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The very-low-density lipoprotein receptor (VLDL-R) is a receptor for the minor-group human rhinoviruses
(HRVs). Only two of the eight binding repeats of the VLDL-R bind to HRV2, and their footprints describe an
annulus on the dome at each fivefold axis. By studying the complex formed between a selection of soluble
fragments of the VLDL-R and HRV2, we demonstrate that it is the second and third repeats that bind. We also
show that artificial concatemers of the same repeat can bind to HRV2 with the same footprint as that for the
native receptor. In a 16-Å-resolution cryoelectron microscopy map of HRV2 in complex with the VLDL-R, the
individual repeats are defined. The third repeat is strongly bound to charged and polar residues of the HI and
BC loops of viral protein 1 (VP1), while the second repeat is more weakly bound to the neighboring VP1. The
footprint of the strongly bound third repeat extends down the north side of the canyon. Since the receptor
molecule can bind to two adjacent copies of VP1, we suggest that the bound receptor “staples” the VP1s
together and must be detached before release of the RNA can occur. When the receptor is bound to neighboring
sites on HRV2, steric hindrance prevents binding of the second repeat.

Human rhinoviruses (HRVs) belong to the Picornaviridae
family and are the most frequent cause of the common cold.
They have an icosahedral capsid that is only 300 Å in diameter.
The capsid is composed of 60 copies each of four viral-coat
proteins—VP1, VP2, VP3, and VP4—arranged on a T�1 or
P�3 (pseudo-T�3) icosahedral lattice (31). VP1 has a hydro-
phobic pocket, or hollow, which is accessible from the exterior
and located at the base of the canyon, a depression that en-
circles the fivefold axes of symmetry. The pocket is frequently
occupied by a natural pocket factor, a fatty acid-like molecule
that is believed to stabilize the virus during its spread from cell
to cell (12). Several antiviral capsid-binding compounds, which
inhibit rhinoviral infection, have been described previously (2).
Due to higher affinity, they replace the natural pocket factor
and render the capsid more resistant to uncoating (33).

The HRVs are classified into two groups depending on
their cellular receptors. The intercellular adhesion molecule
1 (ICAM-1) is the receptor for the major group (36), and
members of the low-density lipoprotein receptor (LDL-R)
family act as receptors for the minor group (16). The bind-
ing sites of ICAM-1 on the major-group HRV16 and
HRV14 have been located at the base of the canyon by
Kolatkar et al. and Olson et al. (20, 28) by using cryoelec-
tron microscopy and X-ray crystallography. Employing the

same techniques, we recently located the binding site of the
very-low-density lipoprotein receptor (VLDL-R) on the mi-
nor-group HRV2 (15). A model of the complex was pro-
duced by combining the cryoelectron microscopy map, the
atomic structure of HRV2, and similarity-based structures
of the three VLDL-R repeats. The footprint of the VLDL-R
on HRV2 lies on an annulus on the dome at the fivefold
axes. It does not overlap the footprint of ICAM-1 in the
canyon, nor does it overlap the entrance to the hydrophobic
pocket of VP1 located at the base of the canyon (15).

The VLDL-R is a member of the LDL-R family of cell
surface receptors, which mediate the transport of structurally
and functionally diverse protein ligands into cells by receptor-
mediated endocytosis. The VLDL-R consists of eight imper-
fect ligand-binding repeats of approximately 40 amino acids at
its N terminus, followed by an epidermal growth factor pre-
cursor domain, an O-linked sugar domain, a transmembrane
segment, and a cytoplasmic domain containing coated-pit in-
ternalization signals (Fig. 1). Each ligand-binding repeat forms
a cage containing a Ca2� ion and six cysteine residues that
form three disulfide bridges (10). These rigid ligand-binding
domains are linked by four to five amino acids that confer
some flexibility. This was indicated by nuclear magnetic reso-
nance analysis of concatemers of repeats 1 to 2 and of repeats
5 to 6 of the LDL-R, which suggested that the repeats could
move almost independently from each other (22, 26). Combi-
nations of several repeats are probably necessary for ligand
recognition, as single repeats alone do not bind any of the
natural ligands (1). Based on visualization of vesicle-reconsti-
tuted LDL-R by cryoelectron microscopy, Jeon and Shipley
(18) proposed that the two N-terminal repeats of LDL-R fold
back onto the fourth and fifth repeats, with the third repeat
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being on the apex of the turn. However, the packing arrange-
ment of VLDL-R is not known. The LDL-Rs appear to bind
their ligands by electrostatic interactions of their negatively
charged ligand-binding domains (4, 9), although some of the
carboxylates previously thought to be exposed actually point
inward, thereby chelating the Ca2� ion (10).

The differences in the receptor-binding site of the major-
and minor-group HRVs correlate well with the differences in
their biochemical properties. The presence of hydrophobic
antiviral compounds in the VP1 pocket modifies the canyon
floor of certain major-group HRVs and so inhibits receptor
binding (33). In contrast, receptor binding of the minor-group
HRV1A is not affected by the presence of these compounds
(19), a fact that is in accord with the absence of interaction
between the LDL-R and the entrance to the hydrophobic
pocket of VP1. Also, binding of ICAM-1 to major-group
HRVs serves to catalyze uncoating (11, 17), while binding of
the LDL-R to the minor-group HRVs does not directly initiate
uncoating—which occurs after internalization in the low-pH
environment of the late endosomes (29). For major-group
HRVs, Kolatkar and colleagues (20) proposed a two-step entry
mechanism in which the ICAM-1 first binds to one side of the
canyon. Then, by expelling the natural pocket factor from the
VP1 pocket, ICAM-1 binds to the other side of the canyon as
well, thus causing a hinge movement of VP1 that opens a
channel on the fivefold axis. Since the LDL-R does not interact
with the base of the canyon, no such mechanism involving a
competition between binding of the pocket factor and the
LDL-R can be invoked. It was proposed (13) that the pocket
factor is expelled in the low-pH (i.e., �5.6) conditions of the
late endosome, thus allowing a movement of VP1 that results
in the opening of a channel on the fivefold axes to allow the
RNA to exit. The role of the LDL-R is seen as attaching the
virion to the host cell for internalization.

Based on the similarity-based model of the complex between

HRV2 and a recombinant soluble VLDL-R fragment that en-
compasses repeats 1 to 3 (V123), it became clear that only two
of the three VLDL-R repeats are attached per asymmetric unit
of HRV2 (15). Simultaneous binding of repeats 1 and 3 could
be excluded, since this would result in immobilization of repeat
2, thereby making it visible in the map; this was not the case.
However, it was not possible to distinguish between the attach-
ment of repeats 1 and 2 or 2 and 3 (Fig. 2). With the aim of

FIG. 1. Schematic model of human VLDL-R and the recombinant minireceptors studied. Numbers refer to individual repeats and amino acids
(top). (A through C) Epidermal growth factor-related cysteine-rich repeats. MBP was fused to the amino terminus and a hexa-His tag to the
carboxy terminus. In the case of V123, MBP was removed by cleavage with factor Xa.

FIG. 2. Schematic diagrams of the two possible models for the
binding of V123 on HRV2 proposed by our previous work (15) with V1
and V2 bound (A) and with V2 and V3 bound (B). Schematic diagram
of the possible steric interference of the hexa-His tag and MBP for the
binding of the minireceptors (C). For example, binding of the receptor
or of a repeat can be prevented if the MBP physically interferes.
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identifying the repeats that are in contact with HRV2, we
determined the structures of virus-receptor complexes for
eight different soluble fragments of the VLDL-R—including
concatemers composed of multiple copies of repeat 3 (sum-
marized in Fig. 1; Moser et al., unpublished data). Also, in
order to better define the HRV2-receptor interaction and to
determine the individual footprint of each repeat, we used a
field emission gun (FEG) cryoelectron microscope to improve
the resolution of the HRV2-MBP-V123 reconstruction.

MATERIALS AND METHODS

Preparation and purification of HRV2. HRV2 was grown in Rhino-HeLa cells
in suspension culture and purified as described previously (32) with minor mod-
ifications (described in reference 15). Purified HRV2 was suspended in 50 mM
Tris-HCl (pH 7.4) at a concentration of about 4 mg/ml as determined by capillary
electrophoresis (27).

Preparation and purification of the VLDL-R fragments. Recombinant VLDL
minireceptors that encompassed different ligand-binding repeats were cloned
into a pMAL-c2x vector (New England BioLabs) with a maltose binding protein
(MBP) fused to the N terminus and a hexa-His tag fused to the C terminus. The
receptor fragments were then purified over Ni-nitrilotriacetic acid columns (Qia-
gen), oxidized, and folded in the presence of glutathione S-transferase–receptor-
associated protein immobilized on Sepharose as described previously (30). Cor-
rectly folded protein remained bound to the resin and was eluted with 1 N NH3

in 0.5� Tris-buffered saline–2 mM CaCl2. Ammonia was removed in a Speedvac
concentrator, and, in parallel, the volume was reduced by a factor of 2. V111 did
not bind to glutathione S-transferase–receptor-associated protein, and this step
was therefore omitted. Samples were further purified by size exclusion chroma-
tography on S200 Superdex by using a fast-pressure liquid chromatography
system from Amersham Pharmacia. For preparation of the receptor fragment
without MBP, the material was cleaved with factor Xa (New England BioLabs)
as described previously (15).

Calcium binding assay. Approximately 1 �g of MBP-V111 or MBP-V123 was
run on an SDS–12% polyacrylamide gel in the absence or presence of reducing
agent and transferred electrophoretically onto a polyvinylidene difluoride mem-
brane by using 25 mM Tris-HCl, 195 mM Glycin (pH 7.5), and 20% methanol in
a semidry-blotting apparatus. The membrane was then washed two times for 20
min each with 10 ml of (15 mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM MgCl2)
supplemented with 10 mM EDTA followed by washing with blotting buffer
(without EDTA). The membrane was then incubated with 10 �Ci of 45CaCl2
(Amersham Pharmacia) in 5 ml of blotting buffer for 20 min. After washing two
times with blotting buffer, the membrane was air dried and exposed to Kodak
X-ray film overnight. Blotting with 35S-labeled HRV2 was carried out as de-
scribed previously (29).

Preparation of complexes of HRV2 and the VLDL-R fragments. HRV2 and
Vi-j or MBP–Vi-j were incubated at a molar ratio of approximately 1 to 120 for
1 h at 4°C to form stable complexes. The quantities employed for each complex
are summarized in Table 1. The cryoelectron microscope specimens of the
complex were prepared immediately without additional concentration.

Preparation of frozen hydrated specimens. Frozen hydrated specimens were
prepared on holey carbon grids as previously described (14). Samples of the
virus-receptor suspension (3 �l) were applied to grids, blotted immediately with
filter paper for 1 to 2 s, and rapidly plunged into liquid ethane cooled by nitrogen
gas at �175°C. Specimens were photographed at a temperature close to �175°C
by using an Oxford cryoholder CT3200 either in a Philips CM200 twin (LaB6
gun) or in a JEOL 2010F electron microscope with a high-resolution photogra-
phy pole piece and FEG operating at 200 kV. Defocused image pairs were
obtained under low-dose conditions (�10 electrons/Å2) at nominal magnifica-
tions of �38,000 (for the LaB6) and �40,000 (for the FEG), with underfocus
values ranging from 1 to 3 �m.

Image analysis. Preliminary selection of micrographs and preparation of virus
particle images for analysis were performed as described previously (14). Images
were digitized on a Zeiss scanner. The pixel size of 7 �m on the micrograph
corresponds to pixel sizes of 1.77 and 1.76 Å for the LaB6 and FEG, respectively,
as calibrated with the 23.0-Å layer line of tobacco mosaic virus. Further image
analysis was performed on SGI and Alpha workstations. The HRV2 map ob-
tained in a previous study (15) was used as a starting model for the analyses. All
subsequent refinement of particle origin and orientation was performed by using
the model-based polar Fourier transform (PFT) programs (3). The program
CTFMIX (6) was used to correct for contrast transfer function effects and to
combine defocused pairs for orientation and origin refinement; it was also used
for the final Fourier-Bessel reconstruction. The statistics for the different recon-
structions are given in Table 2. The resolutions were estimated by Fourier shell
correlation of reconstructions from half-data sets by using the criterion of 0.5
correlation. Isosurface representations of the reconstructed density were visual-
ized with Amira on a Silicon Graphics workstation.

Fitting the X-ray structures of HRV2 and the VLDL-R repeats to the cryo-
electron microscope-reconstructed density. The cryoelectron microscopy map
and the atomic structure of HRV2 were visualized together by using the program
“O” on an SGI workstation. Thus, the residues included in the footprints were
determined. The similarity-based structure of V2 and V3, determined as de-
scribed previously (15), was placed visually in the higher-resolution HRV2-MBP-
V123 map in order to compare the volume assigned to these repeats with the
atomic model.

Figures were produced with Amira (Fig. 4 and 5) and Bobscript (8) with
Raster3D (24) (Fig. 5).

RESULTS

Cryoelectron microscopy of HRV2 complexed with minire-
ceptors of VLDL-R. Cryoelectron microscope images of
HRV2-V123 complexes are practically indistinguishable visu-
ally from native HRV2 particles. Both appear as smooth
spheres with only slight surface texture discernible at high
defocus (15). MBP fused to the N terminus of the receptor
greatly assisted bacterial expression and subsequent folding of
the VLDL-R fragments (30); the MBP was not cleaved off the
minireceptor and the entire fusion protein was used in all but
one experiment with V123, as reported previously (15). Thus,

TABLE 1. Quantities of materials used for complex formationa

Component Mol mass
(kDa) Concn (mg/ml) Vol (�l) Excess

times

HRV2 100 4 4
V12 54 0.05 100 ��0.5
V23 54 0.5 40 �2.5
V33 54 0.37 40 ��2
V123 59 0.5 40 ��2
V123 (FEG) 59 0.5 40 ��2
V123 (no MBP) 17 0.1 60 �2
V333 59 0.4 40 ��2
V3333333 76 0.35 40 ��2
V12345678 81 0.3 70 ��2
V122 59 0.7 40 �3
V111 59 NAb NA NA

a One asymmetric unit of HRV2 is �100 kDa.
b NA, not applicable (because V111 does not bind).

TABLE 2. Statistics for the HRV2-minireceptor reconstructionsa

Complex of
HRV2 with: Underfocus (�m)

No. of
particles
selected

No. of
particles
included

Resolution
(Å)

V23 1.0332.77 1,535 369 20
V33 1.0931.89 1,074 363 18
V123 1.2433.68 1,983 1,077 19
V123 (FEG) 1.1832.90 4,228 912 16
V123 (no MBP) 1.4433.26 1,483 782 19
V333 1.1632.05 1,060 268 20
V3333333 1.4132.48 850 443 21
V12345678 0.7232.34 1,646 501 21
V122 1.1132.15 1,248 641 19

a The ranges of underfocus of the defocused pairs of photomicrographs used
in the reconstructions are indicated together with the total number of particles
selected, the number of particles (particle image pairs) included in the recon-
struction, and the resolution (0.5 criterion). Note that the resolutions given in
reference 15 used the more generous 0.1 criterion rather than the 0.5 criterion
used here.
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the MBP prefix is omitted in the following for simplicity; only
when MBP was cleaved off is this explicitly noted in the text.

With MBP present, the complexes were seen to be deco-
rated at high defocus (Fig. 3). We attribute this visible deco-
ration to the relatively large MBP (42.7 kDa). There are also a
few empty capsids, which are all decorated as for the native
capsid. As empty capsids remaining after uncoating do not
bind the receptor (21, 23), these must be the “natural top
component”—structures that have failed to incorporate RNA
and migrate behind the native virus upon sucrose density gra-
dient centrifugation (25). There were, however, too few empty
capsids to make a reconstruction.

We previously established that, at the resolution attained,
the reconstructions of the complex of HRV2 with V123—with
or without MBP—are essentially identical (15). While the
MBP is sometimes visible in the raw images, it is only faintly
visible, if at all, in the reconstructions. Apparently, the MBP
does not cause any steric hindrance in this case and must be
free to move about.

Overview of binding patterns of the different minireceptors
on HRV2. The smallest receptor fragment investigated in our
previous study was V123, in which just two of the three repeats
were in contact with the viral surface (Fig. 4A and B). Studying
the complex formed between HRV2 and V12 and V23 was
thus the obvious first choice to identify the repeats involved.
However, bacterial expression of V12 was low, resulting in an
insufficient amount of material to study the complex. V23 was
expressed at good yields, but it formed a complex with only one
repeat attached per asymmetric unit (Fig. 4C, I, M, N, and P).
(The footprint of a single repeat is of interest because it defines
a minimal binding site.) However, these results do not give a
clear answer as to which repeats bind, so we chose to verify
binding of each repeat separately.

The concatemer V333 formed a complex with HRV2 with

two repeats bound per asymmetric unit (Fig. 4K and L; Table
3. Thus, we conclude that V3 can bind. This result also shows
that identical repeats of VLDL-R can bind to different viral
epitopes. The reconstruction of the complex with V333 is more
diffuse and covers the fivefold axis. This is probably because
any one of the three identical repeats can bind, giving several
different binding patterns, which are averaged in the recon-
struction. In the complex of HRV2 with V122, two repeats are
also bound. This may be interpreted as binding of V12 or V22.
In either case, the second repeat is bound. Finally, we found
that V111 fails to bind to HRV2. In view of the importance of
this result, we checked whether V111 is correctly folded. Ca2�

binding was used as a criterion for assessing whether a repeat
was in its native conformation (7). We believe that V111 is
correctly folded because its 45Ca2� binding is comparable to
that of V123. The failure of V111 to bind to HRV2 at all
strongly favors the contention that it is the second and third
repeats that bind.

We also studied the complex with V12345678 since it is the
most closely related to the native VLDL-R we have produced.
Again, two repeats are bound, and for this larger construct
there is some extra density that points toward the fivefold axis
(Fig. 4D and G). The low density in the bound repeats is
consistent with a reduction of the number of molecules bound
due to steric hindrance (Table 3). The relatively high occu-
pancy of V123 indicates that the MBP does not cause any steric
hindrance. The steric hindrance in the V12345678 minirecep-
tor must therefore result from the extra VLDL-R repeats.
Table 3 shows the number of repeats that bind for each mini-
receptor and a rough estimate of the occupancy of each mini-
receptor.

Comparison of the footprints of different minireceptors
bound to HRV2. In a previous report, we demonstrated that
the footprint of V123 lies on an annulus on the dome of the
fivefold axis and that the density attributed to V123 corre-
sponds to two repeats only (15). We have now shown that for
each case in which two repeats are bound to HRV2 (i.e., for
V123 and for V123 without MBP, V122, V12345678, V333,
and V3333333), the footprint is essentially the same. By the
term “footprint,” we refer to the area on the viral surface
covered by the bound receptor. This area includes the
epitope—that is, the viral residues that interact with the re-
ceptor. In Fig. 4H the footprints of V123 without MBP and
V12345678 are compared, and in Fig. 4L the footprints of
V122 and V333 are compared. When the minireceptor con-
tains more than three repeats, some additional density is al-
ways present and must therefore correspond to the additional
repeats. For V12345678, the density points toward the fivefold
axis, so it appears that steric hindrance between receptors may
limit their occupancy. Some of the visible density can probably
be attributed to the fourth and fifth repeats. However, the
footprints of the minireceptors on the viral surface always lie
on an annulus around the fivefold axis, where there is only
space for two repeats to bind per asymmetric unit.

Since in the HRV2 complex with V33 only one repeat binds
(Table 3) while two repeats of V333 bind, the question arises
as to whether the MBP (and/or the C-terminal hexa-His tag)
can prevent attachment. Any such steric hindrance will depend
on the position of the MBP and the hexa-His tag with respect
to the binding site (Fig. 2C). This observation helps to explain

FIG. 3. Highly underfocused 3- to 4-�m cryoelectron photomicro-
graphs of HRV2 in complex with a receptor fragment fused to MBP.
Note that a few empty capsids (most probably the “natural top com-
ponent”) are also seen to be decorated. (A) Images of the HRV2-V333
complex; (B and C), the HRV2-V123 complex.
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why, contrary to the expectation, only one repeat of V23 binds.
We suppose that V3 is bound and that V2 is prevented from
binding because of steric hindrance of the MBP.

Resolution of the individual repeats of V123 in the HRV2-
V123 complex. By using a cryoelectron microscope equipped
with an FEG and being more selective as to the quality of the
particle images retained for reconstruction, we produced a
map of the HRV2 in complex with V123 for which the indi-
vidual binding repeats are resolved (Fig. 5A and B). We used
the PFT model-based approach to find the origin and orien-
tation of each particle image. The particle images are selected
for inclusion in the reconstruction based on the value of their
correlation coefficient with the projected image of the model.
By using the selected particle images, a new model is computed
and the cycle was repeated to convergence. In general, we
retained roughly half the particles in the final reconstruction
(Table 2). Roughly one quarter of the particles analyzed were
retained in the final reconstruction to give a resolution of 16 Å
(Fig. 5A, B, and E). Part of the difficulty in improving the
resolution comes from the fact that, as will be seen in the
following, the receptor can be bound in two different modes,
i.e., with only one repeat (V3) or with two repeats (V2 and V3)
bound. V1 is not bound and is free to move in both cases, while
V2 is also free to move in the first case. The final reconstruc-
tion is the average over these two different modes and so
represents the sum of both modes in proportion to their occu-
pancy. When half of the particle images analyzed are retained,
the reconstruction has the same resolution, 16 Å, but the
receptor density is more diffuse, as is seen in Fig. 5D.

The repeats are arranged on an approximately straight line
(Fig. 5D and E). This means that they must be numbered
sequentially, and since we have established that the second and
third repeats bind but the first does not, the attribution of the
domains is unambiguous. The situation must be as shown in
Fig. 5D. The V3 repeat is strongly bound since it has a high
density and the volume of a single binding repeat. In Fig. 5D,
the middle repeat,V2, is of much lower density and is spread
out over a larger area. In Fig. 5E, V2 is seen as separated into
two much smaller parts—one labeled V2 and which is in con-

FIG. 4. Reconstruction (from LaB6 data) of the complex between
HRV2 and selected minireceptors. Reconstructions of native HRV2
alone (A), in complex with V123 without MBP (B) (difference image),
in complex with V23 (C), and in complex with V12345678 (D). Panels
A and B are derived from results found in reference 14. Close-up views
down the fivefold axis of the native virus (E) and some of the com-
plexes studied are shown. (F) HRV-V123 without MBP; (G) HRV2-
V12345678; (I) HRV2-V23; (J) HRV2-V122; (K) HRV2-V333;
(H) comparison of the footprints of V123 without MBP (light blue)
and V12345678 (purple); (L) comparison of the footprints of V122
(gold) and V333 (red); (P) comparison of the footprints of V123
without MBP (light blue) and V23 (pink). Panels H, L, and P are thick
sections made just above the interface between the virus and the
receptor. (M) Difference map of the HRV2-V23 complex and HRV2
(pink) and the HRV2 simulation from X-ray data to 15 Å (gold). The
threshold of 0.8	 for the difference map is just above the highest noise
peak, and the volume represented corresponds to 80% of the volume
of V3. (N and O) Sections through V23 and V123 at roughly 10 Å
above the viral surface at the fivefold axis. In panel N, the density
represents only one repeat, while in panel O there is density shown that
represents two repeats per asymmetric unit. These reconstructions
(from LaB6 data) each have a resolution of about 20 Å (Table 2) and
were calculated including data to 15 Å.

TABLE 3. List of the constructs of VLDL-R studied and the
number of repeats bound to HRV2 per asymmetric unita

Construct
No. of repeats

bound per
asymmetric unit

Occupancy
(%)

V12 No result
V23 1 30
V33 1 20
V123 2 70
V123 (no MBP) 2 70
V333 2 50
V3333333 2 50
V12345678 2 40
V122 2 50
V111 0

a Except where indicated, MBP is present at the N terminus and a hexa-His tag
at the C terminus. An estimate of the occupancy of each receptor fragment was
made by measuring the ratio of the maximum density in the receptor domain to
the mean density in the capsid. This can only be a rough estimate since, at this
resolution, the density of a large domain will be higher than that of a small
domain with the same occupancy (35). This is why we used the mean density of
the larger capsid proteins and the maximum density in the receptor domain.
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FIG. 5. Reconstruction (from FEG data) of the complex between HRV2 and V123 with the individual repeats resolved. For comparison, we
used the X-ray map of HRV2 rendered at a resolution of 15 Å with a temperature factor of 500 Å2 (shown in gold) (15). (A) The HRV2-V123
complex; (B) a stereo view down a twofold axis of a difference map with HRV2 shaded in gold and the receptor in blue. A close-up view down
the fivefold axis of the native HRV2 (C), a less selective map of the HRV2-V123 complex with the V1 visible at low density but not bound to the
viral surface (D), and the more selective map of the HRV2-V123 complex (difference map) (E) are shown in the same orientation. The second
repeat when bound to the virus is labeled V2 and when not in contact with the virus is labeled V2* in panel E. Panel E includes only half the data
included in panel D, and both have the same resolution of 16 Å. (F) A stereo view down a fivefold axis with the cryoelectron microscopy map shown
in gray. The footprint of the receptor repeats on VP1 (colored blue) are colored in magenta for V3 and orange for V2. The V2 and V3 from one
receptor molecule bind to sites on two adjacent VP1s, presumably preventing relative movement of the VP1s. (G) and (H) Models of the two
binding modes of VLDL-R minireceptors on HRV2. In both modes, V3 is strongly bound. V2 is bound when there is no receptor attached to the
neighboring site (panel G). V2 is not bound when there is a receptor bound to the neighboring site (panel H). Panels I and J show schematic
diagrams of the footprint of VLDL-R on HRV2 illustrating the residues involved. Panels I and J correspond to the binding patterns shown in
panels G and H, respectively. Only the dome on the fivefold axes is represented, and the BC, HI, and DE loops of VP1 are indicated.
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tact with HRV2 and one labeled V2* and which is not in
contact with HRV2—thus indicating that it is sometimes
bound and sometimes not. The repeat V1 is not in contact with
the capsid and is only weakly represented, per Fig. 5D. Thus,
V1 is not bound to HRV2 and is free to move. V3 binds most
strongly with a footprint that includes residues TEKHI of the
HI loop and ANYN of the BC loop of one VP1 molecule, i.e.,
Thr-1222 to Ile-1226 and Ala-1087 to Asn-1090. The footprint
of V2 includes residues HKVH of the HI loop and EVTL of
the BC loop of the adjacent VP1, i.e., His-1227 to His-1230 and
Glu-1083 to Leu-1086. Leu-1132 of the DE loop is also prob-
ably included (Fig. 5F, I, and J). The roadmap representation
of the V2 and V3 footprints shows that there is a prominent
lysine in both cases (Fig. 6).

We suppose that the second repeat is only bound when the
neighboring VP1 is not occupied by another receptor mole-
cule. When a V3 is bound to the neighboring VP1, there is
steric hindrance between it and V2 (Fig. 5G and H). The
similarity model of the structure of V3 is the correct size to fit
into the region of density attributed to it in the cryoelectron
microscopy map, though we cannot determine its orientation.
As expected, the two regions of weak density attributed to V2
are too small to accommodate the model of the structure of
V2, since each is only partially occupied. In this experiment we
added an excess of the receptor to give a maximum occupancy
so that in the majority of cases the second repeat will not be
bound. In vivo, there may be fewer receptor molecules avail-
able and it is thus highly probable that, in general, both the
second and third repeats will be bound.

DISCUSSION

Our technique of using selected soluble fragments of a re-
ceptor to determine which repeats bind proved to be more
difficult to interpret than we first imagined. Steric hindrance
due to the MBP and the hexa-His tag is only one of the steric
problems encountered. The relative lack of specificity, as dem-
onstrated by the attachment of two V3 repeats per asymmetric
unit is another source of difficulty. Nevertheless, by combining
these results with a map of the HRV2-receptor complex, in
which the repeats are resolved, it was possible to determine the
binding pattern of the receptor and propose an unambiguous
model. We have determined the amino acid residues at the
viral surface that are covered by the binding repeats—the foot-
prints—however, determination of the subset of these residues
that interact with the receptor must await resolution of the
atomic structure of the complex.

We have shown explicitly that the second and third repeats
of the VLDL-R can bind to HRV2 and that there is no direct
evidence that the first repeat binds to HRV2. In fact, V111
does not bind. All our results can be explained by supposing
that it is the second and third repeats that bind in the native
VLDL-R and that in certain cases V2 or V3 is prevented from
binding by steric hindrance of the MBP. In an earlier experi-
ment, it was shown that V123 is among the most effective
fragments in regard to the inhibition of HRV2 infection
(Moser et al., unpublished). Also, V456 was inactive in a cell
protection assay. We have thus ruled out the participation of
repeats other than V2 and V3.

The apparent lack of specificity, as manifested by the attach-

ment of two copies of the third repeat, correlates with the
supposed electrostatic nature of the interaction. It is also in
line with the ability of HRV2 to bind to several members of the
LDL receptor family that are composed of various numbers of
repeats with similar but not identical amino acid sequences. It
is also reminiscent of the large number of structurally and
functionally unrelated ligands (e.g., lactoferrin, Pseudomonas
exotoxin, and tissue plasminogen activator-inhibitor com-
plexes, among many others) that bind VLDL-R and LRP (34).

An alignment of the eight ligand-binding repeats of human
VLDL-R reveals that only the six cysteines and the residues
involved in Ca2� coordination are strictly conserved. Enzyme-
linked immunosorbent type assays of phage displaying single
repeats indicate low but detectable virus binding of V2 and V3.
In this assay, V3 bound more strongly than V2 (Nizet et al.,
unpublished results); however, we do not know whether both
repeats use the same binding site in this test. V2 and V3 have
40% amino acid sequence identity, but it is difficult to explain
these differences in binding affinity while the residues contact-
ing the viral surface remain unidentified.

By combining the results from HRV2 in complex with eight
different soluble fragments and the higher-resolution structure
of the HRV2-V123 complex, we determined the binding pat-
tern of the VLDL-R on HRV2. We have shown that the
footprint of the third repeat extends down the north side of the
canyon and that this repeat is strongly bound to the charged

FIG. 6. Footprint of V123 on HRV2. The individual footprints V2
(blue) and V3 (red) are indicated on a roadmap (5) of HRV2 at the
top. The distance of the amino acid residues from the center of the
virion is displayed in different shades of gray to visualize the canyon.
The footprints of V3 and V2 (shown at bottom) with the amino acid
residues are color coded red for acidic, blue for basic, yellow for
hydrophobic, green for hydrophilic neutral, and light blue for histidine.
Note that V3 and V2 of one receptor molecule bind to sites on two
different symmetry-related VP1 molecules. The first digit signifies
VP1; the other digits represent the amino acid number as in the PDB
database entry 1FPN.
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and polar residues of the HI and BC loops of VP1. The second
repeat is more weakly bound to the HI and BC loops of the
neighboring VP1 and can be prevented from binding when
another receptor molecule is bound on the neighboring VP1.
The first repeat is not bound and must be quite mobile, as it is
only weakly visible. The fourth and fifth repeats apparently
point toward the fivefold axis, which results in steric hindrance
and limits the number of receptor molecules that can be
bound. In vivo, it is most likely that no more than one or two
receptor molecules are bound on any one fivefold axis.

Since each receptor molecule can be bound to two adjacent
copies of VP1, and the receptor does not bind to empty capsids
remaining after the RNA has been released, we suggest that
the bound receptor may “staple” the VP1s together around the
fivefold axis, thus inhibiting relative movement of the VP1s.
Since uncoating of HRV2 involves a cooperative movement of
the capsid proteins around the fivefold axis to open a channel
for release of the RNA (13), the receptor must be released
before uncoating can occur. It was suggested previously (13)
that the virus must dissociate from the receptor in the endo-
some since the receptor is about 150 Å in length and so would
tend to hold the virion at a distance from the membrane. The
role of maintaining the virion close to the membrane during
transfer of the RNA was then supposed to be fulfilled by the
hydrophobic N terminus of VP1 that anchors itself in the
membrane. These results reinforce the idea that the only func-
tion of the LDL receptors lies in attaching the virion to the
host cell for internalization. In contrast to the major-group
HRV receptor, ICAM-1, they do not act as catalysts in uncoat-
ing.
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