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Abstract

The structure of the Carnation Mottle Virus (CMtV) capsid protem has been determmated at 32 A resolution by the method of molecular
replacement Three-dimensional data were collected from a small number of crystals (sp g 123, a =382 6 A) using the synchrotron radiation with
an image plate as detector The coordinates of Tomato Bushy Stunt Virus (TBSV) were used as a searching model Refinement of the coordinates
of 7,479 non-hydrogen atoms performed by the program XPLOR, has led to an R-factor of 18 3% It was found that the amino acid chan fold of
capsid protein 1s very similar to that in other icosahedral viruses However, there are some differences in the contact regions between protemn subunits
and also the lack of the S-annulus around the 3-fold icosahedral axes The structural and biochemical results lead us to consider an alternative assembly

pathway
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1. Introduction

Carnation Mottle Virus 1s a typical representative of
Carmovirus group [1]. Isometric viruses of this group
have a host range among different plants, and CMtV 1s
widespread in commercial stocks of carnation

The virus particle consists of the protein shell, a mole-
cule of genome RNA and two short non-genome RNA
fragments. The capsid 1s composed of 180 copies of the
same protemn with molecular weight of 37,787 Da ar-
ranged m accordance with T = 3 1cosahedral symmetry
The ammo acid sequence of the coat protein determined
from the cloned ¢cDNA nucleotide sequence consists of
347 amino acid residues [2]

Although CMtV belongs to a group of viruses with
properties different from, for example, the Tombusvirus
group, 1ts viral envelope was found to possess a tertiary
and quaternary structure very simmilar to that of the
TBSYV structure previously determined [3,4] It was pro-
posed that the structure of the CMtV coat protein may
also be based on the same folding and assembly princi-
ples.

Carrington et al [4] reported sequence alignments be-
tween coat proteins of TBSV, Turmip Crinkle Virus
(TCV), Southern Bean Mosaic Virus (SBMYV) and
CMtV It has been shown that the arms and S-domains
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of these viruses have only 18 positions at which all four
sequences comncide Although there are many other posi-
tions with conservative substitutions, the conserved resi-
dues do not appear to have any special role in stabilizing
of f-barrel fold or in mediating subunit interaction. They
are found both n strands and 1n loops; their side-chains
face both the interior and the surface of the domain. The
secondary structure elements are mvariant i position
and length 1n the four viruses. The loop between SC and
aA 1s six restidues longer in TBSV than m TCV and
CMLtV, but in SBMYV this loop 1s shorter than in the other
three viruses. In the turn between SF and G in SBMV
there 1s a large external msertion absent in TBSV In
CMtV and TCV 1t 1s 1-2 residues shorter.

In this paper we describe the crystallographic study of
the three-dimensional structure of CMtV coat protein at
3 2 A resolution and the results of disassembly—assembly
biochemical experiments on the disassembly-assembly
of virus particles from a mixture of coat protein and
RNA

2. Materials and methods

21 Crystalhzation

CMtV was 1solated from Dianthus caryophyllus L. by the PEG pre-
cipitation technique and purified using a sucrose gradient [5]

The pure CMtV suspension was crystallized at room temperature by
sitting drop vapor diffusion using ammonium sulphate as a precipitant
The crystals most suitable for X-ray analysis were obtained 1n 40 ul
droplets of 0 1 M Tris-HCI buffer solution containing 4050 mg/ml of
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virus and 10% saturated ammonium sulphate The equilibrating solu-
tion consisted of 0 1 M Tris-maleic (mal)/NaOH, pH 5 03 with 25%
saturated ammonium sulphate Either 1 7-heptandiol or PEG 300 were
added to lessen the number of pellets The crystals reached the size of
0 7-0 8 mm within 2-3 weeks

These crystals belong to cubic space group 123, a = 382 Az=2

22 Data collection

X-ray data to 32 A resolution were collected on the EMBL X11
beam Ime during the parasitic mode of operation of DORIS storage
ring at 5 303 GeV (EMBL, ¢/o DESY, Hamburg, Germany) The wave-
length for CMtV crystals was set to 096 to avoid rapid radiation
damage add mmimize the effects of absorption The detector was an
maging plate scanner with a plate radus of 110 mm, developed at
EMBL by J Hendrix and A Lentfer (unpublished) Only four crystals
and 12 h on beam-hne were necessary to obtain the whole data set The
results of the data collection are presented in Table 1 Data were
integrated using the program DENZO (Z Otwinowsk)

23 Structure determmation

The three-dimensional structure of CMtV was determined by the
molecular replacement method with the molecule of coat protemn of
TBSV serving as a starting model at 29 A resolution The first phases
set was obtained at 6 A resolution These phases were improved by
iterative averaging [6] and solvent flatteming using the automatic enve-
lope determination procedure and protocol developed for the structure
determmation of Foot-and-Mouth Disease Virus (to maximize the
phasing power only with five-fold non-crystallographic redundancy)
[7] Phase-extension to 3 2 A proceeded m small steps (180 cycles) with
repeated envelope determmations The electron density map at 35 A
resolution allowed to identify about 80% of amino acid residues 1n the
three quasi-equivalent subunits of coat protein The building of the
amino acids residues into this map was made using FRODO (8] All
calculations for structure determination and refinement have been car-
ried out at the Laboratory of Molecular Biology, Oxford University

24 Refinement

Refinement has been performed using XPLOR version 2 1 (Jack-
Lewvitt refinement) [9] (140,248 observations and 7,479 independent
non-hydrogen atoms) with 5-fold non-crystallographic symmetry con-
straints A bulk solvent correction was used with the contribution of
partial structure factors weighted by a scale factor of 0 36 and B-factor
of 90 (as determined to be optimal) An R-factor of 35 4% for the mitial
model 1n the resolution range 6 03 5 A fell down to 18 3% for the final
model of CMtV, containing 7,479 atoms, three calcium 1ons and three
sulphate 1ons No water molecules are included m the model The
standard deviations for restrained parameters of the last refinement
cycle and the R-factor changes are presented n Table 2

25 Virus dissociation and reassembly

The virus dissociation was performed by the method of yump’ n-
creasing pH Ten ul of virus suspension with concentration 33 mg/ml
m 01 M Tris-HCl buffer, pH 7, were added to 3 ml of 0 1 M glycine
buffer, pH 10 32 The complete dissociation of virus particles has been
observed after 24 h

The CMtV coat protein was prepared by the method described by
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Rossmann and Ercson for SBMV [10] with 6 M LiCl, EDTAmn 01 M
Tris-HCI buffer pH 6 9

Assembly experiments were carried out by the dialysis of mixture of
coal protein and RNA m 01 M Glycine-NaOH buffer, pH 10 32,
agamst 0 1 M Tris-HCI/NaOH, pH 6-7, or 0 1 M Na-acetate buffer,
pH 5 22, at room temperature

Samples for electron microscopy were negatively stramned with 2%
uranyl acetate Electron micrographs were taken on a Philips 400 at an
mstrument magnification of 50,000 x and an accelerating voltage of
80 kV

3. Results and discussion

The electron density map calculated with Fobs and
refined phases (Fig la,b) was extremely clear and could
be interpreted unambiguously in terms of the atomic
model with excellent stereochemistry

As was expected, the overall architecture of the CMtV
capsid 18 similar to that described for the other plant
viruses and 1s composed of 180 chemically identical pro-
tein subunits arranged in a T = 3 surface lattice, 1 ¢ with
3 subunits, referred A,B.C mn icosahedral asymmetric
unit (Fig 2a) The comparison of the A, B and C sub-
units showed that the packing of the chemucally identical
protemn molecules 1n the virus capsid could change both
conformation and arrangement of the secondary struc-
ture elements turning these subunits into the quasi-equiv-
alent ones

Each protein subumit (Fig 2b,c) consists of two main
ordered domains the S-surface domain (170 residues,
Ser®-Lys?**) and the P-domain, forming a protrusion
into the solvent (Gln***-Met**® residues) These domains
are connected by flexible a hinge h (Thr**-Ser**®) In
contrast to the TBSV protein structure as well as to all
other known coat protein structures of icosahedral vi-
ruses, the electron density maps did not show any or-
dered density for the N-terminal arm of any of three
protein subunits

The external P domain 1s less well ordered than the S
domain (mean B-values, which are measures of mobility,
are 42 2 A2 for P compared to 22 1 A2 for S) The second-
ary structure of the P-domain 1s represented by two anti-
parellel S-sheets (Table 3) The bigger S-sheet, composed

Table 1

Details of the data collection

Crystal Resolution Number of unique Rierge Completeness
A) reflections (%) (%)

CMVL 55 30,716 60 978

CMV1 32 59,258 70 528

CMV6 32 74,913 75 66 8

CMV7 32 70,274 88 628

whole data set 6-32 140,483 82 910

Roerge L X Iy, = <I> [E<I>, where <I> =31, /N,
N 1s the number of measured equivalents
I, , 1s the measured intensity, and 1= 1, N,
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Fig 1 The portions of the electron density map after non-crystallogra-
phic symmetry averaging at a resolution of 3 5 A The map shown was
calculated with phases derived from the phase extension procedure and
1s contoured at an arbitrary level (a) B-strands in the small S-sheets of
the P domain, (b) a portion of the S-strand of the S domain

of 5 strands, 1s placed near 2-fold axes and interacts with
the smaller 4-stranded sheet of the adjacent subumit. It
was found that the strongest interactions are dimer asso-
ciations driven by P-domain contacts between (1) the A
and B subumts clustered around the icosahedral 5-fold
axes and (1) the C subunits related by icosahedral 2-fold
axes.

The major structural pattern of S-domain 1s an 8-
stranded antiparallel S-barrel consisting of two f sheets
one of which is twisted Along with the f-strands the
S-domain has two helical regions arranged as n the
TBSV protein [3].

The structures of both P and S domains are very sim-
ilar to those observed in TBSV coat protein In the hght
of our data, we now know that 33% of the residues in the
S domain are identical in sequence and occupy similar
positions 1n both CMtV and TBSV The corresponding

Table 2
Summary of the refinement statistics
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figure for the P domain 1s only 14%. The more detailed
comparison shows that the protein subunits in CMtV are
some 39 residues shorter. A structural alignment of the
subunits of these viruses shows this shortenmg to occur
by the deletion of 21 residues from the N-terminus, 8
residues from the C-termminus, 3 residues from the S do-
main and 7 residues from the P-domain.

There are two conformations of the hinge for the A/B
and C/C interaction region. One hmge conformation
(termed ‘down’) 1s found in subunits A and B and an-
other one 1n C-subunits (“up’ conformation). In CMtV
protein the hinge angle, defined as the angle between the
long axis of the P-domain and the 2-fold axis, 1s approx-
mmately 20° smaller n C-subumt dimers than in A/B
dimers This 1s also the case 1n TBSV, however both
CMtV hinge angles are approximately 10° smaller than
mn TBSV

Very strong peak 1s clearly visible on the electron den-
sity map 1 a region of contacts between C and B protein
subunits (Fig. 3a). This density 1s thought to be with
calcium 10ns coordinated by the residues Asp'®, Asp'®!
of the B subunit and Asp®®, Asn'”® of the C-subunit.
Harrison suggested the presence of calctum 10ons between
every pair of protein subumts (A/B, A/C and C/B) in
CMLtV as in TBSV 1n which there are 6 quasi-equivalent
calcrum 10n binding sites within each icosahedral asym-
metric unit [3,4] However, our results show that only
one of the hypothetical Ca-position 1s occupied despite
the proposal made on the basis of sequence alignments.
In subunits A and B, a loop from the P domain, which
m subunit C and the TBSV coat protemn contribute an
extra strand to the f-sheet, 1s pulled down, effectively
destroying the calcrum binding environment (Fig. 3b)

Procedure Resolution (A) R-factor (%) rms deviation from ideality
Avondss Aangless dp tactor, (bONds and angles)
Starting model 35 354
Prepare stage 35 272
(50 steps of J-L)
Prepare stage 35 211
(200 steps of J-L)
B-factor refinement 35 178 0036, 5223, 2 365, 3859
(20 steps)
Prepare stage 35 190
(40 steps of J-L)
B-factor refinement 35 174
(10 steps)
Prepare stage 35 173 0019,42,49,71
(30 steps of J-L)
Prepare stage 32 183 0021,415,50,70

(70 steps of J-L)

R-factor = 3, (Fy ops = Fin cat)/Zts Fi ot
F,us 15 the observed structure amphtude of reflection h
F.u. 1s the calculated structure amphtude of atom h
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(b)
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Fig 2 (a) A Ca trace of the CMtV capsid The subunits parking around the 5-fold axes called the A-subunits, B-subunits are near the quasi-2 axes,
and C subunits are those linked by the 1cosahedral 2-fold axes The calcium binding site between the B and C subumits 1s marked by a white sphere
and also the sulphate 1ons are marked like a tetrahedral ball model (b) A ribbon model of the CMtV capsid protemn A/B subumt (¢) C-subunit

In the investigation of the TBSV coat structure it was
shown that the calcium 10ns between the quasi-equiva-
lent subunits are one of two important elements for the
control of assembly and disassembly of virus particles
The second one of these elements 1s the ordered polypep-
tide ‘arms’, preceding the S domain in the primary struc-
ture of the subunit that appear to provide a T = 1 scaf-
fold defining the dimensions of the T = 3 particles In
TBSV this arm extends along the 2-fold axis and nter-
twines with a neighboring C-terminal arm making a
strong knot near the 3-fold axis The A/B dimers are
added nto this association The calcium 10ns play the

Table 3

trigger role in this mechanism of assembly [11,12] It was
quite unexpected that C-subunits of CMtV coat protein
would lack ordered N-terminal arms

The results of the biochemical experiments for dissoci-
ation and reassembly of virus particles showed that the
pH, 1onic strength and the salt concentration can be
varied 1n a wide range and this process 1s readily reversed
(Fig 4) Apparently, such mobility of the virus shell can
be explained by the presence of the large hole around the
3-fold axes at the position of f-annulus in TBSV and the
weak contacts near the quasi-3-fold axes

The yield of native-like (T = 3) particles 1in the virus

The amino acid sequence with the elements of the secondary structure which was determined by the algorithm of Kabsch and Sander {13] using the

program DSSP
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(a)

(b)

Fig 3 (a) A portion of the electron density map in the region between B and C subumts, which was interpreted as a calcium-binding site (b)

A supennmposition of the calcium binding site between B and C subunits and a ‘quasi-equivalent’ site 1s shown between A and B The residue Ala
marks the hinge region between S and P domains Only one of the four calcium 1on ligands — Asp

quasi-equivalent site

(a) b

246C

1618 adopts a different conformation m the

©

Fig 4 The dissociation and reassembly of the CMtV particle (a) Electron micrograph of the native virus particles (b) The mixture of the protein
subumnits and virus RNA before dialysis (c) Virus particles, reassembled by 24 h dialysis against Na-acetate buffer, pH 5 22 Magnification 200,000 x

reassembly was typically greater than 80%. Moreover,
we could see the other products of reassembly — ellipsor-
dal particles with the intermediate size between T =1
and T = 3 shells, and the particles with a greater size

Our structural and biochemical results allowed for the
proposal that the morphological unit of the CMtV parti-
cle assembly 1s a dimer and that there 1s no difference
between A/B and C/C dimers in solution The self-assem-
bly starts from the organization of complex RNA with
the mior protemn. The addition of the dimers to the
mitial mntermediate 1s realized by the charge interactions
in which and calcium 10ns take part At the same time
the calcium 10ns could be the trigger for the expansion
and dissociation of the virus particle which changes the
hinge conformation 1n the C-subunits

The appearance of the f-annulus structures in the
other viruses as a result of the virus evolution makes the
virus shell more stable and possibly changes some other
processes, for instance, the procedure of the interaction
with the host cell
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