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The structure of tobacco ringspot virus: a link in the evolution of
icosahedral capsids in the picornavirus superfamily

Veda Chandrasekar!2 and John E Johnson'*

Background: Tobacco ringspot virus (TRSV) is a member of the nepovirus
genus of icosahedral RNA plant viruses that cause disease in fruit crops.
Nepoviruses, comoviruses and picornaviruses are classified in the picornavirus
superfamily. Crystal structures of comoviruses and picornaviruses and the
molecular mass of the TRSV subunit (sufficient to accommodate three B-barrel
domains) suggested that nepoviruses may represent a link in the evolution of
the picornavirus capsids from a T = 3 icosahedral virus. This evolutionary
process is thought to involve triplication of the capsid protein gene, to encode a
three-domain polyprotein, followed by development of cleavage sites in the
interdomain linking regions. Structural studies on TRSV were initiated to
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determine if the TRSV subunit corresponds to the proposed uncleaved three-

domain polyprotein.

Results: The 3.5 A resolution structure of TRSV shows that the capsid protein
consists of three [3-barrel domains covalently linked by extended polypeptides.
The order of connectivity of the domains in TRSV confirms the proposed
connectivity for the precleaved comovirus and picornavirus capsid polyprotein.
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Structural differences between equivalent domains in TRSV and comoviruses

are confined to the external surface loops, interdomain connecting polypeptides
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and N termini. The three different domains within TRSV and comoviruses are
more closely related at the structural level than the three individual domains

within picornaviruses.

Conclusions: The structural results confirm the notion of divergent evolution of
the capsid polyproteins of nepoviruses, comoviruses and picornaviruses from a
common ancestor. A number of residues were found to be conserved among
various nepoviruses, some of which stabilize the quaternary structure of the
three domains in the TRSV capsid protein subunit. Two conserved regions were
identified on the external surface of TRSV, however, mutational studies will be
needed to understand their functional significance. Nepoviruses transmitted by
the same nematode species do not share regions with similar amino acid

composition on the viral surface.

Introduction

High-resolution structures of several icosahedral RNA
viruses belonging to eight different families have been
determined (e.g. [1]). The capsids of these viruses are
composed of 180 subunits and fall into two categories: the
T = 3 viruses, in which all the subunits are formed from
the same gene product, and the pseudo T = 3, picorna-like
viruses, in which there are 60 copies of three different, but
structurally similar, subunits. The three different subunits
in the latter particle are synthesized as a polyprotein and
occupy positions in the surface lattice comparable to those
of the single gene productin a T = 3 virus.

Tobacco ringspot virus (TRSV), a small icosahedral RNA
plant virus, is a member of the nepovirus genus [2,3]. The
TRSV capsid is composed of 60 copies of a single capsid

protein (56,000 Da; 513 amino acids [4,5]). The nepovirus
and comovirus genera in the comoviridae family are classi-
fied in the picornavirus superfamily. This classification is
based on their similarity to animal picornaviruses in the
translation of the genomic RNA as a polyprotein, the
cleavage of this polyprotein by a virally encoded pro-
teinase, and the sequence similarity among non-structural
proteins [6]. Nevertheless, there is no statistically signifi-
cant sequence similarity between the capsid polyproteins
of nepoviruses, comoviruses and picornaviruses. Previous
structural studies of comoviruses and picornaviruses have
suggested that picorna-like viruses have evolved from
T = 3 viruses by triplication of the gene coding a B-barrel
domain into a three-domain polyprotein, followed by
independent evolution of the [ barrels and the develop-
ment of cleavage sites in the capsid polyprotein [7,8]. The
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picornavirus capsid polyprotein is cleaved at two sites to
yield three subunits, each of which is folded into a -
barrel domain. The comovirus polyprotein, on the other
hand, is cleaved at only one site to yield two subunits: one
composed of two [3 barrels and the other composed of one
B barrel. Given the size of the nepovirus capsid protein, it
was hypothesized that its capsid protein may contain three
covalently linked B-barrel domains, and that nepoviruses
may represent an example of an early stage in the devel-
opment of picornaviruses [7]. The structure determination
of a nepovirus and the structural comparison with
comoviruses is, therefore, of evolutionary significance.

In addition to protecting the encapsidated nucleic acid
from degradation, the capsid of a virus plays a crucial role
in several aspects of the viral life cycle. In the case of
nepoviruses, previous studies have indicated the role of
the capsid in interactions with the soil-inhabiting nema-
tode (eel worm) vector; these interactions dictate speci-
ficity during virus transmission [9,10]. The capsid has also
been implicated in the movement of the virus across the
plant cell wall through cytoplasmic connections formed by
the viral movement protein (and other unknown host
factors [11]). Hence, an examination of the surface topog-
raphy of a nepovirus capsid structure may provide struc-
tural insights into these functions.

The TRSV genome is bipartite and consists of two posi-
tive-sense, single-stranded RNA molecules: RNAI1
(2.6 x 10° Da) that encodes four non-structural proteins;
and RNA2 (1.2 x 10° Da) that encodes the capsid protein
and an upstream movement protein. The two RNA mol-
ecules are encapsidated separately in particles of 280 A
diameter [12,13]; both particles are required for infection.
"T'he virus particles purified from infected plants sediment
as three separate components, depending on the RNA
content, and include empty capsids containing no RNA
[2]. The crystals used in the present study contain a
mixture of all the three components. Here we present the
3.5 A structure of the first nepovirus, TRSV, and a struc-
tural comparison of TRSV with comoviruses. Our struc-
tural results support the evolutionary link among the three
groups in the picornavirus superfamily and confirm the
connectivity of the domains in the nascent polyprotein
proposed from the structures of picornaviruses [14,15] and
comoviruses [7].

Results and discussion

Structure of the whole capsid

The capsid of TRSV consists of a protein shell with an
average thickness of 40 A (Figure 1a). The outer and inner
surfaces of the capsid display considerable variation in the
radial dimension resulting in a non-spherical density dis-
tribution. The most prominent features on the outer
surface are the pronounced protrusions near the icosahe-
dral fivefold axes. There is a minor protrusion at each

icosahedral threefold axis and a depression near each
icosahedral twofold axis, where the capsid has a minimum
thickness of 14 A. The inner and outer radial dimensions
along the icosahedral symmetry axes (Figure 1a) are in
agreement with the cryo-electron microscopy (cryo-EM)
reconstruction of TRSV virus-like particles (VLLPs) that
result from expressing the capsid protein gene in a bac-
ulovirus system [16]. A comparison of the dimensions of
"TRSV with the comovirus cowpea mosaic virus (CPMV)
[7,17] demonstrates that the overall capsid shape of the
two viruses is similar.

Quality of the electron-density map

The overall quality of the electron-density map at 3.5 A
resolution is very good (Figure 1b) in spite of the lack of
completeness in the diffraction data. The density corre-
sponding to the polypeptide backbone is continuous at a
level of 20 above the background. Most of the amino acid
sidechains have well-defined density, allowing the assign-
ment of the known sequence for the TRSV capsid protein
without ambiguity. All 513 residues present in the capsid
protein were modeled as one continuous chain.

Structure of the capsid protein

The TRSV capsid is composed of 60 copies of a single
capsid protein with domains arranged in a pseudo T =3
icosahedral lattice [18] (Figure 2a). The capsid protein is
folded into three trapezoid-shaped B-barrel domains (des-
ignated as C, B and A from the N to the C terminus) that
are covalently linked together as ‘beads on a string’. The
B and C domains lie side-by-side with their narrow ends
packed together around the virus threefold axes
(Figure 2a). The B barrels in these domains lie with the
strands of the B sheets tangential to the capsid surface.
The prominent protrusion along the fivefold axes is
formed by the tilted packing of the B barrels in the pen-
tameric cluster of A domains, where the strands run
roughly parallel to the nearby fivefold axis (Figure 2a).

The connected domains in the TRSV capsid protein
(Figures 2b and 2c) agree with the connectivity proposed
for the precleaved comovirus and picornavirus capsid
polyprotein protomer [7,14,15]. The C domain (containing
179 amino acids) forms the N-terminal third of the capsid
protein, the B domain contains the central third of 170
amino acids and the A domain (containing 164 amino
acids) constitutes the C-terminal third of the protein. The
junction point within the two extended polypeptides
linking the domains was assigned based on the structure
of the comovirus beanpod mottle virus (BPMV) [17].

The tertiary structure of the wedge-shaped C, B and A
domains in 'T'RSV (Figure 2¢) is a variation of the canoni-
cal eight-stranded antiparallel B-sandwich fold, where the
eight strands BB to BI form the BIDG and the CHEF 3
sheets [19,20]. The twist of the B strands constituting the
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Figure 1
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The quality of the 3.5 A electron-density map at 20 contour level. (a) A
thin slab of the electron-density map viewed down the crystallographic
twofold axis and containing the central section of the TRSV particle.

The inner and outer radial dimensions along the icosahedral symmetry

axes are indicated beneath the axes labels. (b) Density corresponding
to the sidechains of the residues Asn356, Trp357, Phe358, Thr359,
Leu360 and Thr361 forming the BB strand in the A domain.

barrels in the three domains vary. As in comoviruses, the
strands in the B domain have the largest twist relative to
the other domains. In general, the loops connecting the
strands of the (3 barrel in the three domains are short, but
some are of sufficient length to adopt a secondary struc-
ture. Inserts of this type in 'TRSV are also present in the
corresponding positions in comoviruses.

The C domain in TRSV has two helical insertions: the
BC-BD insertion containing the dA" and 0A helices; and
the BE—BF insertion containing the oB helix. The aC helix
present in comoviruses between the G and BH strands is
absent in TRSV. The largest insertion in the B domain
occurs between the BC and BD strands and includes two
antiparallel 3 strands, BC' and BC", and the 0A helix. The
BE—BF insertion containing the aB helix is also present in
this domain. The only insertion in the A domain is between
the BC and BD strands; the insertion contains an extra 3
strand BC" and the aA helix. Unlike comoviruses, where
the strands BC’ and BC" lie on top of the canonical 3 barrel
leading to an unusual ten-stranded structure, in TRSV
there is no BC'. The BC" strand, however, does lie on top of
the CHEF wall. The short N-terminal tail in the C domain,
containing only non-basic sidechains, extends on the inner
surface of the capsid to the B domain of the threefold-
related capsid protein. The C terminus of the capsid
protein present in the A domain forms an extra strand, BI',
and extends toward the outer surface of the virus. The simi-
larity between the Ca traces of the three domains in TRSV

(Figure 3) support the hypothesis that the three [ barrels in
the nepovirus subunit have evolved from a T = 3 virus as a
result of gene triplication.

Interdomain connecting polypeptides

The extended polypeptide of 25 residues that connects the
C and the B domains (Figure 4a), starts from the end of the
BI strand in the C domain. The polypeptide runs roughly
perpendicular to the B strands of the C domain on the
inner surface of the capsid until it reaches the A domain,
where it makes a sharp upwards turn and runs alongside
the end of the BI strand in the A domain. Finally, the
linking peptide makes another sharp downwards turn and
reaches the BB strand in the B domain. The equivalent
C-B domain-connecting polypeptide in comoviruses con-
tains 14 residues and has a very different conformation
(Figure 4b). This polypeptide in BPMV defines one side
of a shallow pocket between the B and C domains that
serves as the binding site for ordered RNA [7].

The B—A domain-connecting polypeptide of 15 residues,
starts from the end of the BI strand in the B domain.
This polypeptide runs perpendicular to the strands in
the B domain on the inner surface of the capsid and then
makes a turn at the residue Pro347 and ends at the BB
strand in the A domain. The equivalent B-A domain-
connecting polypeptide in comoviruses is formed by the
C-terminal tail of the large subunit and the N-terminal
tail of the small subunit, which arise as a result of
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Figure 2
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Structure of the TRSV capsid, capsid protein
and the three domains in the capsid protein.
(a) A CPK model of the pseudo T=3 TRSV
capsid showing the prominent surface
features. The C and B domains (in green and
red, respectively) are clustered around the
threefold axes, while the A domains (cyan) are
clustered around the fivefold axes. (b) An
enlarged view of one of the 60 copies of the
capsid protein in the TRSV capsid
represented as a CPK model. (c) A cartoon
representation of the tertiary structure of the
C, B and A domains in the capsid protein. The
secondary structure features in the three
domains, the two domain-linking polypeptides
and the N and C termini of the capsid protein
are indicated. (Figure 2c was generated using
MOLSCRIPT [40] modified by Robert
Esnouf.)

Structure

cleavage of the capsid polyprotein at a specific site in this
loop by the virally encoded proteinase. The precleaved
B-A domain-connecting polypeptide contains 30 to 36
residues in other comoviruses and the post cleaved N
and C termini are separated from each other in BPMV
and CPMV. While the new C termini of the B domains
are in similar positions in BPMV and CPMV, the new N
termini of the A domains have very different structures
in these two comoviruses.

Quaternary interactions within the capsid protein

The quaternary interactions occurring within the TRSV
subunit are defined by contacts at the A-Bs, C-B; and A-C
interfaces (Figure 5a). The interactions at the C-B5 and
the A-B; interfaces are significantly more extensive than at
the C-A interface. This suggests that the three domains C,
Bs and A in the TRSV capsid protein associate with each
other successively as they are synthesized. Hydrophobic
interactions play a dominant role in establishing the
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Figure 3

Stereo view Ca traces of the (a) C, (b) B and
(c) A B-barrel domains in TRSV. The traces
are all shown in the same orientation and
every tenth residue is labeled.

Structure

quaternary organization of these domains in both TRSV and nepoviruses and comoviruses, while this is an important
CPMV. There is no intertwining of the N and C termini in stabilizing interaction in picornaviruses [14,15,21,22].
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Figure 4

Interdomain linking polypeptides in TRSV. (a)
Stereo view of the Ca trace (white) of the
capsid protein from inside the capsid with the
electron density for the two domain-linking
polypeptides. The pink density shows the link
between the C and B domains and the brown
density shows the link between the B and A
domains. (b) An enlarged view of (a) showing
the difference in the conformation of the C-B
domain-connecting polypeptides in TRSV
(yellow) and BPMV (green).

Structure

Quaternary interactions between the capsid proteins
Quaternary interactions occur between pairs of capsid
proteins related by icosahedral fivefold, threefold and
twofold axes in the pseudo T = 3 capsid of TRSV.

Quaternary interactions at the fivefold contact consist of
A-A., A-B and B-C domain interfaces (Figure 5b). The
interactions at the A-A; and A-B interfaces are much
more extensive than those at the B-C interface. Unlike
comoviruses, where polar interactions play a dominant
role in the association of the capsid proteins into a
pentamer, hydrophobic interactions are more important

in TRSV.

The only interdomain interface that defines the threefold
contact between subunits in TRSV is C-B, (Figure 5c).
Hydrophobic interactions and the N terminus play a
prominent role in the association of the capsid proteins

around the threefold axes. In contrast the N-terminal tail
is not involved in this contact in CPMV. Protein—-RNA
interactions are involved in this contact in BPMV.

The twofold-related subunits contact each other only at
the C-C, interface (Figure 5d). The interactions at this
interface in TRSV are minimal. The N terminus of the C
domain in comoviruses extends to the RNA-binding
pocket in the twofold-related C, domain. The pseudo
T = 3 nature of the TRSV capsid suggests comparing the
A-B; contact with the C-C, contact as they are quasi-
equivalent in the capsids formed by a single subunit
type. The quasi or pseudo-equivalence breaks down dra-
matically in TRSV because the chemical interfaces are
different at the two contacts even though similar struc-
tural elements are adjacent (Figure 5d,e). Interactions at
the A-B; contact are much more extensive than at the
C-C, contact.
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Figure 5

Quaternary interactions between the TRSV
capsid proteins. The C, B and A domains in
the capsid are shown in green, red and cyan
respectively. (@) A T= 3 icosahedral surface
lattice represented as a rhombic
triacontahedron, viewed approximately down
an icosahedral twofold axis normal to the
plane of the paper. The figure indicates the
domains involved in fivefold, threefold and
twofold contacts between capsid proteins.
Closed pentagons, triangles and the closed
oval symbolize the icosahedral fivefold,
threefold and twofold axes, respectively. Open
triangles and the open oval represent the
quasi-threefold and twofold axes, respectively.
The trapezoids labeled C, B and A constitute

three B-barrel domains that form one
polypeptide chain going from the N to the C
terminus. (b) Fivefold contact between capsid
proteins viewed in the same orientation as (a).
The three domain interfaces at this contact
bury nearly 4600 A2 of the accessible surface
area. (c) Hexamer of the B and C domains
around the icosahedral threefold axes viewed
in the same orientation as (a). Nearly 2570 A2
of the accessible surface area becomes
buried at this threefold contact. (d) The
icosahedral twofold contact at the C-C,
domain interface (viewed down the
icosahedral twofold axes) versus (e) the
quasi-twofold contact at the A-B; domain
interface (viewed approximately down the
quasi-twofold axes). Only 606 A2 of the
accessible surface area is buried at the C-C,,
interface compared to 2120 A2 at the A-B,
interface.

Structure

The fivefold contacts between the capsid polyproteins are
the strongest in the assembled capsid of TRSV and
CPMV. This observation suggests that the TRSV capsid
proteins assemble into pentamers rather than dimers or
trimers, although experimental evidence for this has not
been reported for nepoviruses or comoviruses. An assem-
bly intermediate of picornaviruses has been identified
which sediments at 14 S and is composed of a pentamer of
three B sandwich subunits, VP1, VP2 and VP3, which cor-
respond to A, C and B in TRSV [23,24].

Sequence alignment of nepoviruses
A multiple sequence alignment of the capsid proteins of
11 nepoviruses and five comoviruses [25] suggested that

the two genera may share a common structure despite the
low sequence identity within the nepovirus genus and
between the two genera of viruses. A structural prediction
for nepoviruses was attempted on the basis of the
sequence alignment and the known comovirus structures.
The predictions of the C and B domain structures were of
reasonable quality when compared with the TRSV struc-
ture reported here. Significant differences between the
predicted and actual structures were found in the A
domain. A major readjustment of the structure prediction
of the nepovirus cherry leaf roll virus (CLRV) was
required. In Figure 6 a new sequence alignment of all the
nepoviruses is shown with the reported TRSV structure
as the reference.
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Figure 6
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BLMV h-iGinfgsa rvvsgtntfy SfpaayTQll gSvGGiLhgt VvgtGSk-Ai SceMfLilgP dk--tahnle QAlrlPGecrI
285 |-Bo-| Bo: | ---BH---- | |-- Br-----
TRSV h-ghggFeIa IktRlhsaat ---teeGfgr ----LgIlpL sGPiAPdahv GsyeFiVhIn tWrpds---- gvhppmfs-s
ToORSV adgQgaFsLp IstP-haats f--ledMl-r ----LeIfal aGPfSPkdsv AkygFmCyFd hIel-v---- egvprtia--
RRSV k-sNeiFevd LycPygenpt f--tggAngk --pfIiVhkL gGIvGPkdsv GtfgFmIhIh gLtg-vyknp tlhsgd--rs
TBRV-ED t-1DakAtLg IgsPffatan f--gddGta- ----FyIatL cAPlAPetme TgfqgYyIhIh gInak----- --ahlc--re
TBRV-S e-vNvdAsLg IgsPffstan f--gnsGsa- ----FyVstL cAPmAPetve TgseYyIgIlk fIean----- --pglc--re
GCMV d-vDvvSsLk IgsPfyatan f--gdsG-ar ----FwVtpM sSPmAPetme SkleYyIgIl gIdad----- --ppmc--rg
GFLV ee-DgsFeVk IrsPyhrtpa rllaggSg-r dmssLnFyal aGPiAPsget AglpIvvgld elIvrd----- dlslpsf--e
ArMV ee-DgsFale IrsPyhrtpl rlidagSass ftstLnFyal sGPiAPsget AkmpVvVgIlIe elal----- p dlsvpsfp--
SLRSV vdlRahR1Lr AkvPlygygg yvlmggsGslf avppLtDygF gSLrFV11ft AplhIsDtTk kGsvmiir-- yilgle---d
CLRV sggDgeFslp LnaPfghtst r---drG--- -iptMaVclV sGVvAPkdcs ApyrFmVyFd rVefdt---- glppviatr-
BLMV ptgGgpFsIr IgtPfgreqi f---ntG--- --vglLvIyaV gGPmGAQais ApyqgYmVhFs hIgeeg---- dppprpi---

Structure
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B-A domain-linking polypeptide

|-- oa-|

----sNPlsw
----gHPlsl
--nyvNPtsl
--nfvNAlai
--nfvNAlai
---gelNPfaa
--nyvNAfai
---gdNPfah
mpklvGTfeg
---eaHlPlar
--rr-NAlan

----piflGs
--—-pvefKt
----diacGcd
--—--pfagfGs
-——-pfgfGs
----pfefGs
----ellvGn
----elyiGn
mpmadpreTi

grpp-envdt
dyyyientfp

LVAa-tCGwhy
LISs-tGfft
LFSv--Glhg
MCAt-tGmhf
LCAt-tGmhh
MIAc-hGlhs
MCAt-tGmha
MIAc-hGlhh
EVEg-hSplm
LVAsirGmfqg
LIRsc-Gffr

YAG---aTps
YTGyttsGpp
FFGatrvGlp
FAGpiscGga
FAGpitsGgk
FAGpvtsGgt
FAGanpnTrf
YAGanpnTal
YL-ptteGva

GevVdLcisWs
GrAiFviqgiig
GiTrLhitwW
ckCtLhfslig
GnCtThfsw
GvLdALk1lgim
GkCiLhfsWs
GiLdLklmw
HrSgEnagqlic
GtMrFilrw
GrvtFvEqil

| B |
galgkgnyVr
gsmepyiyVr
geverlgiY-
pma-aenwle
ade-aenwle
pft-senwlLr
slysrwmalk
slysrwlalk
fyetprrwvn
—----gstvLn
gadhdgpyTd

| --pB--|
vynwftltnlk
FnWcsfrnfk
Sawfrinni-
FaWfmlehl-
FaWcllecl-
Fawftllrp-
Fviitvdfseft
Flwvdfssft
Sdimeppllr
Flwasfsgf-
Fnilatisemt

rskga-gaq-
Inttagnmk-
pnttlgesk-
wyrgkladgs
whpaelgkgl
Inkgtsfkdl
In-tefgkss
le-gefgkss
gsltyylsir
fasslttpt-
lnvahivpta

isivnakdiv
-tt-gaklvd
iss-naksia
liipnmkwit
igspdfswva
vetahwdwlt
1ld--gaksik
1d--kaksmk
thfgates-y

an t--g-vvnfd

1liplgllQk-
apvv--pEa-

| pE- |
eGsVsittny
-GsFsaklaf
-GtLkymgyl
-GaVslgtgm
-GrLkfvggm
gqGhIsfysgm
-GsVtitklv
-GgVtitklc
vSgAtpggvl
----tyvqglv
tMglltavgr

alrVcLrpk-
rLsVnVilge
elrVsFev-1
sLtVsIevhd
sLhVsTevhe
sLtvdIqgvlp
vLrV1Ckprp
mLrI1Ckprg
gVrTcPawv-
-LdVvVaglg
yMnTInVrvhp

[ -Bc- |

tt-g-avslk
skas-pikvk
-klskilklt
——————— eie

| -BF-|

-rdwgaywqG
gkgveeieqT
yvhtatenffG
graavaehfG
g--innehiG
gdstigehhG
gdkamgldgP
gdkatgmdgX
pmrpvcfgaT
hk----fgtT
vgnaetngsQ

SIKFWGRSat
GFsFYGPSvk
SMnFYGSTik
GFQEFYGRSag
GFKFYGRSag
GFrFYGRSag
GFsFYGRTsE
NFeFYGRTcf
LLgFPNEEas
GF-MRLRSg-
GFeLYGRS1t

IPGYThDFas
WPARLpPDTI1d
IPGRIeDIia
IPARMaNLts
IPSRIgNLsS
LPSRVcNIay
IGSRFfDFts
IGSRFfDIss
TISKWpKSgE
IPCRLsDYkv
IPARLsDLVi

gariydlrrt
stvgplvgac
dgatrgiiid
gkhnfi-cyp
dtmcyn--sl
efhlgg--pl
shvfaiqgkle
srvcslgnmg
vldnildkpc

ilgwivpvsg

|BT’

hfkkevgtps
vtav-ggfpi
pltipa----
pltipatvad

pct
kdatvtlLa--
dksevlLr--
aagkydvt--
k--evgVt--
k--hvkvt--
k--eatVt--
n--tcrvsm-
t--tstval-
l1ffpmtPssh
e--gatLkm-
p--ggtVvVtm-

|--o--|

qdgfti----
atsfsl----
snthsv----
ssslav----

atlgtnnppv
lkpptpapsi

Amino acid sequence alignment of eleven nepovirus capsid proteins.
The secondary structure features and residue numbers for TRSV,

based on the structure reported here, are indicated above its
sequence. Residues that are conserved among at least seven
nepoviruses in the C, B and A domains are shown in green, red and

letters correspond to residues that are not conserved in columns
where seven or more residues are conserved.

blue upper case letters, respectively. Underlined residues in the TRSV
sequence occur on the outer surface of the capsid. Upper case black

Most of the loops connecting the [ strands in nepo-
viruses show some variations with at least one or two
amino acid insertions or deletions. This is in contrast to
comoviruses, where the insertions and deletions are

confined to the BC and DE loops on the exterior surface
of the capsid near the fivefold axes. The regions with the
greatest variation in the three domains of TRSV include
the loops present on the external surface of the capsid,
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the two interdomain linking polypeptides and the N and
C termini. A subset of nepoviruses comprising of straw-
berry latent ring spot virus (SLRSV), CLRV and blue-
berry leaf mottle virus (BLMV) vary the most relative to
the other nepoviruses.

Most of the conserved hydrophobic residues are present in
the strands forming the B-barrel with their sidechains con-
tributing to the hydrophobic core in the three domains.
Several externally exposed loops contain conserved
residues interspersed with insertions and deletions.

Some of the sequence conservation may stabilize the
quaternary structure of the three-domain subunit. The
sequence motif Phe-Tyr-Gly-Arg-X-Ser (FYGRXS)
present in the BI strand in the A domain interacts with a
conserved stretch of residues (Pro177 to Pro182) in the
C-B domain-connecting polypeptide. SLRSV is the only
nepovirus that lacks both of these conserved regions.
This suggests that the motif in the A domain in
nepoviruses is important for maintaining the rigid
structure of the C-B domain connector. Constraining the
flexibility of this extended polypeptide may be
important for the assembly of the nepovirus capsid
proteins. As predicted previously [25], the sequence
motifs FYGRXS in the A domain and Phe-Asp-Ala-Tyr-
X-Arg (FDAYXR) present in the BE strand in the C
domain occur adjacent to each other in the structure of
TRSV. The motif present in the A domain is involved in
stabilizing the quaternary structure of the domains
within the capsid protein, while the motif in the C
domain is accessible from outside the capsid and this
region on the viral surface may have some functional
significance in the nepoviruses.

SLRSV is characterized as a nepovirus based on nema-
tode transmission specificity. Unlike the other known
nepoviruses, the processing of the capsid polyprotein of
SLRSV is the same as for comoviruses (i.e. it is cleaved
into two capsid protein subunits by a virally encoded pro-
tease at a specific site in the B-A domain-connecting
polypeptide). When the length of the N terminus and
the two domain-connecting polypeptides in TRSV are
compared to other nepoviruses, only SLRSV has a longer
N terminus, a shorter C—B domain connector and a much
longer B—A domain connector. It is interesting that in
these three trends SLLRSV closely resembles como-
viruses. The sequence Ser-Gly, recognized by the
SLRSV protease, occurs at five different locations along
the SLLRSV capsid polyprotein. Three of these sites will
occur on exposed loops based on the TRSV structure,
but the protease cleaves only at the site in the B-A
domain-linking polypeptide. This observation indicates
that the presence of the cleavage site in an extended
chain must be essential for cleavage by the SLRSV and
comovirus proteases. A similar trend has been observed

in picornaviruses based on their three-dimensional

structures [26].

Surface amino acid conservation in nepoviruses

T'he variability of all the surface residues in the structure
of TRSV was examined using the program GRASP [27]
(Figure 7). A few residues are conserved among at least
nine nepoviruses; these are confined to two regions, site 1
and site 2, on the TRSV surface. Site 1 is located in a
minor depression at the junction of the A and C domains
between the pseudo-twofold and the pseudo-threefold
axes (Figures 5a and 7). Site 1 is comprised of residues
from several regions: the EF loop in the C domain (includ-
ing Asp79 present in the FDAYXR sequence motif); the
BC-BD insertion in the A domain; and the GH loop in all
the three domains. Site 2 occurs on a minor surface protru-
sion, close to the icosahedral threefold axes, where the
conserved residues on the BC and HI loops in the B and C
domains form a ring.

The nematode species that are required to transmit ten
of the 11 nepoviruses shown in the sequence alignment
in Figure 6 are known. The nepoviruses, with the excep-
tion of BLMV, fall into four groups based on the nema-
tode species specificity: TRSV and tomato ringspot virus
(ToRSV); raspberry ringspot virus (RRSV) and tomato
blackring virus (I'BRV); grapevine chrome mosaic virus
(GCMYV) and grapevine fourleaf virus (GFLV); and
arabis mosaic virus (ArMV), SLRSV and CLLRV. Regions

Figure 7

Depth-cued view of the external molecular surface of a pentamer of
TRSV subunits. The figure shows the variability of the surface residues
among nepoviruses. The surface residues in TRSV are color-coded
according to their conservation number, which denotes the number of
nepoviruses in Figure 6 containing a similar residue at that position.
The color-code ranges from red (conservation number 1) through
yellow (conservation number 6) to green (conservation number 11).
Two regions, site 1 and site 2, containing some residues conserved
among at least eight nepoviruses are indicated. (The figure was
generated using GRASP [27].)
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Figure 8

Stereo view Ca traces of the capsid proteins
of TRSV superpositioned on the capsid
proteins of BPMV. The superposition is
viewed from outside the capsid. The C, B and
A domains in TRSV are shown in green, red
and cyan, respectively; the C and B domains
of BPMV are shown in orange and the A
domain is in purple.

Structure

on the viral surface that correlate with the nematode
transmission specificity of the four groups of nepoviruses
could not be identified on the basis of the surface amino
acid variability. Nepoviruses transmitted by the same
nematode species do not share regions of similar amino
acid composition on the viral surface. This also suggests
that the conserved site 1, containing Asp79, on the viral
surface is not directly involved in determining vector
specificity. This site may serve as a binding site for some
unknown host factor or viral protein. Further mutation
studies are required to identify the functional signifi-
cance of site 1 in the nepovirus life cycle. The signifi-
cance of the ring of conserved residues around the
threefold axes (site 2) is also not clear. This region in
CPMV constitutes a major antigenic site, as demon-
strated by the cryo-EM structure of a complex formed
between an Fab fragment of a monoclonal antibody
raised to CPMYV and the virus [28,29].

Structural similarity to comoviruses

Structural superposition of the capsid proteins of TRSV
and the comovirus BPMV was performed using the least
squares superposition option in the graphics package O
[30]. Based on the hydrogen-bonding pattern of the eight
[ strands forming the B barrel, the corresponding stretches
of residues in the B strands of TRSV and BPMV were
identified for superposition. The regions with the greatest
deviation in distance between equivalenced Ca positions
in TRSV and BPMYV include the external surface loops,
the two domain-connecting polypeptides and the N and C
termini (Figure 8).

The sequence alignment of the C, B and A domains of
TRSV and three comoviruses (BPMV, CPMV and
RCMYV), based on structure superposition, is shown in
Figure 9. The three comoviruses are structurally very
similar (W Wikoff, T' Lin and JE]J, unpublished data).

Most of the [ strands forming the core 3 barrel in BPMV
are longer than the corresponding strands in TRSV. About
58 of the 513 residues in TRSV are conserved among at
least seven nepoviruses and the comoviruses. Most of
these residues are hydrophobic and occur on the 3 strands
and a helices with their sidechain buried in the hydro-
phobic core. Among the non-glycine and non-proline
residues that are conserved, it is intriguing that the
residues Asp79 and Arg83, present in the FDAYXR
sequence motif in the C domain of 'T'RSV, are also con-
served as Asn3093 and Arg3097 in comoviruses. This indi-
cates that the function of the conserved site 1 in
nepoviruses may also be shared by comoviruses.

The statistics for the structural superpositions (Table 1)
support the proposed evolutionary connections between
the capsid polyproteins of the three groups in the picor-
navirus superfamily. Among the three equivalent
domains in TRSV and BPMV, the B domains display the
most structural similarity while the A domains exhibit
the least (Table 1). The superposition of the three differ-
ent domains within TRSV or BPMV onto each other
indicates that the B and C domains are structurally the
closest in both the viruses (T'able 1). A similar trend has
been observed among picornaviruses [21,31]. The
equivalent domains in TRSV and BPMYV are structurally
closer than the three different domains within TRSV.
Furthermore, the structures of the three [-barrel
domains in comoviruses have diverged from each other
slightly more than the domains in TRSV. The three
B-barrel domains within a picornavirus [21], on the other
hand, have clearly diverged much more than those in
either comoviruses or TRSV. The comparisons suggest
that the three domains in the nepovirus capsid protein
diverged significantly before the comovirus polyprotein,
with its cleavage site in the B-A domain-linking
polypeptide, evolved.
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Figure 9

Amino acid sequence alignment of the capsid
proteins of TRSV and three comoviruses
(CPMV, RCMV and BPMV) based on the
structural superposition. The secondary
structure elements and sequence numbers of
TRSV are given on the top line. Residues
conserved among at least seven nepoviruses
(shown in Figure 6) and the three
comoviruses in the C, B and A domains are
shown in green, red and blue bold upper case
letters, respectively. Residues that are
conserved among TRSV and any of the three
comoviruses in the C, B and A domains are
shown in upper case and in green, red and
blue, respectively. Residues in lower case
letters were not observed in the structures of
comoviruses.

1 |- BB--- | |--BC| |-aA -] |-—aA'--]|

TRSV  ---mmeme meeeeee e AVTWPDPTC CGTLSFKVPK DAKKCGKHLGI FDi RQAI MDY GGLHSQEVWCA

CPW MEQNLFALSL DDTSSVRGSL ------ LDTK FAQTRVLLSK AVAGCDVLLD EYLYDVVNGQ DFRATVAFLR

RCOW  TDTDLFKLSL DDTSSPKGSL ------ LDTR FAQKKVLI PK AVAGCADLLS SNLYDVLSGS SFRASLALAR

BPW METNLFKLSL DDVETPKGSM - - - --- LDLK | SQSKI ALPK NTVGGTI LRS DLLANFLTEG NFRASVDLQR

3001 |-~ |--BC-[1-aA | an’|
50 |--pD-] |-- BE | |-oB | pF | BG |

TRSV ~ KG VNPTFTV RVHAPRNAFA CGLSI ACTFDD YKRI DLPALG NECPPSEMFE LPTKVFM_KD ADVHEVQFNY
CPW  THVI TGKI KV TATTNI SDNS GOCLMLAI NS GVR- - GKYST - DVYTI CSQD SMIWAPGCKK N- - FSFTENP
RCW  THVWEGKI RC | CTI NLPENT GCCLAI TVNS SNR- - GQFST - DI YTTGSQD RI LWNPACSK N- - CDFSFNP
BPW  THR KGM KM VATVGA PENT G ALACAM\S S| R- - GRASS - DI YTI CSQD CELWNPACTK A- - MTVBFNP

3064 [-BD--| [ --BE-| [-aB-| |-BF-| | BG |
121 BG | -BH-| |--BI--] C- B linking pol ypeptide
TRSV  GELTCHG.ON WANVATQPTL YFFVASTNQV TMAADWCI V' TMHVDMGPVI - - - - DRFELN PTMIWPI LG

CPW  NP- CCDSWBA EM SRSRVRM TVI CVSGATL SPTTDVI AKL DWSI WN- - - - EKCE- - - - PT -1 YHL- ADOQ

ROW  NP- CGTAWBL EFLRRTKFHL SVTCVSGABA QPQTDI AMTM DWYVSN- - - - KPCP- - - - VC - | YNV- GTPG

BPW  NP- CSDAWBL EFLKRTGFHC DI | CVTGMA TPMYOVVTI DWFI SS---- QECV----PR - TYCV- LNPQ
3130 | —BH--| |----Bl---]| C-B linking pol ypeptide

186 |-----pB-----| -89 BC_  |BC[|-aA--|  BD|--BD---|
TRSV GDOTFAI DRYY EAKE! K- L- D GSTSM.SI SY NFGCPVKHSK KHAI SYSRAV VBRNLG/ASGT | SGSVKSVSS
CcPW QWLPLNRWM CGKLTFPQGVT SE- VRRWPLS | GGG AGATQ AFLANVPNSW | SMARYFRCE LHFEVTKIVES
RCOW GONVW/NRM GKLSFPQGSQ NQ LKQWPLA | GGG AGAKN SI LMNMINAF LSLWRYFHCD LVFEVQKIVES
BPW Q\PFVLNRVWM GKLTFPQGTS RS- VKRWPLS | GGG AGAKS Al LMNWPNAV LSMARYFVCD LVFEVSKMTS
2006 |-----BB-----| | Bl BC  BC | ——0GA---| | ——BD-----]|

254 |---BE---] |--aB| | -BF |--BG| BG

TRSV LFCTASFVI F PWECEAPPTL ROVLWGPHQ  WHG ----DG QFEI Al - - K- TRLHSAATTE E-------- G

CPW PYI KATVTFL | AFGNLSDAF GFYESFPHRI VQFAEVEEKC TLVFSQQE-F V- - TAWSTQV NPRTTLEADG

RCOW PFI KSTVTFF | GFGEALPF- S ENLEDFPNKL | QFGEVQERV El TFTRKE-F L-- TAWSTQV DPAGPVACGDG

BPW PYI KCTVSFF | AFGNLADDT | NFEAFPHKL VQFCGEl QEKV VLKFSQEE- F L- - TAWSTQV RPATTLLADG
2074 | —BE--| | aB-| | -BF| |--BG-| aC

308  |----PH---| [«=--Bl----] B-A domain-linking 349
TRSV  FGRLG LPLS GP| APDAHVG SYEFI VH NT WR- PDSQVHP PMVF- - - ===« ==---=nn-
CPW  CPYLYAI | HD STTGI- -1 SG DFNLG/KLVG | KDF- G- G G SNPG DGSRL Lg- - - ai ag
ROW  CPYLCAWHD STAST--| TG DFNLGVTLLR | G\F- V-G G RNPG QARL LGsngaeaq
BPW/  CPYLYAWHD SSVST-- | PG DFVI GVKLTI | ENM G- AYG LNPG SGSRL LG - - TI PQ

2141 | --BH| |------ Bl------ | B- A domai n-1inking 2192
350  pol ypeptide |----PB---| |-Bd BC'
TRSV  ---eemee-- - SSSELYNW FTL- TNL--- - K- P- DA-- N TGWNFDI PG Y| HDFASKD- - - - ATVTLAS
CPW GPVCAEAS- - ----- DVYSP CM ASTPP-A P-F-S----D -- VTAVTFDL - | NGKI TPVG DDNWNTHI YN
RCOW GWRTTD-- ----- GVYST CFRVRTPL-A L---K----D --SGSFTCDL -1 G3d TTDS NTGANLTALN
BPW  -------- Sl SQQ - TVWWQ MATVRTPLN- - - F--DSSKQ S FCOFSVDL - LGEE SVDK TGDW TLVQN
1001 pol ypepti de | --BB--| | --BC| pc BC
395 |--0A--|  |----- BD-----| | - BE-| | - BF-| |-BG

TRSV  NPLSW.VAAT G/HYGEVDLC | SWERS- - KQ AQAQEGSVS! TTNYRD- - - - WGAY- WQGQA Rl YD- - LRRT
CPW PPl MWVLRTA AVKSGTI H/Q LNVRG AGVK RADWOGQUFYV YLRQSM\PES - - - YDARTFV | SQ PGSAM.
ROW  TPVANLLRTA AVKRGTI H/Q VAMFG STVK RSDWISTVQ. FLRQSMNTSS - - - YDARVWW | SK- PGAAI L
BPM/  SPI SNLLRVA AVKKGCLM/K WNEGNAAVK RSDWASLVQY FLTNSNSTEH - - - FDACRWT KSE- PHSWEL

1054 |---A--|  |-----BD---- | I--BE-- | |--BF-1  |-BG
456 - | | pH |eeoeoees Bl | IB'| 513
TRSV EAEI Pl FL-- ---- GSYAGA TP-S---GA- LGKQNYVRI S | VNAKDI VAL RVCLRPK- S| KFWERSATLF

CPW NFSFDI | GPN SGFEFA- --E SPWANQ TT W YLECVA- T NP-RQ QQ F EVNVRFDPNF RVACNI LMPP

RCW EFSFDVEGPN NGFEMWV - - E ANW ASQ TS WFLEFLI - S NV- TONTL- F EVSVKLDSN- CVAGT TLMPP

BPW | FPI EVCGPN NGFEMWV - - S SEW ANQ TS W HLSFLV-D NP- KQSTT- F DVLLGA SQNF El AGNTLMPA
1120 -BG - | |- B |- Bl

TRSV  --mommon oo e oo
CPW  FPLSTETPPL | kfrfrdier skrsvnvght ataa
ROW  FSVTaspdsr pllgvktstp akkyvggsl g agpspd
BPW  FSVPQanars senaessa-- ---------- ----

1181 1198 Structure

Electron density in the RNA region

of the P1 poliovirus empty capsid, however, revealed a

The structure of BPMV revealed the interaction of a
trefoil-shaped cluster of RNA with the cleft between the
covalently linked B and C domains in the capsid protein
near the icosahedral threefold axes. Based on the
observed protein—RNA interactions, it was proposed
that the RNA in comoviruses may be recognizing a
preformed icosahedral binding site in the assembling
capsid [7]. Except for a piece of density that has been
modeled as a nucleotide near the VP2 subunit, ordered
RNA density has not been observed in the mature
picornavirus structures [14,15,31]. The crystal structure

trefoil-shaped depression on the inner surface of the
capsid that was strikingly similar to the RNA-binding
site in BPMV [32].

The inner surface architecture of the cleft between the B
and C domains in 'TRSV is quite different from the RNA-
binding pocket in BPMV due to differences in the confor-
mations of the C-B domain-connecting polypeptide and
the N terminus (Figure 8). There is no evidence for the
presence of density corresponding to well-ordered RNA in
this cleft in TRSV.
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Table 1

Root mean square deviation () in Ca displacements (A) for residues in the core B strands and loops connecting the strands in the

pairs of superimposed domains.

Superimposed pairs

Structural Root mean Number of equivalenced Percentage equivalence (%)™
comparison* Domain 1 Domain 2 square deviation residues’ Domain 1 Domain 2
TRSV versus TRSV C BPMV C 2.0 123 (129) 84 (72) 80 (71)
BPMV TRSV B BPMV B 1.4 127 (137) 83 (81) 78 (71)
TRSV A BPMV A 2.2 119 (122) 75 (74) 70 (66)
TRSV versus TRSV A TRSV B 2.3 81 58 57
TRSV TRSV B TRSV C 1.8 78 56 52
TRSV C TRSV A 2.2 78 50 55
BPMV versus BPMV A BPMV B 2.3 73 46 46
BPMV BPMV B BPMV C 2.0 82 54 57
BPMV C BPMV A 2.2 79 54 51

*TRSV =tobacco ring spot virus; BPMV = beanpod mottle virus. fThe numbers given in parentheses refer to the superposition of all the residues
(including the N and C termini) in the pair of domains. *The percentage equivalence shown in the last column is given by [number of equivalenced

residues/total number of residues in the [3-barrel domain] x 100.

Biological implications

Tobacco ringspot virus (TRSV) is a member of the
nepovirus genus of icosahedral RINA plant viruses.
Nepoviruses cause diseases in fruit crops, have a wide
host range and are transmitted by adult and larval stages
of soil-inhabiting eel worms (nematodes). Plant virus
families are classified into superfamilies based on genetic
similarities to animal viruses. Nepoviruses, comoviruses
and picornaviruses constitute members of the picor-
navirus superfamily that have icosahedral capsids. The
capsids of the icosahedral picorna-like viruses are com-
posed of 60 copies of three capsid protein subunits (each
with a similar B-barrel fold), which occupy positions in
the surface lattice comparable to those of 180 copies of a
single capsid protein subunit in a T = 3 virus capsid. The
three different subunits are synthesized as a polyprotein,
which is subsequently cleaved by a viral proteinase.

Previous structural studies of members of the picor-
navirus superfamily have suggested that picornaviruses
evolved from a T =3 virus by triplication of the gene
encoding a B-barrel domain, followed by the independent
evolution of the three B-barrel domains and the develop-
ment of cleavage sites in the interdomain-linking regions
in the capsid polyprotein. The picornavirus capsid poly-
protein is cleaved at two sites to yield three subunits. The
comovirus polyprotein, on the other hand, is cleaved at
only one site to yield a large subunit with two B-barrel
domains and a small subunit with one B-barrel domain.
The capsids of nepoviruses are composed of 60 copies of a
single capsid protein composed of three B-barrel domains
and lack any cleavage sites. As such, the nepoviruses
may represent an early stage in the evolution of picor-
navirus capsids. Structural studies on TRSV were initi-
ated to investigate the proposed evolutionary connection
among the three groups in the picornavirus superfamily.

The crystal structure of TRSV has revealed that the
capsid protein subunit is folded into three pB-barrel
domains that are covalently linked together by extended
polypeptides as ‘beads on a string’. The observed order
of connectivity of the three domains from the N to the
C terminus in the capsid protein subunit is consistent
with the proposed connectivity for the precleaved
comovirus and picornavirus capsid polyproteins. The
three different domains within TRSV and comoviruses
are more closely related at the structural level than the
three domains within picornaviruses. The results of
structural comparison and a sequence alignment among
nepoviruses and comoviruses support the notion that the
capsid polyproteins of nepoviruses, comoviruses and
picornavirus have evolved from a common ancestor via
divergent evolution. The first structure of a nepovirus
also provides a snapshot of how the development of
cleavage sites in the capsid polyprotein yields new flexi-
ble N and C termini which can intertwine and stabilize
the quaternary interactions between the subunits during
capsid assembly.

Nepoviruses exhibit diversity in the capsid protein
sequence and nematode species specificity during
transmission. Previous studies have indicated that
retention of the nepovirus capsid in the gut lining of the
nematode vector dictates virus vector specificity.
Nepoviruses transmitted by the same nematode species
do not share regions on the viral surface with similar
amino acid composition. A few residues on the TRSV
capsid surface, clustered in two regions, are conserved
among nepoviruses. Further studies are needed to
understand the role of these regions as potential binding
sites for host factors or viral proteins involved in either
cell-to-cell movement or some other function shared by
all nepoviruses.
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Materials and methods

Crystals, data collection and processing

TRSV was propagated in tobacco plants, purified by a modified proce-
dure reported by [33] and crystallized at room temperature using 2-3%
polyethylene glycol (PEG) MW 3350 as precipitant. The virus sample
used for crystallization contains empty capsids, particles with one mol-
ecule of RNA1 or RNA2 and particles containing two molecules of
RNA2. X-ray diffraction data were collected at the Cornell High Energy
Synchrotron Source (CHESS) on the F1 beam line (A=0.91A,
F=300mm) employing Fuji image plates. The TRSV particles crystallize
in the monoclinic C2 space group (a=407.1A, b=2399.7A,
¢=285.9 A and B=129.1°) with half a virion in the crystallographic
asymmetric unit giving 30-fold noncrystallographic redundancy. The
crystals diffract X-rays to 3.3 A and the diffraction data were only 22%
complete to 3.5 A resolution with an R, of 10.3%. The orientation of
the virus particle in the unit cell was determined by rotation function
analysis [34]. It was not possible to generate a more complete data set
at this time because of problems associated with obtaining crystals of
TRSV that diffract X-rays to high resolution consistently.

Structure determination and refinement

The structure of TRSV has been determined to 3.5 A resolution using
only the 22% complete data. A data set composed of 22% of the crys-
tallographically unique reflections corresponds to nearly sevenfold non-
crystallographic redundancy (100% of the data corresponds to 30
icosahedral asymmetric units). The power of real-space electron-
density averaging allows this redundancy to be exploited explaining the
success in solving the structure [35]. The polyalanine model for the
three B-barrel domains in CPMV [7] were treated as three independent
rigid bodies and subjected to XPLOR rigid-body minimization [36]
using all the 4045 observed unique reflections for TRSV in the resolu-
tion range of 20 to 10 A. Atter 40 cycles, the XPLOR R factor dropped
from 56.5% to 49.5%. The XPLOR R factor= [Z|F —F_|/~F ] x 100,
where F, and F_ are the experimentally observed and atomic model
based calculated structure-factor amplitudes, respectively. The phases
calculated from this model were combined with the observed structure-
factor amplitudes for TRSV in the 20 to 10 A resolution range to gener-
ate an electron-density map.

Real-space electron-density map averaging and solvent flattening were
performed using the programs in the RAVE and CCP4 suites [37]. An
atomic mask, based on the coordinates of the initial phasing model
using MAMA [38], was used for averaging. After 15 cycles of averag-
ing at 10 A, the overall CC and Ry, were 85.7% and 24.7%, respec-
tively. CC =% (<F>-F ) (<F>-F )/[Z(<F >-F,)2Z (<F >-F,)?]"/2 and
Rur = [Z|F,—F,|/=F ] x 100, where F_ is as defined above and F is the
structure-factor amplitude obtained by inverse Fourier transformation of
the modified electron-density map. Phase extension from 10 Ato35A
resolution was carried out in 42 extension steps with a step size of one
reciprocal lattice point and involved 630 cycles of phase refinement by
averaging. Using the package O [30] a structural model containing all
513 residues present in the capsid protein of TRSV [5] was built to the
3.5 A resolution electron-density map. Of the residues present in the
solvent accessible surface loops on the capsid, 23 of these, including
Lys17, Lys23, Arg83, Asn91, Glu92, Glu100, Lys109, Asp110,
Asp112, Asn130, Arg172, Glu174, Lys201, Leu202, Asp203,
Arg274, Glu275, Glu330, Arg339, Lys386, Lys421, Trp443 and
Arg482 have ill-determined sidechain density due to higher sidechain
mobility. A new atomic mask based on the 3.5 A structural model of
TRSV and an inner radial cut-off of 70 A was generated. Ten cycles of
averaging at 3.5 A were carried out using the new mask and phases
from the structural model, in order to locate any regions of ordered
RNA that may be interacting with the protein shell.

The structural model was subjected to conjugate gradient energy mini-
mization using XPLOR [36], followed by manual rebuilding. After 300
cycles of positional refinement using all the reflections between 8 Ato
3.5 A, the R factor decreased from 31.4% to 26.9%. Further refinement

of the structure has not been carried out due to the incompleteness of
the diffraction data. The present structure of TRSV has an R factor of
28.5% for all the measured reflections between 20 A and 3.5 A resolu-
tion. The root mean square (rms) deviations in bond distances and bond
angles are 0.011 Aand 2°, respectively.

Buried surface area calculation

The buried surface areas reported in Figures 5b—5d are based on the
accessible contact surface areas calculated for the various domains
and domain interfaces in the capsid, using a probe radius of 1.4 A in
the program ACCESS [39]. For instance, the difference between the
accessible surface area for one intact subunit (containing three
domains) and the sum of the accessible surface areas for the A, B and
C domains as separate modules will yield the buried surface area for
the single subunit.

Accession numbers
The coordinates for the TRSV capsid protein will be deposited in the
Brookhaven Protein Data Bank.
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