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ABSTRACT Human norovirus is the leading cause of gastroenteritis worldwide,
with no approved vaccine or antiviral treatment to mitigate infection. These plus-
strand RNA viruses have T = 3 icosahedral protein capsids with 90 pronounced pro-
truding (P) domain dimers, to which antibodies and cellular receptors bind. We
previously demonstrated that bile binding to the capsid of mouse norovirus (MNV)
causes several major conformational changes; the entire P domain rotates by ~90°
and contracts onto the shell, the P domain dimers rotate about each other, and
the structural equilibrium of the epitopes at the top of the P domain shifts toward
the closed conformation, which favors receptor binding while blocking antibody
binding. Here, we demonstrate that MNV undergoes reversible conformational
changes at pH 5.0 that are nearly identical to those observed when bile binds.
Notably, at low pH or when metals bind, a cluster of acidic resides in the G'-H’
loop interact and distort the G’-H’ loop, and this may drive C’-D’ loop movement
toward the closed conformation. Enzyme-linked immunosorbent assays with infec-
tious virus particles at low pH or in the presence of metals demonstrated that all
tested antibodies do not bind to this contracted form, akin to what was observed
with the MNV-bile complex. Therefore, low pH, cationic metals, and bile salts are
physiological triggers in the gut for P domain contraction and structural rearrange-
ment, which synergistically prime the virus for receptor binding while blocking
antibody binding.

IMPORTANCE The protruding domains on the calicivirus capsids are recognized by
cell receptors and antibodies. We demonstrated that MNV P domains are highly mo-
bile, and bile causes contraction onto the shell surface while allosterically blocking
antibody binding. We present the near-atomic cryo-electron microscopy structures of
infectious MNV at pH 5.0 and pH 7.5. Surprisingly, low pH is sufficient to cause the
same conformational changes as when bile binds. A cluster of acidic residues on the
G’-H’ loop were most likely involved in the pH effects. These residues also bound
divalent cations and had the same conformation as observed here at pH 5. Binding
assays demonstrated that low pH and metals block antibody binding, and thus the
G’-H' loop might be driving the conformational changes. Therefore, low pH, cationic
metals, and bile salts in the gut synergistically prime the virus for receptor binding
while blocking antibody binding.
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uman norovirus infections are responsible for a majority of acute, nonbacterial gastro-

enteritis cases worldwide, and the economic impact in the United States is ~$10 bil-
lion per year. There are ~200 million cases per year in children less than 5 years of age,
with an estimated mortality rate of 50,000 deaths per year, mainly in countries with under-
developed or underfunded health care systems (1). Currently, no vaccines or directed anti-
viral treatment options are approved (2), and controlling infection has proved difficult,
given the highly infectious nature of the virus and antigenic differences between strains.
Further complicating matters, culture systems for producing infectious human norovirus
have proved difficult to maintain and are limited in viral yields (3). Mouse norovirus (MNV)
is an ideal model system to study norovirus infection because mice are the native host
and represent a widely used animal model for infection, a reverse genetics system has
been developed, and the virus grows well in macrophage-like cell lines (4). MNV is an en-
teric virus and causes both asymptomatic and symptomatic infections in mice (5, 6).

Both human norovirus and MNV belong to the Caliciviridae family and share similar
structural features. The major capsid protein (VP1) (~58 kDa) comprises the T = 3 icosa-
hedral viral capsid. VP1 is subdivided into the N-terminal, shell (S), and protruding (P)
domains (7, 8). Viral plus-stranded RNA is contained within the shell domain. The P do-
main is further subdivided into the P1 and P2 domains; the P1 domain lies at the base,
and the P2 domain is at the apical tip. Most neutralizing antibodies (9, 10) and viral
receptors/cofactors (11, 12) bind to the P2 domain.

The calicivirus capsid is not a static structure that merely transports viral RNA. In the
original X-ray structure of Norwalk virus, the P domain sat directly on the shell (7, 13).
Subsequently, our cryo-electron microscopy (cryo-EM) work showed that, in physiolog-
ical buffers, the MNV P domains appeared to “float” >15 A above the shell (8). This flex-
ible P domain feature was later also found in rabbit hemorrhagic fever virus-like par-
ticles (VLPs) and human norovirus VLPs of genotype GII.10 (14, 15). Not only is the
entire P domain flexible, but there is also motility within the P domain itself. The X-ray
structure of the isolated P domain showed that the two most apical loops of the P2 do-
main (A’-B’ and E’-F’) can adopt two different conformations, in which these two loops
are splayed apart (open) or tightly associated (closed). (16).

We recently showed that the MNV viral capsid undergoes dramatic structural changes
upon exposure to bile salts (Fig. 1), such as glycochenodeoxycholic acid (GCDCA) (17).
Although Fig. 1 shows the conformational changes in particular sequence, there may be
multiple pathways that reach the same end. In the absence of added ligands, the P do-
main A’-B" and E’-F’ loops (Fig. 1, mauve and red, respectively) are in equilibrium between
the open and closed conformations. Two molecules of bile bind to the P domain dimer
interface (step 1) to push the equilibrium toward the closed conformation (step 2).
Similarly, the C'-D’ loop (Fig. 1, highlighted in black) is in equilibrium between the down
position, which points toward the shell, and the up position, which associates with the A’-
B’ and E'-F’ loops. When bile binds, the position of the C'-D’ loop greatly favors the up
orientation (step 3). We know that the conformations of all of these loops are in equilib-
rium in solution, since the A’-B" and E'-F’ loops were in both the open and closed confor-
mations in the apo X-ray structure, while the C’-D’ loop was always in the down position
(16). The C'-D’ loop also appears to be correlated with a rotation of the two P domains in
the dimer relative to each other (step 4). When bile is bound, the C'-D’ loop moves to the
up position and the P domains rotate counterclockwise to each other (18). This rotation
creates a surface complementary to the shell and may be necessary for the P domains to
rotate by 90° (step 5) and contract onto the shell (step 6). Evidence for a role of the C’'-D’
loop in the contraction process was that the apo P domain X-ray structure in the closed
conformation did not show the dimer proteins rotated about each other (16). However, it
was not clear how the other conformational changes either cause or are a result of this
contraction. In this context, the structure of MNV at low pH starts to detail the connections
and correlations between these conformational changes.

Interestingly, antibody escape mutations for some broadly neutralizing MNV anti-
bodies are found near the C'-D’ loop (10), far removed from the epitopes. Since bile
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FIG 1 Summary of the conformational changes in MNV upon bile binding (18). Shown here is a capsid dimer,
with the two subunits colored blue and tan. The P domain is highly flexible and in structural equilibrium in
solution. The binding of bile likely drives the structural equilibrium in the following manner. Bile binds
between the P domain dimers (step 1), and this is likely facilitated by the flexibility of the C'-D’ and A’-B'/E’-F’
loops. As bile binds, the equilibrium is pushed toward a closed conformation for the A’-B’ and E’-F’ loops (step
2), and the C'-D’ loop moves up to stabilize that conformation (step 3). Likely related to the C'-D’ loop
movement, the P domains in the dimer rotate slightly about each other (step 4), and this new surface at the
base is now compatible with that of the top of the shell. This leads to an ~90° rotation of the entire P domain
(step 5) and contraction of the P domain onto the shell (step 6). The contracted structure with the P domain in

the closed conformation, after all of the conformational changes have occurred, is shown on the right.

enhances receptor binding (12), the receptor favors the contracted capsid with the P
domain A’-B" and E’-F’ loops in the closed conformation. However, from our recent
high-resolution cryo-EM structure of the isolated P domain complexed with neutraliz-
ing Fab A6.2 (18), antibodies cannot bind to the closed conformation favored by the
receptor. Therefore, we proposed that noroviruses (in particular, MNV) can evade host
immunity by presenting one conformation to B cells while presenting a completely dif-
ferent structure in the gut. We also proposed that some antibody escape mutants may
block antibody binding in a manner akin to bile, by pushing the C'-D’ loop into the up
conformation, thereby closing the A’-B’ and E’-F' loops.

In the work presented here, we demonstrate that MNV at pH 5.0 has a structure
nearly identical to that of the MNV-bile complex. The A’-B’ and E’-F’ loops adopt the
closed conformation, the C’-D’ loop moves upward toward the A’-B’ and E’-F’ loops,
and the entire P domain rotates down onto the capsid shell. This may be driven at least
in part by the protonation of a cluster of acidic residues on the G’-H' loop that are im-
mediately adjacent to the C’-D’ loop on the other P domain in the dimer. This dis-
torted conformation of the G’-H’ loop was also found at neutral pH in the presence of
cationic metal ions, with these acidic residues chelating the metal ions (12). Another
major change in charge interactions is in the linker region, which is fully extended at
neutral pH, with acidic and basic residues distributed along its length. At pH 5.0, these
residues form a tight bundle at the P domain-shell interface, which may also be facili-
tated by the acidic conditions. We previously demonstrated that antibody binding is
abrogated by the bile-induced conformational changes (18). Similarly, we show here
that antibody binding is inhibited by low-pH conditions and the presence of cationic
metals. These results further support our model in which conditions in the gut convert
the structure of MNV to a contracted P domain conformation with a closed A’-B'/E’-F’
loop. This structure is primed for receptor binding while at the same time burying epi-
topes that are exposed outside the gut environment. These results suggest that
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TABLE 1 Data collection and refinement statistics for MNV at pH 5.0 and pH 7.5

Data for:

Parameter MNYV at pH 5 MNV at pH 7.5
PDB code 7N6Y 7N7F
EMDB accession no. 24211 24226
Instrument used Titan Krios G3i Titan Krios G3i
No. of images 25,794 12,829
No. of particles used 244,657 145,347
Software cryoSPARC v2 cryoSPARC v2
Resolution (A) 3.28 3.02
No. of atoms 23,524 9,402
Ruorc (%) 36.9 32
Correlation coefficient, masked 0.85 0.87
Ramachandran plot (%)

Outliers 0.07 0.16

Allowed 14.0 7.08

Favored 85.9 92.75
RMSD

Bond length (A) 0.021 0.007

Bond angle (°) 1.3 0.72
B values (A2

Minimum 33 44

Maximum 183 197

Mean 92 105

vaccine development may need to consider the possibility that host factors may alter
the structure of epitopes, as recently shown with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (19).

RESULTS

The structure of MNV is markedly flexible, with various environmental conditions causing
a range of conformational changes (Fig. 1 and Table 1). This low-pH structure offers another
opportunity to look at possible correlations and causations of specific structural changes.
Since noroviruses are enteric viruses, they must pass through a wide range of pH conditions
while traveling down the alimentary tract. Since we previously showed that the MNV capsid
has marked flexibility, it was of interest to see what conformation it would adopt under acidic
conditions. To that end, a single preparation of MNV was divided in two equal fractions, pel-
leted via ultracentrifugation, and resuspended in 25 mM sodium phosphate, 25 mM sodium
citrate, 100 mM sodium chloride, at either pH 5.0, the mean intestinal pH of mice (20), or pH
7.5, the pH used in previous structural studies (8, 14, 17). For both data sets, ~200 particles
were manually selected, and ab initio models were generated in cryoSPARC. Automatic parti-
cle picking was then performed with this volume and resulted in the final data sets of
244,657 and 145,347 particles for the pH 5.0 and pH 7.5 data sets, respectively. The final
reconstructions had gold standard cryo-EM resolutions of ~3.2 A at pH 5.0 and ~3.0 A at pH
7.5 (Fig. 2). However, as we observed previously (17), resolution calculation at pH 7.5 did not
include the entire P domain, due to its marked flexibility leading to weak density (Fig. 2D). As
shown in Fig. 2, MNV at pH 5.0 is in the contracted state, in which the P domain has rotated
by ~90° and lies directly on the shell surface. As was observed in the presence of bile (17),
this stabilizes the position of the P domain, and nearly all of the capsid structure could be
built (Fig. 2A and C). The shell domain density was the most well defined, while the apical
loops of the P domain showed some disorder. Alignment of this pH 5.0 structure with our
recent structure of the MNV-bile complex (Protein Data Bank [PDB] code 6P4J) (17) yielded a
root mean square deviation (RMSD) of ~1.0 A using all backbone atoms in PyMOL (21).

In contrast, the structure at pH 7.5 is the same as when MNV was frozen in phos-
phate-buffered saline (PBS) in the absence of bile (8, 14, 17). Although the cryo-EM
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A

FIG 2 Cryo-EM image reconstructions of MNV at pH 7.5 and 5.0. (A) Exterior view of MNV at pH 5.0.
The surface is colored from red to blue, going from the interior to the exterior surface. Icosahedral 5-,
3-, and 2-fold axes are noted on the virion. The P domains are blue and green, while the shell surface
varies from yellow to red in color. (B) Central section of MNV at pH 5 (colored), with the
corresponding section of the MNV pH 7.5 structure shown in translucent gray. Note that the contour
level for the pH 7.5 structure was far lower than that for the pH 5.0 structure, to visualize the flexible
P domain. Red arrow 1 shows the gap between the P and shell domains in the pH 7.5 structure, and
arrow 2 shows that the floating P domain in the pH 7.5 structure extends much further than that in
the pH 5.0 structure, while the shells in the two structures follow the same contours. (C) Structure of
a P domain dimer in the pH 5.0 structure, showing that the P domain has contracted onto the shell
surface. This stabilizes the position of the P domain such that the entire chain can be traced. (D)
Electron density of the pH 7.5 structure at a higher (3 o) contouring threshold. The model for the
shell represents the refined structure of that domain. The P domain model from the pH 5 model was
placed in the P domain density at much lower contours than those shown in panel B.

resolution of MNV at pH 7.5 is estimated to be ~3.0 A, the P domain was only visible at
very low contouring levels (Fig. 2B), while the shell density was clear and unambiguous
(Fig. 2D). Note that, at higher contouring levels, the shell is clear at pH 7.5 but the P do-
main is barely visible (Fig. 2D). To highlight the difference between the floating P do-
main structure at pH 7.5 and the contracted structure at pH 5.0, the density of the pH
7.5 structure at a low contouring level is shown in translucent gray in Fig. 2B and
superimposed on the pH 5.0 density. Arrow 1 in Fig. 2B indicates the gap between the
P and shell domains in the pH 7.5 structure, and arrow 2 notes the difference in
the heights of the P domains above the shell in the two structures. To further highlight
the movement, the distance between residue 64 of the shell and residue 522 at the
base of the P domain was measured under the two conditions. In the contracted form
at pH 5.0, the distance between the two residues is ~6.2 A; this increases to 29.4 A as
the P domain lifts and rotates by ~90° in the expanded conformation.

Changing the pH from 7.5 to 5.0 caused the same conformational changes as add-
ing bile (17). As noted in Fig. 1, one of these conformational changes involves the
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FIG 3 Surface contact between the A and B P domain dimers at pH 7.5 and pH 5.0. (A) for this stereo figure,
the open conformation of the P domain from the P domain-Fab A6.2 structure (18) was used. The contact
residues were identified using PDBePISA (22), and the surface was rendered using PyMOL (21). The acidic and
basic residues are highlighted in red and blue, respectively. (B) Shown here is the contact area between the P
domain dimers in the pH 5.0 EM structure. Note that the contact surface is larger than that at pH 7.5.

rotation of the P domains in the dimer with respect to each other. Using PDBePISA
(22), the interfaces between the A and B subunits at pH 5.0 and pH 7.5 (the P domain
from the P domain-Fab A6.2 structure [18]) were compared. These contact surfaces are
shown in Fig. 3, in which the acidic and basic residues are highlighted in red and blue,
respectively. As is clear in Fig. 3, the contact area between the subunits increases when
the pH is lowered to 5.0. From the PDBePISA calculations, the buried surface area at 7.5
is ~1,789 A2 and that at pH 5.0 is ~2,174 A2. However, as shown in Fig. 4 and 5, the
linker region is extended at pH 7.5 but is tightly coiled at pH 5.0. This accounts for an
additional ~280 A2 of P domain dimer interactions found in the contracted pH 5.0
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FIG 4 (A) Pseudo-atomic model of the MNV structure at pH 7.5. For this model, the MNV pH 7.5 shell structure was used. The
structure of the P domain dimer was taken from the pH 7.5 P domain-Fab A6.2 structure and fit as a rigid body into the EM
envelope of the pH 7.5 structure at low contour. The connection between the shell and P domains is visible at lower contour and
forms a nearly straight tube connecting the two domains. Therefore, the backbone for the linker region is defined, but the
positions of the side chains are not. To account for the conformational changes at pH 5.0, the acidic and basic residues are
shown in red and blue, respectively. Note that the linker region is fully extended and that charged residues are evenly distributed
along its length. (B) Close-up view of the G’-H’" and C’'-D’ loops in the pH 7.5 P domain structure indicated by the box in panel A.
The C'-D’ loop is pointed down and away from the A’-B’ and E'-F' loops, and the G’-H’ loop is in a nearly vertical position.
Noted are the locations of D440, D443, and E447, which cluster together at pH 5.0, as shown in Fig. 5.
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FIG 5 Structure and distribution of charged residues in MNV at pH 5.0. (A) At pH 5.0, the structure of MNV is
nearly identical to the MNV-bile complex (17); the P domain has rotated and contracted onto the shell surface,
the C'-D’ loop is in the up position, and the A’-B’ and E’-F’ loops are in the closed conformation. The
magnified sections for panels B and C are highlighted by labeled boxes. (B) Show here is the linker region
coiled up in this contracted conformation. Notably, the charged residues that are evenly distributed along the
length of the linker in the expanded pH 7.5 structure are all compressed into this small volume in the
contracted state. (C) Shown here are the A’-B’, E'-F’, C'-D’, and G’-H' loops in the pH 5.0 structure (tan and
light green), compared to their conformations in the X-ray structure of the isolated P domain dimer in the
presence of Mg?" (12) (brown and dark green). In both structures, the G'-H’ loop contracts onto itself and
moves into the area previously occupied by the C'-D’ loop at pH 7.5. The G'-H' loops are nearly identical
between the two structures, and D440, D443, and E447 move to chelate Mg in the X-ray structure. It may be
that protonation at low pH has a similar effect on these acidic residues in the pH 5.0 structure.
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TABLE 2 List of P domain dimer contacts found in MNV structures at pH 7.5, pH 5.0, or both

First residue in bond Second residue in bond
Amino acid Residue no. Amino acid Residue no.
Hydrogen bonds
pa 246 R4 392
pa 248 Se 284
Y 250 Q 312
Sa 282 T 241
Gt 283 T? 241
Sa 284 T 241
T 344 Y 435
T 346 A 446
T 346 E 447
G 347 T 441
G 347 A 446
D 348 A 446
K2 349 T 441
Ka 349 A? 442
Le 350 D 440
R? 396 T 353
Ra 396 Te 354
Y 435 T 346
S 459 E 456
Salt bridges
R® 238 Db 313
R® 396 Eb 338
R 437 E 338
oAt pH 5.0.

bAt both pH 7.5 and pH 5.0.

structure that are not observed in the pH 7.5 structure, making for a total of ~2,460 A2
of contact between the P domain dimers at low pH.

Since the P domain dimer contact area increased at pH 5.0, this raised the question
of whether this change could be due to pH effects on hydrogen bonds or salt bridges
between the subunits. A summary of dimer contacts at the two pH values is shown in
Table 2. Interestingly, there are only three salt bridges between the dimers, with only
one uniquely found at pH 7.5. The larger changes are in the hydrogen bonds (both
side chain and main chain). There are 8 hydrogen bonds at pH 7.0, and this increases
to 12 at pH 5.0, with only 1 hydrogen bond being shared between the two structures.
The lack of commonality between hydrogen bonds in the two structures is due to the
conformational changes in the loops at the tip of the P2 domain and the rotation of
the P domains relative to each other.

The pH-induced conformational change in the P domain is likely due to structural
changes at multiple locations. To find possible key locations involved in these confor-
mational changes, the locations of titratable charged residues were examined. Figure 4
shows a pseudo-atomic model of the expanded conformation of MNV at pH 7.5. For
the P domain structure, the near-atomic resolution cryo-EM structure of the P domain
of our recent P domain-Fab A6.2 complex (18) was used. The shell shown here is the
~3-A structure determined in this study. The linker region was modeled using the
tube of density observed in this pH 7.5 density. The resolution of the linker was insuffi-
cient to accurately model side chains, but its highly extended nature constrained the
linear placement of the residues. This linker region is particularly interesting since it
has acidic and basic residues along its length, but the linkers in the P domain dimers
are too distal to interact. This is completely different from what is found at pH 5.0 (Fig.
5), at which the linkers of the P domains in the dimer interact extensively and form
numerous hydrogen bonds and salt bridges. The other region that undergoes signifi-
cant pH-dependent conformational changes is at the C’-D’ and G’-H’ loops (boxed
region in Fig. 4A). As discussed previously (18), there is evidence that the conformation
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of the C'-D’ loop may be a control point for both P domain rotation and the open/
closed state of the A’-B’ and E’-F’ loops. At pH 7.5, the C’'-D’ loop points downward
and away from the A’-B’ and E'-F’ loops, and the B-strands leading to and from the
G’-H' loop are extended, giving the loop a rigid and vertical conformation (16, 18). In
this conformation, the G’-H’ loop has three acidic residues that are too far apart to
interact. Technically, E447 is not part of the G’-H’ loop at this pH, but this changes at
pH 5.0 when the amino end of the H' loop loses its B-strand conformation and
becomes part of the enlarged G’-H’ loop. At pH 7.5, these acidic residues are expected
to be deprotonated and repulsive due to their negative charges. It is possible that the
extended conformation of the G’-H’ loop is due, at least in part, to this repulsion.

The pH 5.0 structure shows significant differences that may be driving the large
conformational changes observed in the virion (Fig. 5). As shown in Fig. 2, decreasing
the pH from 7.5 to 5.0 is sufficient to contract the P domain onto the shell and cause
the structural changes within the P domain, as reviewed in Fig. 1. As shown in Fig. 5B,
a major difference from the pH 7.5 structure is that the linker forms a tightly coiled
structure with extensive interactions between the P domain dimers. While the interac-
tions between the P domain linkers are too complex to interpret without extensive
computational modeling, it is interesting to note that D231 of one subunit is close to
E223 of the other. It may be that protonation of the acids at pH 5.0 partially facilitates
the extensive coiling of the two linker regions.

The other region that may be affected by the acidic pH is at the C’-D’ and G’-H’
loops. At pH 5.0 (tan and light green in Fig. 5), the G’-H' loop changes from the
extended vertical conformation to a shorter bulging loop that spreads into the region
previously occupied by the C'-D’ loop at pH 7.5. In this conformation, D440, D443, and
E447 are clustered together, and the pK, values for the side chains likely increase to
resist deprotonation. It is thus not entirely surprising that the conformation of this
loop is sensitive to changes in pH. The other way to neutralize the charges of these
side chains is to bind cationic metals. The previous X-ray structure of the P domain was
crystallized in the presence of Mg?™ (12), and one of the locations of bound metal is at
this cluster of G’-H' acidic groups (mauve sphere and brown/light green models in Fig.
5). Notably, in the presence of metal ions, the A’-B" and E’-F’ loops are in the closed
conformation, the C’-D’ loop points up toward the A’-B’ and E’-F’ loops, and the G'-H’
loop has moved into the location previously occupied by the C’-D’ loop. This is thus
consistent with the hypothesis that the G’-H’ loop conformation is at least partially dic-
tated by the charges of these acidic residues. Interestingly, the cryo-EM structure of
MNV was determined in buffer that contained magnesium and calcium and yielded a
structure nearly identical to the low-pH structure presented here, although it was not
clear at the time that the metals were responsible for the conformational differences
from our structures (23). Therefore, we now have essentially identical structures when
bile salts, metals, or pH 5.0 buffer is added to the virus, and all three conditions block
antibody binding. For an animation showing the conformational changes in these
loops switching from pH 7.4 to pH 5.0 and back, see Movie S1 in the supplemental
material.

These results have a possible biological implication. As we demonstrated recently
(17), bile pushes the A’-B’/E'-F’" structural equilibrium to the closed conformation,
which is no longer recognized by several neutralizing monoclonal antibodies (MAbs)
(18). Since acidic conditions also lead to the closed conformation, it follows that anti-
body binding would be inhibited at low pH (Fig. 6, left side). Since cell culture is not
conducive to low-pH conditions, enzyme-linked immunosorbent assays (ELISAs) were
performed using infectious virus particles. In experimental design 1 (black bars), a
standard ELISA was performed using partially purified MNV. The virus was adsorbed to
the plastic well and MAb A6.2 was added using the same pH 7.5 citrate-phosphate
buffer as used for the structural studies. After allowing the virus and antibody to inter-
act for 1.5 h, the excess MAb was washed away with the same buffer and the plate was
developed using horseradish peroxidase (HRP)-labeled anti-mouse IgG secondary
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FIG 6 Effects of pH and metals on MAb A6.2, 2D3, and 4F9 binding to infectious particles of MNV. Shown here
is the effect of low pH on A6.2 binding using the same citrate/phosphate buffers used for the structural work.
The design of the experiment is outlined in the bar figure shown at the top. For experiment 1, the pH 7.5
buffer was used throughout the experiment. For experiment 2, the virus was adsorbed to the plate, treated
with pH 5.0 buffer for 1 h, and washed with pH 7.5 buffer, and the experiment was completed in the same
buffer. Loss of signal during this process would imply irreversible denaturation of MNV at low pH. Finally, in
experiment 3, MNV was washed and incubated with pH 5.0 buffer immediately before, during, and after
incubation with antibody. Loss of signal, compared to experiment 2, demonstrates that all three antibodies do
not bind as well to the pH 5 conformation. Since the pH 5.0 structure is nearly identical to the X-ray structure
in the presence of Mg?" (12), ELISAs were performed with metals added during the incubation with MAbs
A6.2, 2D3, and 4F9. As shown here, both calcium and magnesium significantly blocked antibody binding.
Therefore, bile (18), low pH, and metals all decrease the affinity of all three antibodies to the virion by pushing
the structural equilibrium to the closed conformation.

antibody. Since there was concern that the long exposure to acidic conditions might
affect the virus, a viral stability control was performed (experimental design 2, blue
bars). Here, the virus was treated with the citrate-phosphate buffer at pH 5.0 for 1.5 h.
The acidic buffer was washed away with the pH 7.5 buffer, and then MAb A6.2 was
incubated at pH 7.5. If the virus suffered irreversible damage with the low-pH treat-
ment, then a significant drop in signal would be expected despite MAb A6.2 being
added at pH 7.5. At pH 5.0, a slight drop in signal was observed. While this could be
due to denaturation of the virus, the low-pH buffers might be affecting the virus adher-
ing to the plates. In the final experiment (experimental design 3, brown bars), the
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adsorbed virus was washed with pH 5.0 buffer and incubated with MAb A6.2 in the
same buffer. After incubation with MAb A6.2, the unbound antibody was washed away
with pH 5 buffer since neutral-pH buffer could allow some antibody to bind during the
washing process. The wells were then washed with pH 7.5 buffer and developed as
described above. These results clearly show that MAb A6.2 does not bind as well to the
whole virus at low pH, compared to neutral pH. In addition, the results from experi-
mental design 2 show that the conformational changes in the capsid caused by low
pH are reversible. Abrogation of antibody binding is consistent with the fact that the
low-pH MNYV structure is nearly identical to the MNV-bile complex (17), which does not
bind antibody (18). These experiments were repeated with two additional neutralizing
antibodies, 2D3 and 4F9, and the same reduction in binding at low pH was observed. It
is important to note that the low-pH conditions, as with bile, alter the structural equi-
librium and do not completely lock MNV into a particular conformation. Therefore, the
effect of pH on antibody is dependent on the balance of energetics between antibody
binding and pH changes, which is related to factors such as MAb concentration, MAb
avidity, and pH. Therefore, as the concentration of antibody is increased, there is a no-
table increase in the ELISA signal.

Since the conformation at pH 5.0 was nearly identical to the X-ray structure in the
presence of cationic metals, a similar ELISA was performed at different Mg?* and Ca?*
concentrations. Here, the ELISA was performed at pH 7.5 using Tris buffer, because of
the interaction between the citrate-phosphate buffer and the metals. During incuba-
tion with MAbs A6.2, 2D3, and 4F9, 100 mM calcium chloride or magnesium chloride
was added. As shown in Fig. 6, right side, both metals significantly blocked antibody
binding. This is particularly important since calcium and magnesium, as well as bile,
were found to enhance receptor binding (12). This is consistent with our previously
proposed model (17, 18, 24), in which the open and closed P domain conformations
are exclusively recognized by either antibodies or receptor, respectively. It is also im-
portant to note that all metal-binding locations in the X-ray structure (12) are distal to
antibody contact sites (18). Therefore, metal abrogation of antibody binding is via allo-
steric conformational changes, as with bile, rather than through direct competition
with antibody binding. It is interesting to speculate that the metal enhancement of re-
ceptor binding could be due to both direct interactions at the CD300If receptor-P do-
main interface and the distortion of the G’-H’ loop that would shift the structural equi-
librium to the receptor-binding closed conformation. It should be noted that the IgA
antibodies (MAbs 2D3 and 4F9) are not as pure as the IgG MAb (MAb 6A), since IgA
antibodies cannot be affinity purified. Therefore, it is not clear whether the small differ-
ences in metal sensitivity among the antibodies are statistically significant.

DISCUSSION

As shown in this study, there are multiple physiologically relevant triggers (bile
salts, low pH, and divalent metal ions) that convert MNV from a highly flexible structure
recognized by antibodies in the serum to the contracted conformation in the gut that
blocks antibody binding while enhancing the affinity for receptor. As reviewed in Fig.
1, the MNV transition from the antibody-binding conformation, with open A’-B’ and
E’-F" loops and a floating P domain, to the receptor-binding, contracted capsid with a
closed P domain, requires movement at several locations in the capsid. The order of
these changes is likely interchangeable, with multiple possibilities, but this study has
identified areas that are likely key to the transition. In this case, antibody binding acts
as a sensor for the structural transition by binding only to the open A’-B'/E’-F’ confor-
mation. The effects of low pH and metals on antibody binding are more than likely al-
losteric in nature. In the case of acidic pH conditions, most of the residues at the epi-
tope-paratope interface are hydrophobic and unlikely to be greatly affected by pH
changes. Similarly, three magnesium-binding sites were observed in the crystal struc-
ture of the P domain-CD300If receptor complex (12), i.e., one at the G’-H’ loop (Fig. 5C)
and two at the P domain-CD300If interface. While the latter two metal locations could
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account for the enhanced receptor binding, it is also possible that the binding site at
the G’-H’ loop may play an indirect role. The common feature among the bile, metal,
and low-pH complexes is that the A’-B’ and E’-F’ loops are in the closed conformation,
the C'-D’ loop is in the up orientation, and the G’-H’ loop fills the space formerly occu-
pied by the C'-D’ loop. Further, in all of these structures, the A and B subunits are
rotated about each other, compared to the pH 7.5 apo structure. It is fascinating that
these three rather disparate conditions yield the same collection of conformational
changes. As we suggested previously, perhaps the C'-D’ loop is the key to these transi-
tions (18). For bile to bind, the C’-D’ loop is necessarily in the up position. That, in turn,
requires the A’-B” and E’-F’ loops to be in the closed conformation, and the G’-H’ loop
becomes distorted to fill in the space left after the G’-H’ movement. The effects of
acidic pH and metals may indirectly affect the C'-D’ conformation by distorting the G’-
H' loop structure. Since receptor binding favors the closed conformation, these condi-
tions may directly and/or indirectly promote receptor binding.

Perhaps one of the more puzzling changes in the MNV capsid structure under all of
these conditions is the contraction of the P domain onto the shell. We have demon-
strated that the rotation of the P domains within the spike dimers is necessary to cre-
ate a surface complementary to the shell, and this may be related to the C’-D’ loop
movement (18). What we observed here is that the linker region in the floating confor-
mation has charged residues evenly dispersed along its length, which become a dense
bundle of charges in the contracted state. Perhaps these interactions help to decrease
the energy barrier for the capsid to transition from the expanded state to the con-
tracted state. The fact that such disparate environmental conditions can lead to the
same conformation suggests that the capsid is unstable at neutral pH and there are
multiple trigger sites throughout the P domain that can lead to the contracted state.

It is important to note that these results show that the rotation of the P domains
about each other in the dimer and the conformational change to the closed conforma-
tion drives the contraction onto the shell, rather than the other way around. The origi-
nal crystal structure of the P domain at neutral pH, without metals, and without bile
has the C'-D’ loop in the down position (16), the P domains are not rotated about
each other (in contrast to the contracted structure), and the A’-B’ and E’-F’ loops are
observed in both the open and closed conformations. Even in the isolated P domain,
the presence of bile (12) moves the C'-D’ loop up and the P domains rotate about
each other, which creates a surface at the P domain base that complements the shell
surface (18). At pH 7.5, in the absence of bile and metals (18), the isolated P domain
appears to be in the open conformation, the C’-D’ loop is in the down position, and
the P domains have not rotated about each other. Finally, in structures of the infectious
particles in the presence of bile (17), at pH 5.0, or in the presence of metals (23), the C'-
D’ loop is in the up position, the P domains are rotated about each other, the A’-B’
and E'-F’ loops are in the closed conformation, and the P domain contracts onto the
surface. All of these results strongly suggest that the P domain does not need the shell
to adopt the closed, contracted conformation. Further, these results show that the P
domain is not driven to the closed conformation by the binding of the receptor; rather,
these conditions drive the P domain to the closed conformation to which the receptor
binds. What is not clear, however, is the biological significance of the contraction of
the P domain onto the surface. While we have presented models suggesting that this
contraction might increase receptor binding valency, bury the P1 and shell domain epi-
topes (24), or protect the virion during transit through the gut, the true biological func-
tion remains to be determined.

These results demonstrate the remarkably plastic nature of MNV and the biological
importance of this flexibility. Viruses exist on the precipice of disaster; they need to be
stable enough to survive the movement between cells and hosts, while being suffi-
ciently unstable to respond to environmental stimuli required for infection and ge-
nome release. For example, a number of plant viruses just need a relatively slight push
with neutral-pH conditions and low metal concentrations to start uncoating (e.g.,
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references 25 and 26). In the case of human rhinovirus, the virus transiently exposes its
myristylated capsid N termini in a “breathing” process while waiting for the receptor to
bind (27). This delicate state is disrupted if the capsid is stabilized by the addition of
hydrophobic antiviral compounds (27) or destabilized by acidic conditions.

MNV differs from these viruses in that it uses at least three cues, i.e., pH, bile, and
cationic metals, to adapt its structure to the changing environment. Since MNV is an
enteric virus, it needs to adapt to wildly changing conditions in the gastrointestinal
tract. From these results, MNV is likely in the contracted state as it passes from the
stomach through to the jejunum, where the pH values start at ~2 and eventually reach
7 in the later jejunum. Interestingly, there are several possible trypsin cleavage sites
(i.e., lysine and arginine residues) in the extended, flexible linker (Fig. 4). Therefore, it is
tempting to speculate that MNV, much like a turtle, contracts at low pH to protect itself
from denaturation and digestion. MNV then enters the duodenum, where it is exposed
to all three compounds that cause contraction and enhanced receptor binding. The
acidic conditions enhance metal solubility (e.g., reference 28), which both enhances re-
ceptor binding (12) and causes contraction (Fig. 2). Finally, the common bile duct con-
nects at the duodenum, and bile concentrations in the early gut are 2.5 to 45 mM (29).
Therefore, there are multiple environmental cues in the gut that push the MNV struc-
tural equilibrium to favor receptor binding while distorting the epitopes at the tip of
the P domain and occluding those at the base of the P domain and shell (18, 24).
Finally, once the virus spreads from the gut lumen and enters cells or serum, the pH is
no longer acidic and the bile and metal concentrations drop to negligible levels. Under
these conditions, the P domain rises off the shell and the P domain changes to the
open conformation. In this way, MNV uses all of the environmental cues in the gut to
protect itself while optimizing cell binding. Once the infection spreads outside the gut,
it may present a completely different mask to confuse the immune response.

It is interesting to consider the details of what structures are presented in the serum
as the virus spreads and the immune system responds. All of the MAbs raised from
infected mice that we have studied to date (8-10, 14, 16, 18, 30) clearly recognize the
open conformation observed under low-metal, neutral-pH, and low-bile conditions.
Importantly, the conditions used in the ELISAs when screening the hybridomas also
favored the open conformation. Recognizing that the MNV structure is in a structural
equilibrium between the open and closed conformations, it is possible that there were
hybridomas that were able to bind to the closed conformation but were not selected
in the screening. Therefore, we cannot say that the mice did not produce any antibod-
ies to the closed conformation. Regarding the fact that the receptor apparently binds
to the closed conformation, it is incorrect to suggest that MNV cannot bind to recep-
tors and infect tissue outside the gut and, indeed, MNV causes systemic infection. Bile
and metals enhance receptor binding to MNV but are not absolutely required for virus-
receptor interactions. Surface plasmon resonance studies using isolated CD300If and P
domains showed weak but measurable interactions, with a binding constant of
~220 wM. Calcium improved that ~10-fold to ~25 uM, and the combination of bile
and calcium acted synergistically to yield a dissociation constant (K,) of ~12 uM (12).
Therefore, it is more accurate to say that the conditions in the gut enhance receptor
binding while decreasing the ability of antibodies to bind. Certainly, these levels of
enhanced cell attachment and antibody blockade are sufficient to drive the evolution
of these structural switches.

The capsid plasticity observed here is quite different from that observed in viruses
that mainly use large conformational changes to initiate uncoating, such as the picor-
naviruses and influenza virus. In this regard, recent studies on SARS-CoV-2 suggest that
MNV may not be alone in using metabolites to thwart antibody binding (19). Those
authors demonstrated that heme metabolites bind to the N-terminal domain and allos-
terically abrogate neutralizing antibody binding. Clearly, identification of hijacked
metabolites or changes in physiological conditions that viruses employ to evade the

November 2021 Volume 95 Issue 22 e01471-21

Journal of Virology

jvi.asm.org

14


https://jvi.asm.org

Metals and Low pH Block Antibody Binding to MNV

immune response will be critical for the development of more efficacious vaccines for
a potentially wide range of viruses.

MATERIALS AND METHODS

MADb A6.2, 4F9, and 2D3 production, purification, and digestion. MAbs were produced as described
previously (9). Briefly, hybridoma cells were grown in Bioreactor 1000 flasks, the cells were removed by
centrifugation, and the antibody was precipitated with a 50% (final concentration) saturated solution of
ammonia sulfate. A6.2, an IgG, was then purified using a protein G column according to the manufac-
turer's recommendation. 4F9 and 2D3 are IgA antibodies and were purified via size exclusion chroma-
tography, as described previously (10).

ELISAs. An indirect ELISA was used to measure the effect of pH on antibody binding. In the control
experiment, 1 x 10° PFU/ml MNV in pH 7.5 buffer was used as the antigen; 100 ul of this diluted virus
was added to the wells and allowed to attach overnight at 4°C. Wells were blocked with 5% milk in pH
7.5 buffer for 4 h at room temperature. The plate was washed extensively with pH 7.5 buffer before the
addition of the intact IgG A6.2 antibody at neutral pH; 0.1 ©g, 1 ng, 10 ug, or 100 g antibody was
added to the wells and allowed to attach for 1.5 h before extensive washing at neutral pH. A secondary
HRP-conjugated anti-mouse IgG antibody (1:5,000 dilution) was added at neutral pH and incubated for
1.5 h. Plates were developed using the HRP substrate o-phenylenediamine dihydrochloride (OPD),
according to the manufacturer’s protocol, and the reaction was quenched with 3 M HCl after ~30 min.
A PHERAstar plate reader equipped with a 490-nm filter was used for plate reading, and Prism was used
for analysis.

A second control experiment (experiment 2) tested the effects of low pH on the virus. Virus was
adsorbed to the plates and blocked as described above. Wells were then washed with acidic buffers.
Wells were incubated at low pH for 1 h at room temperature and then extensively washed at neutral pH.
Secondary antibody was added, and the plate was developed as described above.

Finally, the effects of low pH on antibody binding were determined (experiment 3). Virus was
adsorbed, and the plates were blocked as described above and then washed extensively with low-pH
buffer. Antibody that had been dialyzed in low-pH buffer was added in various amounts and incubated
for 1.5 h at room temperature. Excess antibody was removed by washing with low-pH buffer, and then
the wells were washed with neutral-pH buffer to prepare for secondary antibody binding. Secondary
antibody was added at neutral pH, and the plates were developed as described above.

Mg?* and Ca** were shown to enhance receptor binding (12), the atomic structure of the P domain
in the presence of receptor and metal had the closed conformation (12), and a previous cryo-EM struc-
ture showed a contracted structure at neutral pH in the presence of these metals (23). Together, these
results suggested that these metals push the P domain to the closed conformation and would block
antibody binding. To that end, the effects of Mg?" and Ca®" on antibody binding were determined.
MNV1 adsorption to the ELISA wells and blocking with milk were performed as in the low-pH experi-
ments, and 100 mM CaCl, or MgCl, was added to the antibody dilutions prior to antibody addition to
the wells. Primary antibody was allowed to attach for 1.5 h, with all subsequent steps and data process-
ing as described for the low-pH conditions. The buffer used was 50 mM Tris (pH 7.6) instead of the ci-
trate-phosphate buffer, to prevent metal precipitation. The plates were washed, developed, and ana-
lyzed as described above.

Virus production and purification. MNV-1 was produced and purified essentially as described previ-
ously (17). In brief, when BV-2 (RRID: CVCL_0182) cells reached a density of ~0.5 x 10° to 1.0 x 10° cells/ml,
~6 liters of cells were harvested by centrifugation at 4,000 x g for 10 min. The cells were suspended in
~200 ml of AH medium and placed into a 4-liter flask, and ~1 x 10° PFU of MNV was added. AH media, per
liter, is composed of Hyclone DMEM/Low Glucose (Cat. SH30002.04), 10 ml of a 1x solution of non-essential
amino acids (NEAA), 0.062 g Penicillin G, 0.4 g streptomycin sulfate, 2.2 g NaHCO,, and 5.9 g HEPES. This
media is adjusted to pH 7.2 and sterilized by filtration. The suspension was slowly shaken for 1 h at room
temperature, ~800 ml of fresh AH medium was added, and the suspension was then transferred to a 37°C
incubator without CO, and shaken at ~70 rpm in the dark for 24 to 32 h. The infected cell suspension was
centrifuged for 30 min at 5,000 x g, and the supernatant was collected. To the supernatant, dry NaCl and
polyethylene glycol (PEG) 8000 were added to yield 0.3 M and 10%, respectively. The solution was then
mixed at 4°C overnight. The solution was centrifuged for 30 min at 10,000 x g, and the pellet was resus-
pended in 50 to 80 ml of PBS. After incubation at 4°C for several hours, the debris was removed by centrifu-
gation at 10,000 x g for 30 min. Glycerol was added to the supernatant to a final concentration of 10% (vol/
vol) as a cryoprotectant, and the mixture was divided into 1.5-ml aliquots and stored at —80°C.

Immediately before the cryo-EM experiments, 50 to 100 ml of this material was thawed and centri-
fuged at 45,000 rpm for 2 h with a 1-ml, 30% solution (wt/vol) of sucrose as a cushion at the bottom.
The pellets were resuspended in less than 3 ml of PBS and allowed to incubate for several hours at 4°C.
Debris was removed by centrifugation, and the supernatant was then layered into Beckman SW41 tubes
containing 7.5 to 45% linear sucrose gradients, using PBS as the buffer. After centrifugation for 1.5 to
2.0 h at 35,000 rpm at 4°C, MNV forms a band approximately two-thirds of the way down the tube. The
virus was collected by puncturing the side of the tube with a syringe. The pooled bands were divided
into two equal parts and pelleted as described above. The pellets were resuspended in ~100 ul of
100 mM NaCl, 25 mM citrate, 25 mM phosphate, at either pH 5.0 or pH 7.5, and immediately frozen for
cryo-EM studies. In this way, the virus samples for both conditions came from the same preparation,
were purified at the same time, and were resuspended in the same buffer but at different pH values.
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Cryo-EM. Purified MNV at pH 5 and pH 7.4 was at concentrations of ~1 mg/ml. The virus was vitri-
fied as described previously (31), on carbon holey film (R2x1 Quantifoil; Micro Tools GmbH, Jena,
Germany) grids. Briefly, grids were cleaned with Gatan 950 Solarus plasma cleaner for 40 s in a hydro-
gen-oxygen gas mixture, and 4-ul aliquots of the two virus solutions were applied to the holey films; the
films were blotted with filter paper and plunged into liquid ethane. The EM-GP2 (Leica) automated
plunger was used for vitrification.

The grids were screened for ice and sample quality and imaged with a Titan Krios G3i microscope
(Thermo Fisher Scientific). The microscope was equipped with a Gatan K3 BioQuantum filter (Ametek,
Inc.) and operated at 300 keV. A slit width of 20 eV was used for data collection. Images were acquired
with EPU software (Thermo Fisher Scientific) using fast acquisition mode, with beam-image shift used
for hole centering instead of stage movement. The direct detector camera (K3; Ametek) was operated
in superresolution counted mode, images were recorded with an overall electron dose of 48 elec-
trons/A2, and the defocus range was —1.5 to —2.5 um. The data collection statistics are summarized in
Table 1.

Image processing. For the sample of MNV at pH 5.0, 14,244 micrographs were recorded, and a final
total of 244,657 particles were picked using the cryoSPARC v2 (32) template picker and culled using
two-dimensional (2D) classification. The initial model was generated using the ab initio routine in
cryoSPARC v2 with icosahedral symmetry. This initial model was used as an initial volume in the nonuni-
form refinement algorithm and after several cycles yielded a cryo-EM density with an effective resolution
of the MNV structure at pH 5.0 of 3.3 A, according to the 0.143 gold standard Fourier shell correlation
(FSCQ) criterion.

For the sample of MNV at pH 7.5, 12,829 micrographs were collected, and 145,347 particles were
extracted using the cryoSPARC v2 template picker and used for 2D classification. Initial model genera-
tion and refinement in cryoSPARC used the same parameters as for pH 5.0. After several rounds of non-
uniform refinement, MNV at pH 7.5 was found to have an effective resolution of 3.0 A, according to the
0.143 FSC criterion. It should be noted that, while the shell domain had a calculated resolution of ~3 A,
the highly flexible P domain was significantly disordered and could be interpreted only by rigid body fit-
ting of the known P domain structure into the envelope.

Structure refinement. All structure refinement was performed using PHENIX (33). From the density
of the pH 5.0 complex, it was clear that the virion had the contracted conformation, as observed for the
MNV-bile complex (17); therefore, that structure was used as an initial model for building and refinement
in PHENIX. The model was manually fitted into the EM envelope, and several cycles of real space refine-
ment (rigid body, global minimization, and simulated annealing) in PHENIX (33) and rebuilding in COOT
(34) were performed. To ensure that the model of the icosahedral asymmetric unit did not move into
the density of adjacent subunits, the model used for real space refinement included neighboring subu-
nits. The final refinement statistics are shown in Table 1.

In the case of virus at pH 7.5, it was evident that the capsid was in an expanded conformation with
the P domain floating >10 A above the shell, identical to the apo state described previously (17). Just as
with previous structures (8, 16, 17), the density of the P domain was too diffuse to allow for proper build-
ing. To create an approximate model for the figures, the P domain structure from the MNV P domain-
Fab A6.2 complex at pH 7.5 (18) was manually fitted into the envelop and then refined as a rigid body in
Chimera (35). Given the weak density of the P domain at pH 7.5, only the shell domain was used for
refinement. The apo MNV shell domain served as an initial model. Just as for pH 5.0, multiple rounds of
refinement and rebuilding were performed using PHENIX (33) and COOT (34), respectively. The final
refinement statistics are shown in Table 1.

Data availability. The coordinates have been deposited in the PDB with accession codes 7N6Y and
7N7F for the pH 5.0 and pH 7.5 structures, respectively, and the cryo-EM maps have been deposited in
the EMDB with accession numbers 24211 and 24226 for the pH 5.0 and pH 7.5 structures, respectively.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, MOV file, 2.3 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.01 MB.
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