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Three-dimensional Structure of Satellite Tobacco Mosaic Virus

at 2°9 A Resolution

Steven B. Larson, Stanley Koszelak, John Day, Aaron Greenwood, J. Allan Dodds

and Alexander McPherson

The Department of Biochemistry &
The Department of Plant Pathology
University of California, Riverside, Riverside, CA 92521, U.8.A.

( Received 1 October 1992, accepted 15 January 1993)

The crystal structure of satellite tobacco mosaic virus (STMV) has been solved by a
combination of multiple isomorphous replacement and molecular replacement methods and
refined at 29 A resolution to a conventional R-factor of 0-215. STMV, a T = | icosahedral
virus, is the smallest whose structure has been determined. The coat protein is an eight-
stranded ‘‘Swiss roll”” f-barrel with an amino-terminal strand that extends away from the
B-barrel by more than 60 A. This strand is primarily responsible for quaternary interactions
within the capsid.

The most arresting feature of the virus structure is the intimate association of each capsid
protein dimer with a Watson—Crick base-paired segment of RNA double helix on the
interior of the virion. The icosahedral 2-fold axis of each dimer pair is coincident with that
of the central base-pair of each helical RNA segment whose helical axis is along the edge of
the icosahedron. The helical RNA segments are seven base-pairs in length with a stacked
base at each 3’ end so that a total of 16 nucleotides is clearly visible. The character of the
RNA helix is somewhat different than any of the canonical forms. Assuming fuil occupancy,
then spproximately 459, of the total RNA genome is present in the electron density map.
The close association of capsid with highly structured nucleic acid suggests that assembly of
STMYV is likely to be a highly co-operative process involving both protein and RNA. The
nucleic acid is distributed within the virion with a high degree of order. The capsid protein is
a true double helical RNA binding protein and a number of prominent interactions between
protein and RNA can be clearly seen.

Keywords: virus; RNA; double-helical; X-ray; crystallography

1, Introduction

Satellite tobaceco mosaic virus (STMVY} is the
naturally occurring satellite to the obligatory helper
tobaeco mosaic virus (TMV) without whose co-infec-
tion it cannot replicate. Although TMV is a rod
shaped virus, STMV is a small spherical virus. This
is the only case currently known of such a relation-
ship. TMV has been known and studied for over
60 years (for reviews, see Stubbs, 1984; Holmes,
1984). STMV was only discovered in 1985 (Valverde
& Dodds, 1986, 1987; Valverde et al., 1991).

STMV is a T =1 icosahedral virus (Caspar &
Klug, 1962) whose 60 identical capsid proteing of
M, =17500 encapsidate a single-stranded RNA

+ Abbreviations used: STMV, satellite tobacco mosaic
virus; TMV, helper tobacco mosaic virus; STNV,
satellite tobacco necrosis virus; TNV, tobacco necrosis
virus; m.i.r,, multiple isomorphous replacement; r.m.s.,
root-mean-square.
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genome having 1059 bases of known sequence
(Mirkov ef al., 1989). The RNA has two open
reading frames that code for the coat protein plus
one other small protein of M, = 6700, whose func-
tion is not known. The RNA exhibits a high degree
of sequence similarity with that of the helper TMV
in the 3’ terminal 150 bases which, in TMV, form the
recognition site for the TMV replicase enzyme
{Joshi & Haenni, 1984), which the two viruses pre-
sumably share. There is otherwise no homology
between STMV and TMV in terms of genome or
coat-protein amino acid sequence, nor is there any
immunoiogical cross reactivity between STMV and
TMYV (Valverde & Dodds, 1987; Mirkov ef al., 1989,
Dodds, 1991).

STMYV hag, from electron microscopy and X-ray
diffraction measurements, & diameter of about
16 nm (Kim et al., 1989; Koszelak et al., 1989). Tt
appears to be similar to another satellite virus,
satellite tobacco necrosis virus (STNV: Liljas ef al.,
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376 Structure of Satellite Tobacco Mosaic Virus

1982; Jones & Liljas, 1984), which has as its helper
another spherical virus, tobacco necrosis virus
(TNV). STMYV is, however, about 209, smaller in all
regards. The coat protein of STMV has an M, of
17,500 as opposed to 21,000 for 8TNV, and the
genome of STMV is 1059 bases versus 1239 bases for
STNV. There is no amino acid sequence homology
between the coat proteins of STMV and STNV, nor
is there any immunological cross reactivity (Mirkov
et al., 1989, Dodds, 1991).

Because of the biological similarities between
STMYV and STNV, and in spite of the sequence and
size differences, our initial assumption was that the
structure of STMV would be similar to that of
STNV. The structure of STNV was known from
X-ray diffraction studies carried out some years ago
{Liljas ef af., 1982; Jones & Liljas, 1984). As we will
describe below, there are indeed similarities, but
these are not so remarkable as the differences. Some
of these results have been presented earlier (Larson
et al., 1993).

2. The Crystals and Their Diffraction Patterns

Crystals of STMV were observed by electron
microscopy to form inside infected plant cells (Kim
et al., 1989), but the first crystals suitable for X-ray
diffraction analysis were produced about five years
ago (Koszelak et al., 1989). They can be grown from
ammonium sulfate solutions by vapor diffusion to
sizes of about 0-7 mm in their longest dimension.

The crystals have orthorhombic symmetry and

a body-centered lattice with a=17434
(1A =01nm}), 5=191-8 A and ¢ = 2025 A. There
are two virus particles in the unit cell. This requires
that the virus be centered exactly on 222 symmetry
points and hence, the space group is I222. Thus, one
quarter of the virus, or 15 copies of the icosa-
hedrally related coat proteins, comprises the asym-
metric unit of the erystals.

The unit cell properties of the crystal presented
two important opportunities with regard to struc-
ture determination. First, the 15-fold redundancy
present within the asymmetric unit could be utilized
as a tool in both phase determination and refine-
ment. Second, the unit cell for STMV is small as
virus structures go, and the X-ray diffraction data
from the crystals could be collected accurately and
in a straightforward manner on a multiwire area
detector system with a rotating anode X-ray source.

3. Data Collection, Methods and
Structure Solution

Crystals were mounted in quartz capillaries by
conventional methods and all data were collected at
17°C. Generally at least five days of data acquisition
ensued before any perceptible deterioration of the
diffraction pattern occurred. Data were collected
using a San Diego Multiwire Systems two detector
system (Xuong et al., 1985) with 930 and 985 mm
helium-filled crystal-to-detector paths. The X-ray

source was a Rigaku RU-200 rotating anode gener-
ator fitted with a Supper graphite monochromator
to produce CuKa radiation, The generator was oper-
ated at 45 kV and 175 mA. The crystal was rotated
through 45 degree sectors about the omega axis in
increments of 010 to 0-12 degree, at appropriate chi
and phi settings. Each frame of data was measured
for 120 to 200 seconds and the frames from all
crystals for native, or for a particular heavy atom
derivative, were merged as though they originated
from the same crystal.

The structure solution and refinement to 29 A
resolution presented here was based on a data set
that contained 69,351 reflections and was 929
complete to 29 A. The merging R was 0-084 for the
approximately one million observations. Data for
heavy atom derivative crystals of STMV were
collected to 3-5 A resolution for ten different iso-
morphous candidates, of which eight proved useful.

There are two possible orientations of the virus
particle in the unit cell consistent with 222
symmetry. The disposition of the icosahedral axes
was immediately evident from a self-rotation func-
tion (Rossmann & Blow, 1962) calculated with the
MERLOT program package (Fitzgerald, 1988} using
5 to 12 A data. Hence, the correct orientation for
the virus particle was unequivocally established.

Initially, the STNV structure (Liljas et af., 1982;
Jones & Liljas, 1984), whose co-ordinates were
retrieved from the Brookhaven Data Bank
(Bernstein et al., 1977) was placed at the origin in
the proper orientation followed by systematic rigid
body shifting and refinement of the coat protein
units using the program TNT (Tronrud et ai., 1987).
This produced no significant decrease in the overall
R-factor, which persisted around 048, and no
improvement in the correlation coefficient to better
than about (-15. Variations on this approach were
no more encouraging and we suspected at this time
that STNV was simply an inadequate model for
STMV.

From the rigid body refined STNV model,
however, trial structure factors were calculated in
the 6 to 15 A resolution range. The phases were
averaged through 20 cycles based on a protocol that
utilized the programs of Bricogne (1974, 1976) for
real space averaging in conjunction with TNT for
map calculations. Subsequently, phagses were
extended to 2:95 A resolution with the map for each
cyele caleulated with observed structure amplitudes
scaled to the calculated amplitudes of the previous
eyele. Sealing was done in shells of egual numbers of
reflections (approx. 385 per shell} after sorting by
resolution. An averaged map, calculated at 30 A
resolution, although different in features, showed no
significant increase in resolution from a 5 A map.

Using only the phases in the 5 to 15 A range from
this phase set, difference Fourier maps of the asym-
metric unit were calculated for each of the potential
heavy atom derivatives. The highest 300 peaks for
each compound were then systematically compared
to reveal icosahedrally related sites. Ideally, because
the asymmetric unit contains 15 copies of the coat
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protein, one might have expected to find 15 strong
peaks for a good single site substitution.

Difference Fourier syntheses of five of the seven
non-platinum containing derivatives yielded a
single outstanding set of 15 icosahedrally related
peaks that were virtually identical hetween deriva-
tives. Difference Fourier maps of the platinum
derivatives showed two sets of 15 icosahedrally
related peaks. These sets were identical among the
platinum derivatives and one set of 15 corresponded
to the site in the non-platinum derivatives. Thus, of
eight substituted derivatives, there were only two
substitution sites, both about 62 A from the origin.

The major heavy atom substitution sites for all
eight derivatives were refined against the origin
removed Patterson as implemented in the program
HEAVY (Terwilliger & Eisenberg, 1984). Difference
Fourier syntheses based on progressively improved
phases extended to 3:5 A resolution yielded minor
substitution sites that were then included in the
heavy atom refinement process. The overall figare of
merit for the m.i.r. phases was 0-51. Heavy atom
refinement statistics are found in Table 1.

An m.ir. map of the asymmetric unit of the
crystal was caleculated at 3-5A resolution. It
immediately confirmed the correctness of the heavy
atom derivatives. The region of the map within a
radius of about 55 A of the origin contained weak
and basically disorganized density, while a strong
band of electron density appeared between 55 A and
90 A.

The m.i.r. map was icosahedrally averaged, again
using the programs of Bricogne (1974, 1976},
yielding a map of outstanding clarity. The envelope

of the coat protein was well defined and the course
of the entire polypeptide could be traced by inspec-
tion. It was clear at this point, however, that the
twist of the B-sheets of the f-barrel was opposite to
that observed in other viruses and other proteins
{Branden & Tooze, 1991). Therefore, the —z co-
ordinates of the heavy atoms were used to deter-
mine initial phases for phase extension (Arnold et
al., 1987; Arnold & Rossmann, 1988) to 295 A
resolution. The envelope was a 50 to 91 A shell with
an icosahedrally shaped exterior boundary.
Rayment weights (Rayment, 1983) were applied to
the observed structure amplitudes and F.,. values
were used to fill in missing data. Observed structure
amplitudes were not scaled to calculated amplitudes
because high resoiution shells showed a greater
increase in the correlation coefficient when |F,, |
were not scaled. After phase extension to 2:95 A
resolution (statistics shown in Table 2), an averaged
electron density map was computed.

Residues 17 to 159 were easily identified on a
minimap by virtue of their side-chain density.
A model of the capsid protein and its associated
RNA was built into the electron density using the
program FRODO (Jones, 1985). All subsequent
Fourier, difference Fourier, and refinement was
based on phases calculated from successively
improved models. Maps were, in general, icosa-
hedrally averaged, and icosahedral symmetry was
maintained throughout refinement as well, At this
point crystallographic refinement to 29 A resolution
has been completed using conjugate gradient pro-
cedures in the program XPLOR running on the

Table 3
Refinement statistics for current STMV model

Table 2
Phase refinement St@wtms f or 295-150 4 Resolution Number of R-factor R-factor
resolution data range reflections shell sphere
Max Corr. Scale Number of 478-6:00 7895 0233 0233
res. (A) coeff. R factor reflections 4-18-4-78 7777 0177 0203
3-80—4'18 7534 0194 0200
790 0-872 0-095 1-69 3137 3-53-3-80 7386 0195 0-199
639 828 o094 173 3123 332353 7204 216 0202
561 (0-818 0-089 1-74 3123 315-3-32 6875 0-226 0-205
512 0-848 0-090 1-72 3123 302-315 6643 0-250 0210
477 0855 0-085 178 3123 2:90-3-02 6550 0-262 0-215
449 0-862 074 1-79 3123
427 0-857 0-090 1-83 3123 Geometryt
408 0-829 0103 1-87 3123
392 (0-832 0100 1-89 3123 r.m.s. deviations for: Protein BNA
378 0821 101 1-91 3123
366 0782 0114 1-94 3123 Bond lengths (A) 0-013 0-010
3-556 0780 0112 196 3123 Bond angles (deg.) 326 358
345 0780 0123 i-99 3123 Dihedral angles (deg.) 152 373
3-36 0772 0-136 203 3123 Improper dihedral angles (deg.) 08 -6
328 0750 0143 206 3123 o (from 180°) (deg.} 13 —
321 0722 0167 209 3123
313 0669 0193 237 3123 Resohution: 28 A to 60 A.
307 o618 0215 222 3123 Number of reflections: (¥ > 50} 57,864.
301 05681 0226 2:32 3123 XPLOR weight W,: 80,213.
295 0-510 0292 295 3123 Phase angle change (35A to 60A) for m.ir. to model:
295-15 0-953 0152 — 62,474 {Ag) = 550°.
Phase angle change (30 A to 60 A) for extended phases to
_ _ model: {A¢)> = 26-6°.
Corr. coeff. = E(F, — PV Fe— (Fe) t Protein geometry based on bond and angle parameters found

[E(F,— (FOPL(F.— {F)12
R= (z”Fol—ch”)’2|Fo|

in Engh & Huber (1991) and RNA gecmetry defined in XPLOR
parameter file parnahle.dna.
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{a)

Figure 1. The C* backbone of the STMV capsid protein from amino acid residues 16 through 159 is shown in (a}. (b) All
non-hydrogen atoms of the corresponding residues are shown. Amino acid residues 1 to 15 were not visible in the electron
density map. The capsid protein is composed of an 8-stranded Swiss roll f-barrel and an extended amino-terminal

strand.

Cray Y-MP system at the San Diego Supercomputer
facility (Brunger et al., 1987; Brunger, 1991; Engh &
Huber, 1981). The current refinement results are
shown in Table 3.

4, Results

The electron density map obtained by 15-fold
averaging and phase extension of the m.i.r. phased
Fourier about the non-erystallographic icosahedral
symmetry elements was virtually free of noise,
showed high contrast and excellent conneetivity.
Antiparallel § structure was clearly evident and
distinctive side-chains could, in general, be readily
identified. The envelope of the capsid protein was
clear and there were no ambiguities in that regard.
Heavy atom derivative site 1 was found 1-73 A from

Cysl157 and 2-24 A from Met76 near the carboxyl
terminus and, somewhat wunexpectedly, on the
interior surface of the capsid. Heavy atom site 2 was
found associated with Met22, also on the interior of
the protein shell. The interior of the virus, with the
exceptions discussed below, was characterized by a
substantially lower electron density than that of the
protein shell.

The course of the capsid polypeptide chain was
traced without interruption from the carboxy
terminus at amino acid residue 159 back to amino
acid residue 17. Residue 16 was later placed from a
difference Fourier map. The polypeptide segment
from 1 to 15 at the amino terminus, which contains
five lysine and arginine residues, could not be unam-
biguously identified and is apparently associated
with nucleic acid on the interior of the capsid.
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(a)

(b)

Figure 2. (a) The polypeptide chain of the capsid pro-
tein of STMV is presented. (b) The capsid protein from
STNV is shown in a corresponding orientation based on
approximate superposition of the respective S-barrels.
The scale of the 2 coat proteins is the same.

There, it presumably assumes an icosahedrally
inconsistent or otherwise disordered conformation.
A similar lack of structure in the amino-terminal

portion of the polypeptide has been observed for
other virus structures as well (Rossmann &
Johnson, 1989; Rossmann & Erickson, 1985;
Harrison, 1991; Liljas, 1986).

The aipha carbon trace of the capsid protein,
excepting amino acid residues 1 to 15, is shown in
Figure 1{a) and the entire structure, main and side-
chain atoms, is seen in Figure 1(b). Amino acid
residues 37 to 159 form a compact, eight-stranded,
antiparallel f-barrel having the frequently observed
Swiss roll topology. The f-barrel portion of the
molecule is similar to the carboxy-terminal f-barrel
that is found in the capsid protein of STNV. The
capsid proteins of STMV and STNV are shown for
comparison in similar orientations in Figure 2. In
terms of this f-barrel, the capsid proteins of STMV
and STNV are homologous in a structural sense in
spite of the absence of any discernible amino acid
sequence homology. Swiss roll f-barrels similar to
those seen in these two satellite viruses have also
been found in the coat proteins of other more
complex viruses whose structures have been solved
by X-ray crystallography (Rossmann & Johnson,
1989; Rossmann & Erickson, 1985; Liljas, 1986;
Harrison, 1991),

Aside from the ubiquitous f-barrel, the capsid
protein contains only one other secondary struc-
tural element, which encompasses amino acid
residues 1 through 36. This portion of the protein
eonsists of a long polypeptide chain that extends
well away from the core of the monomer. Given that
residues 1 to 15 are not visible and are not shown in
Figures 1 and 2, the reach of this extended chain is
exceptional. The contour distance of the poly-
peptide between residues 37 and 15 is about 60 A.

In the intact virug, as can be seen in Figure 3(a}, a
considerable length of the amino-terminal poly-
peptide is closely associated, and is hydrogen
bonded through main-chain atoms, with a strand
forming the far edge of the f-barrel of a protein
subunit related to it by a viral 2-fold axis of
symmetry. Hydrogen bonding and other tertiary
interactions between dyad-related subunits are so
extensive that one would almost certainly conclude
that it i3 dimers of coat protein that must undergo
assembly- to form the viral capsid. There is abun-
dant evidence that dimers are the aggregating
species for numerous other viruses as well. The
remaining, visible part of the amino-terminal poly-
peptide is, in addition, the basis for the majority of
interactions with a 3-fold related protein subunit as
seen in Figure 3(b). These contacts are responsible
for the formation of the trimer facet of the icosa-
hedral shell. Again, the mode of interaction is
through hydrogen bonding and extension of an anti-
parallel f-sheet. In Figure 3(c) are five capsid pro-
teins organized around an icosahedral pentamer
axis. The contacts here are the least involved. The
structure of the amino-terminal portion of the
capsid protein, the interactions it makes with
adjacent subunits and its contribution to the forma-
tion of the viral capsid are significantly different in
STMV than was seen in STNV.
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Fig. 3.

A very strong peak appeared in the electron
cdensity map exactly on the 5-fold axis of each
pentamer at a radius of 73 A. Two asparagine side-
chains extend from each 5-fold related monomer
and straddle this peak so that ten ligands are
provided. In addition, this peak occludes the only

obvious channel to the intertor of the virus, Our
initial assumption was that these peaks represented
calcium ions as was found in a similar location in
STNV (Liljas ef al., 1982; Jones & Liljas, 1984}, and
in several other viruses (Rossmann & Johnson,
1989; Liljas, 1986; Harrison, 1991), Other consider-
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Figure 3. (a) The dimer interaction of the STMV capsid proteins is seen as it appears on the surface of the virus. Only
the C* backbone is shown. (b) The trimer aggregate, and (c) the organization of the proteins around an icosahedral 5-fold

axis of STMV are shown.

ations, however, suggest that this is not the case.
While asparagine residues might be suitable ligands
for Ca?*, we note that the epsilon oxygen atom of
Asnll5 is hydrogen bonded to a main-chain amino
group of its own subunit. It is the NH, group that
most closely approaches the axial peak. The
distance from the center of the peak on the 5-fold
axis to ND2 of asparagine 115 is about 4 A and ND2
of asparagine 117 to the axial peak is 4-3 A. These
distances would be quite improbable if the peak
were Ca’*. In addition, the virus is quite stable in
the presence of EDTA and/or EGTA and crystals
can be grown equally well, and of the same form,
whether there is an excess of Ca®* or a large excess
of both EDTA and EGTA. The crystals can also be
readily grown with 259, saturated citrate as the
precipitant. Furthermore, we see no evidence of the
binding of metal ions elsewhere in the structure in
contrast to what was observed for STNV (Liljas et
al., 1982; Jones & Liljas, 1984). We believe that
the strong electron density peak we observe on the
5-fold axis is, in fact, an anion. Because of the
crystal growth conditions, we suspeet that it is
probably a sulfate ion.

The entire viral capsid of STMV is shown in two
different orientations in Figure 4(a) and (b) along
with the capsid of STNV in Figure 4{c) and (d) for
comparison. When viewed in their entirety, the
complexity of structure obscures detailed differ-
ences. Nevertheless, it is clear that the capsids are
quite different, The diameter of STMV is somewhat
smaller than that for STNV, reflecting its 209
smaller capsid protein and its smaller genome. At
the 3-fold axes, STMV and STNV have radii of 80 A

and 86 A, respectively while at the 5-fold axes they
have radii of 86 A and 96 A, The prominent protru-
sions, or cusps, at the 5-fold axes of STNV are
considerably reduced in STMV.

The most compelling aspect of the virus structure
was what could be clearly observed inside the
virion. Onee electron density belonging to the
capsid protein was assigned, and the amino acids
(with the exception of 1 to 15) accounted for, a
substantial region of well-defined electron density
remained. This density, seen in Figure 5, was
centered on an icosahedral dyad between radii of
52 A and 64 A and took the form of two antiparallel
arcs bridged by bands of density. Each arc consisted
of a sequential array of strong density peaks
separated by a more or less constant distance of
58 A with prominent but weaker areas connecting
them.

The electron density pattern was unmistakably
that of Watson—Crick base-paired, double helicai
nucleic acid. The appearance of dcuble helical
nucleic acid within the viral capsid was unantici-
pated because the electron density map had been
icosahedrally averaged. The expectation was that
only features consistent with symmetry of the virus
capsid should be seen. The clear implication was
that the double helical nucleic acid segments were
indeed distributed with icosahedral symmetry
{Larson et al., 1993).

A model] of the RNA composed of guanosine and
cytosine nucleotides was constructed into the
density using computer graphics. The result is seen
in Figure 6. The electron density exactly accommo-
dated two antiparallel strands, each composed of
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(a)

(c)

(b)

(d)

Figure 4, The STMV capsid is shown (a) viewed along an icosahedral 5-fold axis and (b) along a 2-fold axis. The STNV
capsid is shown (¢) and (d) in corresponding orientations. The scale for both viruses is the same. Apparent in these
comparisons is the smaller more spherical shape of the STMV and a significant reduction of the cusps at the 5-fold

vertices that are prominent features of STNV,

eight nucleotides. Seven base-pairs were clearly
evident with one final, apparently unpaired but
tacked, nuclectide at the 3’ ends of each double
helical segment. The segments of RNA lay precisely
on viral icosahedral 2-fold axes of symmetry, that
ins, the 2-fold axes of the nucleic acid helical
segments and the viral icosahedral 2-fold axes were
eoincident. The dyads lay precisely in the planes of
tae eentral base-pairs, perpendicular to the helical
axes of the RNA segments, thus relating the two
base-paired polynucleotide strands that make up
tne double helices.

Because the electron density was icosahedrally
averaged, it might be conciuded that nucleic acid
segments were positioned on each of the icosahedral
dyad axes of the virus, and that, therefore, 30
such segments were distributed with icosahedral
symmetry about the interior of the virion. Some
caution must be exercised, however, in quanti-
tatively applying that criterion. Because of the

symmetry averaging of the electron density map,
the double helical segments would appear even if
only a portion of the icosahedrally equivalent sites
contained the nucleic acid. An averaged map would
appear to have RNA density elements at all sites,
representing the statistical average of the helices
actually present with otherwise presumably random
density. The resultant electron density, however,
would appear with a magnitude in direet proportion
to the effective occupancy. Estimates of occupancy
based on relative density is imprecise but our
evaluation of the icosahedrally averaged electron
density map is that there is little, if any, difference
in density strength between capsid protein and
nucleic acid. Thus, we would say that if the 30
icosahedrally equivalent sites are not all oecupied,
then certainly at least a very high percentage of
them are filled.

A second consequence of the icosahedral
averaging iz that base-pairs observed in the helical
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Figure 5. (a) and (b) Representative regions of the electron density from the icosahedrally averaged, phase extended
m.i.r. Fourier map that arise from nueleic acid on the interior of the capsid. (a) The density belonging to the 7 base-pairs
to which the RNA model was fit is shown. (b) Density belonging to both capsid protein and double helical RNA is shown.
Some density has been omitted in (b) to provide clarity. The refined model for both protein and RNA is seen

superimposed on the density.

segments of RNA arise from density resulting from
the superposition of all possible base-pairs. In addi-
tion, the RNA segments must have the form and
geometry of the average of all helical segments in
the virus. While all helices may be virtually iden-
tical, except for the order of base-pairs, they could
also vary significantly from the mean structure,
Again, however, this would produce an effective
reduction in occupancy or an apparent dispersion of
the electron density.

The 1059 bases of the viral RNA were analyzed
for their tendency to form secondary structure
arising from Watson-Crick base-pairing. This was
done using the program FOLD (Devereux et al.,
1984) employing the algorithm of Zucker & Stiegler
(1981). The result is shown in Figure 7. The single
strand of 1059 RNA bases displays an exceptional
capacity to base-pair and to form extensive
secondary structure consistent with double helical
RNA. From the 659, of the bases predicted to be
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Figure 6. The 16 nucleotide, WatsonCrick base-paired, double helical RNA segment found associated with capsid
protein dimers. The segments, modeled to the iecosahedrally averaged phase extended m.i.r. electron density map and
refined using XPLOR, consist of 7 consecutive base-pairs with a stacked base at the 3" ends of each helical strand. The
exis of each helical segment is along an edge of the icosahedron while the dyad axis of the central base-pair is coincident

with an icosahedral 2-fold axis.

Figure 7. The predicted secondary structure of the RNA genome of satellite tobacco mosaic virus showing the high
degree of Watson—Crick base-pairing (659, of total bases). The base-paired regions might be expected to form double
helical 3-dimensional structure as seen bound to the interior of the capsid proteins in the STMV. The overlapped
segments on the right, composed of bages 1 to 30 and 750 to 1059 are believed to comprise the recognition region for the

TMV provided RNA transcriptase.

Watson-Crick base-paired, one can, with lLittle diffi-
culty, find more than 30 candidate segments of the
required secondary structure to provide those
observed in the virns. While the secondary structure
shown in Figure 7 is only a model and is probably
inaccurate in its details, it must be fundamentaily
correct. The secondary structure prediction, along
with the X-ray results, indicate that the RNA must
fold back upon itself in a manner similar to that
seen in Figure 7 to form extensively base-paired
helical stems.

The RNA segments seen in Figure 6 possess
rather good helical geometry. This may be due in
part to the averaging process, but it might also
be an accurate indication of their uniformity.
The model RNA double helix was constructed
with 3’ endo sugars, although confirmation of the
riboge conformation must await high resolution
refinement.

The atomic co-ordinates from the model in Figure
6 were analyzed using the program NEWHELIX
(Dickerson et al., 1985) to determine detailed helical
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Figure B. The STMV virion along a 2-fold axis with the front half cut away to show a dimer of capsid protein
associated with a segment of RNA double helix is shown. (b) The protein dimer is seen in greater detail as it is embedded
in the virion shell while maintaining association with the segment of helical RNA.

parameters. The base tilt with respect to the helical
axis is about 70°, which is characteristic of 4A-form
DNA. This was observed in helical portions of
tRNA as well (Kim et al., 1974; Robertus ef al.,
1974). The overall shape of the RNA helix is, other-
wise, more similar to B-form DNA, with a pitch of
30 to 32 A, 10 base-pairs per turn and a diameter of
17 A. The width and depth of the major and minor
grooves also more closely resembie B-form DNA.

Thus the RNA double helix seen in STMV is some-
thing of a hybrid structure that incorporates some
of the properties of both A and B-form DNA.
Nucleic acid helices have dyad axes lying in each
base plane, perpendicular to and intersecting the
helical axis. The 2-fold axes are exact for the two
antiparallel polyphosphate backbones of the base-
paired strands, for the sugar moieties and for the
glyeosidic bonds. In the virus, the dyad axes of the
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Figure 9. The disposition and orientation of the double helical RNA segment is shown with respect to a dimer of the
cupsid protein. Such an interaction occurs at the 30 icosahedral dyad axes. In this illustration the 2-fold axis is vertical
and eoincides with the central dyad of the RNA. The illustration was made using the program RIBBONS (Carson &

Bugg, 1986).

central base-pairs of each helical segment are
precisely coincident with the icosahedral 2-fold
gymmetry elements of the capsid. The helical axes
of the RNA segments, on the other hand, lie in the
plane defined by sequential 5-fold axes, that is,
paraliel to the edges of the icosahedron.

As seen in Figure 8, the double helical RNA
segments are closely associated with the inside
surface of the STMV capsid. Each RNA segment is
in intimate contact with a dyad related pair of
capsid proteins on the viral surface with which they
share a common 2-fold axis. The dimer of the capsid
protein thus constitutes a non-base-pair specific (so
far as we know), double helical RNA binding pro-
tein. The broad features of the association between
the RNA segments and the capsid proteins that
bind them are shown in Figure 9. The protein
dimers form cradles at their centers on the inside
surface of the virus. The RNA segments lie cross-
wise in the cradles. The van der Waals surfaces of
the RNA helices and the protein dimers are in direct
contact, although water molecules could be a part of
the interface. Contacts between protein and nucleic
acid arise primarily from main and side-chain atoms
eontributed by several strands of the §-barrels, and
from residues contained in the visible portions of the
amino-terminal polypeptide.

We cannot, as we have noted above, unam-
biguously identify from the electron density map
the positions of residues 1 to 15. This segment of the
polypeptide, which contains five lysine and arginine
residues, must, we believe, penetrate into the
interior of the virion where it is associated with
other portions of the RNA. This interior nucleic acid

may be either completely disordered, which we
doubt, or spatially inconsistent with icosahedral
symmetry.

Some details of the interactions between the pro-
tein and the double helical RNA segments are illus-
trated in Figure 10. Because dyad symmetry
prevails, every interaction has a 2-fold related mate.
Figure 10{a) shows the extent of the interface
between protein and nucleic acid. In Figure 10{b) is
seen the neutralization of an RNA phosphate group
by arginine side-chain 79 and a valine side-chain
lying squarely in the center of the minor groove of
the RNA helix.

One of the most intrigning constellations of amino
acid residues at the protein—-RNA interface is seen
in Figure 10{c¢). Tryptophan side-chain 37 and its
dyad related mate are closely stacked with 36 A
separation, an icosahedral 2-fold axis passing
between. The curious aspect of this formation is
that the planes of the tryptophan rings are almost
exactly parallel with the plane of the central base-
pair of the RNA helical segment. Why the planes of
all of these aromatic groups are parallel i3 not yet
clear.

We are currently pursuing further analysis of the
protein—-RNA interface to delineate all of the inter-
actions responsible for protein-RNA affinity. There
are, for example, likely to be at least four pairs of
2-fold related arginine and lysine side-chains
making salt bridges with the nucleic acid, including
that seen in Figure 10(b). We can, in addition, see
other probable contacts and hydrogen bonds. We
prefer, however, to defer further discussion of these
until higher resolution refinement is complete.
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(a)

(b)
Fig. 10.

5. Discussion

The structure that we have found demonstrates
that, for STMV at least, viral nucleic acid is not
simply gathered into the capsid in a random or
disorganized manner. It shows that the genomic
RNA must possess a high degree of Watson—Crick
base-paired secondary structure and that there is
substantial order to the distribution of nucleic acid
in the virion. It further shows that there are exten-

give and specific interactions between capsid pro-
tein, which is a nucleie aeid binding protein, and
the RNA. These likely serve not only to package the
nucleic acid but to direct ordered assembly of the
virus. Indeed, similar mechanisms have been
proposed previously for a number of other viruses
{for a review, see Casjens, 1985).

Full occupancy of the protein binding sites by
RNA helices would alone account for ahout 459 of
the nucleic acid in the virus. If these segments were
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Figure 10. (a) The broad interface between a capsid protein dimer and a segment of helical RNA. {b} The guanidinium
group of arginine 76 approaches a nucleie acid phosphate while a valine side-chain is positioned prominently in the minor
groove of the RNA helix. Because of 2-fold symmetry, every interaction occurs in pairs. (¢} One of the most intriguing
dispositions of residues is shown here. Two symmetry related tryptophan side-chains (37 and 197) are stacked upon one
arother at the protein-RNA interface with their planes parallel with that of the central base-pair of the RNA double

helix (view is along the dyad).

simply connected end to end in an expeditious but
otherwise stereochemically sound manner, about
300  additionai nucleic acid bases would be
accounted for. Thus, full, or near complete ocen-
pancy of the RNA binding sites by continuous RNA
would imply that something of the order of 759, of
tke RNA in the virus is found in the shell immedi-
ately interior to the protein coat. This is, in fact,
ecnsistent  with neutron diffraction studies of
erystalline STNV (Bentley et ol., 1987).

There are some conclusions that cannot be drawn
with certainty, but which seem likely based on the
results presented here. The capsid protein dimer
appears to be an integral structural entity and is
most probably the viral assembly unit. This follows
not only from the structural complementarity and
the close interactions between the two protein
monomers within the dimer, but also because only a
protein dimer would contain a composite binding
size for the RNA segments. As with most proteins
that bhind double-stranded nucleic acid (Branden &
Tooze, 1991), the protein dimer of the STMV capsid
possesses an exact dyad axis of symmetry. In the
virus this dyad serves the dual role of insuring
compatibility with icosahedral packing symmetry
and also providing a bi-directional binding site
capable of accommodating the antiparallel strands
of the nuecleic acid helix,

Virus assembly is a highly co-operative process,
involving the sequential ordered addition of protein
units to form a capsid. Thus, co-operativity of RNA

binding and co-operativity of viral capsid assembly
are probably intimately interrelated if not part and
parcel of one single process. That is, co-operative
binding of protein dimers to double-stranded,
helical RNA directs the ordered aggregation of pro-
tein dimers into an array that eventually closes
around the nucleic acid to form an icosahedral
capsid. There is good evidence from reassembly
studies of other viruses, turnip crinkle virus for
example (Sorger et af., 1986), that this is true for
other viruses as well. The secondary structure of the
RNA serves the role of an organizational element
essential to direct the assembly of RNA and protein
dimers into a mature virus,

It seems that the nucleic acid must assume at
least a unique secondary, if not tertiary, structure
before protein binding initiates and viral assembly
commences. This follows from the extraordinary
propensity of the single-stranded RNA of STMV to
form base-paired regions and, therefore, extensive
helical structure. Although not essential, viral
agsembly directed by co-operative binding of pro-
tein to nucleic acid could require an initiation site
on the RNA, as it does for TMV (Zimmern & Butler,
1977; Stubbs, 1984). This would further necessitate
the prefolding or structuring of the RNA into some
precursor format prior to viral assembly.
A mechanism involving an ordered sequence of
RNA replication, expression, folding and co-opera-
tive protein binding has the advantage that it
would provide ordering in a temporal as well as a
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spatial sense. The protein could not arrange itself
into empty icosahedral shells (which have never
been observed for STMV) before RNA were avail-
able for encapsidation, and improperly synthesized
or folded RNA would be unable to direct virus
aggembly.

Co-operative protein—nucleic aeid binding inter-
actions are thought to proceed with an attendant
conformational change that further enhances
protein—protein interactions within the assembly
{von Hippel et al., 1977). Thus, it seems likely that
the viral capsid protein may undergo some confor-
mational change as it binds helical RNA and is
incorporated into the growing array that becomes
the capsid. The very extended and flexible amino-
terminal polypeptide would seem ideal for
mediating such changes.

The structure of 8TMV places constraints on viral
disassembly and replication as well. There appear to
be no metal ions integral to the virns structure,
hence their removal would not provide an initiation
mechanism. There are no open channels into the
virus along which molecules of appreciable size
could pass to the interior. Only the 5-fold axes
provide passageways and these are blocked by what
appear to be anions. Disassembly of virions wouid
require disruption, not only of protein—protein
interactions in the eapsid, but protein—nuecleic acid
interactions as well. This might be accomplished by
pH or ionie strength changes (Kaper, 1975), but we
note that in vitro the virus particles are stable and
infective over a broad range of both of these
variables.

The close co-operation and interdependence
between protein and RNA in the assembly and
structure of the virion has evolutionary implications
as well. For any mutation, diverse but essential
funections would have to be maintained. Because the
RNA specifies the amino acid sequence of the pro-
tein, any base change could alter (1)} the structure of
the coat protein, (2) the interaction among protein
subunits in the capsid and therefore assembly and
disassembly, (3) the secondary structure of the
RNA, (4) the binding of protein to RNA, or (5) some
of those numerous other biological functions, such
ag infectivity and replication, whose structural basis
is still unknown. Thus, one would expect that
mutation and evolution of the STMV must be a
very delicate and stringently selective process.
Despite this prediction, the genome of the type
strain has been shown, like other replicating RNAs,
to exist as a quasispecies population {Domingo &
Holland, 1988) and that other strains show econ-
siderable divergences from the consensus sequence
of the type strain (Kurath ef al., 1992).

STMYV, though the smallest, and presumably the
simplest, virus that has been crystallized and whose
structure has been determined, is in some ways
more subtle and sophisticated than viruses we
might consider more complex. This is seen parti-
cularly in the extraordinary molecular economy
implicit in the coat protein structure, the extensive
self complementarity of the RNA, and the ingenious

structural relationship that exists between protein
and nucleic aeid in the virion.

Crystals grown by a liquid-liquid diffusion
method in a microgravity environment aboard
International  Microgravity  Laboratory-I  in
January of 1992 provided us with crystals that were
more than ten times the volume of any we had ever
grown on earth and of enhanced qguality (Day &
McPherson, 1992). From eight of these erystals we
were able to collect a highly redundant data set that
was complete and statistically well above back-
ground to a resolution of 1'-8 A. We will, of course,
continue refinement of the virus structure to the
maximum resolution achievable. From that analysis
we hope to extract more quantitative descriptions
of the detailed atomic interactions that are funda-
mental to this virus structure.
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