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ABSTRACT

Nanobodies, or VHHs, that recognize poliovirus type 1 have previously been selected and characterized as candidates for antivi-
ral agents or reagents for standardization of vaccine quality control. In this study, we present high-resolution cryo-electron mi-
croscopy reconstructions of poliovirus with five neutralizing VHHs. All VHHs bind the capsid in the canyon at sites that exten-
sively overlap the poliovirus receptor-binding site. In contrast, the interaction involves a unique (and surprisingly extensive)
surface for each of the five VHHs. Five regions of the capsid were found to participate in binding with all five VHHs. Four of
these five regions are known to alter during the expansion of the capsid associated with viral entry. Interestingly, binding of one
of the VHHs, PVSS21E, resulted in significant changes of the capsid structure and thus seems to trap the virus in an early stage of

expansion.

IMPORTANCE

We describe the cryo-electron microscopy structures of complexes of five neutralizing VHHs with the Mahoney strain of type 1
poliovirus at resolutions ranging from 3.8 to 6.3A. All five VHHS bind deep in the virus canyon at similar sites that overlap exten-
sively with the binding site for the receptor (CD155). The binding surfaces on the VHHs are surprisingly extensive, but despite
the use of similar binding surfaces on the virus, the binding surface on the VHHs is unique for each VHH. In four of the five
complexes, the virus remains essentially unchanged, but for the fifth there are significant changes reminiscent of but smaller in
magnitude than the changes associated with cell entry, suggesting that this VHH traps the virus in a previously undescribed early
intermediate state. The neutralizing mechanisms of the VHHs and their potential use as quality control agents for the end game

of poliovirus eradication are discussed.

n addition to conventional antibodies, members of the Cameli-

dae family possess a set of unusual antibodies that consist only of
heavy chains in which a constant domain is missing and that are
therefore named heavy-chain-only antibodies (1). These antibod-
ies offer a very interesting new tool in scientific research, as they
contain variable domains (VHHs) that are fully responsible for
and fully capable of recognizing and binding to antigens. The vari-
able domains are also more hydrophilic than their IgG counter-
parts, as they are not required to bind to a complementary domain
ofalight chain. Moreover, they are very stable (2), and due to their
rather small size (~14 kDa), they are able to bind to epitopes
within clefts (3) that are more difficult to reach for larger antibod-
ies. Both their single-domain nature and their lack of glycosyla-
tion allow them to be produced at high levels using bacterial ex-
pression systems.

Motivated by searches for potential antiviral agents, VHHs that
specifically bind to and neutralize poliovirus type 1 were recently
selected and identified (4) and were further characterized (5, 6).In
a previous publication (5), we showed that the binding footprints
of two VHHs (PVSP6A and PVSP29F) on the poliovirus surface
overlap extensively with the footprint of the poliovirus receptor
(PVR; also called CD155) and that they produce well-ordered ico-
sahedrally symmetric complexes. It was also shown that the mech-
anisms of neutralization operate at multiple stages of the infection
process and that all of the neutralizing VHHs stabilize the virus to
prevent viral expansion (5), which is an essential step in the infec-
tion of cells.
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As a member of the Picornaviridae family, poliovirus is a naked
virus comprised only of a protein capsid surrounding its positively
single-stranded RNA. The capsid has a pseudo T=3 icosahedral
surface with 60 copies of each of four viral proteins (VPs), VP1 to
VP4, of which VP4, the smallest one, is myristoylated at its N
terminus (7) and is found on the inner surface of the capsid. VP1
to VP3 each include a large wedge-shaped eight-stranded beta
barrel (which are packed together, side by side, to form the outer
surface of the capsid) and have long, flexible loops and terminal
extensions that bind to the upper and lower surfaces of neighbor-
ing beta barrels (thus contributing their binding energies to stabi-
lization). As a metastable structure, the capsid protects the ge-
nome in most environments. However, when the virus interacts
with PVR at physiological temperature, the receptor catalyzes a
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program of conformation alterations (8) that lead to the expan-
sion of the virion (which sediments at 160S) and to the external-
ization of two polypeptides (the myristoylated protein VP4 [9]
and the N terminus of VP1 [10]) to form an intermediate that
sediments at 135S (the 135S particle) (9, 11). The externalized
peptides are inserted into the plasma membrane (12) and the par-
ticle is internalized into endosomes (13). The inserted peptides
then facilitate the translocation of the viral genome across the
endosomal membrane and into the cytoplasm to initiate infec-
tion, leaving an empty particle which sediments at 80S (the 80S
particle).

The native virion (the 160S particle) defines the D- or N-anti-
genic state of the virus (14). The 135S and 80S particles share
antigenicity with heat-inactivated virus (9, 11), which defines the
C- or H-antigenic state of the virus (14). The D antigen, but not
the C antigen, elicits neutralizing antibodies (15).

The receptor is known to interact with the capsid in the canyon
(16, 17), a depression surrounding the star-shaped plateau at the
5-fold axis of symmetry. At the base of the canyon, the beta barrel
of VP1 includes a hydrophobic pocket that is the binding site for a
hydrophobic compound, called the pocket factor (18). In the po-
liovirus structures solved to date, the pocket factor has been mod-
eled as one of several fatty acid-like molecules, including sphin-
gosine and palmitate. Using cryo-electron microscopy (cryo-EM)
reconstructions of the complex between poliovirus and the three
ectodomains of CD155 at subphysiological temperature, it has
recently been shown that nectin-like interactions of the virus with
the receptor result in the expulsion of the pocket factor and subtle
changes in the structure of the virion that prime the particle for
expansion when the temperature is raised (19).

Here we report cryo-EM reconstructions, at a nearly atomic
resolution, of the complexes between poliovirus type 1 and each of
five neutralizing D-specific VHHs. By noting what portions of the
binding footprints that the complexes have in common and iden-
tifying the specific intermolecular interactions in the complexes,
we try to explain the mechanism of stabilization and neutraliza-
tion in nearly atomic detail.

MATERIALS AND METHODS

Virus. The poliovirus type 1 Mahoney strain was grown in HeLa cells in
suspension. After infection with Mahoney (multiplicity of infection = 10)
and incubation at 37°C for 6 h, the cells were collected by centrifugation.
The pellet was freeze-thawed three times, and the cell debris was removed.
Virus was pelleted by ultracentrifugation and purified over a CsCl density
gradient. Finally, the collected virus fraction was dialyzed against phos-
phate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 1.1 mM
KH,PO,, 6.5 mM Na,HPO,, 0.7 mM CaCl,, 0.5 mM MgCl,) and stored at
—80°C. The Mahoney strain used in this study differs from the reference
Mahoney strain (NCBI GenBank accession number V01149.1), in that it
contains two substitutions in the capsid proteins: F123S in VP3 and L2281
in VP1.

VHHs. The selection, production, and purification of the VHHs were
previously described in detail (4, 5). Originally, the VHHs used in these
experiments were obtained from a dromedary immunized against polio-
virus type 1. Peripheral blood lymphocytes were collected 6 weeks after
the immunization, and RNA was extracted and reverse transcribed. The
VHH-encoding cDNA was cloned into the phagemid vector pHEN4 (2)
for phage display panning on immobilized poliovirus type 1 and recloned
into vector pHENG6(c¢) for expression in Escherichia coli WKG6 cells. Finally,
the VHHs were purified as described previously (5) and stored at —80°C
in Tris buffer (137 mM NaCl, 25 mM Tris, pH 7.2). Five different recom-
binant VHHs were used: PVSP6A, PVSS8A, PVSP19B, PVSS21E, and
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PVSP29F. They all show an in vitro neutralizing activity against poliovirus
type 1 at nanomolar concentrations (4).

Cryo-electron microscopy. Samples for cryo-electron microscopy
were prepared as described by Schotte et al. (5). Briefly, 4 pl of VHH (1
mg/ml in Tris buffer) was added to 10 pl of poliovirus (0.9 mg/ml) in PBS
buffer at 4°C, resulting in a *+300-fold molar excess of VHH. A 3-pl
droplet of the resulting solution/mixture was added to the surface of a
glow-discharged perforated carbon support (C-flat 1.2/1.3; Protochips),
and the excess was removed by blotting with filter paper (Whatman no. 1)
before the carbon support was plunged into liquid ethane slush. The im-
aging and reconstruction of PVSP6A and PVSP29F have been reported in
Schotte et al. (5). The grids of the other VHHSs were imaged in a Polara G2
electron microscope (FEI Co.) at 300 kV using a K2 Summit direct detec-
tor (Gatan Inc.) in superresolution mode, such that the final pixel size was
0.985 A. Over a span of 12 s, 24 frames were recorded for each acquisition,
using a dose rate of 8 electrons/pixel/s. The frames in the individual mov-
ies were aligned and summed using the dosef program (20), with the first
two frames, which showed the most drift, being discarded. The estimation
of the contrast transfer function was carried out on the summed images
with the ctffind3 program (21), and particles were picked using a semiau-
tomated algorithm in the e2boxer.py program (22). The boxed particles
were then subjected to two- and three-dimensional classification in the
Relion1.2 program (23), using poliovirus Fourier filtered to a 40-A reso-
lution as a reference, and the most consistent classes were kept for the final
refinement. The three-dimensional class average was used as a reference
for the final iterative refinement procedure, which was done using the
GeFrealign program (24). The Fourier terms used for refinement were
limited to the resolution regimes that had higher correlation statistics
between half-set reconstructions, typically better than 0.7 in the Fourier
shell correlation (FSC) plot. This procedure avoids the introduction of
model bias (25). The final maps were sharpened by applying a negative B
factor in the most recent version of the Frealign (v9.09) program (26).

Construction of the models. Atomic models were constructed and
refined to fit each of the maps (using the COOT, SPDBV, and Refmac5
programs; see the refinement statistics in Table 1), using the Fourier
transform of a portion of the reconstruction (both amplitudes and
phases) as refinement standards, with symmetry-related neighboring
proteins being present, with icosahedral symmetry being strongly en-
forced, and with idealized stereochemical standards being applied as
restraints. Portions of each model where the density exhibited signif-
icant differences from the structural homologs (identified using the
vector alignment search tool [http://structure.ncbi.nlm.nih.gov
/Structure/VAST/vastsearch.html]) were subjected to an all-atom refine-
ment, while the core regions that were in good agreement with the homol-
ogous model were restrained to resemble a rigid-body docking. The res-
olution limits and statistics of the atomic model refinement of each of the
complexes are shown in Table 1.

Protein structure accession numbers. The refined atomic coordi-
nates and cryo-EM reconstructions of the complexes of poliovirus type 1
with each of the five VHHS can be found in the Protein Data Bank (PDB)
and the Electron Microscopy Data Bank (EMBD): for PVSP6A, PDB ac-
cession number 3JBD and EMDB accession number 5886; for PVSP29F,
PDB accession number 3JBC and EMDB accession number 5888; for
PVSS8A, PDB accession number 3JBE and EMDB accession number 643
3; for PVSP19B, PDB accession number 3JBF and EMDB accession
number 6434; and for PVSS21E, PDB accession number 3JBG and EMDB
accession number 6435.

RESULTS
Cryo-EM reconstructions of five VHH-poliovirus complexes
were calculated, and the resulting maps were analyzed to produce
pseudoatomic models describing the structures. All five VHHs
were found to bind at or near the quasi-3-fold axis of the virus
(Fig. 1).

Resolution. The structures of the VHH-poliovirus complexes

jviasm.org 3497


http://www.ncbi.nlm.nih.gov/nuccore?term=V01149.1
http://structure.ncbi.nlm.nih.gov/Structure/VAST/vastsearch.html
http://structure.ncbi.nlm.nih.gov/Structure/VAST/vastsearch.html
http://www.rcsb.org/pdb/explore/explore.do?structureId=3JBD
http://www.rcsb.org/pdb/explore/explore.do?structureId=3JBC
http://www.rcsb.org/pdb/explore/explore.do?structureId=3JBE
http://www.rcsb.org/pdb/explore/explore.do?structureId=3JBF
http://www.rcsb.org/pdb/explore/explore.do?structureId=3JBG
http://jvi.asm.org

Strauss et al.

TABLE 1 Statistics for reconstructions and refinement of atomic models

Value for the following complex:

VHH PVSP6A PVSS8A PVSP19B PVSS21E PVSP29F
Resolution (A)” 98-4.7 95-4.2 95-4.6 96-3.8 98-5.6
No. of pseudoreflections 205,969 272,424 207,238 377,722 129,932
wFOM* 0.542 0.626 0.508 0.530 0.506
Ripurr (%) 433 412 46.5 128 128

Ry, cror for outer shell (%) 47.3 51.7 54.1 53.0 54.4
FOM* (Refmac5) 0.794 0.788 0.773 0.747 0.826
Bond error (A) 0.008 0.012 0.010 0.008 0.010
Angle error (°) 1.771 2.346 2.10 1.753 2.320
Resolution (FSC, 0.143)" 4.9 4.2 4.8 3.8 6.3

Grid spacing (A) 1.681 0.985 0.985 0.985 1.681
Sampling grid 320 X 320 X 320 512 X 512 X 512 512 X 512 X 512 512 X 512 X 512 320 X 320 X 320

Submap size

128 X 140 X 120

216 X 216 X 216

Submap origin —56,—49,0 —80,—64,0
Microscope FEI Titan Krios FEI Polara G2
Voltage (kV) 200 300
Emitter Field emission gun Field emission gun
Detector Gatan US 4000 Gatan K2 Summit
No. of particles 57,282 16,421
No. of VHH amino acids 1-120 1-127
PDB accession no.
Structural homolog 4BEL 410C
Poliovirus-VHH complex 3]BD 3]BE
EMDB accession no. 5886 6433

216 X 216 X 216

216 X 216 X 216

128 X 140 X 128

—80,—64,0 —80,—64,0 —56,—49,0

FEI Polara G2 FEI Polara G2 FEI Titan Krios
300 300 200

Field emission gun Field emission gun Field emission gun
Gatan K2 Summit Gatan K2 Summit Gatan US 4000
18,009 24,717 9,764

1-123 1-121 1-129

113U 3QXU 1QD0

3JBF 3JBG 3]BC

6434 6435 5888

@ The resolution range used in the refinement. The high-resolution limit is based on where the amplitudes and phases calculated on the basis of the model correlate with those

calculated on the basis of the Fourier transform of the map.

b The resolution where the Fourier shell correlation falls below 0.143. For high-resolution structures, this is generally a conservative estimate of the resolution and may be of a lower
resolution than the apparent resolution based on comparisons of the transforms of the model and map.

¢ Figures of merit compare Fourier phases from the experimental map with phases from the atomic model (with 1.0 indicating perfect phase agreement, and 0.0 indicating a
complete lack of correlation). wFOM is the Fourier-amplitude-weighted average of the cosine of the phase discrepancy. FOM is the unweighted average.

solved by cryo-EM are of sufficient resolution to unambiguously
identify the orientation of binding for all five VHHs examined.
Portions of each model where the density exhibited significant
differences from that of the structural homologs were subjected to
an all-atom refinement, while the core regions that were in good
agreement with the homologous model were restrained to resem-
ble a rigid-body docking. The nominal resolutions of the recon-
structions are as follows: PVSP6A, 4.9 A; PVSS8A, 4.2 A;
PVSP19B, 4.8 A; PVSS21E, 3.8 A; and PVSP29F, 6.3 A (see the FSC
curves in Fig. 1 and statistics for the reconstructions in Table 1).

For poliovirus, the resulting models include VP1 (residues 20
to 302), VP2 (residues 8 to 272), VP3 (residues 1 to 235), VP4
(residues 1 to 69 and the N-terminal myristate), and palmitate
noncovalently bound in the center of the VP1 beta barrel. Each
VHH has about 125 ordered amino acids (as specified in Fig. 2),
including some number of partially ordered histidines from the
His, tag at its carboxyl terminus.

Quality of model fit to density. Qualitatively, the fit of the
refined atomic models to the density in the reconstructions is
excellent (Fig. 3). In general, the quality and strength of the map
features vary by radius, with the lower-radius portions of the po-
liovirus beta barrels being the strongest and best defined and the
highest-radius (carboxyl-end) portions of the bound VHHs being
weaker and less well defined. This radial discrepancy is likely due
to the greater impact of orientation errors at a high radius, though
structural heterogeneity in the complexes may contribute as well.
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With the exception of PVSP29F, the beta strands in poliovirus
and in most of the VHHs are well resolved with an appropriate
choice of contour level, though there is rarely a single choice of
contour level that works consistently well throughout the map. In
general, the correspondence between the density and the main
chain trace is unambiguous, the docked model is clearly similar in
shape to the density, and the densities for most of the loops and
terminal extensions are clear. In the best resolved of the maps (Fig.
3), many of the side chains are obvious as well, with the density
map (and/or chemical considerations) providing indications for
the correct choice of side chain rotamer.

As an important aspect of the modeling and refinement proce-
dure, we also identified a core portion of each VHH domain and
each poliovirus capsid protein that refines to resemble part of a
known crystal structure (see Materials and Methods). In Table 2,
we identify structural homologs for each VHH and the residues
that were included in its rigid-body core. In four of the complexes,
the structure of poliovirus proteins strongly resembles the 2.2-A-
resolution model of mature poliovirions obtained with the struc-
ture with PDB accession number 1HXS (with only minor
localized changes due to direct VHH binding being seen). The
exception was capsid protein VP1 in its complex with VHH PVSS
21E, which showed extensive regions of difference (Fig. 4). In the
Discussion, we specify the regions of greatest difference and
discuss the possibility that binding to VHH PVSS21E may have
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FIG 1 Cryo-EM reconstructions of five poliovirus-VHH complexes. (Top) From left to right, the complexes of poliovirus (blue) with PVSP6A (6A; purple),
PVSS8A (8A; orange), PVSP19B (19B; yellow), PVSS21E (21E; red), and PVSP29F (29F; green) are shown as isocontour surfaces that are shaded by radius and
depth. (Middle) Representative density slices are shown for each of the complexes. Each slice is viewed along a 5-fold axis. Note that each VHH binds to the capsid
in a slightly different spot. (Bottom) Fourier shell correlation (FSC) curves are plotted for the complexes of poliovirus type 1 with PVSP6A (purple), PVSS8A
(orange), PVSP19B (yellow), PVSS21E (red), and PVSP29F (green). The upper-resolution limits for the 0.143 criterion range from 3.8 to 6.3 A. (Reconstructions
for PVSP6A and PVSP29F are republished from reference 5.)

trapped the virus in a native-like alternative conformation that
normally occurs during the early stages of reversible expansion.
Statistics of fit. For each of the five poliovirus-VHH com-
plexes, the quality of the overall fit can be put on a quantitative
basis by comparing the Fourier transform of the model-based
electron density to the Fourier transform of the corresponding
portion of the cryo-EM map (agreement statistics are listed in
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to a crystallographic figure of merit (with 1.0 indicating perfect
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FIG 2 VHH amino acid sequence alignment. The amino acid sequences of the five VHHs are shown and were aligned using the CLC Sequence viewer.
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FIG 3 Quality of the electron density map and fit of the refined model for the PVSS21E complex. (A) A slice through the model and the map (near the inner
surface of the capsid) shows the icosahedral 5-3-3 triangle (blue, VP1; orange, VP2; black, VP3). (B) The separation of beta strands is clear, and some large side
chains have a distinct density. (C) The PVSS21E model (red) binds in a cleft between the C beta strand of VP1 and the EF loop of VP2. (D) The interface between

protomers is shown in close-up view.

tion). The latter statistic, calculated as a function of the resolution
shell, was used to determine a resolution limit for each refinement.

It should be emphasized that all of the Fourier agreement sta-
tistics are primarily intended to monitor convergence, since their
exact values unavoidably depend on the choice of masked density
that is included in the refinement standard. To ensure that each
atomic model agrees acceptably well with idealized stereochemical
standards, Fourier amplitudes and phase agreements were

TABLE 2 VHH core models

No. of Core PDB Main chain (renumbered and

VHH amino acids® accession no. mutated) residues”

PVSP6A  1-120 4BEL 4-7,11-24, 34-38, 43-51, 58-96,
110-119

PVSS8A 1-127 410C 12-24, 35-39, 4669, 75-98,
114-118

PVSP19B 1-123 113U 2-24, 33-38,43-51, 54-118

PVSS21E  1-121 3QXU 3-26, 33-38, 45-50, 57-67,
77-93,113-118

PVSP29F 1-129 1QD0 4-7,12-22, 34-40, 46-49, 52-53,

58-69, 78-99, 115-127

“ The number of amino acids in the atomic model, typically including between 1 and 3
ordered histidine residues from the His tag at the carboxyl terminus.
b The residue numbers correspond to the sequence of the antipoliovirus VHH.
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weighted versus the Refmac5 stereochemical potentials in a way
that achieved root-mean-square (RMS) bond length errors in the
range of 0.008 to 0.012 A and bond angle errors in the range of
1.771 to 2.346°.

Contact footprint of the VHHs on the virus surface. In all five
VHH complexes, the neutralizing VHHs bind in the canyon, close
to the quasi-3-fold axis that is located at the center of the icosahe-
dral triangle having a 5-fold axis and two 3-fold axes at its corners
(the 5-3-3 icosahedral triangle) (Fig. 1). The quasi-3-fold axis is
the point where VP1 and VP2 from the leftmost biological
protomer meet with VP3 from the rightmost protomer. Ink-blot
pictures (Fig. 5 and 6) show that all five VHH contact footprints
on poliovirus cover similar areas (Fig. 5A to E) nestled into the
deep cleft of the canyon, a location that is typically inaccessible to
conventional antibodies. This also corresponds to the site of PVR
binding (Fig. 5F).

Although the C terminus of the VHH is oriented away from
the virus in all cases, nearly every other surface feature on the
VHHs was seen to bind in at least one of the complexes (Fig. 5A
to E). Since the VHHs are small enough to fit in the reentrant
surface of the canyon, they can also use a much larger portion
of their surface area in binding. Every VHH does bind with its
N terminus (and three sequence-variable loops) in contact
with the virus surface. However, except for that constraint,
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FIG 4 Changes in capsid protein VP1 that result from VHH binding. The alpha-carbon coordinates for VP1 in each of the five VHH-poliovirus complexes are
compared with those in the poliovirus crystal structure (PDB accession number 1HXS). Each plot indicates the magnitude of the alpha-carbon difference,
expressed as a function of residue number. No meaningful differences occurred in the complexes with PVSS8A, PVSP19B, or PVSP29F. In the PVSP6A complex,
alarge difference is seen near the doorstop region, around residues 233 to 236. The doorstop is predominantly in a down conformation in the structure with PDB
accession number 1HXS but is held in an up conformation in the complex with PVSP6A. For the poliovirus complex with PVSS21E, marked differences in VP1
are seen in the B and C beta strands, the BC, EF, DE, and HI loops, and the CD helix.

there is otherwise no consistency in the orientation of the VHH
about its long axis or in the angle that the long axis makes with
the virus surface (Fig. 1 and 5). Correspondingly, there is no
consistency with which specific polypeptide segments of a
VHH molecule are used for binding to each feature on the
poliovirus surface (Fig. 6).

Among the detailed contacts between poliovirus and the five
neutralizing VHHs (see Table S1 in the supplemental material),
there are several structures on the virus surface that consistently
participate in binding with all five VHH ligands. Thus, in all five
VHH complexes, extensive contacts are seen with a portion of the
EF loop of VP2 (around residues 138 to 142), with the GH loop of
VP1 (residues 209 to 237), with the EF loop of VP1 (residues 160
to 180), with the C beta strand of VP1 (and vicinity; residues 102
to 115), and with the proximal portion of the C-terminal exten-
sion of VP1 (near residue 280) (Fig. 7). Indeed, Leu228 and
Val166 (belonging to the GH and EF loops of VP1, respectively)
appear on all five lists of interatomic contacts. All five of the above-
named polypeptide segments belong to the protomer that occu-
pies the leftmost half of the 5-3-3 icosahedral triangle. Aside from
the five common structural elements that are bound by all five
VHHs, there are certain other structures on the capsid surface
(mostly from the eastern half of the 5-3-3 triangle) that contact a
VHH molecule in only one or a few of the five complexes. This is
reflected by the variability in VHH position and orientation
within the canyon (as shown by Fig. 5). Structural elements that
are bound by one or only a few of the VHHs include the BC loop
of VP1 (from the leftmost protomer; PVSS21E), the (distal) C-ter-
minal extension of VP1 (from the rightmost protomer; PVSP6A
and PVSP29F), the GH loop of VP3 (from the rightmost
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protomer; PVSS8A, PVSP19B, and PVSP29F), and the knob-like
insertion in the VP3 B beta strand (from the rightmost protomer;
PVSP6A).

How poliovirus changes when bound to VHHs. To better un-
derstand the VHH-based neutralization, we were particularly in-
terested in understanding how the poliovirus structure might
change in response to VHH binding. In four of the five VHH
complexes (all except that with PVSS21E), the poliovirus struc-
ture is nearly indistinguishable from that of the native virus, ex-
cept for a few specific spots where there are highly localized
changes caused by direct binding to the VHHs. This similarity can
be seen in a plot of alpha-carbon differences, plotted as a function
of residue number (Fig. 4).

The most notable structural difference in the four native-like
complexes occurs in the so-called doorstop region of the GH loop
of VP1 (residues 233 to 236). In previous poliovirus crystal struc-
tures, these doorstop residues have usually been present in a mix-
ture of up and down conformations (as detailed by Strauss et al.
[19]), with the predominant conformation being up in some cases
(e.g., the structure with PDB accession number 2PLV) and down
in other cases (e.g., the structure with PDB accession number 1
HXS). In the picornavirus literature, the conformation of the
doorstop is hypothesized to help to control the presence or ab-
sence of the pocket factor in the hydrophobic core of VP1 (28). It
is easy to see how direct contacts with a VHH (Fig. 7; see also Table
S1 in the supplemental material) or the lack of direct contacts
could shift the proportions of these two states without creating
strain. Thus, the doorstop is predominantly in the down confor-
mation in the PVSP19B, PVSS21E, and PVSP29F complexes and
in the up conformation in the PVSP6A complex. PVSS8A was

jviasm.org 3501


http://www.rcsb.org/pdb/explore/explore.do?structureId=2PLV
http://www.rcsb.org/pdb/explore/explore.do?structureId=1HXS
http://www.rcsb.org/pdb/explore/explore.do?structureId=1HXS
http://www.rcsb.org/pdb/explore/explore.do?structureId=1HXS
http://www.rcsb.org/pdb/explore/explore.do?structureId=1HXS
http://jvi.asm.org

Strauss et al.

Oriented Aligned

180°

>

FIG 5 Surface representations show intermolecular contact areas (footprints)
between poliovirus and its five neutralizing VHHs. The color coding indicates
the distance of the closest approach in each complex (red, 5 A or closer; yellow,
5 to 9 A). Domain 1 of poliovirus receptor CD155 (PVR) is included for
comparison. In the leftmost column (Oriented), each VHH is shown in its
binding orientation relative to the frame of reference of the virus. The right-
most column shows the corresponding footprint of each VHH on the polio-
virus surface. Despite the variety of VHH orientations, all five VHHs (and
PVR) bind to similar locations in the center of the 5-3-3 icosahedral triangle,
deep in the canyon. To facilitate comparisons, the two middle columns
(Aligned) show isolated VHH molecules aligned with one another. Clearly,
each VHH uses a different set of loops and beta strands to interact with the viral
capsid.

modeled as the down conformation, but the density suggests a
mixture. These positions are clearly influenced by localized inter-
actions with residues of the VHH (Fig. 7; see also Table S1 in the
supplemental material).

Binding to PVSS21E changes the structure of VP1. Although
the binding of four out of five of the VHHs leaves the native po-
liovirus structure substantially unperturbed, VHH PVSS21E,
which is the weakest of the neutralizers, alters the structure of VP1
in significant ways. This is evident from the plot of alpha-carbon
differences (Fig. 4) relative to the alpha carbons in parental strain
Mahoney (PDB accession number 1HXS) and motivated us to
omit much of VP1 from the structurally restrained residues
during refinement. Unlike the other four VHH complexes, the
binding of PVSS21E involves extensive contacts with the BC loop
of VP1 (Fig. 7; see also Table S1 in the supplemental material).
These contacts change the loop conformation markedly (so that
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the main chain trace at the top of the BC loop runs perpendicularly
to its previous path) and propagate structural differences to the B
and C beta strands. Correlated with this movement, we also see
alterations in the positions of the EF loop of VP1 (which mediates
contacts with the neighboring VP1 beta barrel) with the DE and
HI loops of VP1 (which mediate the interprotomer contacts
around the 5-fold axis) and in the B beta strand, C beta strand, and
CD helix of VP1 (which must reflect small differences in the
disposition of beta barrels).

Notably, the regions of VP1 that change in the PVSS21E com-
plex are the same areas of VP1 that were previously seen to move
(to a much greater extent) in the picornavirus enterovirus 71
(EV71) upon irreversible expansion of the capsid to form an 80S-
like particle and in the irreversible expansion of coxsackievirus
A16 (CAV16) and poliovirus to form the 135S particle (28-30).
The expansion trajectory is likely to be icosahedrally symmetric
and qualitatively similar in all picornaviruses. The observation
that PVSS21E binding causes changes in the very same areas leads
us to imagine that the PVSS21E-poliovirus complex has sampled
and stabilized a point along the expansion trajectory that is clearly
distinguishable from that in the unperturbed native structure but
not too far away from it (see below).

We should note that the density for the pocket factor in the
PVSS21E complex is different in appearance from that in the crys-
tal structures, with the open hydrophilic end of the pocket factor
molecule being too disordered to see. Conformational changes in
the PVSS21E pocket factor would be plausible, owing to the
changes that we see in the shape of the pocket. However, none of
our cryo-EM maps have sufficient resolution to show the pocket
factor clearly, which makes it impossible to draw reliable conclu-
sions about the pocket factor conformation.

DISCUSSION

In undertaking the structural studies of these five neutralizing
VHHs, we endeavored to shed light on the repertoire of binding
modes and determine the mechanism of action of neutralizing
antipoliovirus VHHs. Here we present some striking observa-
tions, discuss their significance, and offer some explanations for
their roles in the mechanism of neutralization. Finally, we offer
suggestions into the future use of VHHs as standard reagents in
vaccine development.

VHHs bind similar sites on poliovirus that overlap the recep-
tor-binding site. When looking at all five VHH-poliovirus com-
plexes, it is immediately clear that all VHHs bind near the quasi-
3-fold axis on the virus surface and that all the VHH binding sites
overlap extensively with the binding site for the receptor. The
similarities in the observed binding site for the neutralizing VHHs
may be explained to be the result of the two selection criteria used
in screening the phage library and VHHs (during the initial VHH
selection). The first criterion was the selection of phages express-
ing VHHs that bound tightly to immobilized poliovirus. This se-
lection would be expected to favor those VHHs that bound to deep
depressions in the virus surface, as this would allow a greater bur-
ied surface area and thus a higher affinity. By similar arguments,
this selection also accounts for the observation that an unusually
large percentage of the surface of the VHHs is involved in interac-
tion with the virus, even though a different portion of the VHH
surface is involved in each VHH. However, this observation alone
cannot explain the extensive overlap with the receptor-binding
site, because there are many areas in the canyon and the saddle-
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FIG 6 Atomic models for the five neutralizing VHHs are shown in stereo as ribbon representations. Domain 1 of poliovirus receptor CD155 (PVR) is included
for comparison. As in Fig. 5 (left column), each model is shown in its binding orientation relative to the frame of reference of the virus and is color coded by its
distance of closest approach to the virus surface (red, 5 A or closer; yellow, 5 to 9 A).

VP2

FIG 7 Amino acids in VP1 and VP2 that contact the five neutralizing VHHs
directly. In VP1 (blue ribbons, viewed in stereo), the contacting residues are
indicated by colored spheres. Common contact areas include the EF and GH
loops, the carboxyl-terminal extension, and the vicinity of beta strand C. The
sphere color indicates the number of VHH-poliovirus complexes (out of five)
in which the corresponding amino acid contacts a VHH directly. Cyan, green,
yellow, orange, and red represent one through five contacts, respectively. In
VP2 (bronze ribbons, in stereo), contacts with all five VHHs are indicated
along a single main chain trace and are color coded by complex. Thus, the
spheres on VP2 indicate contact sites with PVSP6A (purple), PVSS8A (or-
ange), PVSP19B (yellow), PVSS21E (red), and PVSP29F (green). Most of these
common contact areas in the virus change conformation or become disor-
dered upon expansion of the capsid.
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shaped depression across the 2-fold axes where the VHHs could
bind with a similarly extensive binding area. We therefore attri-
bute the overlap with the receptor-binding site and the contact
with five specific areas (four of which undergo a change upon
virus expansion) to the subsequent selection criterion of tightly
binding VHHs that are capable of strongly neutralizing the infec-
tivity of the virus. It would be tempting to speculate that selection
for the ability to neutralize the virus would select for VHHs that
simply block attachment of the receptor sterically. However, sev-
eral of the VHHs (e.g., PVSP6A and PVSP29F) have been shown
to be capable of neutralizing virus infectivity at concentrations
well below their K,s (equilibrium dissociation constants), sug-
gesting that simple steric exclusion is not the only mechanism by
which they inhibit infectivity.

Why VHHs and PVR have similar sites but dissimilar effects.
Despite the similarity in the binding footprints of PVR and VHHs
(Fig. 1 and 5), the binding of these two classes of ligands has
essentially opposite effects. Thus, the binding of the VHHs stabi-
lizes the virus structure against thermally induced expansion and
neutralizes infectivity, whereas the binding of the receptor leads to
the destabilization of the native structure and expansion to form
the 135S particle and promotes infection. The present discussion
helps to clarify why that is the case.

(i) Effects of receptor binding. Receptor binding has been
shown to cause structural rearrangements that alter the interface
between 5-fold-related protomers and result in the loss of the
pocket factor, but without causing particle expansion when recep-
tor binding occurs at a low temperature (19). Moreover, when
small-molecule antivirals (which bind in the pocket more tightly
than the pocket factor does and which highly stabilize the virion
against thermally induced expansion) are bound to virus, the
presence of the antiviral blocks receptor binding at low tempera-
tures (31). This implies that the virus surface must be changed and
that the pocket factor must be released from the pocket, in order to
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bind PVR with a high affinity. Based on these observations, we
have postulated that the structural changes and the release of the
pocket factor, which are associated with receptor binding, leave
the complex poised for much larger changes, associated with ex-
pansion, when the complex is incubated at physiological temper-
ature (19).

(ii) Effects of binding strongly neutralizing VHHs: neutral-
ization mechanism. In contrast, the binding of the most effective
neutralizing VHHs (which are stabilizing) perturbs the virus as
little as possible and the pocket remains occupied. The common
contacts shared by all five VHHs (the EF loops of VP2, the EF and
GH loops of VP1, and the C beta strand and C-terminal extension
of VP1) include important stabilizers of the native structure that
stabilize by binding to neighboring beta barrels. The importance
of these contact areas for neutralization is further supported by the
observation that all of the identified escape mutations on the sur-
face of the VHH-resistant escape mutant viruses were located
within the same five structural elements (6). Thus, the escape mu-
tation sites that were exposed included residues 102, 109, 150, 166,
168,222,223, and 228 of VP1 and residues 139 and 142 of VP2 but
included no exposed residues outside the five-element common
footprint. (All additional escape mutation sites that were buried in
the interior of the capsid involved interfaces that change during
virus expansion.) We therefore propose that the VHHs prevent
the movement of those controlling elements by adding additional
stabilizing contacts to them. One effect of immobilizing those
polypeptides in place could be to prevent the shifting of capsid
protein beta barrels that otherwise occurs during expansion, once
the stabilizing contacts have been removed. Alternatively, the im-
mobilization of the peptide segments may act by preventing the
release of the pocket factor. Thus, all five structural elements that
the neutralizing VHHs bind in common (possibly except for the
distal GH loop of VP1) lie in direct contact either with the pocket
factor itself or with hydrophobic residues that line the pocket.
Computational dynamics simulations by Li et al. (32) on a
complex between rhinovirus 14 and the capsid-binding drug
WIN52084 showed that the pocket occupant can snake its way out
of the pore (the outer, hydrophilic open end of the pocket) with-
out significantly perturbing the native virus structure, except in
three specific, localized areas of VP1. These areas included the C
beta strand and the EF loop (both of which are common VHH
contact areas) and the middle of the G beta strand. The two pro-
posed mechanisms are obviously not exclusive, and both could
explain the ability of the VHHs to neutralize at a low copy num-
ber. The stabilization provided by binding to a small number of
VHHs, along with the constraints of the tightly packed icosahedral
surface, could be sufficient to prevent the expansion that other-
wise would be induced by a receptor molecule bound at another
site. This is entirely consistent with previous observations that all
the poliovirus structures that we have observed to date, with the
exception of structures associated with RNA release, preserve ico-
sahedral symmetry.

The curious case of PVSS21E. Curiously, in the case of
PVSS21E, which is by far the worst neutralizer in the group, the
structural changes in the virus are more significant. Thus, signifi-
cant changes are seen in the top surface of VP1, involving the B
and Cbeta strands, the BC and DE loops, and the CD helix, though
most of the remainder of the VP1 beta barrel remains substantially
unchanged. Fortunately, this structure is the highest-resolution
structure in the group (3.8 A), and we are therefore able to model
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its changes confidently. It is worth noting that the changes due to
PVSS21E binding could be accommodated by changes in the
pocket factor conformation and that the pocket factor remains
bound. These are less extreme than the structural changes that are
caused by receptor binding, which totally occlude the pocket, ex-
pelling the pocket factor and preventing its rebinding. Moreover,
like the other four VHHs, PVSS21E binds to five key regions of the
virus surface, four of which change during expansion. This leads
to the suggestion that despite causing serious perturbations,
PVSS21E might neutralize the virus by a mechanism that is similar
to that of the other four VHHs.

The PVSS21E-poliovirus complex as a window to early stages
of the process of particle expansion. One can think of the
PVSS21E-virus complex as a very early reversible stage in the
expansion process. As such, there is a balance between the sta-
bilizing effect of PVSS21E (thereby blocking infection) and
destabilization of the virus associated with the structural
changes required for expansion. PVSS21E binding provides
stabilizing contacts within regions that change during expan-
sion and prevents the pocket factor from being released. This
view reinforces the notion (which was originally proposed
from the observation that the virus breathes and which is dis-
cussed in more detail by Strauss et al. [19]) that expansion is a
multistep process and that structural studies of the virus (par-
ticularly in complex with different ligands) sometimes allow us
to sample the conformational repertoire of the virus by trap-
ping different stages along the multistep pathway.

Neutralizing VHHs as standard quality control reagents for
vaccine manufacture. Traditionally, panels of antibodies have
been used to measure the D-antigen content as a measure of the
potency of vaccine lots during inactivated polio vaccine (IPV)
production (33, 34). Although they have proven to be very useful,
the current panels of antibodies are imperfect, in that different
manufacturers use different proprietary panels that are specific to
the strains used by the manufacturer and different assay formats,
leading to difficulties in comparing the actual D-antigen contents
of vaccine lots from different manufacturers. Moreover, the cur-
rent panels are poorly reactive with formalin-inactivated prepara-
tions using Sabin strains, which are expected to replace wild-type
strains as seed stocks for new manufactures. As the number of
manufacturers of IPV increases and production facilities become
distributed worldwide, there is an increasing need for standard
reagents, which has recently been formalized in recommendations
from WHO and the Bill and Melinda Gates Foundation advisory
group PATH (35, 36). We would argue that the VHHs deserve
serious consideration as replacements for the currently used pan-
els of antibodies. Thus, they can be stored as cDNA (and therefore
are less susceptible to loss), they are cheaper to produce in bulk,
they are presently less constrained by intellectual property con-
cerns, and, because they bind to a highly conserved site that is a site
of significant conformational change during the D-to-C conver-
sion, they are less likely to be strain specific and more likely to
serve as a better determinant of the D-antigen content of vaccine
lots.
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