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A central role for the influenza matrix protein 1 (M1) is to
form a polymeric coat on the inner leaflet of the host mem-
brane that ultimately provides shape and stability to the virion.
M1 polymerizes upon binding membranes, but triggers for
conversion of M1 from a water-soluble component of the nu-
cleus and cytosol into an oligomer at the membrane surface are
unknown. While full-length M1 is required for virus viability,
the N-terminal domain (M1NT) retains membrane binding and
pH-dependent oligomerization. We studied the structural
plasticity and oligomerization of M1NT in solution using NMR
spectroscopy. We show that the isolated domain can be
induced by sterol-containing compounds to undergo a
conformational change and self-associate in a pH-dependent
manner consistent with the stacked dimer oligomeric inter-
face. Surface-exposed residues at one of the stacked dimer in-
terfaces are most sensitive to sterols. Several perturbed residues
are at the interface between the N-terminal subdomains and
are also perturbed by changes in pH. The effects of sterols
appear to be indirect and most likely mediated by reduction in
water activity. The local changes are centered on strictly
conserved residues and consistent with a priming of the N-
terminal domain for polymerization. We hypothesize that
M1NT is sensitive to changes in the aqueous environment and
that this sensitivity is part of a mechanism for restricting
polymerization to the membrane surface. Structural models
combined with information from chemical shift perturbations
indicate mechanisms by which conformational changes can be
transmitted from one polymerization interface to the other.

Influenza A virus (IAV) infections cause global health prob-
lems with cases of influenza-like illness typically in the tens of
millions in a single season in the United States alone (1, 2). The
efficacy of seasonal influenza vaccines rangeswidely and is lower
in young children and older adults motivating the search for
antiviral drugs (3–5). The matrix protein 1 (M1) is the most
abundant and most highly conserved protein of the influenza A
virus (6, 7) making it a compelling antiviral target. M1 is a
multifunctional protein involved in nuclear export of viral
ribonucleoprotein (RNP), inhibition of viral transcription,
recruitment of viral proteins during virus assembly and budding,
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and has a central role in virus morphology and stability (8). M1
expressed without other viral proteins forms virus-like particles
(9). A feature of M1 that is critical for its role in virus
morphology and stability and for incorporation into virus par-
ticles is its ability to self-assemble into long, helical polymers on
the membrane surface (10–13). In vitro, oligomers form effi-
ciently at neutral pH and disassemble at low pH (14, 15),
consistent with RNP uncoating in acidic endosomes (16).

The M1 protein is 252 amino acids long and has a well-
folded N-terminal domain (M1NT; residues 1–164) consist-
ing of two 4-helix bundle subdomains (subdomain 1, helices
1–4; and subdomain 2, helics 6–9) connected by a crossover
helix (helix 5) and a helical C-terminal domain (M1CT; resi-
dues 165–252). M1 oligomerization is promoted by membrane
binding (17) and mediated by the N-terminal domain (18–20).
Several high-resolution crystallographic structures of the N-
terminal domain (M1NT) have been determined, all of which
show the same overall architecture at neutral or low pH and
with only modest structural changes. Variations in intermo-
lecular contacts observed in crystal structures of the M1NT
can provide insights into how M1 assembles at the membrane
(Fig. 1A). More than half of the structures have “side-by-side,”
antiparallel dimers in the asymmetric unit in which helices 6
and 8 are at the dimer interface. The side-by-side dimer
interface appears to be weak in solution but has been exploited
for the development of protein cages (21). A “stacked” dimer
arrangement of the M1NT is also observed frequently. In this
stacked arrangement, loops at the ends of the M1NT helices
form a dimer interface (12, 22). The parallel, stacked
arrangement is consistent with the long, helical polymers of
M1 observed in virions (11, 12), as well as more recent cryo-
EM structures (13, 20). A similar stacked arrangement is
adopted in the crystal lattice observed for the matrix protein
from a distantly related orthomyxovirus, infectious salmon
anemia (ISA) virus (23). In full-length structures of M1 from
IAV and ISA virus, the M1CT is folded into a helical bundle,
and both M1NT-M1NT and M1NT-M1CT intermolecular
contacts are formed.

Several mechanistic aspects of M1 function are poorly un-
derstood, including the physical triggers responsible for con-
verting M1 from a water-soluble factor in the nucleus and
cytosol to an immobilized oligomer at the plasma membrane.
The membrane-attached oligomerization state is difficult to
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Figure 1. Crystallographic oligomerization modes, structure, and dy-
namics of the M1 N-terminal domain. A, common oligomerization modes
for M1 observed in the crystallographic asymmetric units for the N-terminal
domain. Shown at top is the stacked parallel dimer of 1EA3. At bottom is the
side-by-side antiparallel dimer of 1AA7. B, secondary structure of the N-
terminal domain of M1 in solution calculated from backbone and 13Cβ
chemical shifts using TALOS-N (53). C, {1H,15N}-heteronuclear NOEs and 15N
R1 and R2 relaxation rates for M1NT (open symbols) and the M1NT(L4Q)
variant (filled symbols). Relaxation data indicate increased flexibility in the
h1/h2 loop residues 15–20, h2/h3 loop residues 35–38, H4/H5 loop residues
70–77, and h5/h6 loop residues 85–92 (regions with light shading). Reso-
nances corresponding to most of the h6/h7 loop (residues 103–113) and the
h8/h9 loop (residues 132–140) were missing or too weak to assign (regions
with dark shading), indicative of increased flexibility.
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study at high resolution, and isolated full-length M1 is only
weakly soluble as a monomer, although significant insights
have been gained from low-resolution studies of the full-length
monomeric protein in solution (14). In this study, we sought to
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identify the conformational triggers associated with M1 poly-
merization and the features that stabilize the oligomer inter-
face. We show here that the M1NT conformation is sensitive
to solution conditions including both pH and water activity.
Combining our results with available structural information,
we propose that conformational changes observed at one of
the polymerization interfaces and at the M1NT subdomain
interface prime the protein for polymerization.
Results

Characterization of the M1 N-terminal domain by NMR

The M1 N-terminal domain of influenza A recapitulates key
features of full-length M1 oligomerization: membrane binding
(18, 19), pH-dependent oligomerization (14, 15), and polymer
assembly (20). We characterized an M1 N-terminal domain
construct (M1NT) and found it was monomeric at concen-
trations of 50 μM, as determined by size-exclusion chroma-
tography with multiangle light scattering (SEC-MALS)
(Fig. S1), consistent with previous reports for both recombi-
nant M1 (12) and M1 extracted from viruses (14). The NMR
spectra of M1NT indicated a well-folded domain, as expected
from crystallographic studies, and chemical shift assignments
were possible for �85% of the backbone amides. Most signals
for residues in the loops between helices 6 and 7 and between
helices 8 and 9 were missing or too weak to assign suggesting
they were dynamic. Chemical shift-based analyses of the
observable resonances indicated that the secondary structure
correlated well with what is seen in crystal structures (Fig. 1B).

The 15N relaxation rates and heteronuclear overhauser ef-
fect (NOE) of M1NT and a more stable L4Q variant
(M1NT(L4Q), see below) were measured to gain insights into
flexibility (Fig. 1C). Decreased 15N R2 and {1H-15N} -hetero-
nuclear NOEs relative to the helical regions indicated
increased flexibility in the loops between helices 1 and 2
(residues 15–20) and helices 2 and 3 (residues 35–38) as well
as the regions connecting the crossover helix 5 (residues 70–77
and 85–92). The relaxation properties of the glycines that
could be assigned in the loops between helices 6 and 7 (resi-
dues 103–113) and between helices 8 and 9 (residues 132–140)
confirmed that these regions were highly flexible.

To gain insights into whether the addition of native C-ter-
minal domain sequence affects the M1NT conformation, we
trialed purification and solubility of several M1 N-terminal
constructs having increasing amounts of native C-terminal
sequence. Solubility was assessed by UV absorbance after spin
concentrating and qualitatively by monitoring for visible ag-
gregates during sample concentration. The M1NT alone
(residues 1–164) could be concentrated to �50 μM and was
stable for �4 days at 30 �C and pH 7.0. The M1NT was
approximately fourfold more soluble at pH 5.5. Ten constructs
containing increasing amounts of C-terminal sequence, from
residues 1–180 to residues 1–252 (full-length), were tested for
solubility (residues 1–180, 1–186, 1–194, 1–201, 1–209,
1–224, 1–232, 1–236, 1–241, and 1–252). It was observed that
the solubility at pH 7.0 decreased as the length of the C ter-
minus increased. An M1(1–224) construct had a



Conformational triggers in influenza matrix protein 1
concentration limit of �20 μM at pH 5.5 and exhibited an
intermediate propensity to self-assemble, in agreement with
previous findings (24). Chemical shift perturbations (CSPs)
within the M1NT indicated that addition of C-terminal
sequence to residue 224 resulted in modest chemical shift
changes. Soluble, monomeric samples of constructs longer
than M1(1–224) could not be prepared at sufficient concen-
tration for NMR studies.

The effects of pH on M1 conformation

Since the isolated N-terminal domain can self-associate in a
pH-dependent manner similar to full-length ((15), and
below), we sought to identify regions that were sensitive to
pH. Differences in the chemical shifts of the M1NT monomer
were measured from pH 3.5 to pH 7.0 (Fig. 2A and Fig. S2A).
Perturbed residues for the pH range 5.5–7.0 are found in
subdomain interface helices 1, 4, 7, and 9, as well as in helix 2
(Fig. 2A). As expected from typical histidine pKa values, sig-
nificant shifts were observed in H159 and H162. The reso-
nance arising from H110 could not be reliably tracked in the
titration, but perturbations observed over the pH range
5.5–7.0 in E114 (helix 7) and E6 (helix 1) are most likely due
to titration of the H110 sidechain. Whereas chemical shift
changes above pH �5 are expected to be due primarily to
titration of histidine sidechains, those below pH �5 are ex-
pected to be due primarily to titration of glutamate and
aspartate sidechains (25). Notable exceptions observed in
M1NT were perturbations above pH 5.5 observed in E29 and
D30, which are distant in structure from any histidines. The
CSPs in E29 and D30 above pH 5.5 may be due to an un-
usually large pKa shift in one of the two closely apposed
carboxyls.

Perturbations at the subdomain interface suggested the
possibility that pH affects the intramolecular interface between
subdomain 1 (helices 1–4) and subdomain 2 (helices 6–9). The
availability of several M1NT structures solved over a range of
pH values provides an opportunity to test whether subdomain
movements might be correlated with changes in pH. Six of the
11 M1NT coordinate files available are derived from wild-type
A/Puerto Rico/1934 H1N1 (PR8) or wild-type A/Wilson-
Smith/1933 H1N1 (WSN) strains, which differ in their M1NT
sequences by just two conservative substitutions, and another
four coordinate files are derived from WSN and contain a
single G88E or G88R substitution (26, 27). Thus, in total there
are 19 unique M1NT structures largely derived from WSN or
PR8. Plotting the subdomain rotation between helices 1 and 4
and helices 6 and 9 relative to that of 1EA3 indicated a modest
correlation with pH (R = 0.68). However, significantly greater
variation in subdomain rotation was observed for structures
without stacked dimers in the crystal lattice, and a strong
correlation was detected for structures containing a stacked
dimer arrangement (R = 0.81; 13 structures) (Fig. 2D). The
stacked dimer is formed from two interfaces, and in sub-
domain 1 the interface is centered on I51, which is in a hy-
drophobic loop and protrudes into a shallow concave surface
near T67 on the adjacent subunit. Thus, the structures can be
further sorted according to whether the subdomain rotation
correlates with packing at the I51 interface or the T67 inter-
face. Stacked dimer formation at the I51 surface results in a
very high correlation with pH (R = 0.96; eight structures) and
may indicate that this interface is most sensitive to changes in
electrostatics.

Early structural studies of the M1NT described a large tilt
between crystalline stacked dimer subunits at low pH (22)
(Fig. S2B). Seven stacked dimer arrangements of M1NT
derived from either PR8 or WSN at six different pH values can
now be quantified (Fig. 2E). The stacked dimer tilt angle was
quantified by the subdomain 1 distances between I51 and T67.
Plotting of the I51-T67 intermolecular distances against pH
indicates a remarkably strong correlation (R = 0.98) (Fig. 2E)
and confirms the earlier hypothesis (22), at least for crystalline
M1NT in the stacked dimer arrangement. The tilted stacked
dimer arrangements seen at lower pH may be related to the
disrupted forms of oligomeric M1 after exposure to low pH
(11, 22, 27, 28). The observation of CSPs at the subdomain
interface in monomeric M1NT suggests that pH-dependent
subdomain movements in the monomer might correlate with
the geometry of the stacked dimer. Other factors however such
as close approach of H159 and H162 at the end of helix 9 to
H110 of an adjacent subunit are likely also important in
regulating intermolecular domain tilt.

Sensitivity of M1NT to sterol compounds correlates with the
propensity for oligomerization

Since association with membranes induces M1 oligomeri-
zation (17), we tested the effects of several membrane
mimicking detergents on M1NT structure. M1NT was found
to interact strongly with the single-chain detergents n-
dodecyl-β-D-maltopyranoside (DDM) and Anzergent 3-14
(AZ314) (Fig. S3). Whereas addition of these detergents, even
at low micromolar concentrations in the case of AZ314,
resulted in severe narrowing of the signals and visible aggre-
gates in the sample within minutes, M1NT was completely
unperturbed by the addition of lauryl maltose-neopentyl glycol
(LMNG). In contrast, the addition of the sterol-containing
surfactant CHAPS induced highly specific CSPs and the pro-
tein remained stably solubilized (Fig. 3A). The backbone am-
ides strongly perturbed by CHAPS included residues L4, G34,
T67, and E141, which are part of a solvent-exposed N-terminal
surface of M1NT formed by the N terminus and helical loops
(Fig. 3, B and C) and are at one of the stacked dimer oligo-
merization interfaces (12, 29).

We then tested the effect of CHAPS on M1(1–224). The
strongly perturbed and well-resolved resonance of T67 was
used to quantify changes in the N-terminal surface patch in
response to solution additives. The M1(1–224) construct
exhibited a greater CSP upon addition of CHAPS than M1NT
(Fig. 4A). In contrast, lowering the pH to 5.5, at which M1 does
not efficiently oligomerize, decreased the CSP observed in T67.
Thus, the sterol-induced perturbations of the T67 surface
patch correlated with the propensity of M1NT to self-
associate.
J. Biol. Chem. (2021) 296 100316 3
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Figure 2. pH-dependent changes in the M1 N-terminal domain. A, the pH-induced chemical shift perturbations (CSPs) of M1NT prepared without the
(His)9 tag between pH 5.5 to 7.0. Spectra were recorded at 750 MHz and 25 �C. CSPs greater than one standard deviation (dashed line) were considered
significant. B, ribbon diagram of the M1NT structure of Chiang et al. (27) (5V7S), which includes residues 159–163. The side chains of pH-sensitive residues
determined in (A) are shown as sticks. Perturbed residues are found primarily in subdomain interface helices 1 (dark blue), 4 (green), 7 (orange), and 9 (red),
as well as in helix 2 (light blue). The resonance arising from H110 could not be assigned but perturbations observed in E114 and helix 1 are presumed to be
due to protonation of this residue over this pH range. C, amide 15N chemical shift variation with pH for selected residues shown in (B). D, at left is an analysis
of the subdomain angle (helices 1–4 versus 6–9; using 1EA3 chain A as the reference) in available structures derived from either A/Puerto Rico/8/1934 H1N1
(PR8) or A/Wilson-Smith/1933 H1N1 (WSN) strains as a function of the pH values at which they were determined. Data is shown for all structures for which
stacked dimer interactions are observed. Open triangles indicate the subdomain angles of structures with I51 at the interface. Open circles indicate
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CHAPS induces an extended conformation of T67 associated
with a tightly packed stacked dimer

A stacked dimer arrangement is seen in several structures of
the M1NT, with the neutral pH 1EA3 and 5V8A structures
having the closest subdomain 1 intermolecular packing
(Fig. 2E). The 1EA3 stacked dimer is associated with a
uniquely extended conformation of the T67 backbone
(Φ=−80�, ψ = 165�) compared with all other crystallographic
structures (Φ = −93 ± 17�, ψ = −22 ± 21�), including 5V8a, in
which the h4/h5 loop is not fully resolved (Fig. 4C). To test
whether the CSPs observed upon addition of sterol-containing
compounds are associated with a similar shift in the T67
backbone ψ angle, we measured 13C0 and 13Cα chemical shifts
in the absence and presence of CHAPS. For these studies we
used the M1NT(L4Q) construct, which responds to the pres-
ence of CHAPS in a similar manner to the wild-type M1NT
(Fig. S4) but is stable at higher concentration and for weeks at
30 �C in the NMR spectrometer. M1NT(L4Q) enabled us to
record back-to-back triple-resonance experiments on the same
sample with and without CHAPS. The chemical shift of T67
13C0 was shifted 0.56 ppm upfield in the presence of CHAPS,
indicating a more extended conformation, and confirming that
sterols induce a shift in conformation of T67 in monomeric
M1NT toward that seen in the stacked subunit arrangement of
1EA3.

Sterols affect M1 indirectly through water activity

Despite the apparently specific nature of the CHAPS-
induced CSPs, intermolecular NOEs between protein and
CHAPS could not be detected from either the backbone am-
ides or the sidechain methyls. To understand which features of
CHAPS were responsible for its effects on M1NT, we tested
several other sterol-containing surfactants that differ in
attached moieties. CHAPSO, cholate, and deoxycholate all
produced similar CSPs to CHAPS (Fig. S5, A–C). In addition,
saturation of sterol effects occurred at concentrations that
correlated qualitatively with their critical micelle concentra-
tions (cholate > CHAPSO > CHAPS >> deoxycholate) sug-
gesting a primary role for monomeric sterols. Consistent with
the similar effects between CHAPS/CHAPSO and cholate/
deoxycholate, M1NT was unaffected by dimethylethylammo-
nium propane sulfonate (NDSB-195) (Fig. S5D). These results
indicate that some feature of the sterol rings was responsible
for the effect on M1NT.

The tightly packed 1EA3 dimer structure was reported to be
crystallized in the presence of isopropanol, which can strongly
affect water activity (30). We therefore tested whether iso-
propanol can induce conformational changes in the N-termi-
nal surface patch similar to sterols. Indeed, addition of 5% or
10% isopropanol to M1(1–164) induced CSPs in the same
residues sensitive to CHAPS, and the individual shifts occurred
subdomain angles of structures with T67 at the interface. 1EA3 and 5V8A are c
structures for 1EA3 and 5V8A were not used in determination of the fitted l
aligned to the Cα of helices 6–9 of the first 1AA7 structure in order to show the
colored in shades of blue (1EA3 (2), 5V8A (1)) and structures below pH 7 are co
intermolecular Cα–Cα distance between I51 and T67 as a function of pH for t
Smith/1933 H1N1 that exhibit a unique stacked dimer interface. The PDB cod
are shown.
in the same direction (Fig. 5A). Glycerol also reduces water
activity and was used in the crystallization conditions for the
ISA virus M1 protein (23). Addition of 5% or 15% glycerol
resulted in similar chemical shift changes as CHAPS and iso-
propanol but with a reduced magnitude (Fig. 4B), consistent
with its relatively smaller effects on water activity (31). Apart
from containing hydroxyls, sterols, isopropanol, and glycerol
are otherwise chemically very different, suggesting that their
effects on M1NT structure are mediated indirectly and most
likely through water activity.

CSPs were also monitored on addition of chaotropes or
kosmotropes to explore the possible role of water structure in
M1NT conformation. The chaotropes sodium isothiocynate
and guanidine isothiocyanate at 0.5 M had negligible effects on
NMR spectra of M1NT (Fig. S6, A and B). By contrast, the
kosmotrope ammonium sulfate nonspecifically induced a large
number of CSPs throughout the structure (Fig. S6C). The
perturbations with ammonium sulfate were not strongly
correlated with those seen with CHAPS and isopropanol but
suggested that the N-terminal domain may also be sensitive to
increases in water order.

Cholesteryl hemisuccinate and CHAPS induce M1NT
oligomerization mediated by the stacked interface

While investigating sterol group effects, we sought to
examine sterol compounds with fewer hydroxyls, including
cholesterol. It was found that cholesteryl hemisuccinate (CHS)
solubilized in CHAPS and added to M1NT or M1(1–224) at
approximately stoichiometric concentrations led to loss of
NMR signals from the M1NT at pH 7.0 but not at pH 5.5,
which correlates with the expectations for a physiologically
relevant association of M1NT into large assemblies (Fig. 6A).
In contrast to detergents such as DDM and AZ314, which
cause M1NT unfolding, many fewer signals were detectable on
addition of CHS and CHAPS. In the case of M1(1–224), sig-
nals from the C-terminal region were detectable indicating
that the C-terminal extension was largely unaffected. While
samples became cloudy, precipitation was slow, occurring over
1–2 days. Increasing the temperature to 50 �C or reducing the
pH to 5.5 was not sufficient to recover the M1NT signals. The
heterogeneity and large size of the oligomers prevented reli-
able characterization by dynamic light scattering.

LMNG was unique among the detergents tested in that it
did not interact with M1NT constructs on its own. It was
therefore tested whether CHS solubilized in LMNG could also
induce M1 self-association. LMNG-solubilized CHS did not
perturb M1(1–164) signals. Finally, it was observed that
another cholesterol compound, 25-hydroxycholesterol, com-
bined with CHAPS did not induce oligomerization (Fig. S7).
Thus, the specific combination of a sterol and CHS was
required for M1 self-association.
rystallized with a continuous stacked dimer arrangement and the duplicate
ine and indicated R value. At right are structural overlays of the structures
pH-dependent relative subdomain rotation. Structures at pH 7 or above are
lored in shades of red (1AA7 (2), 5CQE (2), 5V6G (4), 5V7S (2)). E, plot of the
he seven structures derived from A/Puerto Rico/8/1934 H1N1 or A/Wilson-
es for each data point are indicated. The linear regression and the R-value
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Figure 3. CHAPS-induced structural changes in the M1 N-terminal domain. A, spectral overlay of 15N-labeled M1NT at 25 �C and pH 7.0 with increasing
amounts of CHAPS indicating a saturable effect close to the critical micelle concentration of the detergent. B, per-residue chemical shift perturbations of
M1NT at 13.4 mM CHAPS. (C) The residues with the largest chemical shift perturbations mapped to the 1AA7 structure of the M1NT. Perturbed residues are
clustered in helix 1 (N-terminus), helix 2 (C-terminus), helix 4 (C-terminus), and helix 9 (N-terminus).
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Since the residues L4, G34, T67, and E141 are strongly
perturbed in the presence of sterols and also found at the
stacked dimer interface of the 1EA3 structure (22), the
A

C

B

Figure 4. The effects of CHAPS and other sterols on the M1 N-terminal dom
backbone amide of T67 in M1NT at pH 7.0. In both (A) and (B) the CSPs were ca
to 1H and normalized to the distance calculated for T67 of M1NT with CHAPS. B
the histidine tag (noHis) on the maximum CSP of T67 due to CHAPS. C, struct
between the low pH 1AA7 structure and the neutral pH 1EA3 structure of the
Puerto Rico/8/1934 H1N1. The side chains of residues L4, F32, E141, and F144,
two structures are superimposed over the Cα atoms of residues 65–67.
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following single-site substitutions were tested for CHS/
CHAPS-induced complex formation: L4Q, L4K, T67S, and
E141A. None of the mutations self-associated in the presence
ain. A, the maximum chemical shift perturbation (CSP) due to sterols on the
lculated as a spectral distance with 15N shifts underweighted fivefold relative
, the effect of construct length, pH, single-site substitutions, and removal of
ure showing the change in ψ backbone angle in T67, at the end of helix 4,
stacked dimer. Both 1AA7 and 1EA3 are derived from the sequence of A/
which are also perturbed upon addition of CHAPS, are shown as sticks. The



Figure 5. Isopropanol and glycerol affect the M1 N-terminal domain
similarly to CHAPS. A, spectral overlay of M1NT alone (black) and in the
presence of 5% (green) or 10% (magenta) glycerol. In (A) and (B), selected
residue assignments and direction of peak movement are indicated. B,
spectral overlay of M1NT alone (black) and in the presence 5% (green) or
15% (magenta) glycerol. All spectra were recorded at 25 �C and pH 5.5.
Deuterium lock artifacts with glycerol were corrected for by aligning spectra
on the crosspeak for residue T48.
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of CHS and CHAPS at pH 7 or pH 5.5 (Table 1 and Fig. 6B).
The variant constructs remained soluble at higher concentra-
tions than M1NT with wild-type sequence, and NMR spectra
indicated that the substitutions largely affected the same res-
idues perturbed by sterols but did not unfold the M1NT
(Fig. S4B). The complementary stacked oligomer interface was
tested with a charged polar substitution at I51, which packs
against T67 at the stacked dimer interface seen in 1EA3 and
5V8A. This substitution also prevented CHS-induced M1NT
oligomerization (Table 1).

We then tested by mutagenesis residues found at the side-
by-side antiparallel dimer interface frequently seen in crystal
structures of M1NT (Fig. 1A). A M93A/D94A double mutant
within helix 6 was produced based on the large buried surface
area for these residues at the side-by-side interface and the
intermolecular D94 to K95/K98 salt bridge seen in the 1AA7
dimer. The M93A/D94A double mutant behaved similar to
wild type, undergoing CHS-induced self-association at pH 7.0
consistent with this interface not being involved in the CHS-
induced assembly (Fig. 6B).

Discussion

Membrane binding is known to accelerate M1 polymeriza-
tion, but the mechanism underlying this process is unknown
(17). The membrane-proximal environment exhibits strongly
reduced water activity and increased water ordering (32, 33).
Such features are known to affect solute hydration and
therefore the energetics of protein–protein interactions (34).
Sensitivity to water therefore can provide a mechanism for
restricting protein–protein association at the membrane
surface.

It was found here that the M1 N-terminal domain confor-
mation is perturbed in a similar way by addition of different
sterols, isopropanol, or glycerol despite these compounds be-
ing chemically very different. This suggests that the com-
pounds act indirectly on M1 and most likely through a
reduction in water activity (30, 31). Reduced water activity
perturbs a network of mostly hydrophobic amino acids at one
of the stacked dimer interfaces of M1NT. The perturbed res-
idues are predominantly from the more highly conserved
subdomain 1 (helices 1–4) of the M1NT (35). One of the ef-
fects of reducing water activity is an extension of the backbone
of T67, which forms part of the tightly packed stacked dimer
structure observed at neutral pH (12). T67 is part of a strictly
conserved TLT sequence (residues 65–67) at the end of helix 4
(20, 35). It is therefore possible that these conformational
changes have evolved to facilitate M1 polymerization in the
unique aqueous environment of the membrane surface.

Although many residues perturbed by water activity are
within subdomain 1, residues in helix 9 (E141 and F144) are
also strongly perturbed. Helix 9 packs against helices 1 and 4
to form more than half of the subdomain interface, and per-
turbations here are consistent with movement between the
subdomains. In addition, T67 and V68, which are very sensi-
tive to reductions in water activity, are at the start of the loop
between helix 4 and the subdomain linker helix 5. Crystal
structures confirm that the subdomains can rotate relative to
each other (Fig. 2D). Subdomain rotation may also provide a
mechanism for coordination between the two oligomerization
surfaces. The overlap between the region perturbed by water
activity and the region perturbed by pH, especially in helices 1
and 9, suggests that subdomain rotation may be generally
involved in regulating M1 polymerization.

Allostery in M1NT is evident in comparing its response to
the addition of native C-terminal sequence, which occurs at
the polymerization interface on the other side from the T67
interface. In full-length M1, the C terminus adopts a stable
tertiary structure and packs against the N-terminal domain of
J. Biol. Chem. (2021) 296 100316 7



Figure 6. The effect of CHS on oligomerization interface mutants. A,
overlays of M1NT and M1(1–224) constructs in the presence of saturating
amounts of CHAPS before (black) or after (magenta) the addition of
10–40 μM CHS. In (A) and (B), samples were either at pH 5.5 (left) or pH 7.0
(right) and spectra were recorded at 25 �C. B, overlays of M1NT variants in
the presence of saturating amounts of CHAPS before (black) or after
(magenta) the addition of CHS.
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an adjacent subunit to stabilize polymerization (23, 29).
However, intermediate constructs that contain some C-ter-
minal sequence but lack one or more of the C-terminal
domain helices have a higher propensity to self-assemble (24).
We observe here that the M1NT becomes more sensitive to
changes in water activity with the addition of C-terminal
sequence, despite the C terminus being unfolded and that this
correlates with a greater propensity for self-association. The
slight downfield shifting of 13C0 and 13Cα chemical shifts at the
end of helix 9 upon reduction of water activity (Fig. S4) is
indicative of increased helix formation and suggests a possible
mechanism for allostery between the C-terminal domain and
the N-terminal polymerization interface of the M1NT.

It was discovered that the combination of CHAPS and CHS
induced assembly of the M1 N-terminal domain into large
complexes mediated by the same residues that are both sen-
sitive to water activity and found at the stacked dimer inter-
face. Oligomerization required the cholesterol derivative CHS
and was not observed with 25-hydroxycholesterol, which lacks
the negatively charged succinate. In addition, CHS in the
presence of LMNG, which on its own does not interact with
M1 or induce changes in the T67 surface, did not induce
oligomerization. While influenza virions are highly enriched in
cholesterol, M1 membrane binding does not appear to be
influenced by its presence (36). Instead, it may be that the
effect on oligomerization observed here is mediated by the
negative charge of the CHS. The M1NT contains a strongly
basic surface that mediates binding to negatively charged
membranes (18, 36, 37), which may facilitate direct in-
teractions with the CHS micelles. Results on M1NT variants
are consistent with CHS-induced oligomerization occurring
via the stacked dimer interface, but the relationship between
binding to CHS and CHAPS micelles rather than physiological
membranes is unknown. We note that cholate and deoxy-
cholate produced perturbations similar to CHAPS and
CHAPSO, did not appear to bind directly to the M1NT, and
did not induce oligomerization despite being negatively
charged. The positions of the charges on cholate and deoxy-
cholate are very different from CHS and presumably also their
positioning within a micelle. This suggests some dependence
on the geometry of the charges for a direct interaction, but
additional studies are required to understand the mechanism
of CHS-induced oligomerization.

Based on our characterization of M1NT in solution and
analysis of available M1NT structures, we propose that some
specific features of the stacked dimer arrangement are relevant
to the membrane-bound, polymerized form of M1. The
extended conformation at T67 upon reduction in water ac-
tivity correlates with what is observed uniquely in the 1EA3
stacked dimer subunits and may be required for close packing
of subunits. Another interesting feature of 1EA3 is a single
turn of 310 helix in the helix 8/helix 9 loop, which is stabilized
by a hydrogen bond between R134 and A137. Apart from
G136, we were not able to detect and assign resonances in this
region, but data from G136 suggests that the helix 8/helix 9
loop is disordered in the water-solubilized, monomeric form of
M1 studied here. It nonetheless could provide important
8 J. Biol. Chem. (2021) 296 100316
insights into stabilization of M1 polymers bound to negatively
charged membranes. The presence of the 310 helix is pH-
dependent since it is formed in all six M1NT crystal struc-
tures determined at pH 7 or above and absent in four of the
five structures determined below pH 7. The exception is 4PUS,
which was crystallized at pH 4.7 but does not contain a stacked
dimer interface. Formation of the 310 helix results in the side



Table 1
CHS/CHAPS-induced oligomerization of M1NT variants

Variant M1NT construct

Oligomerization

pH 5.5 pH 7.0

Wild type 1–164 No Yes
Wild type 1–224 No Yes
L4Q 1–164 No No
L4K 1–164 No No
I51D 1–164 No No
T67S 1–164 No No
E141A 1–164 No No
M93A/D94A 1–164 No Yes
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chain of R134 being flipped outward and contributing to the
positively charged surface implicated in membrane binding
(12, 19, 29, 38–40). Thus the 310 helix results in large changes
in the electrostatic profile of the membrane binding surface,
which may be stabilized by interactions with negatively
charged membranes or membrane mimetics (Fig. 7, B and C).

Formation of the 310 helix also results in packing of M135
into a hydrophobic pocket formed by F62 and L66 of helix 4
(Fig. 7B). M135 is highly conserved in M1 from influenza A
(41), and hydrophobic side chains are preferred at this position
(35), but the relevance of the packing of M135 into the hy-
drophobic surface for the neutral pH stacked oligomer is un-
known. Some CSPs were observed in L66, making it possible
that the M135 pocket is sensitive to solution conditions.
Further stabilization may come from closer contacts between
residues 139/141 of the helix 8/helix 9 loop and 107/108 of the
helix 6/helix 7 loop (Fig. 7B). These loops form a significant
portion of the subunit interface, and flexibility observed here
in the solublized monomer may contribute to regulating
polymerization.

M1 contains a large number of phosphorylation sites (42),
some of which have been implicated in M1 transport and
signaling (43, 44). The results reported here suggest that
phosphorylation may also play a role in regulating M1 poly-
merization. Regions identified as being involved in priming M1
for oligomerization can also be phosphorylated, including helix
1 (S2/T5 and T9/Y10) and the loop between helices 2 and 3
(T37) (42). Notably, the S2/T5 is on either side of L4, which
was exploited here in the L4Q mutant used to stabilize the
monomer. Another residue near to the conformational switch,
S140, is strongly predicted to be phosphorylated by PKC, a
kinase known to act on M1 (45).

In summary, we have found that the M1 N-terminal domain
of an IAV protein is sensitive to water activity and propose that
the protein senses a combination of both changes in water
activity and the negative charges that are unique to the
membrane surface. This is manifested as a repacking of the N-
terminal subdomains and the oligomerization interfaces to
facilitate polymer assembly. These conformational changes are
allosteric, enabling conformational changes at one subunit
surface to be transmitted to the C-terminal side. Such allostery
may serve to propagate and possibly regulate the direction of
polymerization. Despite diverse protein architectures, the
matrix proteins of other enveloped viruses must be able to
sense and respond via conformational changes to the unique
local environment of the membrane surface. Similar to M1,
polymerization of the ebolavirus matrix protein VP40 can be
induced in vitro either in the presence of negatively charged
membranes (46) or with solution additives such as urea (47) or
dextran sulfate (48), which operate through unknown mech-
anisms. Our work here opens up the possibility that unrelated
virus matrix proteins may also sense the unique aqueous
environment of the membrane surface to regulate assembly.

Experimental procedures

Sample preparation

All M1 constructs were based on the A/England/250/
2009(H1N1) sequence (J9UXB0) and codon-optimized for
E. coli expression. All M1 constructs had a C-terminal 3C
protease cut site followed by a (His)9 tag. Constructs were
cloned into the pCOLD II plasmid containing an ampicillin
resistance gene. Plasmids were transformed into E. coli
BL21(DE3) cells and grown in 2 L high-salt LB media to an
OD(600 nm) of 0.5–0.8. Cells were cold shocked for 30 min on
ice and left at 15 �C for 10–15 min. The cultures were spun
down at 3000g for 15 min. Cell pellets were then resuspended
in 1 L of 2x M9 minimal media containing either 1 g/l 15N-
labeled ammonium chloride or 1 g/l 15N-labeled ammonium
sulfate and 3 g/l 13C-labeled glucose, and expression was
induced with 1.5 mM IPTG. The cultures were left to grow
overnight for 16–18 h and were then spun down at 4000g for
15 min. Pellets were resuspended in lysis buffer (20 mM Tris,
300 mM NaCl, 2 mM β-mercaptoethanol, 1 Roche EDTA-free
inhibitor tablet per 50 ml lysis buffer, 1 mM EDTA, pH 7.5),
and the cells were lysed using a high-pressure cell disruptor at
33 Kpsi. Cell debris was spun down for 15 min at 27,216g. The
lysate was run over a 5 ml HisTrap FF column (GE Healthcare)
and eluted with 300 mM imidazole. The eluted sample pH was
adjusted to pH 5.0 and the salt concentration increased to
500 mM before it was concentrated for gel filtration using
10 kDa MWCO centrifugal concentrators up to a maximum of
150–200 μM. A Superdex Increase 200 10/300 GL column was
equilibrated with running buffer (20 mM Tris, 500 mM NaCl,
1 mM EDTA, pH 5.5) before sample loading. The fractions
with protein were collected and concentrated to 500 μl with
10 kDa MWCO centrifugal concentrators, buffer exchanged
with NMR sample conditions (20 mM Tris, 50 mM NaCl,
2 mM β-mercaptoethanol, 1 mM EDTA, and pH 5.5). For
samples at neutral pH, the concentrated sample was adjusted
to pH 7.0 after concentration. Samples used for pH titrations
were cleaved with 3C protease before gel filtration. Final yields
for M1NT (residues 1–164) with the wild-type sequence and
the M1NT(L4Q) variant were �1 mg and �2 mg, respectively,
per liter of minimal media.

In vitro oligomerization of M1

CHS stock solutions (2%) were made up in 5% solutions of
CHAPS. Solutions were sonicated until the solutions became
translucent. Protein concentrations were 30–40 μM M1NT.
Oligomerization was induced by the addition of 10–40 μM
CHS.
J. Biol. Chem. (2021) 296 100316 9
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Figure 7. Conformational changes associated with the loosely stacked dimer 1AA7 and the tightly stacked dimer 1EA3. A, a comparison of a neutral
pH, stacked dimer subunit from 1EA3, and a low pH structure from 1AA7. Both are derived from A/Puerto Rico/8/1934 H1N1. The structures are aligned on
the Cα atoms of the C-terminal subdomain consisting of helices 6–9 to show the relative shift of the N-terminal subdomain consisting of helices 1–4. B,
cartoon diagram of 1AA7 and 1EA3, which are models of the monomer and oligomer subunit structures. The view is onto the water-sensitive surface
centered near T67 at the end of helix 4 (h4). The structures are oriented so that the membrane-binding surface is up. Subdomain 1 (helices 1–4) is shown
within a dashed-line parallelogram in the structure on the left. Formation of a 310 helix in residues 134–137 of the helix 8/helix 9 loop (h8/h9 loop; orange) of
1EA3 results in R134 flipping out at the membrane-interacting surface and M135 packing into the subunit interface. Closer packing between residues T139/
E141 (shown as spheres) of the h8/h9 loop and residues I107/T108 (shown as spheres) of the helix 6/helix 7 loop (h6/h7 loop; yellow) may help reduce the
loop mobility seen for the monomer in solution. C, surface representation of 1AA7 (left) and 1EA3 (right) colored according to electrostatic properties. The
structures are shown in the same orientation as in the top panel. The conformational changes between 1AA7 and 1EA3 that are seen in T67/V68 and
induced by CHAPS result in a rearrangement of the helix 4/helix 5 loop (h4/h5 loop) that remodels the oligomer interface. Large surface changes are also
seen near the membrane binding surface with the formation of the 310 helix of the h8/h9 loop in 1EA3.
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NMR spectroscopy

Resonances of M1NT were assigned using BEST versions of
3D HNCA, HNCOCA, HNCACB, HNCOCACB, HNCO, and
HNCACO spectra (49) at 750 MHz (1H) collected on 13C-15N
10 J. Biol. Chem. (2021) 296 100316
labeled protein (150 μM) at pH 5.5. Backbone amide assign-
ments at pH 7.0 were obtained by titrating the pH from 5.5 to
7.0. T1, T2, heteronuclear NOE experiments were collected at
600 MHz (1H) using 15N-labeled M1NT(L4Q) at pH 5.5. NMR
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data were processed using NMRPipe (50) and analyzed using
CCPNmr Analysis (51) or CARA (52). Proton chemical shifts
were referenced to DSS and 15N and 13C chemical shifts were
referenced indirectly to proton.
Data availability

The assigned chemical shifts of M1NT have been deposited
in the BioMagResBank (50,425). All other data described in the
article are present in the main text, figures, and supplementary
figures.
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