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Seeing Double: The Persistent Dimer-of-Dimers Structure of

Drug Resistant Influenza A M2

Marianna Stampolaki,” Abel Cherian Varkey,”

Stefan Becker,™ and Loren B. Andreas*?

The currently circulating S31N variant of the M2 proton channel
of influenza A is resistant to antiviral drugs. Recently, there has
been a growing concern regarding the impact of the lipid
environment on the structural features of the S31N variant. The
native symmetry of the M2 tetramer remains controversial. Here
we show that S31TN M2 persists in a dimer-of-dimers structure
in different lipid preparations independent of the amount of
solvating lipids up to at least 180 lipids per tetramer. NMR
spectra clearly detect the characteristic resonances of the
dimer-of-dimers of M2 (residues 18-60 or 18-62) reconstituted
in lipids. NMR-based distance measurements indicate that two
isoleucine residues with upfield shifted alpha carbon resonan-

Introduction

The structure of small helical membrane proteins is influenced
by environmental conditions.!" This is especially true for
oligomeric viral membrane proteins, since the complex is held
together by relatively weak interactions, primarily van der Waals
interactions, with polar or occasionally ionic interactions found
at the core of the assembly within the membrane.” By contrast,
B-barrel membrane proteins, as well as many soluble proteins,
assemble with many strong hydrogen bonding interactions
stabilizing the tertiary structure of the protein backbone.” The
Influenza A M2 protein demonstrates this environmental
sensitivity: Figure 1 shows selected structures of wild type (WT)
and S31N M2, which were determined from preparations using
different membrane mimetics, including both detergent and
lipid. A substantial range of helix tilt angles can be appreciated
from these structures, which also demonstrate differences in
the conformations of the important pH sensing histidine
residues,” the gating tryptophan,™ and for S31N M2, the
asparagine that confers resistance to the drugs rimantadine and
amantadine.””
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ces, typical of extended conformations, are compatible with a
particular side-chain rotameric state and helical backbone
geometry. These chemical shifts are therefore compatible with
the expected native transmembrane helical fold. Symmetry
breaking at the pH sensing H37 residues, detected via peak
doubling, is a stable feature of S31N M2 based on the reference
strain Udorn/1972(H3N2). By contrast, the spectrum is dramati-
cally altered for Columbia/2014/(H3N2) M2, which differs in
sequence in the amphipathic helices. This highlights an
allosteric coupling between the amphipathic helices and the pH
sensing residues.
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Figure 1. Representation of selected WT (green) and S31N (blue) structures,
some of which include the amphipathic helices. Structure A, D, E derive from
NMR data, and B, C, F from X-ray crystallography. Different packing of the
TM domain and amphipathic helices occurs in each M2 structure depending
on the lipid or detergent reconstitution or crystallization conditions. The
conformation of the pore residues also varies: H37, W41, and N31 residues
are shown as sticks. Note that the WT sequence refers to the Udorn/
1972(H3N2) strain, which has become the reference sequence for M2
studies.

Solid-state NMR is an established technique that can probe
the structure of the protein in hydrated lipid bilayers, and as
such, a method suitable to probe native protein structure.”
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Indeed, it is well known that the lipid environment can be
crucial for obtaining the biologically relevant structure of the
protein.”>#¥ |n oriented samples (OS), the spectrum is exqui-
sitely sensitive to small changes in the tilt angle of alpha
helices.” For membrane proteins, the sample is typically
oriented by assembling the bilayers together with a stack of
thin glass slides such that a single axis of alignment is achieved.
Using magic-angle spinning (MAS) NMR, the effects of different
lipids"® as well as drug binding can be investigated via
chemical shift perturbation without the requirement for sample
alignment.!"”

The M2 protein is of medicinal and biological interest since
it is responsible for essential viral function, in particular, its
activity as a proton channel™ and its role in viral budding."
The drugs amantadine and rimantadine block the proton
channel activity of the protein by binding to the pore of the
protein near residues 27-34"" Amphipathic helix residues,
approximately residues 47-60, have been shown to influence
membrane curvature during budding."® C-terminal to residue
60, the cytoplasmic tail of M2 has been shown to be important
in virus assembly, with residues 71-76 of the cytoplasmic tail in
particular interacting with the viral protein M1.¢

Thus, a peptide comprising residues of the transmem-
brane and amphipathic helices emerged as a minimalistic
protein sequence to study the channel function of M2. This
peptide, dubbed the conductance domain (CD), demon-
strated conduction rates and drug inhibition indistinguish-
able from the full-length protein, when studied in oocytes or
lipid bilayers."” It was subsequently utilized for solid-state
NMR structure determination via OS"® and MAS"® NMR. The
conductance domain structure has not been captured via
crystallography, with the exception of a V27A mutant that
demonstrated an extended helix in the crystal.?” Slightly
shorter peptides have been successfully crystallized from a
variety of conditions, including impressive structures solved
from lipidic cubic phase in which the structure of pore-lining
water molecules was revealed.?"

Despite similarities in the lipid bilayer preparations, the
solid-state NMR structures of conductance domain M2 show
marked differences. A structure determined from OS NMR is
four-fold symmetric at the backbone, with symmetry broken
only at the side chain of H37 residues, which form two pairs of
imidazole-imidazolium dimers."® By contrast, a structure deter-
mined using magic-angle spinning NMR detected a dimer-of-
dimers symmetry not only at H37 side chains, but also at the
backbone of transmembrane residues."

There are several possible explanations for these differences,
including differing sensitivities of MAS NMR and OS NMR to
symmetry breaking. For example, while exquisitely sensitive to
changes in orientation of the helices, OS NMR spectra are
insensitive to translations of the helix in the bilayer, as well as
rotations about the bilayer normal. There were also differences
in the lipid composition between the two studies, as well as the
exact length of the protein construct, either residues 18-60 or
22-62.

Cross and coworkers reported that the difference in
structures is caused by an insufficient amount of lipids in MAS
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NMR preparations.”? The dimer of dimers structure of S31N
M2,5 ¢o Was determined from samples assembled with a lipid to
protein tetramer ratio (LPR;) of 28. Two sets of peaks are
evident in MAS NMR spectra under these conditions, due to the
two-fold symmetry of the dimer-of-dimers. On the other hand,
Cross and coworkers identified a single set of resonances when
the protein was reconstituted with an LPR; of 120, and
concluded that the tetramer is 4-fold symmetric. Cross and
coworkers also pointed out that there are two anomalous
isoleucine resonances in the MAS NMR spectra of S31N M2 at
an LPR; of 28, which they describe as occurring in a ‘non-helical
Co. chemical shift range for lle’.??

In order to address the above discrepancy in reported CD
M2 assemblies in lipid bilayer preparations, here we use MAS
NMR as a sensitive probe of protein structure to investigate the
influence of lipids, lipid concentration, protein sequence length,
and amphipathic helix variants. We additionally investigate the
structural underpinnings of the unusual isoleucine chemical
shifts, which are in fact compatible with helical secondary
structure.

Results and Discussion

Spectra of S31N M2,,_,, in Different Lipids or Sample
Preparation Protocols

Starting with S31TN M2,4_4, we recorded multidimensional MAS
NMR spectra to track potential changes in the chemical shifts
that can be induced by the presence of different concentration
or type of lipid. Figure 2 superimposes spectra reconstituted
under varying conditions. The signals are well dispersed in the
Co-N projection of the 3D (H)CaNH spectra, such that the
unusual lle resonances are fully resolved. Comparison of the
(H)NH spectra of these samples is shown in Figure S1. The
spectrum is stable across the investigated parameter space,
with only minor changes in peak positions observed. Figure 2A
compares a lipid to protein tetramer ratio (LPR;) of 28 with 180
in 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) lipid.
Figure 2B compares the spectrum in DPhPC with a mixture of
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine (DOPE) lipids at an
LPR; of 180. These lipids were chosen to match the composition
reported by Cross and coworkers,?>** and the LPR; of 180 was
chosen to exceed the value of 120 reported in their work.
Reconstitution via detergent dialysis results in fully hydrated
bilayers,” with a water to lipid molar ratio of about 95
(Figure S5).

To rule out the potential impact of the use of different
reconstitution protocols on the protein folding and conse-
quently on its spectroscopic behavior, we performed two
lipid reconstitution protocols. Figure S2A compares our
reconstitution protocol with the protocol of Cross and
coworkers, using LPR; of 180 or 120. Figure S2D-G shows
each spectrum separately. Our protocol involves solubiliza-
tion of all components in octyl glucoside detergent followed
by dialysis to remove detergent. The protocol of Cross and
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Figure 2. Spectroscopic comparison of >C,”*N S31N M2,4 ¢, reconstituted at high and low LPR;. °N-">C, projections of the (H)C,NH spectra of the protein
reconstituted in A) DPhPC at an LPR; of 28:1 (black) or 180:1 (red) and B) DPhPC (red) or DOPC/DOPE (4:1) (blue) at an LPR; of 180: 1. Spectra were recorded
on an 800 MHz Bruker spectrometer with a 3-channel 1.3 mm probe at 55 kHz MAS. 1D slices of 132 and 139 peaks are shown.

coworkers instead involves dissolving the lipids and M2 in
organic solvent, followed by removal of solvent to form a
lipidic film. The sample is then hydrated via incubation in the
presence of buffer. It is evident from the superimposed
N-'H correlation spectra that there is no significant change
in the resonances.

Note that there are also differences in the preparation
protocols prior to reconstitution. For example, we use HPLC
purification following chemical cleavage from a fusion protein,
while Cross and coworkers precipitated the protein in trichloro-
acetic acid following enzymatic cleavage from a fusion protein.
Although we have not ruled out the influence of the protein
purification protocol, we expect that the detergent or organic
solvent conditions are sufficiently disaggregating such that the
history of the sample prior to reconstitution does not impact
the final fold. The protein in detergent showed a single set of
peaks,? suggesting that the dimer of dimers structure emerges
during reconstitution in lipids.

There is a general concern in the research of membrane
proteins regarding how closely it is possible to approach the
native state(s) of a protein by emulating the specific physical
and chemical properties of the native environment. Solid-state
NMR provides access to the structure of membrane proteins
within defined lipid compositions that fulfill the main require-
ment of membrane proteins by reproducing many character-
istics of the native membrane.’**? Still, membrane protein
structures have been shown to respond to the detailed lipid
composition,"” emphasizing that the specific nature of the
lipids can be important. Numerous studies have confirmed how
different conditions in the membrane environment, such as
using detergents to mimic lipids, can impact the tertiary
structure, flexibility, dynamics, or functional states of membrane
proteins.”*® These effects are directly reflected in NMR spectra,
primarily in the form of chemical shift perturbation or in
changes in peak intensity and linewidth. Inversely, changes in
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the spectrum offer a direct, site-specific readout of structural
and dynamical change.

Here our interest lies in the drug resistant S31N M2 variant,
which is prevalent in circulating influenza A strains.® We
previously reported a MAS-NMR-based structure of S31TN M2CD
consisting of residues 18-60. We found that the protein adopts
a dimer of dimers structure in lipid bilayers, and thus imposed
C2 rather than C4 symmetry during the structure calculation.””
We later learned that an H37-H37 hydrogen bond is central to
the breaking of symmetry.”® Symmetry breaking was not
detected by oriented sample NMR, leading to a largely
symmetric structure determination based on oriented sample
NMR data. The spectra of Figures 2 and 3 clearly indicate the
presence of a dimer-of-dimers across different sequence
lengths, and for both high and low LPR.

Since the MAS NMR samples were previously prepared with
minimal lipids, one possible explanation for the apparent
discrepancy was a putative transition between two-fold and
four-fold symmetric tetramers, which would be influenced by
the amount of solvating lipid. Cross and coworkers recently
argued that this is the case, and that the more dilute conditions
represent the native conformation.”? Specifically, the M2
structure was reported to be sensitive not only to the
membrane composition, but to the lipid-to-protein tetramer
ratio (LPR;), with a high ratio of at least 120 reported to result in
a highly symmetric tetramer, and a lower LPR reported to result
in a dimer of dimers structure. The central evidence put forward
by Cross and coworkers was that the 132 and 139 peaks
characteristic of the dimer-of-dimers spectrum were not
detected in a "*C-"C 2D spectrum of the protein at LPR; of 120.
However, they presented no comparative data at lower LPR,
conditions under which such peaks should certainly have been
detectable. Since the C-"*C correlation spectrum of the six
isoleucine resonances is highly degenerate, a main Ca-Cp peak
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Figure 3. Spectroscopic comparison of different >N S31N M2 constructs in different lipid environments. (H)NH spectra of A) S31N M2,4_¢, (black) and S31N
M2,54, (red) in DPhPC at an LPR; of 28:1, B) S31N M2,4_¢, in DPhPC (red) at an LPR; of 28:1, and in DOPC/DOPE (4:1) (blue) or POPE/POPS (3:1) (green) at an
LPR; of 120:1. Spectra were recorded on a 1.2 GHz Bruker spectrometer with a 3-channel 1.3 mm probe at 55 kHz MAS. The sequence of the amphipathic
helix of S31TN M2 (starting at residue 45) is shown in the box. Slices are shown at the position of the S50 peak.

is observed in the spectrum presented by Cross and coworkers,
as well as a smaller peak assigned by them as I51.

We recorded a comparable 2D spectrum at the same
magnetic field of 600 MHz and in a higher magnetic field of
1.2 GHz (Figure S4). These spectra both show spectral crowd-
ing of isoleucine cross-peaks with 6 out of 11 resonances
contributing to an unresolved Ca-CB peak, and 3 more
contributing to the smaller peak labeled as 151 by Cross and
coworkers. By contrast, the unusual isoleucine resonances,
132 and 139, do not overlap with other peaks and therefore
can be expected to contribute about 3-fold less signal.
Indeed, in a 2D "*C-"C correlation spectrum (Figure S4), the
132 peak is about 4-fold less intense. We can therefore
speculate that the unusual 132 and 139 resonances are
therefore not detected in the spectrum presented by Cross
and coworkers because of the challenge of detecting the
weaker peaks. The resolution of the spectrum substantially
improves at the higher magnetic field of 1200 MHz (Fig-
ure S4A).”7 However, the lle carbon resonances are highly
degenerate, leading to peak overlap even at 1200 MHz.

Having examined the above different lipid reconstitution
conditions and having observed little to no impact on the
M2CD spectra, we considered whether changes in the M2CD
construct, specifically in the amphipathic helices, could influ-
ence the spectrum. The construct of Cross and coworkers
contains an additional two residues towards the end of the
amphipathic helix, residues 61 and 62. Figure 3A compares the
spectrum of M2,5 ¢, and M2,5, in DPhPC lipids at 28:1 LPR.
The "N-'H correlation spectra of the two samples are almost
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perfectly overlaid. Figure 3B compares M2,4_, in different lipid
compositions and LPR; of 28 or 120, including the DOPC/DOPE
mixture used by Cross and coworkers.”>” Since the viral
membrane composition contains a substantial amount of
negatively charged lipids,*” we also reconstituted M2,5¢, in a
mixture of POPE and POPS (Figure 3B). The spectra of S31N
M2,5 ¢, are almost identical in all lipid compositions tested. The
only notable chemical shift changes were those of one of the
H37 side chains and S50 in POPE/POPS (3:2), which were
<0.2 ppm in 'H and ~0.8 ppm in "*N. The change at H37, which
lies at the heart of the M2 tetramer, appears to be an indirect
influence of the lipids. On the other hand, the change at S50
can be easily rationalized since it lies in the amphipathic helix,
which faces the lipids. Each of the spectra is also shown
separately in Figure S2.

An Allosteric Link between the Amphipathic Helices and the
pH Sensing Residues

The native protein is palmitoylated at cysteine 50, a modifica-
tion that is not straightforward to synthesize from protein
expressed in bacteria. Structural biology studies have substi-
tuted cysteine at position 50 for serine, and therefore lack the
palmitoylation of native M2. We therefore also measured the
spectrum of an N31 M2 variant (Columbia/P0067/2014 H3N2)
that lacks cysteine, and instead has phenylalanine at position
50 (Figure 4B and Figure S3). The spectrum of this Columbia
variant in three lipid compositions does not resemble the dimer
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Figure 4. Spectroscopic comparison of °N, *C-labelled WT M2 bound to rimantadine"™® and the "*N-labelled Columbia M2 variant. (H)NH spectra of A) apo
WT M2,5_4, (red) and rimantadine-bound WT M2,4_¢, (blue) in DPhPC at an LPR; of 28:1, and B) N31 Columbia M2,5_4, in DPhPC at an LPR; of 28:1 (red) and in
DOPC/DOPE (4:1) at an LPR; of 120:1 (blue). Spectra were recorded on an 800 MHz (A) or 1.2 GHz Bruker (B) spectrometer with a 3-channel 1.3 mm probe at
55 kHz MAS. Slices of selected peaks are shown to show the remaining resolution. Note that 0.5 ppm at 800 MHz is comparable to 0.3 ppm at 1.2 GHz. The
sequence of the amphipathic helix is shown in the boxes, starting from residue 47. Residues that are different in Columbia M2 are underlined, and an E-K

substitution in the Columbia variant is shown in green.

of dimers spectrum of Udorn M2. However, the change does
not appear to be specific to the substitution at position 50,
since F50S Columbia also does not resemble the Udorn M2
dimer of dimers spectrum (Figure S3B). The H37-Ne2 side chain
peaks are not detected in any of the Columbia variant spectra.
By contrast, for WT M2 or S31N M2, the H37 side-chain peaks
provided a clear signature of a stable imidazole-imidazole
hydrogen bonding interaction between H37 residues.”®

Thus far, the dimer-of-dimers structure has been reported
for both WT and S31N M2 when the protein construct includes
an amphipathic helix, namely the residues 18-60 of the Udorn
strain.'"®? By contrast, crystal structures have either shown
lack of symmetry, or four-fold symmetry. Here we extended the
construct by two residues, in order to match the complete set
of C-terminal residues implemented by Cross and coworkers.
The spectrum of this 18-62 construct of M2 overlaps almost
perfectly with the 18-60 spectrum, indicating that the dimer-of-
dimers structure is preserved.

By contrast, the spectrum of a Columbia variant of M2,
which contains amino acid substitutions in the amphipathic-
helix residues, does not overlap, and notably, the H37
sidechain resonances that are emblematic of the H37-H37
hydrogen bonding, are not detected. The resonances also
appear to be broadened. These features are reminiscent of
spectra acquired for WT M2 in the presence of the inhibitor
rimantadine.""™ Figure 4 shows a comparison between drug
bound M2 and the Columbia variant. Notably, spectra
obtained with the inhibitor exhibited loss of signal from the
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amphipathic helix and at the same time breaking of the H37-
H37 hydrogen bond and vyet retained two-fold
symmetry.'"™' Considering the results from the Columbia
variant, we can therefore describe an allosteric coupling
between the H37 residues and the amphipathic helix. Firstly,
drug binding to the pore of the protein near G34 results in
loss of signal from H37 sidechains, as well as loss of signal
from the amphipathic helix. Secondly, substitution of resi-
dues in the amphipathic helix results in loss of signal from
the H37 sidechains. Chemical shift perturbations due to
changing the lipid composition (Figure 4B) at the H37 side-
chain as well as at S50 are a further possible signature of this
allosteric coupling.

Structural Origin of 132 and 139 Chemical Shifts

Having established that the spectrum, and therefore the
structure of the Udorn sequence of M2 is stable across a range
of sample conditions, we turned our attention towards
explanation of the unusual isoleucine chemical shifts. The alpha
carbons of 132 and 139 are shifted to 61.4 and 60.4, respectively,
which is about 5ppm away from the other isoleucine
resonances and falls in a region of the spectrum that is typical
of more extended geometries, such as beta sheet secondary
structure. This is a surprising finding for residues in the middle
of a transmembrane helix. To gather more information about
the conformation of these residues, we recorded 'N-">C

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH

85UB01 SUOLIWIOD SAERID) @ [qeatjdde U Aq peunob 8.2 DR VO ‘88N JO S3|NJ 10 ARRIqIT BUIUO 8|1 UO (SUORIPUOD-PLE-SLLBIAL0D" A8 I AReJd) 1BU1UO//SdIY) SUORIPUOD PUe SW L 3L 385 *[5202/T0/02] U0 ARiq18uliuO AB|IM ‘UeljeyasuessIMNEN @eulidiZSpRINIAL Ny I IsU-pUeId-Xe N Ad 62TE01Z0Z WeUd/Z00T OT/10p/uod: M| 1m:Areiqiieutjuoadoine-A1is iLsyo//sdny woiy pepeojumod ‘¢ ‘§20e ‘S9LETeST



Chemistry

Research Article Europe
doi.org/10.1002/chem.202403129

European Chemical
Societies Publishing

Chemistry—A European Journal

correlation spectra of M2CD that reveal carbon resonances in
close proximity to the backbone nitrogen. For this purpose, we
used transferred rotational echo double resonance (TREDOR).?"
Figure 5A shows a representation of some of the possible
rotameric states of isoleucine, together with chemical shifts of
those rotamers calculated using density functional theory (DFT)
and reported previously by Siemons et al®? In WT M2, which
does not display these unusual isoleucine chemical shifts, the
Cy, resonance of 139 is detected in the TREDOR spectrum, which
is consistent with a gauche- y, rotameric state. By contrast, the
Cy, resonance of both 132 and 139 are detected in S31N M2, but
not the Cy,, which is consistent with a trans y, rotameric state.
In detail, the WT N—Cy, distance in residue 139 was found to be
2.89+0.15 A. The S31N N—Cy, distances in 132 and 139 were
found to be 2.9240.08 A and 3.1240.20 A, respectively. This
agrees with the expected distance of about 2.95 A for a carbon
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in the gauche configuration with respect to the nitrogen. The
3.85 A N—Cy, distance in the trans configuration (or the N—Cy2
distance in gauche-) is near or below the detection limit. These
data indicate a change in rotamer population between WT and
S31TN M2. Since the alpha carbon resonance is sensitive to the
rotameric state in isoleucine residues,®? these data suggest that
the rotameric states are responsible for the unusual chemical
shifts, as discussed below.

Both 132 and 139 occur in the transmembrane alpha helix of
M2 and are flanked by residues whose chemical shifts clearly
indicate helical secondary structure yet their Ca chemical shifts
near 60 ppm are typical of beta sheet secondary structure.
Backbone torsion angles predictions by TALOS-N®¥ (Table S1)
resulted in ¢ and y angles for 132 that are helical, but deviate
from ideal helical @,y values of about —60°, —45°. The values
also depend substantially on the input chemical shift list. The
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Figure 5. Rotameric states of isoleucine and TREDOR data for 132 and 139 that define the y, torsion angle. A) Some of the rotameric states that are accessible
to isoleucine, labeled according to their ), x, rotameric states: g,,= gauche-, g, = gauche +, t=trans. The calculated chemical shifts reported previously in
ref.?? for the different rotamers are annotated in green. B,D) Strips from 3D 4 ms TREDOR spectra that show a short distance to the backbone nitrogen for the
v, carbon in the WT protein for 139, but for the v, carbon in the S31N mutant for 132 and 139, indicating a change in rotamer population. DPhPC-reconstituted
?H, 3C,*N-labelled S31N M2, ¢, and ">C,"*N-labelled WT M2,, ¢, were used for these experiments at LPR; of 28. C,E) Plots of the peak intensity ratio { (details in
the supplementary information) vs dipolar coupling strength, D, and distances, r, on the left and right y-axes, respectively. Error bars of 2c are shown, as
determined from the signal-to-noise ratios of the TREDOR peaks. An intensity ratio occurring from a peak lower than 3 times the spectrum noise level is
indistinguishable from noise, and therefore falls below the detection limit, which is demarcated by the horizontal dashed line.
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prediction for 139 is essentially ideal helical values for ¢ and v,
despite the upfield Ca resonance. The Co chemical shift is
known to be impacted by the side-chain rotameric state since
Ca is one of the central atoms that define the y, angle. With a
branched structure at the beta carbon, several different
isoleucine sidechain rotameric states occur with similar ener-
gies, such that the rotameric state might be influenced by
subtle changes in protein structure.

The dependence of the isoleucine alpha carbon chemical
shift on the rotameric state has been recently reported.
Siemons et al.®? previously investigated the five lle rotameric
states: (gmit), (ImIm)s (9pt), (L1), (t,9,), that account for 97 %
of the total reported in a set of high-resolution crystal
structures. By using density functional theory (DFT) calcu-
lations on a model peptide, they calculated the isoleucine '*C
chemical shift profiles as a function of the (x;,x.) angles, and
found that the accessible rotameric states can account for
more than 5 ppm differences in the Ca chemical shift, a
similar amount as the difference between alpha and beta
secondary structure. Specifically, the calculated Ca chemical
shift for isoleucine in an alpha helix ranged from 59-68 ppm
depending on the rotameric state.

We used these chemical shift profiles together with *C-"*N
distance data using TREDOR to assess whether rotameric states
are the most likely explanation for the unusual chemical shifts
of 132 and 139. Figure 5A shows a representation of four (x;,).)
rotameric states from among the five that are likely based on
crystal structures, together with the calculated shifts of Siemons
et al.®? Figure 5B shows TREDOR data of WT and S31N M2CD
that are sensitive to the y, angle by measuring the N to Cy
dipolar coupling. The dipolar coupling depends on the
internuclear distance, and thereby helps to define the possible
rotameric states. Note that rotameric states of isoleucine are
typically in fast exchange, and that the NMR observables are
therefore population weighted averages of multiple states.
Since a single rotamer often dominates, we hereafter refer to
the dominant rotameric state as simply the rotameric state. In
the TREDOR spectra, transferred magnetization is detected at
only one of the two Cy atoms of 132 and 139 for both WT and
S31N. Specifically, Cy, is detected for WT 139 and Cy, is detected
for S31N 132 and 139. WT 132 could not be analyzed due to
signal overlap. The absence of the second Cy cross-peak implies
that it is located far from the amide nitrogen, below the
detection limit of the TREDOR spectrum. Thus, either the Cy, or
Cy, can be deduced to be in closer proximity to the amide
nitrogen, with the other trans to the nitrogen. As a result, the y;,
dihedral angle (C,;C;-C,N), that best describes the Cy data, is a
gauche- (g,,) conformation for WT 132 and trans (t) for S31N 132
and 139 (Figure 5A). Due to the longer distances involved, we
could not detect cross-peaks that are related to C6 atoms and
thus the x, conformation of the two residues could not be
determined from TREDOR. Hence, there are two possible (x;,%)
rotameric states for WT 139, (g,,, t) and (g, 9,), with (g, t) a
better match to the Ca chemical shift calculated by Siemons
et al.®? For S31N, there are also two possible conformers for the
residues 132 and 139, but this time they are (t, g,) and (t, t), with
(t, g,) matching the Ca shift according to Siemons et al.®” The
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unusual Ca chemical shifts of 132 and 139 of S31N M2,; ¢, at 61.4
and 60.4 ppm, respectively, can therefore be explained by the
(t, g,) rotamer, consistent with the TREDOR data.””!

The Biological and Structural Relevance of Protein Symmetry
Breaking

Biological systems abide by the rule of economy in material and
energy. As a consequence, it is unsurprising that molecular
structures like proteins, and larger assemblies such as enzymes,
are often constructed from identical building blocks, thereby
reducing the required genetic material. Identical monomers,
when bound together to create a larger complex, usually adopt
symmetrical oligomeric conformations, which results from
energy minimization within each monomer, as well as minimi-
zation at the interfaces between monomers. However, bio-
logical molecules often deviate from perfect symmetry to fulfill
specific functions. In this case, asymmetry provides character-
istic dynamic, assembly, and recognition properties to the
oligomer.®? There are many examples of dimeric enzymes that
can allosterically switch between symmetrical states in response
to external chemical stimuli® In other cases, asymmetry
appears to be an intrinsic property of the oligomer.>®

Helix-helix interfaces themselves typically contain hetero-
typic interactions, as is particularly clear for salt bridges. Thus,
the stabilizing elements observed in either symmetric or
asymmetric assemblies are similar, and can be compared to the
vast knowledge regarding heterotypic proteins that interact in
the membrane.?” Indeed, from a physics perspective, sponta-
neous symmetry breaking is well-known to occur for the state
of a system, while obeying symmetric physical laws.*® A familiar
example is the existence of crystals.

In the case of M2, symmetry breaking might be the result of
a steric clash: in a 4-fold symmetric state, the large W41 side-
chain that points towards the center of the tetramer stands in
the way of a compact tetramer. A compact tetramer would
optimally hide the hydrated and more polar protein core from
the hydrophobic environment of the membrane, and thus be
favored. Such a steric clash can be relieved by a small
translation of each helix of the tetramer relative to its
neighbors. The reduced clash must then be balanced against an
expected increase in hydrophobic mismatch within the lipid
bilayer. Alternatively, clash could be relieved via changes in the
side-chain rotameric states of some of the helices, as seen in
the structure 2N70. These simple arguments illustrate how
symmetry breaking in a minimalistic tetramer can be explained
with energetic arguments to result in a more compact structure,
as compared to what is possible with 4-fold symmetry.

Conclusions

We measured spectra of S31N M2 across a range of lipid
compositions and using both high and low ratios of solvating
lipids. We found the overall dimer-of-dimers structure of S31N
M2 to be remarkably stable to these changes. By contrast, a
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change to a variant of the protein (Columbia) that substitutes
amphipathic helix residues, was found to result in loss of the
characteristic peaks that indicate stable His-His hydrogen
bonding. We further investigated the structural explanation for
unusual isoleucine chemical shifts by measuring internuclear
distances, finding that a change of rotameric state occurs,
rather than a drastic change in backbone secondary structure.
This highlights isoleucine as a challenging case for chemical
shift-based backbone secondary structure prediction. The
persistence of the dimer-of-dimers structure in different lipid
environments solidifies our understanding of the structural
template of the apo protein, which we expect to be considered
in the development of new antiviral drugs.
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