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Summary

Cryoelectron microscopy has been used to determine the first structure of a virus when complexed

with its glycoprotein cellular receptor. Human rhinovirus 16 (HRV16) complexed with the two

amino-terminal, immunoglobulin-like domains of the intercellular adhesion molecule-1 (ICAM-1)
shows that ICAM-1 binds into the 12A deep “canyon” on the surface of the virus. This is
consistent with the prediction that the viral receptor attachment site lies in a cavity inaccessible to
the host's antibodies. The atomic structures of HRV 14 and CD4, homologous to HRV16 and
ICAM-1, showed excellent correspondence with observed density, thus establishing the virus-

receptor interactions.

Introduction

Human rhinoviruses are one of the major causes of the common cold. They, like other
picornaviruses, are icosahedral assemblies of 60 protomers that envelope a single, positive-
sense strand of RNA. Each protomer consists of four polypeptides, VP1-VP4. The three
external viral proteins (VP1-VP3) each have an approximate molecular weight of 30 000
and a similar folding topology [12, 29]. The external viral radius is ~150 A and the total
molecular weight is roughly 8.5 x 100. A surface depression, or canyon, that is about 12 A
deep and 12-15 A wide, encircles each pentagonal vertex (Fig. 1c). Residues lining the
canyon are more conserved than other surface residues among rhinovirus serotypes [28].
The most variable surface residues are at the sites of attachment of neutralizing antibodies
[29, 31]. It has been proposed that the cellular receptor molecule recognized by the virus
binds to conserved residues in the canyon, thus escaping neutralization by host antibodies
that are too big to penetrate into that region. This hypothesis [27, 29] is supported by site-
directed mutagenesis of residues lining the canyon which alters the ability of the virus to
attach to HeLa cell membranes [5]. Also, conformational changes in the floor of the canyon,
produced by certain antiviral agents that bind into a pocket beneath the canyon floor, inhibit
viral attachment to cellular membranes [26]. Conservation of the viral attachment site inside
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a surface depression has been observed for Mengo [14] and influenza virus [38]. On the
other hand, Yeates et al. [40] suggest that for a mouse adapted poliovirus, which has ~36%
amino acid identity in VP1, the canyon hypothesis may not be applicable.

There are well over 100 human rhinovirus serotypes, which can be divided into roughly two
groups according to the cellular receptor they recognize [1]. The structures of human
rhinovirus 14 (HRV14) [29] and HRV 16 [25a], which belong to the major group of
serotypes, and of HRV1A [13], which belongs to the minor group of serotypes, have been
determined. There are at least 78 serotypes [36] that bind to intercellular adhesion
molecule-1 (ICAM-1), the major group rhinovirus receptor [10, 34]. The ICAM-1 molecule
has five immunoglobulin-like domains (D1 to D5 numbered sequentially from the amino
end), a transmembrane portion, and a small cytoplasmic domain [33]. Domains D2, D3 and
D4 are glycosylated. Unlike immunoglobulins, ICAM-1 appears to be monomeric [34].
Mutational analysis of ICAM-1 has shown that domain D1 contains the primary binding site
for rhinoviruses as well as the binding site for its natural ligand, lymphocyte function-
associated antigen-1 (LFA-1) [20, 23, 35]. Other surface antigens within the
immunoglobulin superfamily that are utilized by viruses as receptors include CD4 for
human immunodeficiency virus-1 [6, 15], the poliovirus receptor [25], and the mouse
coronavirus receptor [39]. In ICAM-1, in the poliovirus receptor [8, 16], and in CD4 [2] the
primary receptor-virus binding site is domain D1. The structures of the two amino-terminal
domains of CD4 have been determined to atomic resolution [30. 37]. Truncated proteins
corresponding to the two amino-terminal domains of ICAM-1 (tICAM-I(185)) as well as the
intact extracellular portion of [CAM-1 (tICAM-1(453) or domains D1 to D5) have been
expressed in CHO cells [11]. The desialated form of tICAM-1(185), which will be referred
to hereafter as molecule D1D2, has recently been crystallized [17].

The attachment of rhinovirus to the receptor molecule at the cell surface is only the first step
of virus uncoating. Subsequent to binding receptor, virus is apparently internalized by
receptor-mediated endo-cytosis and enters the endosomal compartment. Productive
rhinovirus uncoating and infection requires an intracellular low pH step [21]. In vitro, low
pH treatment will convert rhinovirus to both 135S (missing VP4) and 80S (missing VP4 and
RNA) subviral particles [18]. A number of studies have shown that poliovirus can be
conformationally altered to a 135S form upon interaction with its receptor, and rhinovirus
can be converted to an 80S empty capsid by incubation in the presence of soluble ICAM-1
[11]. Thus, both virus-receptor binding and low pH (presumably in the endosomal
compartment) appear to play active roles in the controlled disassembly of virus during
uncoating, although the relative contributions of these two factors and their temporal

relationship in vivo are unclear.

A model of the amino-terminal domain D1 of ICAM-1, based on its homology to known
structures of the constant domains of immunoglobulins, was reported by Giranda et al. [9].
Guided by mutational studies of HRV14 and ICAM-1, they were able to fit this model into
the known canyon structure of HRV14. We have utilized cryoelectron microscopy and
image analysis techniques to calculate a three-dimensional reconstruction of the complex of
HRV16 and D1D2 to ~28 A resolution. The reconstruction clearly shows that the receptor
binds into the canyon of rhinovirus as predicted [27, 29]. In addition, we use the known
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structures of HRV14 and CD4 and the predicted structure of D1 of ICAM-1 to identify
atomic interactions.

Structure of the virus: receptor model

Complexes between HRV16 and ICAM-1 D1D2 were prepared by incubating a 3.3 mg/ml
solution of HRV 16 with a 6.6 mg/ml solution of D1D2 for ~16 hours at 34°C. Under these
conditions, saturated complexes of HRV16 with D1D2 can be generated, with
approximately 60 moles of D1D2 per mole of virus. HRV 14 could also form complexes,
although these rapidly broke down to empty capsids (Hoover-Litty and Greve, in prep.) and
electron micrographs of such specimens revealed severely disrupted particles in a
background of protein. HRV16 complexes with D1D2 or with the complete D1 to D5
extracellular domain fragment were both used in the investigation. We present here only the
results obtained on the HRV16:D1D2 complex.

Forty-four electron micrograph images for unstained HRV16:D1D2 complex were
combined to compute a three-dimensional reconstruction (Fig. 1d) with an effective
resolution of ~28 A [3]. The density value of the D1D2 feature in the reconstruction was
roughly the same as the density of the virion capsid, thus indicating that the D1D2
molecules nearly saturated the 60 available sites on the virion. The position of the ICAM
relative to the icosahedral symmetry axes of the virus is unambiguous. Each D1D2 molecule
has an approximate dumbbell shape, consistent with the presence of a two-domain structure.

A difference map between the EM model and the 20 A HRV14 model was computed (Fig.
2). The difference map showed that the D1D2 molecule binds to the central portion of the
canyon in a manner roughly as predicted by Giranda et al. [9], confirming the predictions
inherent in the canyon hypothesis [27]. The D1D2 molecule is closely associated with the
“southern” (see Fig. 3) wall and rim of the canyon, extending 10 A to 12 A into the canyon.
The binding site is near the center of the triangle formed between a fivefold and two
adjacent threefold axes (Fig. 3). The ICAM fragment is oriented roughly perpendicular to
the viral surface and extends to a radius of ~205 A. Its total length is ~75 A as measured in
the difference map.

Studies with interspecies chimeras and site-directed mutagenesis of ICAM-1 aimed at
identifying the regions necessary for rhinovirus binding indicated that only the first domain
is essential, and that the residues most involved in virus binding were concentrated on the
outside end of domain D1 [23, 25]. However, it has proven difficult to produce an active
form of domain D1 in solution, domains D1 + D2 being the minimal soluble virus-binding
species [11]. The inability to produce domain D1 in isolation and the sequence alignment
between ICAM-1 and CD4 suggested that domains D1 and D2 of ICAM-1 are intimately
associated through a common, extended [3-strand as is seen in the structure of CD4 [30, 37].
Thus, it seemed reasonable to use the known structures of CD4 for fitting the reconstructed
density map (Fig. 2), although there was slightly too little density for domain D1 and too
much density for D2. A better assessment of the fit of domain D1 to the density was
obtained by taking the predicted D1 structure of ICAM-1, including all side chains, and
superimposing it onto the fitted C, backbone of CD4. One major difference is that although
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domain D1 of CD4 resembles a variable, immunoglobulin-like domain with two extra -
strands, the ICAM-1 prediction is based on a more likely analogy to an immunoglobulin
constant domain. This gives domain D1 of ICAM-1 a sleeker appearance, consistent with
the observed difference density (Fig. 2a). The extra density in D2 (in the region furthest
away from the virus (Fig. 2a)) compared to D2 of CD4 is probably due to the associated
carbohydrate groups that are located in this region.

The atomic structure of HRV 14 closely matched the reconstructed density that was not
occupied by the D1D2 fragment. The only exception occurred in the BC loop of VP1 of
HRV 14 (see Fig. 2), which extended about 3 A outside the reconstructed density on the
“northern” rim of the canyon. However, this region of the polypeptide chain is a highly
variable structure and is the site of one of the two largest conformational differences
between HRV14 and HRV 1A [10]. Furthermore, it is also the site of major differences in the
structures of homologous poliovirus serotypes 1 and 3 [7].

We describe here the first structure of a virus-receptor complex in which the receptor is a
membrane-bound glycoprotein molecule that is used by a virus for recognition of a specific
host tissue for attachment and subsequent entry. This receptor molecule belongs to the
immunoglobulin superfamily, a class of molecule frequently employed on cell surfaces for
the recognition of other molecules (or recognized by viruses) that are subsequently
transferred across the membrane.

Since the general nature of the complex described here had been predicted on the basis of
the strategy used by HRV to hide its receptor attachment site, perhaps many other viruses
use a similar strategy. Poliovirus is clearly homologous to HRV, and both poliovirus [25]
and the major rhinovirus group use an immunoglobulin-like molecule as receptor. Thus, it
would be expected that the poliovirus receptor binds into the poliovirus canyon in a manner
similar to that of the complex formed for rhinoviruses [8]. The structure of a mouse-adapted
chimera of human poliovirus 2 has been determined [40]. The major structural change
occurs in the chimera in the BC loop, not in the canyon floor. In this instance, therefore, the
BC loop might modulate the virus-receptor interaction. Knowledge of the virus-receptor
interaction will illuminate various strategies currently being developed to interfere with
early stages of rhinoviral and other viral infections [11, 22, 24].
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Fig. 1.

Cryoelectron microscopy of HRV 16 particles and their complex with D1D2. a Native
HRV16. b HRV16:D1D2 complex. D1D2 molecules (the two amino terminal domains of
ICAM-1) are seen edge-on at the periphery of the virions (large arrow), or end-on in

projection (small arrow). Cryoelectron microscopy was performed essentially as described
by Cheng et al. [4] with images recorded at a nominal magnification of 49000X and with an
electron dose of ~20e/A2. ¢ Schematic diagram of HRV showing the icosahedral symmetry,
subunit organization and canyon (shaded). Thick lines encircle five protomers of VP1, VP2
and VP3. The fourth viral protein, VP4, is inside the capsid. d Stereoview of the
reconstruction of the HRV16:D1D2 complex, viewed along an icosahedral twofold axis in
approximately the same orientation as in €. Sixty D1D2 molecules are bound to symmetry-
equivalent positions at the twelve canyon regions on the virion. The reconstruction was
modified to correct for defocus and amplitude contrast effects present in the original
micrographs (Cheng, submitted). € Shaded-surface view of HRV14, computed from the
known atomic structure [1], truncated to 20 A resolution. The triangular outline of one
icosahedral asymmetric unit corresponding to that in C is indicated. Bar = 500 A (a,b); 200
A (d,e)
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Fig. 2.
a Stereo diagram showing the fit of the CD4 structure into the difference density between

the HRV16:D1D2 reconstruction (Fig. 1d) and the X-ray map of HRV14 (Fig. le). A radial
scale factor was first determined to slightly adjust the EM model to the accurate dimensions
of the X-ray model. The difference electron density has been fitted with the CD4 amino-
terminal two-domain structure. A cross-sectional view of the HRV 14 structure is also shown
outside the ICAM-1 difference density. The additional strands fC” and BC” in D1 of CD4
compared to ICAM-1 lie outside the difference density, b A diagrammatic drawing [19] of
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the structure shown in a. Secondary structural elements of the CD4 fragment and of HRV 14
(homologous structures used to represent ICAM-1 and HRV 16, respectively) are identified
by the standard nomenclature. The N and C termini of VP1 are also marked

Arch Virol Suppl. Author manuscript; available in PMC 2014 August 21.



1duosnue N Joyny Vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Rossmann et al.

Page 11

E1095

S1241 = T1211 S1241 = T1211 —

Ly

- |
K2143 E1210 K2143 E1210 ’D

Fig. 3.
Top: View of the icosahedral asymmetric unit bounded by adjacent five- and threefold axes,

outlining residues on the viral surface. Shown are the limits of the canyon, arbitrarily
demarcated by a 138 A radial distance from the viral center [28], and the ICAM-1 footprint
(stippled). Improved resolution of the electron density could only marginally alter the HRV
residues at the virus:receptor interface. Left and right: Enlarged view of the residues in the
ICAM-1 footprint showing (right) the residues which, when mutated, affect viral attachment
[5], and (left) the residues altered in structure by the binding of antiviral compounds that
inhibit attachment and uncoating [32]
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