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Desmodium yellow mottle virus is a 28 nm diameter, T � 3 icosahedral
plant virus of the tymovirus group. Its structure has been solved to a res-
olution of 2.7 AÊ using X-ray diffraction analysis based on molecular
replacement and phase extension methods. The ®nal R value was 0.151
(Rfree � 0.159) for 134,454 independent re¯ections. The folding of the
polypeptide backbone is nearly identical with that of turnip yellow
mosaic virus, as is the arrangement of subunits in the virus capsid. How-
ever, a major difference in the disposition of the amino-terminal ends of
the subunits was observed. In turnip yellow mosaic virus, those from the
B and C subunits comprising the hexameric capsomeres formed an annu-
lus about the interior of the capsomere, while the corresponding N ter-
mini of the pentameric capsomere A subunits were not visible at all in
electron density maps. In Desmodium yellow mottle tymovirus, amino
termini from the A and B subunits combine to form the annuli, thereby
resulting in a much strengthened association between the two types of
capsomeres and an, apparently, more stable capsid. The ®rst 13 residues
of the C subunit were invisible in electron density maps. Two ordered
fragments of single-stranded RNA, seven and two nucleotides in length,
were observed. The ordered water structure of the virus particle was
delineated and required 95 solvent molecules per protein subunit.
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Introduction

Desmodium yellow mottle virus (DYMV), ®rst
reported by Walters & Scott (1968, 1972), is a mem-
ber of the tymovirus group of small spherical plant
viruses. The T � 3 virion is composed of 180
chemically identical subunits arranged according
to icosahedral symmetry. The virus infects a rather
narrow range of plants that include Phaseolus and
some other leguminosae, in which it produces
necrotic lesions. The isometric particle, from elec-
tron microscopy, has a diameter of about 28 nm.
The virus is composed of 65 % protein and 35 %
ing author:

odium yellow
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us; PhMV, Physalis

eet, b-sheets of the b-
aic virus; ASA,
gate-gradient
ling.
nucleic acid. The nucleic acid is a single-stranded
RNA genome containing 6.3 kb composed of
16.5 % guanosine, 22.5 % adenosine, 23.8 % uridine
and, characteristic of tymoviruses, an unusually
high cytosine content of 37.2 % (Scott & Moore,
1972). The protein subunits contain 188 amino acid
residues with Mr � 20,020.

Puri®ed preparations of DYMV contain two
components when analyzed by ultracentrifugation,
one sedimenting at 114 S and the other at 54 S
(Scott & Moore, 1972). The latter component corre-
sponds to RNA-free capsids. Formation of empty
capsids suggests that virion assembly is primarily
driven by protein-protein interactions that do not
likely involve cooperative, co-condensation of pro-
tein and nucleic acid. The RNA retains infectivity
even when deproteinized with phenol or detergent
(Scott & Moore, 1972).

The type member of the tymovirus group is
turnip yellow mosaic virus (TYMV), among the
®rst discovered of the spherical viruses, and per-
haps the most thoroughly studied by physical-
# 2000 Academic Press
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626 Structure of Desmodium Yellow Mottle Virus
chemical methods (Hirth & Givord, 1988;
Matthews, 1991). The structure of TYMV has been
determined to 3.2 AÊ resolution by X-ray crystallo-
graphy (Canady et al., 1996). The protein subunits
were found to exhibit the canonical ``jellyroll'',
anti-parallel b-barrel fold characteristic of virtually
all spherical plant viruses. Similarities to cowpea
chlorotic mottle virus (CCMV; Speir et al., 1995)
were noted, most important of which is the
appearance of polypeptide annuli interior to the
quasi 6-fold axes, constructed from the N termini
contributed by the B and C subunits comprising
the hexameric capsomere (referred to as a b-hex-
amer in CCMV). The recently reported structure of
another tymovirus, Physalis mottle virus (PhMV),
also exhibits these annuli around the quasi 6-fold
axes (Krishna et al., 1999).

DYMV and TYMV have 44 % identity in their
amino acid sequences and, though serologically
distinct (Walters & Scott, 1968, 1972), were indi-
cated by several studies (Walters & Scott, 1972) to
be highly similar in structure. In addition to the
major genomic RNA strand, TYMV contains a
small subgenomic RNA. It is still unknown
whether DYMV also contains a subgenomic
RNA.

Results and Discussion

The ®nal model consists of three crystallographi-
cally independent protein subunits designated A
(residues 1 to 188), B (residues 1 to 188) and C
(residues 14 to 188), 285 water molecules, and two
generic RNA fragments of seven and two uridine
nucleotides. The ®nal R value is 0.151, with a cor-
responding Rfree of 0.159 for 134,454 re¯ections
having F > 3s. The estimated error in the model
coordinates is 0.25 AÊ and 0.30 AÊ , based on Luzzati
plots (Luzzati, 1952; Kleywegt et al., 1994; Kley-
wegt & BruÈ nger, 1996) and the program SIGMAA
(Read, 1986; Kleywegt & BruÈ nger, 1996), respect-
ively. Figure 1 illustrates through a Ramachandran
plot (Ramachandran & Sasisekharan, 1968) that the
structure is of high quality with only 1.5 % of the
residues outside of the most favored and allowed
f-c regions.

Although there is only 44 % sequence identity
between DYMV and TYMV, there is a high
degree of amino acid homology (67 %) else-
where. As a result, the structures of the DYMV
subunits and indeed the entire virion structure
are remarkably similar in most respects to the
corresponding subunits and overall structure of
TYMV (Figure 2). Therefore, it seems most expe-
ditious to describe and analyze the structure of
DYMV by comparison with TYMV, cursorily
treating the similarities and emphasizing the
differences between the two.

Virion architecture

Capsids of T � 3 viruses are composed of three
icosahedrally distinct subunits, designated A, B
and C after the nomenclature used by Harrison
et al. (1978). A subunits assemble, as shown in
Figure 1. A Ramachandran plot
(Ramachandran & Sasisekharan,
1968) of the peptide conformations
within the three independent sub-
units of DYMV produced with
PROCHECK (Laskowski et al.,
1993). Glycine residues are shown
as triangles (~). Disallowed
regions are white and generously
allowed regions are cream; together
they contain seven non-proline and
non-glycine residues (1.5 %) as indi-
cated by the labeled markers. These
residues are located in the loops
around the quasi 3-fold axis
(residues 18 to 26) and in the
FG-loops around the 5-fold or 3-
fold axes (residue 121). The rmsds
in the geometry of the model are:
for protein bonds, 0.009 AÊ ; angles,
1.83 �; dihedral angles, 18.8 �;
improper angles, 1.18 �; for RNA
bonds, 0.015 AÊ ; angles, 2.38 �; dihe-
dral angles, 39.3 �; improper angles,
2.93 �.



Figure 2. Superposition of the A and C subunits onto the B subunit of (a) DYMV, and (b) TYMV. The coloring
scheme used here and throughout the Figures for both viruses is: A subunits, yellow; B subunits, blue; and C sub-
units, red. Subunits are superimposed by the main-chain atoms Ca, C and N of the b-strands of the b-barrels (a ®t of
252 atoms). The rmsd are: for DYMV, 0.40 to 0.46 AÊ ; for TYMV, 0.35 to 0.52 AÊ ; for corresponding subunits between
DYMV and TYMV, 0.42 to 0.46 AÊ . The N termini are the only conformationally distinct regions between the two
viruses. (c) The DYMV and (d) the TYMV full capsid structure displayed as Ca tracings and viewed down the 3-fold
axis. The N termini of the A subunits are especially pronounced in the DYMV structure.
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Figure 3 (legend opposite)
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Figure 3(a) and (b), to make pentameric capso-
meres. B and C subunits cooperate as three pairs,
as shown in Figure 3(c) and (d), to make hexameric
capsomeres having exact 3-fold and quasi 6-fold
symmetry. The three types of subunits form tri-
meric units possessing quasi 3-fold symmetry
(Figure 3(e) and (f)).

The DYMV particle is approximately 280 AÊ in
diameter with a mean protein diameter of 258 AÊ
(Figure 4). The exterior topography has peaks at
the 5-fold and 3-fold (quasi 6-fold) axes between
which are valleys, 29 to 35 AÊ deep, at the quasi
3-fold axes. On the interior surface of the capsid
there are conical cavities around the 5-fold and
3-fold axes with depths of 28 AÊ and 19 AÊ and
diameters at their openings of 60 AÊ and 78 AÊ ,
respectively. The viral protein shell is 15 to 20 AÊ

thick. The peaks at the 5-fold and 3-fold axes have



Figure 3. (a) DYMV and (b) TYMV pentamers of A subunits viewed down their 5-fold axes. The extended N ter-
mini of the DYMV subunits represent a prominent departure; otherwise, the pentamers are very similar. (c) DYMV
and (d) TYMV hexamers of alternating B and C subunits viewed down their 3-fold axes. The TYMV hexamer is self-
contained, whereas the DYMV hexameric unit has N termini from adjacent A and B subunits forming an annulus
inside its cavity. (e) DYMV and (f) TYMV trimeric icosahedral asymmetric units. The dispositions of the N termini of
the DYMV subunits result in a stronger binding within the trimeric unit than can be created by the self-associating
dispositions of the N termini in the TYMV subunits.
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craters or indentations of 13 AÊ and 20 AÊ , respect-
ively. The pores at the 5-fold, 3-fold and quasi 3-
fold axes are less than 1 AÊ in diameter, too small
for the passage of ions or water without movement
of the Val122 or Thr145 side-chains that close off
these passages. These dimensions are very similar
to the corresponding dimensions in TYMV. The
residues restricting the pores in TYMV have
slightly bulkier side-chains.

The protein subunit structure

The topology of the DYMV subunit is the cano-
nical eight-stranded, anti-parallel b-barrel typical
of T � 3 spherical plant viruses. All residues of
subunits A and B were visible in electron density
maps, while residues 1 to 13 of the C subunits
were not. In TYMV, by contrast, the amino termini
of subunits B and C were visible, while residues
1 to 26 of the A subunits were not. Similarly to
TYMV, electron density maps of PhMV revealed
all residues of subunits B and C but not the ®rst
nine residues of subunit A.

Figure 2(a) illustrates the similarity between the
A, B and C subunits within DYMV and TYMV by
superposition of backbone atoms Ca, C and N of
the b-strands (a ®t of 252 atoms). Likewise, side-
by-side comparison of the b-barrel portions of
DYMV and TYMV demonstrates their similarity.
Major differences in subunit structures between
DYMV and TYMV are con®ned to the amino-
terminal ends. DYMV subunits have extended
amino termini (residues 1 to 30) similar in many
respects to the amino-terminal extensions found in
satellite tobacco mosaic virus (Larson et al.,
1993a,b, 1998). The N termini of B and C subunits
of TYMV, on the other hand, lie along the inner
surface of their respective b-barrels, resulting in
compact subunits. The B and C subunits of PhMV
are very similar to those of TYMV but visible resi-
dues of the N-terminal polypeptide of subunit A
are situated on the inside surface of the B subunit
of a neighboring ABC trimer. Therefore, in three
different tymoviruses there are three different dis-
positions of the N termini of the A subunits.

Given the unanticipated differences in disposi-
tions of amino termini in the viruses, we re-exam-
ined difference electron density maps (Figure 5) to
ascertain whether some portion of the DYMV sub-
unit interactions might resemble those observed in
TYMV, and vice versa. Indeed, weak electron den-
sity consistent with alternative dispositions was
present in maps for both viruses. This suggests
that either a minor fraction of DYMV virions uti-
lize entirely the arrangement of amino-terminal
ends that predominate in TYMV (and vice versa), or
most particles of both viruses are a mixture of the
two arrangements with one predominating in one
virus, and the second in the other. The former
seems most plausible, since once the disposition of



Figure 4. A sectional view of the
DYMV viral capsid produced by
the program GRASP using the
atoms in a 40 AÊ slice of the capsid
model. The topographical features
are illustrated and labeled. The
pores at the 5-fold and 3-fold axes,
formed by Val122 side-chains, are
�0.25 AÊ in diameter. The pores at
the quasi 3-fold axes, formed by
Thr145 side-chains, have diameters
of �0.80 AÊ . The quasi 3-fold axis is
out of the plane of the paper by
10 �.
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N termini (either according to DYMV or TYMV) is
established, deviations from it would result in
spatial con¯icts.

Figure 6 is a diagram of the B subunit showing
the sequence, the intramolecular hydrogen bond-
ing and secondary structure. There are no intramo-
lecular salt-bridges. There are two helical segments
at residues 58 to 64 in the CD loop and 105 to 110
in the EF loop. The ®rst has hfi, hci angles of ÿ66 �
and ÿ33 �, respectively, suggestive of a regular
a-helix, but the hydrogen-bonding scheme is not
regular, having both i i � 3 and i i � 4 modes
and missing some hydrogen bonds altogether. The
second helix is a distorted 310 helix with hfi, hci
angles of ÿ93 � and ÿ2 �, respectively, and missing
some hydrogen bonding along the segment. The
b-strands in the CHEF sheet are regular, whereas
the D and G strands in the BIDG sheet have
b-bulges that disrupt the regular strand-to-strand
hydrogen bonding. Occurrences of tight turns
are listed in Table 1. These are characterized
by i i � 3 hydrogen bonding for type I or II
turns.

There are two regions within the three icosahed-
rally distinct subunits of DYMV that are signi®-
cantly different in conformation. The ®rst region,
de®ned by residues 23-27 of the quasi 3-fold loop,
has a rmsd from the mean of corresponding f and
c angles of 59 �, indicating a signi®cant difference
in the main-chain conformation between subunits
A, B and C. Figure 7 shows this region to have the
largest B values of any region in the molecules.
These regions have no intersubunit contacts and
only in subunit A is this region involved in RNA
interactions. Therefore, the lack of packing con-
straints and the possible alternative N-terminal
conformation explain the higher B values for this
region. The RNA interactions with subunit A
explain the lower B values for that subunit.

The second region is the FG loop. The type I
turn exhibited in the FG loop of subunit B (Table 1)
does not exist in subunits A and C. In fact, the
rmsd from the mean of corresponding f and c
angles is 52 �, with individual rms deviations
>100 �. This loop has the second-largest B values in
the molecules (Figure 7). The FG loops form pores
at the 5 and 3-fold axes through close contacts. The
B values (especially for the A and C subunits)
suggest that a somewhat disordered situation
arises from the packing of these residues around
the respective symmetry axes rather than a well-
de®ned structure resulting from stable packing
arrangements.

The mean B values of the A, B and C subunits
are 28, 24 and 28 AÊ 2, respectively. Figure 7 illus-
trates the variation of B values with respect to resi-
due number. Besides the two regions mentioned
above, the N and C termini have elevated B values.
Values for the C termini are explained by their
extension into solvent on the exterior of the par-



Figure 5. The N termini of (a) DYMV and (b) TYMV are viewed along the quasi 3-fold axis of the respective ABC
trimers superimposed on the density of an (Fo ÿ Fc) exp iac omit map with residues 15 to 26 of all subunits omitted
from the models. These maps demonstrate the validity of the differences seen in the dispositions of the N termini of
the two viruses. The maps in (a) are contoured at 1.2s (cyan) and 0.8s (light blue). The map in (b) is contoured
at 2s.
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ticle. B values for the N-terminal tails are not easily
explained in the case of the A and B subunits,
since they form a b-hexamer around the 3-fold
axis. On the other hand, the N-terminal tail of the
C subunit is disordered and unobserved in electron
density maps; thus, the B values of the residues
leading into the disordered region are extremely
large. All four loops of the A subunit around the
5-fold axis have elevated B values when compared
with adjacent residues. Of these, only the FG loop
is involved in intersubunit contacts; the other loops
form the crest of the 5-fold crater (Figure 4) and
are, therefore, exposed to solvent. Perhaps the
lower values exhibited by the same loops of the B
and C subunits are due to interparticle contacts
made by HI loops of these subunits, which account



Figure 6. A diagram of the B subunit which, as noted in the legend to Figure 2, is essentially the same as the A
and C subunits. Main-chain hydrogen bonds are shown as continuous lines. Hydrogen bonds between main-chain
and side-chain atoms are shown as short broken lines and side-chain to side-chain hydrogen bonds are indicated
with long broken lines.
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for about 40 % of the loops. These contacts would
reduce the effects of solvent exposure of the loops.

With regard to the disorder suggested by the
regions of elevated B values, there were ten resi-
dues with discrete static disorder that could be
modeled as alternative conformations of side-
chains. These residues are the following: His9,
Ser57, His73 of subunit A; Leu7, His9, Ser50,
Lys72, His73 of subunit B; and Lys86, Gln185 of
subunit C. In addition, entire residues Ser187 and
Ser188 of the A and B subunits were modeled with
two conformations as well as residue Ala186 of the
B subunit. Occupancies for multiple conformers
were determined by trial and error; Q values were
adjusted by 0.05 (subject to the constraint
�Qi � 1.0) until the mean B values of the two con-
formers were approximately equal.

Water structure

Ordered solvent structure was modeled with 285
unique molecules of water. Their average tempera-
ture factor was 47 AÊ 2 with a range of 2-106 AÊ 2.
Water molecules were assigned an occupancy of
1.0 unless placed in special positions (such as
2-fold axes) or were in con¯ict with partially
occupied alternative conformations.

Table 2 contains an analysis of the ordered water
molecules that can be classi®ed as either structural
or non-structural. Of the 285 water molecules per
asymmetric unit, 223 are in contact only with pro-
tein atoms of a single capsid subunit, principally
on the exterior, and six are in the second hydration
shell. These 229 molecules constitute the non-struc-
tural water distribution.

As in STMV (Larson et al., 1998), nearly 20 % of
the ordered water molecules provide bridges
between distant hydrogen-bonding groups. There
are 27 water molecules in subunit interfaces of the
ABC trimer, 65 water molecules in B-C interfaces
of hexamers, and a total of 15 water molecules in
A-A interfaces of pentamers.

RNA model

In the analysis of TYMV, although a general dis-
tribution of encapsidated RNA was evident in low-
resolution (>5 AÊ ) difference electron density maps,



Table 1. DYMV tight turns

Residues Location f2 (deg.) c2 (deg.) f3 (deg.) c3 (deg.) d(N! O) (AÊ ) hdi (AÊ ) Type

52-55 bC-CD loop ÿ58 ÿ40 ÿ67 ÿ16 3.08 3.07 I
S-I-A-S ÿ54 ÿ39 ÿ68 ÿ12 2.95

ÿ58 ÿ44 ÿ64 ÿ15 3.17
53-56 bC-CD loop ÿ67 ÿ16 ÿ117 16 3.33 3.26 I
I-A-S-N ÿ68 ÿ12 ÿ112 ÿ3 3.34

ÿ64 ÿ15 ÿ104 3 3.10
63-66 CD-loop-bD ÿ54 ÿ35 ÿ79 ÿ8 2.92 2.97 I
T-A-L-Y ÿ65 ÿ25 ÿ87 0 3.01

ÿ56 ÿ32 ÿ86 ÿ4 2.97
81-84 bD-DE loop ÿ66 ÿ6 ÿ95 ÿ15 3.08 3.04 I
T-Y-M-A ÿ63 ÿ7 ÿ102 ÿ5 2.98

ÿ63 ÿ6 ÿ102 ÿ9 3.06
97-100 bE-EF loop ÿ60 ÿ27 ÿ90 ÿ16 3.02 3.01 I
P-A-N-S ÿ59 ÿ23 ÿ88 5 2.97

ÿ60 ÿ25 ÿ85 4 3.03
103-106 EF loop ÿ52 ÿ25 ÿ90 4 2.81 2.83 I
T-S-T-Q ÿ54 ÿ28 ÿ85 3 2.87

ÿ54 ÿ26 ÿ85 3 2.80
110-113 EF loop ÿ54 131 83 ÿ6 2.99 2.90 II
T-Y-G-G ÿ51 120 98 ÿ12 2.83

ÿ56 121 95 ÿ6 2.88

120-123 FG loop 175 ÿ63 ÿ105 ÿ172 >3.50
Not a tight

turn
G-S-V-N 57 ÿ60 ÿ80 ÿ25 3.28 3.28 I

ÿ112 162 ÿ52 142 >3.50
Not a tight

turn
133-136 bG Bulge ÿ74 7 ÿ100 ÿ12 3.01 3.08 I
N-L-T-N ÿ76 10 ÿ101 ÿ25 3.18

ÿ77 11 ÿ107 ÿ6 3.06
Total no. 25 3.03

Each tight turn grouping lists values for the A, B and C subunits in that order in the rows of the tight turn.
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no discrete element of well-de®ned RNA was
identi®ed. In DYMV this was not the case. In par-
ticular, two fragments of RNA were seen and were
modeled as generic seven-uridine and two-uridine
fragments (designated RNA-A and RNA-B,
respectively; see below). Figure 8 illustrates the
RNA models superimposed on the electron density
of an Fo ÿ Fc omit map with the respective frag-
ments omitted. There was no density for the base
ring of the ®rst nucleotide nor for the ribose and
base rings of the seventh nucleotide of RNA-A.
The density for nucleotides 1-3 is particularly poor,
as re¯ected in the temperature factors (Table 3). In
a similar way there was no density for the base
Table 2. Summary of water structure by interacti

Interaction type

Second hydration sphere water molecules
First hydration sphere of subunit A
First hydration sphere of subunit B
First hydration sphere of subunit C
Bridging between subunit A and subunit B
Bridging between subunit A and subunit C
Bridging between subunit B and subunit C
Bridging between two A subunits
Bridging between two B subunits
Bridging between two C subunits
Bridging between protein and RNA
Bridging between subunit B and two C subunits
Bridging between subunit B and two A subunits
ring of the last nucleotide of the smaller fragment,
RNA-B. The missing moieties are not included in
the Figure. A trial-and-error procedure for deter-
mining the occupancy versus B-factor optimum
was employed in which occupancies and B factors
were incremented through a range and the optimal
values taken as those that resulted in the minimum
Rfree. The resulting values of Q and B are given in
Table 3.

Table 3 contains selected torsion angles for the
RNA models. The geometry is generally random
structure for both RNA fragments except, perhaps,
for nucleotides 5 and 6 of RNA-A, which have tor-
sion angles similar to those of helical RNA. In fact,
on type

Number Residue numbers

6 2001-2006
83 2101-2185
71 2201-2271
69 2301-2369
20 2401-2420
4 2501-2504
21 2601-2621
2 2147,2153
0 -
4 2701-2704
3 2801-2803
1 2901
1 2421



Figure 7. Graph of the mean main-chain temperature factors as a function of residue number illustrating the highly
mobile or disordered regions of each subunit. It is clear that the N and C termini, the segments around the quasi 3-fold
axes and the four loops (BC, DE, FG, and HI) at the top of the 5 and 3-fold protrusions exhibit the greatest mobility.
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the original model for this strand was a fragment
of one strand of the double-helical RNA from
STMV that was readily placed into the observed
density of nucleotides 5, 6 and 7. There is a kink at
nucleotide 4 resulting in b and e torsion angles that
are very distinct from those of the other nucleo-
tides. In general, the backbone torsion angles are
not very uniform from nucleotide to nucleotide. In
particular, a2, b1 and b4, g2 and g6, and e4 deviate
substantially from the mean values, and z angles
are highly diverse.

Protein-protein interactions

Table 4 lists the accessible surface area (ASA)
of protein monomers based on conformers of
highest occupancies calculated by the Lee &
Richards (1971) algorithm. The ASA is domi-
nated by hydrophobic residues (37 %) and neu-
tral hydrophilic residues (33 %) with 12 % of the
ASA pertaining to aromatic residues and 17 % to
charged hydrophilic residues (similar to TYMV).
Subunits of A have contact with nine other sub-
units (only ®ve in TYMV), B subunits with 12
(only seven in TYMV) and C subunits have con-
tact with nine other subunits (disregarding the
invisible N-terminal residues) (only seven in
TYMV). Total buried ASA by all contacting pro-
tein subunits of an A, B or C subunit is in the
range 45-48 %; 46-52 % is buried when ordered
RNA is included and 61-65 % when ordered
water molecules are included.

There are three major groupings of subunits
forming the icosahedral shell of the virus: the ABC
trimer (composed of one subunit each of the A, B
and C subunits), the pentamer (composed of ®ve A
subunits), and the hexamer (composed of six alter-
nating B and C subunits).

The ABC trimer, shown in Figure 3(e) and (f),
forms a valley at the quasi 3-fold axis between the
5 and 3-fold protrusions. The N-terminal polypep-
tides cross near this axis, the A subunit terminus
directed toward the B subunit, the B subunit termi-
nus to the C subunit, and the C subunit terminus
toward the A subunit in a manner similar to the A
and B termini. This buries �25 % of the ASA of
each participating subunit, an average of 2988 AÊ 2

per subunit. The total buried ASA is 8963 AÊ 2 for
the group. This involves 67 hydrogen bonds and
535 intermolecular van der Waals contacts (contact



Figure 8. Stereoviews of the visible RNA fragments superimposed on density of (Fo ÿ Fc) exp iac omit maps (RNA
omitted) with the protein environment shown. (a) The seven-nucleotide RNA fragment RNA-A superimposed on
map density contoured at 1s around nucleotides 1 and 2, and 2s around nucleotides 3-7. (b) The two-nucleotide
fragment RNA-B superimposed on density contoured at 1.5s.
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distance 44 AÊ ). There are 13 water molecules brid-
ging A and B subunits, four water molecules
between the A and C subunits and ten between the
B and C subunits of an ABC trimer for an average
of nine per subunit. TYMV, by comparison, has a
total buried ASA of 4893 AÊ 2 upon formation of its
trimer (1631 AÊ 2 per subunit) or only half that of
DYMV, primarily due to lack of interaction of the
N termini with neighboring trimer subunits.

Pentamer formation (Figure 3(a) and (b)) buries
�13 % of ASA of each participating subunit and a
total of 8235 AÊ 2 for the group (1647 AÊ 2 per sub-
unit). A total of 40 hydrogen bonds and 740 inter-
molecular van der Waals contacts are made. There



Table 3. Summary of the occupancies, temperature factors and selected torsion angles in the RNA fragments

Nucleotide Q
B PO4

(AÊ 2)
B ribose

(AÊ 2)
B base

(AÊ 2)
w

(deg.)
a

(deg.)
b

(deg.)
g

(deg.)
d

(deg.)
e

(deg.)
z

(deg.)

RNA-A
1 0.65 135 195 na na ÿ152 77 118 72 ÿ161 ÿ51
2 0.65 50 130 125 ÿ154 ÿ22 127 171 90 ÿ160 ÿ129
3 0.65 180 300 140 ÿ147 ÿ158 151 126 87 ÿ156 39
4 0.65 105 95 105 ÿ114 141 92 120 81 82 ÿ92
5 0.65 85 40 100 ÿ170 ÿ155 162 129 78 ÿ147 ÿ56
6 0.65 45 80 100 ÿ146 ÿ100 180 75 89 ÿ122 ÿ4
7 0.65 105 na na na na na na na na na

RNA-B
1 0.80 145 295 230 ÿ119 ÿ110 ÿ166 0 74 177 ÿ124
2 0.80 190 100 na na ÿ156 ÿ113 ÿ3 80 na na

Helical RNA torsion angles ÿ167 ÿ81 183 52 81 ÿ146 ÿ75

na, not applicable.
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are three bridging water molecules between adja-
cent A subunits of a pentamer, an average of three
per subunit. TYMV has approximately the same
total buried ASA of 8205 AÊ 2.

Hexamers (Figure 3(c) and (d)) are formed from
alternating B and C subunits around 3-fold axes.
Approximately 13 % of the ASA per subunit is bur-
ied for a total of 8961 AÊ 2 (1494 AÊ 2 per subunit).
TYMV has almost 65 % more surface area buried in
the formation of hexamers (14742 AÊ 2). A total of 45
hydrogen bonds and 591 intermolecular van der
Waals contacts are made; 13 water molecules
bridge B and C subunits for an average of 6.5 per
subunit. In TYMV, N termini from the B and C
subunits form an annulus that encircles the 3-fold
axis (Canady et al., 1996), while the N termini of
the pentameric A subunits are invisible. In DYMV,
amino acid residues 1 to 17 of B subunits replace
those from C subunits (in TYMV), and amino acid
residues 1 to 17 of B subunits are in turn replaced
in DYMV by amino acid residues 1 to 17 of A sub-
units. Therefore, in DYMV, the annulus is again
formed about the 3-fold axis, but by subunits that
are not in the hexamer, as illustrated in Figure 9.
The associated ABC trimer of each B and C subunit
forming the hexamer provides one amino-terminal
strand to the annulus; the A subunits provide
strands from the trimers associated with the B sub-
units, and the B subunits provide strands from the
C subunit trimers. In DYMV, the pentameric and
hexameric capsomeres are, therefore, crosslinked
by imposition of A and B subunit amino-terminal
tails into the annulus of the hexamer from subunits
next to the hexamer. The annulus, 10-11 AÊ in
diameter, is about 6 AÊ inside the 3-fold pore.
Each strand of the annulus forms three main-
chain hydrogen bonds, as in a small, six-stranded
b-barrel.

RNA-protein interactions

With both fragments of RNA, binding to protein
through hydrogen bonds to either phosphate or
ribose groups of the RNA appears not to be
sequence-speci®c. The density seen for base rings
fails to suggest any speci®c nucleotide sequence.
The rings are directed away from the protein sur-
face in general. Three putative water molecules
could bridge the protein and the O20 atoms of
ribose moieties, one involved with RNA-A and
two with RNA-B.

The RNA-A fragment, with respect to the A, B,
and C subunits, is shown in Figure 10 and gener-
ally lies along the interface of BC dimers of a hex-
amer, near the N terminus of a second B subunit.
The last nucleotide interacts with the N terminus
of one A subunit near the quasi 3-fold axis of ABC
trimers and the ®rst interacts with the N terminus
of a second A subunit near the annulus about the
3-fold axis. Therefore, ®ve subunits (two A, two B,
and one C) bind this fragment. This suggests that
binding sites for RNA are either not available until
protein subunits form the ABC trimer, or that the
visible RNA elements serve as nucleation points to
promote the aggregation of A, B and C subunits
into a trimer arrangement. With the exception of
some bases, most of the RNA strand is well
de®ned, suggesting a fairly strict association with
viral capsid, as illustrated in Figure 8.

The RNA-B fragment is located inside the 5-fold
cavity along the interface of neighboring A sub-
units, shown in Figure 10(a).

Particle packing

Virus particles make contacts only along unit
cell body diagonals, which are coincident with ico-
sahedral 3-fold axes. Therefore, only B and C sub-
units make interparticle interactions. There are 17
contacts less than 4 AÊ (possibly including one
hydrogen bond between Ala161 N and Thr162
OG1, distances � 3.08 AÊ and 3.12 AÊ ) involving
residues Ala161, Thr162 and Thr165 of the HI loop
between a B subunit of one particle and a C sub-
unit of another particle, which results in a total of
102 (6 � 17) contacts between particles. These inter-
actions account for only 630 AÊ 2 of buried surface
area. Only one water molecule may bridge contact-



Table 4. Accessible and buried protein surface areas in DYMV and TYMV
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ing subunits for a total of six intervening water
molecules.

Implications for virion assembly and
RNA packaging

The close structural similarity of DYMV and
TYMV, essentially randomly chosen representa-
tives, implies that most, if not all, of the tymo-
viruses have virtually identical capsid structures
and that variations will be minor. On the other
hand, the diversity in annulus formation seen in
the two viruses, the ability of the amino-terminal
ends to switch and swap interactions among sub-
units suggests a mode of structural versatility not
previously suspected. Amino-terminal strand
dispositions may derive simply from energetic con-



Figure 9. (a) The three A and three B subunits in DYMV that form the annulus around the 3-fold axis. (b) A close-
up view of the annulus illustrating the three main-chain hydrogen bonds (shown as black broken lines) involving
each strand of this six-stranded b-barrel-like structure. Residues 1 to 9 of the six N termini are shown.
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siderations arising from differences in quaternary
interactions ascribable to variations in amino acid
sequence, or the explanation could be more elabor-
ate. They could, for example, be determined by the
amino acid compositions and resulting structures,
and by the nature of the RNA (its sequence,
secondary structure, or tertiary conformation) with
which protein associates. RNA could specify local
capsid conformation and, therefore, detailed virion
architecture, as appears to be the case for satellite
tobacco mosaic virus (Larson et al., 1998).

The appearance of RNA near the 60 quasi 3-fold
axes (540 nucleotides in all) suggests some signi®-
cant association between nucleic acid and protein.
This was not self-evident, as most biophysical
studies of other tymoviruses, in particular TYMV,
suggested there to be little protein-nucleic acid
interaction. This was implied as well by the occur-
rence for both TYMV (Huxley & Zubay, 1960) and
DYMV (Walters & Scott, 1968, 1972) of ``empty
heads'', which lacked RNA entirely.

The possibility of mixed modes of capsomere
assembly and association in the tymoviruses may
be pertinent to the process of decapsidation of
nucleic acid upon infection. A popular idea is that
RNA may be released from tymoviruses by displa-
cement of a pentameric capsomere from the virion
followed by ejection of the nucleic acid (Adrian
et al., 1992; Keeling & Matthews, 1982; Katouzian-
Safadi & Berthet-Colominas, 1983). Because penta-
meric capsomeres appeared to be signi®cantly less
®rmly embedded in the capsid shell of TYMV than
the hexameric capsomeres (Canady et al., 1996),
this was an attractive hypothesis for TYMV. The
more substantial interweaving and crosslinking of
pentameric and hexameric capsomeres through
interactions of the N termini of the A subunit
would seem to make this a less appealing mechan-
ism for DYMV. The possibility of mixed modes of
construction with some small fraction of weakly
held pentameric units (using the TYMV arrange-
ment) embedded in a more regular, strongly
forti®ed capsid structure (using the DYMV
arrangement) might, however, provide an even
better structural basis for an RNA escape mechan-
ism. Weakly held units serve as pressure-release
valves that allow nucleic acid to exit.

RNA segments bound at 60 icosahedrally equiv-
alent points on the interior of the capsid further
implies that the distribution of the condensed
genomic RNA possesses at least some semblance
of icosahedral symmetry. The sequences of the seg-
ments probably vary from quasi triad to triad,
which accounts for the weak base density at
some positions, but the RNA must, nonetheless, be
structured in a pattern consistent with capsid
symmetry.

In spite of the 540 (9/trimer � 60 trimers/par-
ticle) nucleotides seen bound to the interior of the
capsid, interactions seem few in comparison with
some other viruses, and this may have implications
for RNA encapsidation and virus assembly. For



Figure 10. (a) The location of the RNA fragments with respect to the ABC trimer and (b), the location of RNA-A
inside the hexameric cavity. RNA-A is shown as white, RNA-B as cyan. RNA-A lies along the inner surface between
the annulus and the quasi 3-fold axis.
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example, STMV has almost 60 % of its genomic
RNA bound tightly by the capsid protein and
almost certainly encapsidates its RNA by conden-
sation of the nucleic acid with protein in a coopera-
tive process. This seems unlikely in the case of the
tymoviruses thus some other mechanism likely
applies. The occurrence of empty heads suggests
the same.

Two scenarios seem plausible. In one, the RNA
is drawn into the nearly completed virion through
a port, which is then closed by a capsomere hatch.
A second possibility is that the RNA, through sec-
ondary and tertiary interactions, assumes a con-
densed form similar to its encapsidated
conformation. The RNA may then present binding
sites to capsid protein and serve as an ``assembly
nucleus'' that initiates, directs, and/or catalyzes
assembly. This seems a more attractive idea, as it
might explain how some empty heads are formed,
simply by loss of the nucleant during later assem-
bly, growth of the virus capsid being driven princi-
pally by protein-protein interactions.

Materials and Methods

Production of DYMV

Great Northern shell beans (Henry Field, Shenandoah,
Iowa) were grown in a climate-controlled greenhouse
(10 �C-30 �C). An inoculum solution of DYMV (Des-
modium yellow mottle tymovirus from American Type
Tissue Culture, Rockville, MD, catalog number PV-155)
was made by adding 0.5 ml of 0.05 M Tris-HCl (Fisher
BP152-1, pH 7.2) to the desiccated material. When the
plants were six to eight inches tall, the upper surface of
one of the primary cotyledons of each plant was lightly
dusted with carborundum (Fisher C192-500) and then
inoculated by gentle rubbing using a cotton swab dipped
in the DYMV inoculum. Plants were grown until ¯ower-
ing had just begun and then harvested and stored at
ÿ20 �C.

Isolation of DYMV

The preparation of DYMV was by a modi®cation of
the STMV procedure (Valverde & Dodds, 1987) and that
for TYMV (Canady et al., 1995). All procedures were car-
ried out at 4 �C and all liquids, centrifuges and rotors
were pre-chilled to 4 �C.

To 200 g of frozen tissue, 300 ml of 0.02 M Tris-HCl
(pH 7.8) and 3 ml of 2-mercaptoethanol (Sigma) were
combined and blended in a Waring blender, taking pre-
cautions that the tissue did not warm. The slurry was ®l-
tered through four layers of cheesecloth, and the solid
material discarded. The ®ltrate was centrifuged at
10,500 g for 15 minutes, the liquid saved and the pellet
discarded. The supernatant volume was measured and
an equal volume of 1:1 (v/v) n-butanol/chloroform
(Fisher) was added slowly with stirring. The mixture
was centrifuged for 15 minutes at 10,500 g. The aqueous
phase was collected and centrifuged at 104,000 g for
1.5 hours in a Ti45 rotor. The supernatant was discarded
and the pellet exposed to 6 ml of 0.02 M Tris-HCl
(pH 7.8) overnight to soften. The pellet was resuspended
and centrifuged for ten minutes at 3000 g, and the pellet
discarded. The supernatant was centrifuged at 186,000 g
for 1.5 hours and the supernatant discarded. The pellet
(clear, amber-tinted) was softened in 6 ml of 0.02 M Tris-
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HCl (pH 7.8) with 0.04 % (w/v) NaN3 (Sigma) and resus-
pended. Centrifugation at 3000 g for ten minutes
removed debris. Puri®ed DYMV was stored at 4 �C. Coo-
massie blue staining following SDS-PAGE showed one
band at 21,000 Da. The A260nm to A280nm ratio was 1.30.
An estimate of virus concentration was made by assum-
ing that a 1 mg/ml solution of virus would have an
A260nm of 7.0.

Crystallization

Puri®ed DYMV at a concentration of 3 mg/ml was
used to screen for crystals using Crystal Screen and
Crystal Screen II (Hampton Research, Laguna Hills, CA).
Trials were deployed using Cryschem Plates (Charles
Supper Co., Natick, MA) covered with clear tape and
maintained at room temperature. Each trial used a
0.5 ml reservoir and 3 ml each of the buffer and the
DYMV concentrate. Small cuboidal crystals were
observed after one month with 2.0 M sodium formate
(NaCHO2, Fluka), 0.1 M sodium acetate (NaC2H3O2) at
pH 4.6. By optimizing the conditions, large crystals, up
to 0.7 mm on a side, were grown using either the sitting
or the hanging-drop method (McPherson, 1999). The pH
optimum was found to be 4.8 in both cases, while the
optimum sodium formate concentration ranged from
1.8-2.5 M for the hanging-drop, or 2.0-2.2 M for the
sitting-drop method. Crystals were ®rst observed after
one month but continued to grow up to six months. An
average drop contained three to seven crystals. The
cubic crystals were robust and easily manipulated with
little damage from handling.

Diffraction studies

Data collection was carried out at the Stanford
Synchrotron Radiation Laboratory using beamline 7-1
and a radiation wavelength at 1.08 AÊ . A MAR Research
imaging plate detector system (X-ray Research GmbH,
Hamburg, Germany), using a 300 mm imaging-plate
diameter and a crystal-to-detector distance of 350 mm,
was used. Data were collected using an exposure dose of
1300 counts per second and an oscillation angle of 0.5 �
for both native and derivative crystals. For larger native
crystals, higher-resolution data were obtained using an
oscillation angle of 0.25 � and a dose exposure of 2500
counts per second. A total of 11 native crystals were
used for both low and high resolution, with an average
of ®ve images per crystal.

Data reduction

Images were reduced using DENZO and SCALE-
PACK (Otwinowski & Minor, 1997). The images were
processed with a mosaicity of 0.15. The crystals were of
cubic space group P4232 with a � b � c � 348.5 AÊ , with
two particles in the unit cell. The asymmetric unit con-
tains 15 subunits or 8.3 % of the virus particle. The
virions are centered in the unit cell at 0,0,0 and 1/2, 1/2,
1/2. A total of 574,527 observations were reduced to a
unique data set of 178,705 re¯ections with Rsym � 0.107
and hI/sIi � 7.3. The data set was 91.3 % complete to
2.7 AÊ .

Structure solution and refinement

At the commencement of the structure determination,
the sequence of the DYMV protein coat had not been
determined. However, having determined the structure
of TYMV (Canady et al., 1996), we proceeded to use its
re®ned model as the starting model for DYMV. Accord-
ingly, the model was placed at the origin of the DYMV
unit cell with three mutually perpendicular 2-fold axes
of the icosahedral particle coincident with the cell axes.
The initial correlation coef®cient based on E2 was 0.41
for 6-40 AÊ data where:

correlation coefficient �

�hE2
oE2

ci ÿ hE2
oihE2

ci�=�hE4
o ÿ hE2

oi2ihE4
c ÿ hE2

ci2i�1=2

Rigid-body re®nement against data to 4.5 AÊ followed
by conjugate-gradient minimization (CGM) using
XPLOR3.1 and XPLOR3.8 (BruÈ nger et al., 1987;
BruÈ nger, 1991, 1992) and extension of the resolution to
4.0-40 AÊ resulted in an R value of 0.299 (Rfree � 0.317).
At this point a 2Fo ÿ Fc map revealed broken and con-
fused density around the quasi 3-fold axis of the ABC tri-
mer and a poor ®t of residues 18 to 28 of the B and C
subunits. Subsequently, amino acid residues 18 to 28 of
each subunit of the TYMV model were omitted from the
phase calculations until the correct sequence was
obtained. Further re®nement by simulated annealing
(SA) and CGM gave R � 0.258 (Rfree � 0.278) for 4.0-40 AÊ

data.
Still without the sequence, model phases were

extended to a resolution of 3.0 AÊ by molecular averaging
and phase extension. Using this averaged map, the side-
chains of tymovirus non-conserved residues were modi-
®ed to ®t the visible side-chain density. Portions of the
model coinciding with choppy or missing density in the
map had their occupancies set to zero. Re®nement was
continued by SA and CGM, utilizing bulk solvent correc-
tions and extending the resolution to 2.7-40 AÊ with a
4 sF cutoff, resulting in R � 0.240 (Rfree � 0.253). At this
point, the sequence of the coat protein was provided by
Dr Adrian Gibbs (personal communication) and the
model was modi®ed accordingly. Continued re®nement
with SA and CGM resulted in R � 0.231 (Rfree � 0.239).
Using successive omit maps, the omitted residues 18-28
of the ABC trimer were constructed to re¯ect the change
of direction of the N termini of DYMV. With this essen-
tially correct chain trace, the model re®ned to R � 0.199
(Rfree � 0.209). From this point, successive cycles of
model rebuilding, bulk solvent corrections, water model-
ing from difference maps, and re®nement by SA and
CGM produced a model with 267 water molecules and
14 residues with alternative conformations (R � 0.153;
Rfree � 0.162). Analysis of the water structure against
difference omit maps resulted in the discovery of two
RNA fragments and residues 14 to 17 of the N terminus
of the C subunit that had been modeled as ordered
water. Accordingly, polyuridine RNA models for seven
and two-nucleotide fragments were built into the density
with the removal of con¯icting water molecules. Uridine
nucleotides were used in these models simply because
they were readily available. Admittedly, cytosine nucleo-
tides would have been a better choice based on the RNA
composition of 37 % cytosine. However, nothing would
really be gained here by converting the uridine to cyto-
sine. Residues 14 to 17 of subunit C were also ®tted into
the density and con¯icting water molecules eliminated.
Additional water molecules were added to the model to
bring the total to 285. The occupancy, Q, and group B
values (the groups were base ring, ribose ring and
PO2 ÿ

4 ) for the RNA fragments were optimized by trial
and error against Rfree.
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Computer programs

Geometrical parameter ®les used in the re®nement
were the following: a slightly modi®ed PARHCSDX.PRO
for protein (Engh & Huber, 1991), PARAM19.SOL for
solvent, DNA-RNA-ALLH3NEW.PARAM for RNA, and
PARAM.HBN for hydrogen bonding. The protein shell
was constrained to icosahedral symmetry. The 5-fold
averaging of electron density maps and phase extension
were accomplished with the PHASES program suite of
Furey (1990) using an atomic model mask. Model build-
ing was performed with the program O (Jones &
Kjeldgaard, 1994). PROCHECK (Laskowski et al., 1993)
and XPLOR3.8 were used for evaluating the quality of
the ®nal and intermediate models. RAVE (Jones &
Kjeldgaard, 1994) was used for averaging ®nal low-resol-
ution difference maps using a solid spherical mask.
MAPMAN (Jones & Kjeldgaard, 1994) was used to
manipulate maps for O and for RAVE. Figure 2(c) and
(d) was produced with O. Figures 5, 8 and 10 were pro-
duced with SETOR (Evans, 1993). Figures 2(a) and (b), 3
and 9 were created with MOLSCRIPT (Kraulis, 1991)
and rendered with RASTER3D (Bacon & Anderson,
1988; Merritt & Murphy, 1994). GRASP (Nicholls et al.,
1991) was used to produce Figure 4, and the program
IGOR (WaveMetrics, Inc., 1998) for Figure 7. Figure 1
was produced using PROCHECK (Laskowski et al.,
1993).

RCSB Protein Data Bank accession numbers

Model coordinates and structure amplitudes have
been submitted to the RCSB Protein Data Bank (code
1ddl).
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