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The Atomic Structure of Mengo Virus
at 3.0 A Resolution

MinG Luo, GERRIT VRIEND*, GREG KAMER, IWONA MINOR, EDWARD ARNOLD,
MicHAEL G. RossMANN, ULRIKE BOEGE, DouGLAS G. SCRABA, GREG M. DUKE,
ANN C. PALMENBERG

The structure of Mengo virus, a representative member of
the cardio picornaviruses, is substantially different from the
structures of rhino- and polioviruses. The structure of
Mengo virus was solved with the use of human rhinovirus
14 as an 8 A resolution structural approximation. Phase
information was then extended to 3 A resolution by use of
the icosahedral symmetry. This procedure gives promise
that many other virus structures also can be determined
without the use of the isomorphous replacement tech-
nique. Although the organization of the major capsid
proteins VP1, VP2, and VP3 of Mengo virus is essentially
the same as in rhino- and polioviruses, large insertions

and deletions, mostly in VP1, radically alter the surface
features. In particular, the putative receptor binding
“canyon” of human rhinovirus 14 becomes a deep “pit” in
Mengo virus because of polypeptide insertions in VP1
that fill part of the canyon. The minor capsid peptide,
VP4, is completely internal in Mengo virus, but its
association with the other capsid proteins is substantially
different from that in rhino- or poliovirus. However, its
carboxyl terminus is located at a position similar to that in
human rhinovirus 14 and poliovirus, suggesting the same
autocatalytic cleavage of VPO to VP4 and VP2 takes place
during assembly in all these picornaviruses.

stranded RNA-containing animal viruses. They have been

classified into four genera on the basis of physical properties
of the virions: (i) cardioviruses, such as encephalomyocarditis virus
(EMCV), Theiler’s murine encephalitis virus, and Mengo virus; (ii)
enteroviruses, such as poliovirus, hepatitis A virus, and Coxsackie
virus; (iii) aphthoviruses, such as foot-and-mouth disease viruses
(FMDV); and (iv) rhinoviruses, of which there are about 100
serotypes. The physiological consequences of picornavirus infection
are highly variable because of differing tissue tropism, differing viral
stability in acid environment, and differing responses by infected
host cells. Among the murine cardioviruses (2), for example, Mengo
virus can produce fatal encephalitis, a strain of EMCV can cause
diabetes, and a strain of Theiler’s virus can cause chronic demyelinat-
ing disease.

Picornavirions have relative molecular mass of about 8.5 x 10°
daltons, of which about 30 percent is RNA. The virus particles are
spherical with an external diameter of about 300 A. The coat
proteins form a shell with icosahedral symmetry with 60 protomers,

P ICORNAVIRUSES (1) COMPRISE A LARGE FAMILY OF SINGLE-

182

each composed of a single copy of VP1, VP2, VP3, and VP4 (Fig.
1) with approximate relative molecular masses of 34,000, 30,000,
25,000, and 7,000 daltons, respectively. For Mengo virus, the
proteins consist of 277, 256, 231, and 70 amino acids, respectively.
On degrading Mengo virus, the virions separate into 13.4S pen-
tamers and then into 6S protomers (3, 4) consistent with structural
observations (5). Traditionally, the cardiovirus capsid proteins have
been designated o, B, <y, and d in order of decreasing size; the VP1
(o), VP2 (B), VP3 (v), VP4 (3) nomenclature is used in this article
in order to facilitate comparison with other picornaviruses. The viral

M. Luo, G. Vriend, G. Kamer, I. Minor, E. Arnold, and M. G. Rossmann, who did the
crystallographic analysis, are in the Department of Biolo%ical Sciences, Purdue Univer-
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the 60 milligrams of virus used, are in the Department of Biochemistry, University of
Alberta, Edmonton, Alberta T6G 2H7, Canada. G. M. Duke and A. C. Palmenberg,
who determined the sequence of the viral RNA, are in the Biophysical Laboratory of the
Graduate School, University of Wisconsin, Madison, WI 53706.

*Present address: Department of Structural Chemistry, University of Groningen,
Nijenborgh 16, 9747 AG Groningen, The Netherlands.
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Fig. 1. Diagrammatic representation of an icosahedral capsid in picornavi-
ruses. The thickly outlined VP1, VP3, and VP2 units correspond to the 6S
(VP1, VP3, VP0) protomer and the pentadecamer cap to the 14S pentamer
observed in assembly experiments (4).

genome is a single strand of messenger sense RNA (7200 to 8400
bases), which is translated into a single polyprotein by the host
protein synthesis machinery and then processed by stepwise proteol-
ysis into its component proteins with the use of virally coded
enzymes. During the last step of the processing cascade, most of the
VPO precursors are cleaved into VP4 and VP2 by a mechanism that
is probably autocatalytic during completion of virion assembly (5—
7). The VPO cleavage may be necessary for yielding infectious
particles. Examination of nucleotide sequences indicates that gene
order and peptide arrangements within picornaviral polyproteins are
very similar among these viruses. Comparison and alignments
confirm a high degree of amino acid homology, especially from
viruses of the same genus. For example, the proteins of EMCV (8)
and Mengo virus (9) are more than 95 percent identical, and EMCV
and Theiler’s virus (10) share 80 to 85 percent identity (11).

The atomic structures of several icosahedral insect (12), plant (13,
14), and animal RNA viruses, including human rhinovirus 14
(HRV14) (5) and polio (type 1, Mahoney) virus (15), have now
been determined. These share common structural motifs. The
individual capsid proteins form eight-stranded antiparallel B-barrels
of similar topology. The quaternary structural organization is similar
among all these viruses (Fig. 1) with T = 3 (16) or pseudo T = 3
(5) surface lattices. The RNA structure has not been visualized in
the crystallographic studies.

The most external and antigenic capsid protein of picornaviruses
is VP1 [for Mengo virus, see (17)], while VP4 is entirely internal
(18-20). Chemical labeling and cross-linking studies (particularly on
Mengo virus) (21, 22), as well as investigation of the dissociation of
Mengo virus mediated by chloride ions at pH 6.2 (3, 23), showed
that the protein subunits in picornaviruses are arranged essentially as
indicated in Fig. 1. These observations were subsequently confirmed
by three-dimensional crystallographic investigations on HRV14 (5)
and poliovirus type 1 (Mahoney strain) (15).

Picornaviruses initiate entry into host cells by attaching to
receptors on the host cell membrane. The attachment site on FMDV
has been shown to be part of VP1 (24, 25). Receptors for poliovirus
(26) and human rhinoviruses (27) have been detected by monoclo-
nal antibodies that inhibit the initial virus-cell interaction, and
receptors have been isolated for Coxsackie B3 (28, 29) and the major
human rhinovirus group (30). These receptors are glycoproteins
with molecular masses ranging from 54,000 to 90,000 daltons.
Glycophorin A on erythrocyte membranes is the site of EMCV
attachment during hemagglutination and, therefore, provides a
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useful model system for virus-receptor interaction (31, 32). A deep
“canyon” circulating about each fivefold axis on HRV 14, composed
primarily of residues from VP1, has been recognized as a putative
receptor binding site. It has been hypothesized (5) that receptors,
but not antibodies, would be able to bind within the canyon.
Hypervariable immunogenic residues on the canyon rim permit the
virion to escape the host cell immune system while a constant
receptor site remains inaccessible to antibodies (Fig. 2).

The first Mengo virus crystals obtained had cubic symmetry with
a =422 A (33). Tt was possible to collect x-ray diffraction data to 7
A resolution for these crystals. A comparison of the three-dimen-
sional diffraction data from HRV14 and Mengo virus crystals
indicated that their structures might be similar (34). Subsequent
sequence comparisons of the two viruses supported these results (9).

An orthorhombic crystal form of Mengo virus was found later
which diffracted x-rays to 2.5 A resolution. The three-dimensional
structure of Mengo virus, reported here, was determined with the
use of these crystals, knowledge of the HRV14 structure (5), the
molecular replacement technique (35, 36), and the Mengo virus
capsid protein amino acid sequence (Fig. 3). The latter (37) was
derived from the RNA sequence. The cleavage sites were deter-
mined by direct sequencing of the capsid proteins and alignment
with EMCV and other picornavirus sequences (9).

Structure determination. The M variant of Mengo virus (38, 39)
was propagated and purified as described (33). The orthorhombic
crystals were prepared by the hanging drop vapor diffusion method
with 2.8 percent polyethylene glycol 8000 in 0.1M phosphate buffer
at pH 7.4 in the reservoir with an initial virus concentration of 5 mg/
ml and 1.4 percent polyethylene glycol 8000 in the same buffer in
the hanging drop. The crystals grew in 1 to 2 days at room
temperature to a maximum dimension of 0.8 mm. They were
extremely sensitive to x-rays and lasted only about 30 minutes in x-
rays from a rotating anode source. However, high-quality oscillation
photographs were readily obtained at the Cornell High Energy
Synchrotron Source (CHESS). A fresh crystal, maintained at 4°C,
was required for each 1-minute exposure of a 0.3° oscillation
photograph. A total of 600 film packs was collected with crystals
oriented only by eye and an optical microscope. The oscillation films
collected in this way had large crystal setting errors (up to 45°), and
required the development of new techniques for the determination

[

»

THE CANYON HYPOTHESIS

Fig. 2. The presence of depressions on the picornavirus surface suggests a
strategy for the evasion of immune surveillance. The dimensions of the
putative receptor binding sites (the canyon in HRV14, the pit in Mengo)
sterically hinder an antibody’s (top right) recognition of residues at the base
of the site, while still allowing recognition and binding by a smaller cellular
receptor (top left). This would allow for receptor specificity while at the
same time permitting evolution of new serotypes by mutating residues about
the rim of the canyon or pit.
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of the crystal setting matrix (40). About 220 films were processed,
of which 143 films were included in the final data set for the
structure determination (Table 1).

“Still” photographs showed that the three principal axes were
orthogonal, that the lattice was primitive, and that the cell dimen-
sions were # = b = ¢ = 450 A. Intensity measurements and “post-
refinement” of the oscillation photographs showed that the Laue
group was mmm, and the cell dimensions were (A): a = 441.4,
b =427.3, and ¢ = 421.9. A more complete data set showed that
there were systematic absences along each of the axial directions.
Thus, the space group was established as P2,2,2, with four particles
per cell or one particle per asymmetric unit. There is a 60-fold
noncrystallographic redundancy because of the icosahedral symme-
try of each particle. The orientation of the virus particles in the unit
cell was determined with a self-rotation function (41) and refined by
fitting a standdrd icosahedron to the rotation function peaks. One of
the icosahedral twofold axes was found to be approximately parallel
to the & axis of the unit cell, generating a large Harker peak at (1/2,
1/2,1/2) in a low resolution (13 A) Patterson. The center of the
particle was, therefore, close to (1/4,1/4,1/4), using the unit cell
origin as defined in the International Tables for Crystallography (42).
A more precise particle position was determined in a translational
search around (1/4,1/4,1/4) using the known HRV14 atomic
structure as an approximate model. Calculation of the R factor as a
function of resolution showed that the resultant phases based on
HRV14 could be accepted to only 8 A resolution. The R factor had
a minimum (46 percent) at 12 A resolution. At very low resolution
the R factor was large (69 percent) due to poor solvent modeling,
and beyond 8 A resolution the R factor assumed a random value
(R > 54 percent).

Ten cycles of molecular replacement real-space averaging (35, 43,
44) at 8 A resolution, with the use of the icosahedral symmetry,
increased the correlation coefficient from 0.54 to 0.87 and decreased
the R factor from 54 to 23 percent. Features of the resultant electron
density map were consistent with expectations based on sequence
alignments (for example, deletion of part of the “puff’ in VP2).
Phases from 8 to 3 A were then determined by gradually increasing
the resolution in steps of one or two reciprocal lattice points at a
time. One or two cycles of phase improvement were performed at
cach resolution step, although 12 cycles were performed at 3.5 A
resolution prior to the detailed interpretation of the electron density
map (Fig. 4). Missing structure amplitude observations were substi-
tuted with calculated structure factors from each cycle of Fourier
back-transformation of the averaged density (45). (These calculated
amplitudes cannot be included in the evaluation of correlation
coefficients and R factors shown in Fig. 4.)

The electron density map of Mengo virus has a quality compara-
ble to that of HRV14 (Fig. 5). The gross polypeptide chain tracing
was established at 6 A resolution, based on knowledge of the
HRV14 structure. The detailed chain tracing and amino acid
identification were rapidly obtained with a mini-map at 3.5 A

Fig. 3. Alignment of Mengo virus and HRV14 sequences for VP1, VP2,
and VP3. Shown also is the alignment of major structural segments in the
shell domairis of SBMV and TBSV with Mengo virus and HRV14.
Horizontal bars indicate regions of structural alignments among VP1, VP2,
VP3, and the two plant virus coat proteins. Sequences given in lower case
letters have rio structural equivalences. Deletions are shown with — relative to
other sequences. A blank in the plant viruses indicates that a portion of the
sequence has been omitted from the alignments. An asterisk (*) indicates
residues in the pit (Mengo) or canyon (HRV14) lining or ligands for Ca**
binding (SBMV and TBSV). Sequences given in italic letters are disordered
in the x-ray structures. Sequences that are identical between HRV14 and
Mengo virus and between SBMV and TBSV have been boxed. Alignment of
sequences that have no structural equivalence is somewhat arbitrary.
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Table 1. Data used in structure determination. Number of unique observa-
tions (F* > 1o(F?)) and percentage of possible total.

Resolution Number Percentage
range (A) observed of possible
00 to 30 837 54
30 tl5 7,684 71
15 w10 21,239 72
10 to 75 40,196 70
75 to 5.0 157,716 67
50 to 35 396,425 62
35 to 3.0 263,549 46
3.0 to 2.75 87,801 19
275t0 2.6 19,634 3
Total 995,081 42
Number of film packs 143
R factor (%)* 11.21

where I, is the mean of the I,; observations of

2 > 1Ty = ) reflection /. The missing data are mostly unob-
*R=L % 100 served, since a full data set would require about
300 films with a 0.3° oscillation angle. The films

% Z Ini used in the data were chosen randomly for their

quality.

resolution. An atomic model was built into the 3.0 A resolution map
with the use of an Evans and Suthetland PS300 computer graphics
system and the FRODO program (46). The consistency of the
electron density map with the known amino acid sequence showed
that there was no bias from the initial 8 A resolution phasing model
based on the HRV14 structure.

Extension of the phases from 8 to 3.0 A represents the most
comprehensive use of the molecular replacement method to date.
Previous applications of phase extension at higher resolutions
include the results on HRV14 and poliovirus (5 to 3.0 A) and on
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Fig. 4. Correlation coefficients, C, for the phase extension from 8 to 3 A
resolution. The plot shows the last refinement cycle at a given resolution.
The definition for C is:

z (Fh,calc - <Fcalc)) (Fh‘obs - <Fobs>)
C= »

[; (Fh,calc - <Fcalc))2 %(Fh‘obs - <Fobs>)2]”2

Here Fj, cqc and Fj, ops are the calculated and observed striicture factors of
reflection 4, and () indicates their mean in local resolution shells.
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Fig. 5. Electron density sections, for (A) Mengo
virus and (B) HRV14, cut perpendicular to an
icosahedral twofold axis between 144 A and 135

from the particle center. The triangle has an
icosahedral fivefold at the top and icosahedral
threefolds at the sides, thus covering oné icosahe-
dral asymmetric unit. Note (A) the deep external
pit in Mengo virus and (B) the canyon in
HRV14.

hemocyanin (4.0 to 3.2 A) (47). The redundancy available for the
Mengo virus structure determination was 60-fold, whereas it was
only 20-fold for HRV14, 30-fold for poliovirus, and 6-fold for
hemocyanin. The power of the method can be shown to be
proportional to the square root of the redundancy (43, 48).

The structure of Mengo virus was solved without the use of
conventional isomorphous replacement techniques, with only the
atomic structure of a related virus being used as a starting model.
The success with Mengo virus suggests that ab initio determinations
for virus structures are likely to be successful even when there is no
available information on homologous structure. Indeed, low-resolu-
tion ab initio determinations have been performed for southern
bean mosaic virus (SBMV) (49) and polyoma virus (50).

Structure. The overall structure of Mengo virus resembles
HRV14 and poliovirus, although the latter are far more alike to
each other than they are to Mengo virus, as is consistent with
sequence comparisons (9). The largest differences occur in the
surface features of VP1 and the relocation of VP4. Each of the three
major capsid proteins VP1, VP2, and VP3 consist of an eight-
stranded antiparallel B-barrel (Fig. 6) as has been found in all other
known spherical RNA viruses (5, 12, 13, 51). These B-barrels are
wedge-shaped with the thin ends pointing to the fivefold or pseudo
sixfold axis in each case. The thin ends consist of four turns in the
polypeptide chain with the outside top corner being the first along
the chain between BB and BC, the second corner down from the
outside is the last along the polypeptide chain between BH and BI,
etc. (Fig. 6). The B-barrels have essentially the same orientation and
radius as those in HRV14 (Table 2) and are related by a pseudo
threefold axis. The 40 to 70 residues forming the amino terminal
arms of VP1 and VP3 as well as all of VP4 intertwine themselves on
the interior surface of the B-barrels, indicating the nature of the 65
protomeric assembly unit (3) (Figs. 1 and 7). The amino ends of
VP3 form a B cylinder (Fig. 8) around the fivefold axis, associating
five protomers corresponding to the 14S pentameric assembly units
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(Figs. 1 and 7) (3, 4). The five parallel B strands in the cylinder have
a right-handed twist.

The pentameric clusters of VP1 comprise an even larger propor-
tion of the surface area in Mengo virus than in HRV14 (Fig. 9)
because of a series of insertions in VP1 and deletions in VP2 and
VP3 (Fig. 6). The amino terminal arm of VP1 is ordered, but is
shorter by 32 residues than VP1 of HRVI14. The top corner
connecting BB and BC, equivalent to a neutralizing immunogen site
(NIm-IA) in HRV14, is foreshortened in Mengo virus. Two
protrusions, “loop I” and “loop II,” are inserted in Mengo virus at
the carboxyl end of BC in VP1, and fill the narrow part of the
canyon close to the VP2 puff present in HRV14. Loop II is the
most external peptide in Mengo virus, and five of the most external
residues (96 to 100) show signs of disorder. Mengo and HRV14
show greater similarity between oA and the carboxyl terminus of
VP1. Like the top corner, the third corner down (between BD and
BE) and the second corner down (between BH and BI) are rhuch
shorter in Mengo virus than in HRV14 VPI1. As a result, there
is a shallow depression (as opposed to the HRV14 protrusion) at
the fivefold vertices. There is an electron density peak on the fivefold
axis. The stereochemistry is consistent with this being a cationic
ligand chelated by the carbonyl oxygens of the fivefold-related
Pro'™® residues on the fourth corner down. A similar electron
density peak is observed in HRV14 associated with Asn'*! on the
third corner down. The last carboxyl terminal residue of VP1 which
can be seen in the electron density map is Pro®®. The remaining 15
to 18 residues (see below) are disordered and could form a mobile
region near the rim of the putative receptor binding “pit” or are
missing. Ziola and Scraba (52) determined that the carboxyl termi-
nal sequence of VP1 in purified virions is -Ala-Gly-Val-Leu?.
However, the carboxyl terminus of VP1 of Mengo virus and EMCV
produced and isolated from rabbit reticulocyte lysates was deter-
mined as -Val-Leu-Met-Leu-Glu?”’ (9), which would shift the
cleavage by three amino acids further along the polypeptide. This
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might indicate trimming of three residues in vivo after translation or  in Mengo virus and HRV14. The first ten residues of Mengo VP2
after assembly. (Fig. 6) are disordered. The Ser'® residue in VP2 of HRV14 was

The structures of Mengo virus VP2 and VP3 have a far greater  identified as a possible nucleophile required for the autocatalytic
similarity to HRV14 VP2 and VP3 than do the structures of VP1  cleavage of VPO into VP4 and VP2 during the encapsidation of

HRV14 Mengo Virus
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Fig. 6. Ribbon drawings of the three larger viral proteins VP1, VP2, and
VP3 for Mengo virus and HRV14. Each protein has the same wedge-  and deletions mostly at the ends of the 8 strands. The amino acid numbering
shaped, eight-stranded, antiparallel B-barrel but differs because of insertions  and secondary structural nomenclature is also shown.
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RNA by pentameric 14S assembly units (5-7). This residue is
homologous with Ser'' of Mengo virus VP2. Although Ser!! of
Mengo virus and Ser'® of HRV14 are in essentially the same
position, their side chains are oriented in different directions. The
electron density in this region is not as well defined in Mengo virus
as in HRV 14, yet it is consistent with the carboxyl end of VP4 being
close to Ser'! as required for autoproteolysis of VPO (5, 7). The first
seven amino terminal residues of VP2 are partially disordered. There
exists some electron density on and around the threefold axis, close
to Ser'! of VP2, which may be the position of amino terminal VP2
residues. The external VP2 puff, which is an insertion in the B-barrel
between BE and aB, is much shorter in Mengo virus than in
HRV14. The second turn of the a-helix within the puff is conserved
in Mengo virus, as is the strand that extends the B-sheet next to SC.
The neutralizing immunogen site NIm-II of HRV14, located on the
puff, is deleted from Mengo virus, but there is an insertion
immediately before aB that interacts with loop II of VP1 and also
helps to fill in the narrow part of the canyon as seen in HRV14.
The major difference in VP3 (Fig. 6) is that the “knob,” an
external insertion in BB, is mostly deleted in Mengo virus compared
to HRV14. It forms part of the “south” side (see 5) of the canyon in
HRV14; hence, its deletion in Mengo virus si%giﬁcantly alters part
of the putative receptor binding site. The Cys® and Cys® in VP3
form a right-handed disulfide bond within the distorted helix aAy,
near the base of the pit, an unusual Cys-X-Cys situation (53).
Residues 176 to 182, between BG and BH, also near the base of the
pit are disordered in VP3. This is a hypervariable region in the
comparison of Mengo virus, EMCV, Theiler’s virus, and HRV14.

Mengo Virus

Fig. 7. Pentameric 14S assembly unit as seen from the outside, showing the
course of VP4 represented by a ribbon in (A) HRV14 and (B) Mengo virus.
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In HRV14, there are three residues deleted and the structure is
ordered. They are in the base of the pit close to the disulfide bond.
The four residues at the carboxyl end of VP3 are differently situated
in Mengo virus compared to HRV14. Unlike HRV 14, they do not
form part of the lining of the putative receptor binding cavity.

The first 13 residues of VP4 in Mengo virus are mostly disordered
as are residues 59 to 70. There is some density, close to Ser!! of
VP2, which could correspond to the four carboxyl terminal residues
of VP4, but could be the four amino terminal residues of VP2.
While the carboxyl termini of VP4 for HRV14 and Mengo have
roughly the same interactions with VP2, the remainder of the chain
exhibits an entirely different topological relation with respect to the
other three major capsid proteins. In HRV14, VP4 is associated
primarily with peptides from only one protomer, running essentially
from the fivefold to the threefold axis. However, in Mengo virus
VP4 begins near the fivefold axis of one protomer, interacts
extensively with the amino terminus of VP3, and ends near the
amino terminus of a VP2 in the neighboring, fivefold anticlockwise
related, protomer (Fig. 7). VP4 is far more exposed to RNA in
Mengo virus than in rhino- or poliovirus. Most parts of the amino
ends of VP1 and VP3 are protected from RNA interaction. Because
of (i) the amino terminal deletion of 34 residues in VP1 of Mengo
virus relative to HRV14, (ii) the disorder of the carboxyl end of
VP1, (iii) the change in direction of the carboxyl end of VP3, and
(iv) the altered course of VP4, the interactions within a protomer of
Mengo are somewhat less than in HRV14. Conversely, the interac-
tions among protomers within a pentamer are enhanced relative to
those in HRV14.

accurate stereoscopic view is rendered on the computer graphics for (C)
HRV14 and (D) Mengo virus by cutting away all the B-barrels, leaving only
The 6S protomer units within the pentamer are shown in thicker outline. An  the amino ends of VP1 (blue), VP3 (red), and the whole of VP4 (purple).
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Fig. 8.
stranded p:
of VP3 about each icosahedral fivefold axis.

HydroFcn bonding arrangement in five-
arallel B cylinder made by the amino ends

Receptor binding site. The canyon region of HRV14, which has
been identified as the putative receptor binding site (5), is substan-
tially different in Mengo virus. Half of the canyon is filled in by the
additional two loops (loops I and II) in VP1 and the modified puff
of VP2. This leaves a 22 A deep and 30 A wide pit (Fig. 6),
corresponding roughly to the widest section of the canyon in
HRV14. Because of the disorder of the carboxyl terminus of VP1,
the change in position of the carboxyl terminus of VP3, and the
deletion of part of the knob of VP3, the Mengo virus residues lining
the pit are mostly different from those lining the canyon in HRV14.
The pit also contains the seven disordered residues (176 to 182) of
VP3. The residues lining the walls of the pit (Fig. 3) are donated
about equally by VP1 and VP3, whereas the HRV14 canyon is
lined primarily by residues from VP1 (Fig. 3). The base of the pit is
formed almost exclusively by residues from VP3 whose structure is
more conserved than VP1.

Although the structural motifs of many animal, plant, and insect
RNA icosahedral viruses are based on the same pseudo T = 3
organization of B-barrels, the surface features are quite different.
The deep depressions on the HRV14 and Mengo virus surfaces are
quite remarkable and unlike the surfaces of plant [tomato bushy
stunt virus (TBSV) and SBMV] and insect (12) viruses. Viruses of
vertebrates must contend with the immune defense system of the
host. The canyon and pit structures of HRV14 and Mengo virus,
respectively, may thus provide a viable receptor binding site inacces-
sible to host antibodies (Fig. 2). The difference between the
HRV14 canyon and the Mengo virus pit may reflect differences in
recognition and binding of their respective- host cell receptors.
Amino acid differences between EMCV and Mengo virus and, in
particular, Theiler’s virus and Mengo virus are on the surface of the
virus, but with residues lining the pit (apart from the disordered
section in VP3) remarkably well conserved. It is possible, therefore,
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Flg. 9. Space-filling external view of (A) Mengo virus and (B) HRV14. Color code: VP1
(blue), VP2 (green), VP3 (red).

that the cardioviruses all use the same, or very similar, cellular
receptors. Tissue specificity is perhaps controlled by differential
stability of the virion, the flexible polypeptide in the pit or other
factors.

Potential immunogenic sites. Neutralizing immunogenic (NIm)
sites have been identified for HRV14 (54, 55) and polio (15) by
screening for escape mutants to neutralizing monoclonal antibodies.
The four types of NIm sites on HRV14 (60 of each type on the
virion) occur at the most exposed and external parts of the capsid.
They also correspond to hypervariable regions among rhino- and
poliovirus sequences.

No specific information is available for Mengo virus about the
positions of neutralizing immunogens, although Lund et al. (17)
have shown, using polyclonal antibodies, that only isolated VP1 and
VP2 induce the production of neutralizing antibodies. The structure
shows only one type of extensive protrusion (or 60 per virion)
consisting of the top corner (residues 58 to 64), loop I (residues 78
to 83), loop II (residues 93 to 105) in VP1, and the puff (residues
157 to 162) of VP2. These residues are positioned at a radius
between 150 A and 163 A, whereas no other parts of the virus
extend to a radius greater than 150 A. Furthermore, these loops are
in regions that correspond to the greatest frequency of changes
between Mengo virus, EMCV, and Theiler’s virus. Hence, this
protrusion may represent the immunodominant NIm site on Mengo
virus.

The site of binding for antiviral compounds. The binding site
of two antiviral compounds, WIN 51711 and WIN 52084 (devel-
oped by the Sterling-Winthrop Research Institute), which inhibit
uncoating after host cell membrane penetration has been determined
on HRV14 (56). These compounds consist of an isoxazole group
(I) connected by a seven-membered aliphatic chain to an oxazolinyl
phenol group (OP). The I group inserts itself into a hydrophobic
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Table 2. Comparison of proteins.

Number Percentage of
Comparison Protein 1* Protein 2 \(,fl:l?:; d equivalences r?‘}f; MBC/CH (c‘i(e§g) (ﬁ)
residues Protein 1 Protein 2
Benchmarks Hb(B) Hb(a) 139 95 99 1.9 —
GAPDH(NAD) LDH(NAD) 96 65 67 29 1.24
T4L HEWL 78 48 60 4.1 1.53
Plant viruses SBMV(C) TBSV(C) 176 84 93 2.2 1.13 3.1 0.4
HRV14vs. Mengo ~ VP1 (HRV14) VP1 (Mengo) 181 (150)I1 63 (64) 65 (61) 2.6 1.22 1.7 1.4
VP2 (HRV14) VP2 (Mengo) 215 (173) 82 (83) 84 (81) 1.9 0.88 1.7 0.3
VP3 (HRV14) VP3 (Mengo) 219 (178) 93 (91) 95 (94) 1.6 1.10 L5 0.5
HRV14 VP1 (HRV14) VP3 (HRV14) 168 58 71 3.7 1.34
VP2 (HRV14) VP3 (HRV14) 152 58 64 2.8 1.23
VP1 (HRV14) VP2 (HRV14) 124 43 47 32 1.27
Mengo VP1 (Mengo) VP3 (Mengo) 156 56 68 31 1.27
VP2 (Mengo) VP3 (Mengo) 146 57 63 2.8 1.34
VP1 (Mengo) VP2 (Mengo) 125 45 49 3.1 1.19
HRV14 vs. SBMV VP1 (HRV14) SBMV(A) 123 43 59 3.3 1.42 35 2.5
VP2 (HRV14) SBMV(C) 134 51 64 2.8 1.40 19.1 1.1
VP3 (HRV14) SBMV(B) 136 58 65 2.6 1.34 15.3 0.6

*Abbreviations: Hb(a) and Hb(B) are the a and B chains of horse hemoglobin. GAPDH(NAD) and LDH(NAD) are the NAD binding domains of glyceraldehyde-3-phosphate
dehydrogenase and lactate dehydrogenase. T4L and HEWL are the T4 phage and hen egg white lysozyme. SBMV and TBSV are southern bean mosaic and tomato bushy stunt vi-

ruses. Letters in parentheses refer to the A, B, and C subunits.
change per codon between equivalenced residues.
obtain the best superposition.

pocket in the interior of the VP1 B-barrel of HRV14 while the OP
group blocks a “pore” in the base of the canyon.

The WIN antiviral agents do not bind to Mengo virus or EMCV
and, hence, do not inhibit infection. Loops I and II of VP1 in
Mengo virus fill the part of the canyon containing the pore, thus
sterically hindering the entry of the antiviral compounds into the
VP1 binding site. Although the pore is blocked in Mengo virus, the
cavity within the VP1 B-barrel has sufficient space for the binding of
the WIN compounds. The occurrence of such a large cavity lined
with hydrophobic residues in VP1 of Mengo virus, rhinovirus, and
poliovirus suggests that it might be a functional requirement for the
disassembly of these viruses.

Evolution. Three-dimensional biological structures are generally
conserved over far longer time spans than primary protein sequences
and can, therefore, be used for alignment when amino acid se-
quences have diverged greatly, making their alignment by use of
sequence alone difficult or impossible (57). The major variations in
homologous structures usually correspond to deletions and inser-
tions while maintaining the essential polypeptide folding motif. The
Mengo virus and rhinovirus capsid structures were superimposed on
one another by the techniques developed by Rossmann ez al. (58—
60). Structural comparisons also permitted the alignment of VP1,
VP2, and VP3 to each other (Fig. 3 and Table 2).

The structural superpositions gave not only the amino acid
alignments but also the relative orientation and position of the viral
proteins in the capsid (Table 2). The alterations between the
quaternary structure of Mengo virus and HRV14 are negligible, as
are also those between the two T = 3 plant viruses (TBSV and
SBMYV). However, there are significant changes between the plant
and picornaviruses in the relative arrangement of their capsid proteins,
amounting up to 19° rotation and 2.5 A translation (Table 2).

Table 2 provides three benchmarks that show the degree of
similarity of other related proteins (61). These have, like the viral
proteins, functional and structural similarity to each other. The large
number of similar characteristics of these proteins is now generally
accepted as being, most probably, the result of divergent evolution
(61). Similarities among the Mengo, rhino-, and plant virus capsid
proteins are not as great as between the a and B chains of
hemoglobin, but are equal to or greater than those of the other two
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frms (A) is the root-mean-square deviation between equivalenced Ca atoms.
§k° and A (A) is the rotation and translation of the center of gravity of the protein subunit relative to the icosahedral axes to
|INumbers in parentheses refer to the superposition of B-barrel domain only.

$MBC/C is the minimum base

benchmark comparisons. Hence, it seems most probable that the
various picornaviruses and 7' = 3 RNA plant viruses evolved from a
common ancestor. Argos ¢t al. (62) suggest that such a precursor
may have been related to an ancient receptor binding protein such as
the lectin concanavalin A, which also has the same fold (62). The
observation by Roberts ¢t al. (63) that the hexon unit of the DNA-
containing adenovirus includes two distinct B-barrels similar to the
viral protein of the plant and animal RNA viruses may also have a
bearing on the origin of these and other viruses, as may also the
similarity of the globular component of the hemagglutinin spike of
influenza virus (64).

In general, there is greater structural similarity between equivalent
viral capsid proteins of Mengo virus and HRV14 than there is
between the different viral capsid proteins of either Mengo virus or
HRV14. Thus, VP1, VP2, and VP3 most likely diverged from
each other (the primordial picornavirus) before the polyprotein of
Mengo virus diverged from that of HRV14.

Figure 3 highlights the identical residues within the aligned
Mengo and rhinovirus structures, as well as the identical residues of
SBMV and TBSV. The conserved residues among the picornavirus-
es tend to be crowded into the interior of the B-barrels and away
from the viral surface, whereas the conserved residues between the
plant viruses are more uniformly distributed throughout the parti-
cle. This distribution might reflect selection pressure imposed on
picornaviruses by the host’s immune system, which demands that
the viral surface be under constant flux for the virus to escape
neutralization. Similarly, the greatest differences between Mengo
and rhinovirus occur in VP1, the most external protein.

The alignments in Fig. 3 exhibit features presumably characteris-
tic of picornaviruses and perhaps of B-barrel virus capsid proteins in
general. The B-sheet regions tend to have particularly hydrophobic
residues in alternating positions as these form the internal portion of
the B-barrels. The corners at the wedges’ ends are dominated by
small-sized residues typical of turn regions and there is an especially
well-conserved region near the end of BE. Since Mengo virus has
greater similarity to FMDV and hepatitis A virus than does
rhinovirus or poliovirus (9), the alignment of Mengo virus and
rhinovirus sequences (Fig. 3) permits greater certainty in the
alignment of other picornaviruses.
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