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Structural Changes in Influenza Virus at Low pH Characterized by
Cryo-Electron Tomography
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Influenza virus enters host cells by endocytosis. The low pH of endosomes triggers conformational changes in hemagglutinin
(HA) that mediate fusion of the viral and endosomal membranes. We have used cryo-electron tomography to visualize influenza
A virus at pH 4.9, a condition known to induce fusogenicity. After 30 min, when all virions are in the postfusion state, dramatic
changes in morphology are apparent: elongated particles are no longer observed, larger particles representing fused virions ap-
pear, the HA spikes become conspicuously disorganized, a layer of M1 matrix protein is no longer resolved on most virions, and
the ribonucleoprotein complexes (RNPs) coagulate on the interior surface of the virion. To probe for intermediate states, prepa-
rations were imaged after 5 min at pH 4.9. These virions could be classified according to their glycoprotein arrays (organized or
disorganized) and whether or not they have a resolved M1 layer. Employing subtomogram averaging, we found, in addition to
the neutral-pH state of HA, two intermediate conformations that appear to reflect an outwards movement of the fusion peptide
and rearrangement of the HA1 subunits, respectively. These changes are reversible. The tomograms also document pH-induced
changes affecting the M1 layer that appear to render the envelope more pliable and hence conducive to fusion. However, it ap-
pears desirable for productive infection that fusion should proceed before the RNPs become coagulated with matrix protein, as

eventually happens at low pH.

nfluenza virus is an enveloped, single-stranded negative-sense

RNA virus belonging to the Orthomyxoviridae family. Influenza
A virions have three integral membrane proteins: an ion channel
protein (M2) and two glycoproteins, hemagglutinin (HA), re-
quired for entry into host cells, and neuraminidase (NA), involved
in the release of progeny virions from the host cell. Underneath
the membrane, most virions have a layer of M1 matrix protein
enclosing the viral ribonucleoprotein complexes (RNPs).

HA is a trimeric class I fusion protein synthesized as a precur-
sor (HAO) that, to become fusion active, is cleaved by a cellular
protease, yielding HA1 and HA2 subunits which remain disulfide
linked (39). After the virus enters a host cell, HA is transformed by
the low pH of the endosomes (4). The generally accepted model
for these changes is based on X-ray crystallographic studies of the
HA ectodomain at neutral (42) and low (2, 6, 10) pH. This model
explains the low-pH-induced transition as an irreversible process
(Fig. 1) in which (i) the HA1 membrane-distal domains dissociate
(1, 15, 22), retaining their neutral pH structure; (ii) the fusion
peptides are transferred to the membrane-distal region after a
loop-to-helix transition in amino acids 55 to 76 of HA2 (known as
the Bloop); and (iii) there is a helix-to-loop transition in segment
106 to 112 of HA2 (the “kinked loop”) that positions the trans-
membrane domains and fusion peptides on the same side of the
glycoprotein (19). The order in which these rearrangements take
place, the existence of possible intermediate states, and the revers-
ibility or otherwise of successive steps all remain to be established
(11). However, mounting evidence points to the existence of re-
versible intermediate states, which would include an initial expo-
sure of the fusion peptide and the kinked loop domain (25, 40)
and a transition of the B loop to a loose conformation accompa-
nied by a deformation of the HA1 subunit (43).

Previously, cryo-electron microscopy (cryo-EM) has been
used to image influenza virions at neutral pH (3, 14, 44) and low
pH (23, 32, 36, 37). However, the coprojection of structures from
all levels in these ~100-nm-thick particles limited the interpret-
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FIG 1 Schematic representation of the conformations adopted by HA.
Alpha-helices are represented by rectangles, loops by curved lines, and
HALI subunits by ovals. Color coding is as follows: HA1, blue; HA2, red,
with amino acids 1 to 23 (fusion peptide) in yellow; amino acids 24 to 54,
green; amino acids 55 to 76 (B loop/helix), cyan; and amino acids 106 to
112 (kinked loop/helix), purple.

ability of the resulting images. More recently, cryo-electron to-
mography (cryo-ET), which is capable of generating three-
dimensional images of individual virions, has been used to
compile a systematic account of the pleiomorphy exhibited in
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FIG 2 Resolution curves. (A and B) Variation of resolution with tilt angle, as measured by NLOO-2D for a full tomogram (A) and for an extracted virion (B).
A cutoff threshold of 0.3 was used. (C and D) Fourier shell correlation (FSC) curves for the HA average from virions at neutral pH (A) and of the HA average
(neutral pH-like) from pH 4.9/5-min virions with organized glycoprotein array and resolved M1 layer. Resolution (0.3 threshold) for each average is indicated.

preparations of mostly spherical virions at neutral pH (17), to
characterize filamentous viruses (7), and to investigate the initial
steps of membrane fusion as mediated by influenza virus (24). In
the present study, we used cryo-ET to characterize the structural
changes undergone by virions of the X-31 strain of influenza A
virus (serotype H3N2) when transferred to pH 4.9. Particular at-
tention was paid to HA, whereby subtomogram averaging (12, 26,
41, 45, 47) was used to distinguish and characterize discrete con-
formational states of this fusogenic glycoprotein. We also ob-
served major changes affecting the layer of matrix protein.

MATERIALS AND METHODS

Virus propagation and purification. X-31 [A/Aichi/68 (H3N2)] influ-
enza virus, grown in embryonated chicken eggs, purified according to
standard procedures, and diluted to ~2 mg/ml protein in 140 mM NaCl,
10 mM HEPES, pH 7.4, was purchased from Charles River Laboratories
(North Franklin, CT).

Cryo-electron tomography. Grids of influenza virus at pH 7.4 were
prepared essentially as described previously (17). In brief, virus was mixed
1:1 with a suspension of 10-nm bovine serum albumin (BSA)-coated col-
loidal gold particles (Aurion, Wageningen, The Netherlands) to serve as
fiducial markers. Four-microliter drops were then applied to R2/2 holey
carbon grids (Quantifoil; SPI, West Chester, PA), thinned by blotting, and
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vitrified by plunge-freezing in liquid ethane with a Vitrobot (FEI, Hills-
boro, OR). To prepare the low-pH samples, Quantifoil grids were placed
for 5 min on 10-ul drops of the virus suspension mixed 1:1 with gold
particles. The pH was then lowered to 4.9 by adding 5 ul of 130 mM NaCl,
50 mM sodium acetate, pH 4.6. In experiments addressing the reversibil-
ity of the low-pH-induced changes, 1.25 ul of 0.5 M HEPES at pH 8.1 was
added after 5 min of incubation at pH 4.9 in order to bring the final pH to
7.4. All incubations were done at room temperature (22°C) and in a hu-
mid chamber to avoid possible effects from buffer evaporation. After in-
cubation, viruses were vitrified as described above. The resulting grids
were then transferred to a cryogenic specimen holder (type 626; Gatan,
Warrendale, PA) for data acquisition. Single-axis tilt series were recorded
on a Tecnai-12 transmission electron microscope (TEM) (FEI) operating
at 120 keV. The microscope was equipped with an energy filter (GIF 2002;
Gatan) operating in zero-loss mode with an energy slit width of 20 eV.
Images were acquired on a 2,048- by 2,048-pixel charge-coupled device
(CCD) camera (Gatan), using SerialEM (29) for automated tilting, track-
ing, focusing, and image recording. In each tilt series, images were re-
corded in 2° increments over an angular range of approximately —66° to
+66°, at an effective magnification of 38,500 (0.78-nm pixel size). Elec-
tron dose per image was ~1 e /AZ for a cumulative dose of ~70 e /A*
per tilt series. Image defocus was set at —4 wm, corresponding to a first
contrast transfer function zero at (3.7 nm) L.
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Tomogram reconstruction and image processing. Data were pro-
cessed using the Bsoft package (21). Projections were aligned using
10-nm gold particles as fiducial markers, and tomograms were then
reconstructed. The in-plane resolution of the tomograms was esti-
mated as ~6.5 nm for full tomograms and 5.5 to 6.5 nm for individual
virions as calculated by the NLOO-2D (noise-compensated leave-one-
out in two dimensions) method (8) (Fig. 2A and B). Subtomograms
containing individual virus particles were extracted and denoised by
20 iterations of anisotropic nonlinear diffusion (13) for further anal-
ysis.

HA averaging. Individual HA molecules were located on the de-
noised virion-containing subtomograms and extracted from the cor-
responding raw subtomograms in volumes of 50 by 50 by 50 voxels.
The center of each virion was used as a reference point to determine an
initial z-axis orientation for each glycoprotein. HAs from neutral-pH
virions and from each low-pH group were aligned and averaged inde-
pendently, using appropriate missing-wedge masks. The same syn-
thetic model, consisting of a cylinder of approximately the same size as
the neutral-pH HA spike and two sheets of density representing the
viral membrane and matrix layers, was used as an initial reference in
each case. Alignment procedures were performed with routines from
Bsoft, modified as needed and wrapped into Python scripts. To im-
prove the resulting density maps, original data were masked after a
stable solution was obtained (usually, after 3 or 4 rounds of iteration).

Resolved M1 layer
Organized glycoprotein array

pH 4.9
30 min |

Cryo-Electron Tomography of Influenza Virus at Low pH

TABLE 1 Incidence of a visible M1 matrix layer and an organized
glycoprotein array of influenza virions under three conditions”

% of virions (1)

Resolved M1 layer No M1 layer seen

Organized Organized

glycoprotein Disorganized glycoprotein Disorganized
Condition array glycoproteins array glycoproteins
pH 7.4° 89 (54) 11(7)
pH4.9/5min 34 (61) 21 (38) 14 (25) 31 (55)
pH 4.9/30 min 20 (4) 80 (16)

“ When there is a partial M1 layer in pH 4.9/30-min virions, it is seen only in small
patches; therefore, these virions were classified as M1 layer negative. Four tomograms
were employed for the analysis of neutral-pH virions, 31 were used for the pH 4.9/5-
min virions, and 3 were used for the pH 4.9/30-min virions. All pH 7.4 virions had
dispersed RNPs. For pH 4.9/5-min virions, RNP organization was as follows: all virions
with an M1 layer and an organized array of spikes had dispersed RNPs; ~50% (n = 18)
of virions with an M1 layer and disorganized spikes had dispersed RNPs, while the rest
had coagulated RNPs; ~30% (n = 8) of virions without a visible M1 layer and with an
organized spike array had dispersed RNPs, while ~70% had coagulated RNPs; and all
virions without a visible M1 layer and with disorganized spikes had coagulated RNPs.

b This distribution is largely consistent with the work of Harris et al. (17), who studied
similarly prepared X-31 virions at neutral pH. If we ignore the sparsely populated
classes IV and V, 95% of the remainder were reported to have a resolved M1 layer (81%
of class I and 14% of class II) and 5% to lack this feature (class III).

No M1 layer seen

Organized
glycoprotein array
F v £~ ’ g

No M1 layer seen ‘
Disorganized glycoproteins

FIG 3 Central slices of tomograms of influenza virions. Data are shown for pH 7.4 (A to C) and after 30 min of incubation at pH 4.9 (D to I). Note the differences
in glycoproteins, RNPs, and matrix. Arcs mark regions cleared of glycoprotein spikes. In panels F and I, arrowheads mark neutral-pH-like HAs and asterisks mark

disorganized patches of glycoproteins. Bar, 50 nm.
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FIG 4 (A to D) Central slices of tomograms showing large particles representing fused virions. They were observed after incubating influenza virions for
30 min at pH 4.9. Diameters of these particles range from 145 to 200 nm. (E and F) Central slices of tomograms of influenza virions after 5 min of
incubation showing two possible examples of prefusion events taking place between them. In panel F, an arrowhead marks a funnel-shaped deformation

of one of the virions. Bar, 50 nm.

After seven rounds of refinement with the masked data, glycoproteins
whose direction differed by more than 45° from the initial one (16 to
36% of the HAs, depending on the group) were discarded. Classifica-
tion and averaging were then performed by maximum likelihood as
implemented in the Xmipp package (35). The resolutions of the aver-
ages were 2.4 to 3.2 nm for different data sets, as calculated in terms of
Fourier shell correlation coefficients (0.3 threshold) (Fig. 2C and D).
All averages were low pass-filtered, and 3-fold symmetry was applied.
The top 75% of subvolumes from each class, as ranked by correlation
coefficients, were used to calculate the final density maps.

RESULTS

Structural changes in influenza virus after 30 min at pH 4.9.
X-31 virions at neutral pH have been assigned to five morpholog-
ical classes (17). The primary criteria were the presence or absence
of alayer of the M1 matrix protein, underlying and resolved from
the lipid bilayer of the viral envelope, and their internal contents,
which consisted either of RNPs ~14 nm in diameter and of vari-

pH 7.4

pH 4.9/30min f ey ,)

{ o 1

.\. R
W gmmie

able length or a single solenoid with a diameter of ~80 nm and a
pitch of ~10 nm. Solenoid-containing virions are quite common
in certain strains of influenza virus, such as A/USSR/50/79 or
A/Texas/1/77 (30), but they are rare with X-31, accounting for
<2% of the virions observed in the earlier study (17) and a negli-
gibly small fraction of the current batch. Accordingly, as starting
material for acidification experiments, we could focus on the three
RNP-containing classes of virions: class I (spherical, with visible
M1 matrix layer), class II (elongated, with visible M1 layer), and
class III (spherical, lacking a visible M1 layer).

In these experiments, we distinguish particles according to two
features: whether or not there is a resolved M1 layer (with this
simplification, virions of classes I and I are grouped together [Ta-
ble 1 and Fig. 3A to C]) and whether the array of glycoprotein
spikes is “organized” or “disorganized.” In neutral-pH virions, the
array is always organized in the sense that although the spikes do
not form a crystalline lattice, they are close packed with an average

\ B

‘.Vh.' .

FIG 5 Details from tomographic slices of influenza virus glycoproteins. Data from pH 7.4 (A, G, and H) and after 30 min of incubation at pH 4.9 (B to Fand I
to L) are compared. (A to F) HA clusters. While at pH 7.4 HAs have a characteristic “peanut” shape, after 30 min at pH 4.9 only some maintain a neutral-pH-like
shape (B to D), but most of the glycoprotein array is disorganized (E and F). (G, I, and K) Single NAs. (H, J, and L) NA clusters. White squares mark individual
NAs. Bar, 10 nm.
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FIG 6 Central slices of tomograms of influenza virions after 5 min of incubation at pH 4.9. Virions are classified according to whether or not there is a resolved
M1 layer and whether the array of glycoprotein spikes is organized or disorganized. Bar, 50 nm.

center-to-center spacing of ~11 nm, and the distinctive “peanut”
morphology of HA spikes and “mushroom” morphology of NA
spikes are clearly defined. In disorganized arrays (of virions ex-
posed to low pH), HA spikes, which form ~85% of the total,
present mostly as blurred densities in which it is difficult to dis-
tinguish individual molecules.

To explore the effects of acid pH, we incubated the virus for 30
min at pH 4.9. Under these conditions, the virus is no longer
fusogenic (23, 32) and HA should be in its postfusion state. In
preparing these samples for microscopy, we encountered some
aggregation, but many virions remained dispersed. Major changes
were indeed observed in several respects (Fig. 3D to Iand Table 1).
(i) No elongated particles were seen, consistent with the work of
Calder et al. (7). (ii) Approximately 20% of the particles were
much larger, with diameters ranging from 145 to 200 nm (Fig. 4A
to D), i.e., 1.5 to 2.0 times the average diameter for pH 7.4 virions
(95 = 14 nm) and corresponding to 2.2 to 4.0 times their average
surface area. We conclude that they were produced by fusion of
two or more virions (see also reference 7). (iii) All glycoprotein
arrays were disorganized (Fig. 3D to I and 4A to D), leaving—in
some virions—tracts of envelope seemingly devoid of spikes (arcs,
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Fig. 3E, H, and I and Fig. 4B to D). These bare patches were usually
found at sites where there was no discernible M1 layer nor internal
densities underlying the viral membrane (Fig. 3E and H and Fig.
4B and C; exceptions are shown in Fig. 3] and 4D). These changes
affect mainly the HA spikes, as normal NA spikes with their long-
stemmed “mushroom” shape are readily apparent (Fig. 5). As at
neutral pH (17), most NAs are in local clusters (Fig. 5H, J, and L),
although single NAs can also be found (Fig. 5G, I, and K). As for
HAs, their characteristic “peanut” shape assumed at pH 7.4 is seen
only in a few patches (Fig. 5B to D). Not all HA spikes on a given
virion have the same morphology (Fig. 3F and I), and many HAs
are difficult to identify as individual molecules (Fig. 3D to I, 4A to
D, and 5E and F). (iv) An M1 layer is no longer seen in the majority
(~60%) of virions and is complete in only 20% (e.g., Fig. 3D and
4A) and partial in another 20% (e.g., Fig. 3E and F). (v) Most
virions (~90%) contained, instead of dispersed RNPs, a single
coagulate at the periphery of the internal cavity, leaving large voids
that account for most of its volume (Fig. 3E to I and 4B to D). In
many cases, this coagulate also contains M1 protein from the
envelope-lining layer (see below). Here, we use the term “coagu-
late” instead of “aggregate,” because the observed densities were
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pH 4.9/5 min
No M1 layer seen / Disorganized glycoproteins

FIG 7 Tomographic slices of the pH 4.9/5-min virions with nonresolved M1 layer and disorganized glycoproteins. Virions correspond to the ones shown in Fig.

6] to L (A to C, respectively). Bar, 50 nm.

homogeneously dense, lacking the local gaps that we would expect
to see if RNPs simply aggregated but retained their structures (see
Fig. 7). Of note, dispersed RNPs, when observed, were found only
in virions with a complete M1 layer (Fig. 3D and 4A).

Structural changes in influenza virus after 5 min at pH 4.9.
Next, we sought to capture fusion intermediates. In order to
identify conditions under which a substantial fraction of viri-
ons and HA molecules would have embarked on fusion but not
yet reached the postfusion state, we referred to studies in which
fluorescence dequenching measurements were used to show
that the fusion activity of X-31 virions was partly but not
largely reduced by preincubation for 5 min at pH 5.0 (23).
Accordingly, we shortened the incubation time at pH 4.9 to 5
min. We also tried 15 min of incubation, but as the 5-min
incubation appeared more promising, we focused our efforts
on it. The outcome (see below) appears to justify this choice of
experimental conditions.

Some of these virions retained neutral-pH-like morpholo-
gies (Fig. 6A to C), others resembled pH 4.9/30-min virions
(Fig. 6] to L), and still others had differently altered morphol-
ogies (Fig. 6D to I). Whereas at neutral pH all virions had
organized glycoprotein arrays and all pH 4.9/30-min virions
had disorganized arrays, pH 4.9/5-min virion preparations had
roughly equal numbers of virions of the two kinds (Table 1).
Moreover, whereas a large majority (80 to 90%) of neutral-pH
virions have visible M1 layers and many fewer (~20%) pH
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4.9/30-min virions have this feature, pH 4.9/5-min virions are
again intermediate in this regard (~55%). Finally, RNP mor-
phologies in pH 4.9/5-min virions were also intermediate with
respect to those from neutral-pH virions (which all had dis-
persed RNPs) and pH 4.9/30-min virions (~90% of which had
coagulates), with about equal numbers of particles exhibiting
dispersed RNPs (~47%) and coagulated RNPs (~53%).
Precursor-product relationships. Like neutral-pH virions,
the populations observed after 5 min or 30 min of acidification
are heterogeneous. Nevertheless, the data allowed us to draw
the following conclusions as to the course of events. We assume
that pH 4.9/5-min virions with a resolved M1 layer came from
neutral-pH virions that also had this feature. Similarly, pH
4.9/5-min virions lacking an M1 layer but with organized
spikes should come from their neutral-pH counterparts. On
the other hand, the preponderance of matrix layer-negative
virions after 5 min at pH 4.9, compared with those at neutral
pH (45% versus 11%), argues that some of them originally had
an M1 layer. This trend—a stripping or at least a major redis-
tribution of the M1 layer—carries further in pH 4.9/30-min
preparations (~80% versus 11%). As for pH 4.9/5-min virions
lacking the M1 layer and with disorganized spikes, we propose
that those with relatively little internal density (27% of these
virions, e.g., in Fig. 6]) derive from virions that lacked an M1
layer, while the rest (73%, e.g., in Fig. 6K and L) derive from
virions that formerly had an M1 protein layer and in which the
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TABLE 2 Summary of the number of virions and HAs selected for the
averaging of HAs of influenza virions under different pH conditions”

Organized No. of No. of No. of

M1 glycoprotein  virions selected  selected
Condition layer  array (%) HAs HAs/virion
pH7.4 + + 20 800 ~40
pH 4.9/5 min + + 61 (34) 3,035 ~50

- + 25 (14) 1,086 ~43

+ - 38 (21) 1,385 ~36

- - 55 (31) 1,777 ~32

Total 179 (100) 7,283 ~41
pH 4.9/5 min + + + 13 292 ~22

pH 7.4/45 min

“ Two different tomograms were employed for the subtomogram averaging of HA from
neutral-pH virions (~10 virions/tomogram), 31 were used for the pH 4.9/5-min virions
(~6 virions/tomogram), and 5 were used for the pH 4.9/5-min plus pH 7.4/45-min
virions (~3 virions/tomogram).

RNPs and the M1 protein have coagulated together. According
to these assignments, 78% of pH 4.9/5-min virions came from
virions containing M1 layers, matching reasonably well the es-
timated ~90% in the initial population. The inferred courses

Cryo-Electron Tomography of Influenza Virus at Low pH

of events for different kinds of virions, when transferred to pH
4.9, are sketched out in Fig. 10 and discussed further below.

As M1 is proposed, during an infection, to dissociate from the
RNPs soon after they are released into the cytoplasm (20, 27, 28),
we considered the possibility that M1 and RNPs might coagulate
separately but rejected this idea because we did not observe virions
to have two separate internal “lumps” (Fig. 7).

Detection of intermediate HA conformations. In order to
probe for possible conformational changes in the HA spikes,
we extracted sets of HA-containing subtomograms from the
pH 4.9/5-min virions. These data were aligned, classified, and
averaged independently within each class (Table 2). In Fig. 8A,
sagittal sections through these density maps are compared with
each other and with the average HA structure obtained from
virions at pH 7.4 (38). All HAs from neutral-pH virions had the
same conformation, i.e., they formed a single class. This struc-
ture shows distinguishable membrane-proximal (formed by
HA2 and the N- and C-terminal segments of HA1l) and
membrane-distal (comprising residues 50 to 261 of HA1) do-
mains, and itis ~15 nm long from the membrane surface to the
outer tip and ~6 nm wide at the level of the membrane-distal
domains, as measured from the averages. Some HAs (35%) on

A pH 4.9 /5 min
" —
Resolved M1 layer Resolved M1 layer No M1 layer seen Resolved M1 layer No M1 layer seen
Organized Organized Organized Disorganized Disorganized
glycoprotein array  glycoprotein array  glycoprotein array glycoproteins glycoproteins
r
0,
) Toothrs  100% 59%  41% 59%  41% 62%  38% 56% 4%
ek . Neutral pH NeutAraI State 1 Neut.ral State 1 State 1 State 2 State 2 State 2
conformation pH-like pH-like
B T T
8
6
2w
T o
s =
35 7
s
0
2+
45 40 5 0 10 15 20 25

Distance from the
center of the membrane (nm)

FIG 8 Subtomogram averaging showing altered conformations of HA ectodomains. (A) (Top) Schematic diagram of virion types analyzed. (Bottom) Sagittal
sections through averaged density maps of the HA glycoprotein of influenza virions at pH 7.4 and from the different pH 4.9/5-min groups of virions. They exhibit
three conformations: neutral-pH conformation, state 1, and state 2. (B) Axial density profiles of the HAs marked with asterisks in panel A. Note the difference

in length between state 1 and state 2. Bar, 5 nm.
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pH 4.9/5 min + ph 7.4 / 45 min

Resolved M layer
\ Organized glycoprotein array

No M1 layer seen
Organized
glycoprotein array

FIG 9 Reversibility of the low-pH-induced changes in HA. (A) Tomographic slice of virions after 5 min at pH 4.9. White asterisks mark some of the virions that
are less affected by the low pH. (B) Tomographic slice of virions after 5 min at pH 4.9 and 45 min at pH 7.4. The inset shows a sagittal section through the averaged
density map of HAs from these virions. Black arrowheads mark tangential sections through viruses in panels A and B in order to compare the organization of their
glycoproteins. (C to E) Central slices of tomograms of influenza virions after 5 min at pH 4.9 and 45 min at pH 7.4. The glycoprotein arrays of these virions are
as organized as they are at neutral pH. Panel D is an enlargement of the boxed virion in panel B. Bars, 100 nm in panels A and B, 5 nm in inset of panel B, and 50

nm in panels C to E.

pH 4.9/5-min virions retained this conformation, but others
exhibited two other structures that we call “state 1” (37%) and
“state 2” (28%). In state 1, the membrane-proximal density of
the peanut narrows and the “waist” between its two lobes is less
evident, but the overall length of HA and the maximum width
of the membrane-distal domain are very similar to those of the
neutral-pH conformation. In state 2, however, the molecule is
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shorter (~13.5 nm) and wider (~7.5 nm) than in the
neutral-pH structure and it is no longer bilobed. Density pro-
files along the axis of a state 1 HA and a state 2 HA (Fig. 8B)
convey the difference in length between them. The percentage
of HAs assigned to each subclass correlated with visual esti-
mates of how each pH 4.9/5-min group was affected by the pH
(Fig. 8).

Journal of Virology


http://jvi.asm.org

Resolved M1 layer
Organized glycoprotein array

B

No M1 layer seen
Organized glycoprotein array

Membrane
and
M1 layer

Organized
glycoprotein
%@ array
Sl m%,
%ODI|sorgant|z'ed
glycoproteins
“ “ﬁ

O Membrane

g,

( RNPs condensed
j on the periphery

Cryo-Electron Tomography of Influenza Virus at Low pH

RNPs and M1
coagulated on

1 Raes
the periphery

RNPs coagulated
on the periphery

Q O

FIG 10 Schematic of sequential changes in influenza virions induced by low pH. (A) After incubation at pH 4.9, neutral-pH virions with a resolved M1 layer first
lose the organization of their glycoprotein array (step 1), followed by adherence of RNPs to the periphery (step 2) and, finally, the condensation of RNPs and M1
into a single coagulate (step 3). (B) In neutral-pH virions lacking an M1 layer and with organized glycoproteins, RNPs move to the periphery (step 1), followed
by a disordering of the glycoprotein array and condensation of the RNPs at the periphery (step 2).

Reversibility of the changes in HA after 5 min at pH 4.9. Re-
versibility of the initial changes in HA at low pH has been
shown by biochemical methods for HA expressed at the surface
of eukaryotic cells (25) and by X-ray crystallographic analysis
of purified HA (43). In order to test for reversibility in intact
spikes on virions, we used cryo-ET to compare pH 4.9/5-min
viruses with the same sample after a subsequent incubation for
45 min at pH 7.4. As illustrated in Fig. 9A, ~50% of the pH
4.9/5-min virions (from a total of 115) showed disorganized
glycoproteins: this was as expected (see above). However, after
the postincubation at pH 7.4, all virions (n = 150) exhibited an
organized glycoprotein array (Fig. 9B), with most or all of the
HAs reverting to their neutral-pH conformation (Fig. 9C to E),
as confirmed by subtomogram averaging (inset in Fig. 9B).

DISCUSSION

The pleiomorphism of influenza virus long hampered detailed
study by cryo-EM. Cryo-ET, however, has made possible three-
dimensional (3D) structural analyses of individual virions (16).
Here we employed this approach to investigate the structural
changes undergone by influenza virions when switched to low pH.
Although our initial focus was on the HA ectodomains, the obser-
vations also revealed major changes in virion size (from virion
fusion) and shape (disappearance of elongated virions) and in the
organization of internal material, i.e., coagulation of M1 protein
and RNPs. It is noteworthy that— even within the same morpho-
logical class—all virions did not respond in the same way to the
acidification treatments. The reason for this is unclear, although it
could be due to differing amounts of the M2 ion channel protein
in the viral membrane, which could lead to slower or faster de-
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crease of the pH inside a virion. (Measurements of the average
content of M2 per virion by two independent biochemical meth-
ods yielded values ranging from 14 to 68 molecules [46] but no
information as to whether the M2 complement is fixed or variable
on a given virion.)

Transition pathways between the neutral-pH virions and the
pH 4.9/5-min virions. We performed a morphological classifica-
tion of pH 4.9/5-min virions and correlated these classes with
those seen in the starting material at neutral pH and with pH
4.9/30-min virions. A summary of inferred transition pathways is
given in Fig. 10. In virions that initially have a resolved M1 layer,
the low pH first affects the HA ectodomains, which become dis-
organized (Fig. 10A, step 1); then the RNPs condense onto the M1
layer (step 2); and finally an M1 layer is no longer seen (step 3).
The internal material finishes up as a dense coagulate, with most of
the space inside the viral envelope void of protein density. We
infer that the coagulate usually consists of RNPs plus M1 protein.
This inference is consistent with reports that RNPs are still asso-
ciated with some M1 protein just after being released into the
cytoplasm (5, 28). It is not clear whether the RNPs break down or
retain their structures, but the continuous nature of the coagu-
lated density suggests the former, i.e., we would expect to see gaps
between RNPs that were simply aggregated. In the minority of
virions that initially lack a matrix layer, the RNPs lose their neutral
pH organization faster, as they condense onto the inner surface of
the envelope (Fig. 10B, step 1) before finally coagulating (step 2).

Influence of the M1 layer on form determination and conse-
quences of its relaxation. M1 protein has been proposed to be a
determinant in the formation of filamentous virions (33, 34). The
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FIG 11 Model of the possible intermediate states of HA prior to fusion. Lateral (A to C) and top (D to F) views of the models. The viral membrane is shown as
two gray lines, the transmembrane domains are represented as red bars, and the cytoplasmic tails are represented as orange bars. Color coding is as follows: HA1
domain, blue; HA2 domain, red, with amino acids 1 to 23 (fusion peptide) in yellow; amino acids 24 to 54, green; amino acids 55 to 76 (B loop), cyan; and amino

acids 106 to 112 (kinked loop), purple.

shape of elongated or filamentous virions is presumably imposed
by the membrane-lining lattice of M1 protein. On the other hand,
the low-energy state of membrane vesicles corresponds to spher-
ical morphology. It appears likely that the disappearance of elon-
gated virions at low pH corresponds to their converting to spher-
ical shape. In the same vein, the sphericity of the giant particles
produced by virion-virion fusion (Fig. 4) presumably results from
remodeling from the hourglass morphology that would initially
be realized. In both instances, spherical morphology is likely to
result from relaxation of M1-envelope interactions as well as
M1-M1 interactions (18) in response to low pH.

Initial changes in HA upon exposure to low pH. Since the
characterization by X-ray crystallography of the neutral- and
low-pH forms of HA (2, 6, 42), there has been progress—albeit
still far from complete—toward understanding the complex pro-
cess of virally induced membrane fusion. Here, subtomogram av-
eraging has allowed us to address the effects of low pH on HA and
thus to detect two intermediate conformations on the fusion path-
way (Fig. 11). Both changes are reversible. Although the resolution
is limited to 2.5 to 3.0 nm, the changes are large enough to be
clearly demonstrated. The limited resolution also constrains the
detail in which they may be interpreted. Thus, the reversible
movement of the B loop to a relaxed form and the deformation of
the HA1 subunit described by Xu and Wilson (43) that probably
precede the state 1 and state 2 conformations are too subtle to be
detected. With that caveat, we suggest the following: upon expo-
sure to low pH, the fusion peptide and part of HA2 corresponding
to approximately residues 24 to 54 (shown in yellow and green,
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respectively) move outwards to reach the state 1 conformation
(Fig. 11B and E). This would expose both the fusion peptide and
the kinked loop (residues 106 to 112 of HA2, in purple) (25). Next,
the HA1 domains (blue) move downwards and outwards to
reach the state 2 conformation (Fig. 11C and F) without “un-
clamping” the B loop. The existence of reversible intermediate
conformations of HA could increase the success rate of the fusion
process by allowing HA to have multiple attempts to reach the
cellular membrane.

The rearrangement of HA1 proposed here differs from that
which takes place as the molecule transitions, irreversibly, into the
postfusion conformation (9, 15). After state 2, although HA is
presumably still present in the viral envelope, it is hard to make
out individual molecules in the tomograms: this appears to reflect
the dissociation of HA1 membrane-distal domains and their dis-
persal, albeit still connected by flexible linkers to the core of the
trimeric molecule.

Implications for the infection process. These observations
bear on the events that take place after a virion has entered an
endosome, leading to release of viral RNPs into the cytoplasm. We
envisage that, upon exposure to low pH, HA undergoes the revers-
ible conformation changes described above. As the pH in the en-
dosome drops, it is accompanied by an M2-mediated pumping of
protons into the virion (31), eliciting a change in intermolecular
interactions in the M1 layer and weakening its binding to the viral
membrane. These changes render the envelope more pliable and
hence more fusion-compatible (as hypothesized by Lee [24]). At
the same time, disruption of M1-RNP interactions would free the
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RNPs to be discharged into the host cell cytoplasm after mem-
brane fusion (20). The dense nature of coagulates seen after 30
min at pH 4.9 suggests that the RNPs trapped in them may no
longer be infectious. Accordingly, we propose that soon after the
M1 layer has been disrupted, HAs should complete their confor-
mational changes and induce fusion in order to avoid coagulation
of the RNPs.
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