coat Protein Partially Purified from £ coli

Protein Full particles Empty particles

WT
FL
NABL
NA25
NAA49
CA15 - —

|+ o+
[+ + + +

gether. The extended C-terminal arms facilitate the inter-
capsomer contacts. This arm in each subunit points away
from its capsomer of origin and interacts with the twofold-
related subunit in an adjacent subunit. The N-terminal
arms provide additional stability for the interpenstrating
C-terminal arms by “clamping” the arms batween the §-
barrel module and the extended N-terminal arm. The N-
terminal extension alsc appears (¢ stabilize hexameric
capsomers. The six N-terminal arms of the hexameric
capsomer intertwine at the icosahedral threefold axis to
form a unigue hexameric tubular structure (termed the
“B-hexamer™), This structure is made up of six short paral-
lel S-strands that are hvdrogen-bonded together (resi-
dues 27-35). The five N-terminal arms of the pentamer
capsomer aiso approach the icosahedral fivefold axis
but do not form an ordered "f#-pentamer”.

Deletion analysis of the coat protein supports the roles
of the C- and N-terminal arms in the virus structure. Pravi-
ous studies indicated that coat protein subunits form
dimers in solution {Adolph and Butler, 1977; Adolph,
19756}, The high resolution X-ray structure suggests that
homodimer formation involves the exchange of C-termi-
nal arms between two coat protein subunits. The stability
of the noncovalent dimer is controlled by interactions
between the invading C-terminal arm and the SZ-barrel
and the N-terminal “clamp” of the adjacent coat protein
subunit. The requirement of the C-terminal arm in dimer
formation is demonstrated by the deleticn of the 15 amino
acids at the C-terminus (pCC4C15). The observation that
this mutant cannot form either RNA-containing or empty
virus particles /n vitro strongly implicates coat protein
dimers as essential building blocks in CCMV assembly.
In contrast, the three deletions at the N-terminus did not
prevent dimer formation. The fact that NA4S protein was
still capable of forming dimers in solution suggests that
the “clamp" is not strictly essential for dimer formation
under the solution conditions tested. Similar C-termini
interactions have been observed in SV40 (Liddington ef
al, 1991} and polyomavirus [Stehle of a5/, 1994).

The N-terminal arm of the coat protein is predicted to
participate in three different types of interactions. The
first 25 amino acids are very basic and most likely inter-
act with the viral RNA on the interior of the virion parti-

cles. Amino acids 27-135 form the 8-hexamaer, which sta-
bilizes hexameric capsomers, and amino acids 44-51
form the “clamp® for the invading C-terminal arm. The
first eight amino acid residues are not essential for as-
sembly in vitro. Coat protein, lacking the first eight amino
acids (pCC4NB}, still assembles into empty and RNA-
containing particles. A similar mutation in BMV forms
infectious virus particles in vivo (Sacher and Ahlquist,
1988). In contrast, delstion of the first 26 amino acid
residues (pCC4ANZ8) eliminates assembly of RNA-con-
taining particles, but not empty particles, A similar result
has been previously reparted where the first 26 amino
acids were removed by trypsin digestion (Vriend et al.,
1981). Removal of this region in BMV, in vivo, eliminates
virus assembly, but not viral RNA replication (Sacher and
Ahlguist, 1989). Our results support an essential role for
the basic N-terminus in dictating RNA—protein interac-
tions in viral assembly under defined conditions of pH
and ionic strength. The versatility of the in vitrc assembly
system is further demonstrated by the ability to use this
same mutant to form empty parictes under assembly
conditions that favor protein—protein interactions. The
deletion of the complete N-terminal arm {(pCC4N49) pre-
vents assembly of either RNA-containing or empty parti-

FIG. 6. Cryoelectron microscopy and three-dimensional image recon-
structions of native CCMV and CCMV assembled in vitro. (A) Electron
micrographs of frozen-hydrated native CCMV particles or (B) CCMV
particles assembled /n vitre from coat protein partially purified from £.
cofi and viral RNA 2 transcribed in vitro. Shaded, surface representa-
tions of reconstructions of native CCMV particles purified from infected
plants {C), or CCMV particles assembled in vitro from in vitro-tran-
scribed RNA 2 anc coat protein partiafly purified from £ cofi (O). Bar,
100 nm (A, B), 10 nm (C, D).
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N-terminal
extension

*@-barrel”
canonical fold

C-terminal
extension

FIG. 7. CCMV coat protein subunit (Speir ef al, 1994). (A} Ribbon diagram of the coat protein subunit The N-terminal arm is formed by amino
asid residues 1-51 {residues 1-27 are not shown). The central, eight-stranded, antiparallel, S-barret core is formed by amino acid residues 51—
178. The C-terminal arm is formed by amino acid residues 180-190. (B) Linear representation of the coat protein subunit. White box indicates the
basic charged N-erminal residues not viewed in the X-ray structure. Black arrow represents the "S-hexamer”. Suiped box represents the “clamp”
region. Grey arrows represent the eight antiparallel g-sheets that comprise the “A-barrel” core. The three principle domains of the coat protein
subunit are indiceted pelow. The numbers indicate coat protein amino acid positions.

cles. Thus it can be concluded that the 8-hexamer forma-
tion is essential to CCMV assembly.

The ability to express and purify large quantities of
mutant forms of the CCMV coat protein, which are able
to seifassemble into particles, greatly facilitates future
structural and biophysical studies on the details of pro-
tein—RNA and protein—protein interactions which dictate
CCMV assembly.
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