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Figure 5. Simulations of the *H spectra of d;s-Rmt at 303 K. (Top row) Experimental spectra reproduced from Figure 4. (Bottom row) Simulated
spectra. (a) d;s-Rmt bound to DMPC bilayers without M2. Simulation used a 4:1 area ratio of the small and large couplings, consistent with the number
of equatorial and axial deuterons in the adamantyl cage. (b) d;s-Rmt bound to M2 at 1 drug/tetramer. Simulated spectrum used an area ratio of 63%/
27%/10% for the 36 kHz, 13.3 kHz, and isotropic components, which represent the pore bound, lipid bound and isotropic drugs. (c) d;s-Rmt bound to
M2(22—46) at 4 drugs/tetramer. Simulated spectrum used an area ratio of 13%/83%/4% for the 36 kHz, 12.5 kHz and isotropic components.
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Figure 6. 2D ""N—"3C correlation spectra of Val27, Ser31, Gly34 and Asp44-labeled M2TM in DMPC bilayers without and with Rmt. (a) The
spectrum of drug-free peptide. (b) The spectrum of the 1 drug/tetramer sample. (c) The spectrum of the § drugs/tetramer sample. Ser31 and Gly34 '°N
chemical shift increases and Val27 Cot chemical shift decreases upon drug binding.

Figure 4c shows the “H spectra when Rmt is in 4-fold excess to
the M2TM tetramers and accounting for 8 mol % of the lipid
membrane. The 303 K spectrum is now dominated by a 12.5 kHz
splitting and a small 36-kHz component for the equatorial
deuterons. Thus, the excess drug adopts a similarly tilted
orientation as the lipid-bound drug in the absence of the protein,
while the drug inside the pore retained the same upright
orientation as in the stoichiometric sample."”> Simulation
(Figure Sc) yielded a ratio of 13%:83%:4% for the 36 kHz,
12.5 kHz, and isotropic components.

Taken together, these H spectra indicate that the majority of
the first equivalent of Rmt adopts a nearly upright orientation
in the pore of the channel, identical to Amt. Excess Rmt has a
very tilted orientation of 42—43° from the bilayer normal,
which is very similar to the 44° tilt of the drug in the lipids in
the absence of the protein. Compared to Amt, Rmt has a
slightly different equilibrium constant between the high-affinity
pore-binding site and the low-affinity lipid-binding site, which is
likely a result of the different hydrophobicity and size of the
two drugs.

Binding Locations and Polar Group Direction of Rmt in
the M2TM Pore. Protein chemical shift perturbation provides
independent evidence of ligand binding sites. To confirm the
binding locations inferred from the *H spectra and to compare
M2-Rmt interactions with M2-Amt interactions, we measured
the "*C and "°N chemical shifts of several key residues in M2TM.
Ser31, Val27 and Gly34 are the respective center and boundaries

of the pore binding site for Amt,'>*" while Asp44 probed the
interaction of the drug with the lipid-exposed binding site.
Figure 6 shows 2D ""N—'°C correlation spectra of VSGD-
M2TM(22—46) in the absence and presence of Rmt. The
drug-free peptide shows two Ser31 peaks and two Gly34 "N
peaks, whose relative intensities changed with titration of the
drug: the downfield >N peaks of each residue increased in
intensity upon Rmt binding. The bound Ser31 "*N peak is 6
ppm downfield from the unbound peak, while the bound Gly34
>N peak is 3 ppm downfield from the unbound peak. These peak
displacements are very similar to those observed for Amt-bound
M2TM,">*" strongly suggesting that Rmt also binds to the
N-terminal pore near Ser31. The fact that the bound Ser31
conformation is already present in the drug-free state indicates
that Rmt shifts the conformational equilibrium of the protein to
the bound state rather than inducing an entirely new conforma-
tion. This observation is consistent with the concept of con-
formational selection by ligands, which has been documented for
many globular proteins’” and has also been reported for
M2TM."® The Val27 Ca chemical shift decreased by 2.5
ppm upon Rmt binding. In comparison, the Asp44 "*N chemical
shift did not change between the apo sample and the stoichio-
metric sample (both at 118.4 ppm), but increased by 1.5 ppm (at
119.9 ppm) in the sample containing excess Rmt. Thus, only
excess drug affects the Asp44 conformation, providing strong
evidence that the first equivalent of drug binds elsewhere
from Asp44.
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Figure 7. '*C{’H} REDOR spectra of DMPC-bound M2TM with
CD;-Rmt at 5 drugs/tetramer. Intensity difference between the control
(S, black) and dephased spectra (S, red) indicate proximity of the *C-
labeled residues to the deuterated methyl group. (a) 16.9 ms REDOR
spectra of Val27 Cy1, showing S/S, = 1.02 = 0.04. (b) 15.1 ms REDOR
spectra of Ser31 Cat (S/Sy = 1.02 = 0.03) and Asp44 Cot (S/Sp =0.89 =
0.03). (c) Gly34 Cao. REDOR spectra at 18.8 ms, with S/S, = 0.81 +
0.04. The difference spectrum is shown in blue. (d) Schematic of
rimantadine structure in the pore, with the polar amine pointing to
the C-terminus and the adamantyl cage tilted by ~13°.

BC{*H} REDOR experiments using CD;-Rmt provided
definitive proof of not only the binding location of the drug,
but also the direction of the amine in the pore. If the ethylamine
points to the N-terminus of the channel, significant REDOR
effect will be expected for Val27 side chains, whereas if the amine
points to the C-terminus, significant REDOR dephasing should
be detected for Gly34. Since the Rmt *H spectra and the 2D
SN—"3C spectra of the protein with varying drug concentrations
both indicate that excess Rmt does not remove the high-affinity
pore binding site, we focused the '>C{*H} REDOR experiment
on the S drugs/tetramer sample. Figure 7 shows the REDOR
control (Sy) and dephased (S) spectra measured with a single °C
180° pulse and multiple “H pulses.”® Val27 Cy1 exhibited no
dephasing at 16.9 ms, and the combined Ser31 and Val27 Ca
peak at 61.4 ppm also showed no dephasing (S/S, = 1.02 % 0.03
at 15.1 ms), indicating that both 3C-labeled residues are outside
dipolar contact of the deuterated methyl group. In contrast,
significant dephasing was observed for Gly34 Ca. with an S/S,
value of 0.81 & 0.04 at 18.8 ms. Thus, the REDOR spectra
indicate unambiguously that the ethylamine lies near Gly34 and
points to the C-terminus of the channel, in the direction of
the His37.

Figure 7b also shows moderate dephasing of Asp44 Ca to 0.89
=+ 0.03 at 15.1 ms, indicating that, at a lipid/drug molar ratio of
6.4:1, Rmt is in dipolar contact with the surface-exposed Asp44,
similar to Amt."> Both Rmt and Amt are amphiphilic molecules
and partition into the membrane—water interface of lipid
bilayers,>” at approximately the same depth as Asp44. Thus, drug
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Figure 8. '*C{*H} REDOR spectra of M2TM in DMPC bilayers with
cps-Rmt at 1 drug/tetramer. (a) 15.1 ms REDOR spectra. S/S values
are 1.2 +0.16 for Val27 Cy 1, 1.00 % 0.19 for Ser31 Ca, and 0.92 4= 0.08
for Asp44 Co.. (b) 16.9 ms REDOR spectra of Gly34 Co.. S/S, = 0.94
+ 0.07.

binding to Asp44 can be attributed to the high concentration of
the drugs in the bilayer and the preference of the drugs for the
glycerol interfacial region of the membrane.

Additional REDOR experiments of the 1 drug/tetramer sam-
ple (Figure 8) exhibited no significant dephasing for the four
residues within experimental uncertainty, which is expected for
Val27, Ser31 and Asp44. The lack of strong dephasing for Gly34 is
partly due to incomplete occupancy of the drug in the pore: 27%
of the Rmt is in the bilayer and 10% has vanishing quadrupolar
coupling (Figure 4), thus, ~37% of the drug is unable to cause
dipolar dephasing. In addition, we suspect the peptide conforma-
tion may slightly differ between low and high drug concentrations
due to changes in the membrane viscosity and lateral pressure,
such that the height of the CD; group may be slightly different
between stoichiometric and excess drug concentrations. Pre-
viously we did not observe different REDOR dephasing between
the stoichiometric and drug-excess complexes between d;5-Amt
and M2TM.'® However, d;s-Amt contains a large number of
deuterons distributed over a 2.2 A vertical distance, which would
minimize the effects of small displacements of the drug in the
pore. In contrast, the current CD;-Rmt contains only three
deuterons concentrated in a small volume of space, thus, even
subtle changes of the drug height in the pore could significantly
affect the REDOR dephasing.

Excess drug and other membrane composition changes are
known to have significant effects on the conformational dynamics
of M2TM."#19%9%° Eor example, the addition of cholesterol at
lower concentrations than the Rmt amount used here causes
significant changes in the thermodynamic stability** and
structure”® of the protein. Relaxation NMR data revealed that
the uniaxial diffusion of M2TM tetramers in DLPC bilayers was
sped up by excess Amt in the membrane,’’ suggesting that the
tetramers adopt tighter conformations due to the indirect influ-
ence of the drug on the membrane fluidity. Thus, the first
equivalent of Rmt may be bound deeper in the pore, with the
ethylamine outside the detectable (~5 A) distance range of
Gly34. As excess Rmt partitioned into the membrane, the
tetramers may tighten slightly, pushing the drug up in the channel
so that the CD; group approached Gly34, giving measurable
dipolar dephasing.

The downward orientation of the polar amine in the pore
confirms that the adamantane drugs inhibit the M2 proton
channel activity not only by steric block and dehydration of the
channel,”” but also by indirect drug—His37 interactions. The
C-terminus-pointing amine would be able to form hydrogen

4282 dx.doi.org/10.1021/ja102581n .. Am. Chem. Soc. 2011, 133, 4274-4284



Journal of the American Chemical Society

bonds with the clusters of water molecules near His37.>
These water-mediated H-bonds would tend to reduce the
His37 pK,, as shown for Amt-bound M2TM in SN chemical
shift measurements.”® The perturbation of His37 pK, is relevant
to inhibition, because it increases the fraction of the protein in the
high-pH form and decreases dynamic processes believed to be
required for proton conduction.'*'®%*7%* In a new spiro-piper-
idine inhibitor of M2 with 10-fold higher potency than Amt,
methyl substitution of the amine was found to reduce the potency
significantly, indicating the importance of the polar moiety.>*

B CONCLUSIONS

The solid-state and solution NMR results shown here collec-
tively demonstrate that Rmt binds the M2TM channel in a very
similar fashion to Amt. At the stoichiometric drug concentration,
Rmt binds inside the pore with the molecular axis roughly parallel
to the bilayer normal. The polar group points toward the
C-terminus, supporting the notion that the drug inhibits the
proton conductance not only by interrupting the water wire
leading to His37,°>%° but also by forming water-mediated
H-bonds with His37, thus perturbing its pK,. The proximity of
the methyl group to the Gly34 backbone also suggests that the
higher affinity of Rmt for M2 than Amt®® may result from better
space filling of the drug in the channel and dehydration of the
additional hydrophobic methylene and methyl groups. This
insight suggests that new drugs to target resistant variants of
the M2 protein may involve side groups that similarly access the
space near Gly34. The dynamics of Rmt inside the pore suggests
two possible strategies in the design of new M2 inhibitors. In one
strategy, one can design molecules that better fill the channel,
leading to molecules with high potency for not only the wild type
but also the drug-resistant mutants V27A and L26F. Alterna-
tively, one can also adopt the strategy of retaining the molecular
dynamics as a potential mode of conformational stabilization.
The new structural information obtained here has informed
both strategies.

This study not only extends the previous structural findings of
Amt to Rmt, but also provides unique information about the
polar group direction, which was absent in all previous high-
resolution structures of the M2 protein.”'> The fundamental
similarity of Rmt and Amt in their binding locations, as well as
subtle differences in their lipid interactions, provides a rare
opportunity to examine the entire distribution of bound
states, including the lipid-bound as well as protein-bound states.
These data give essential information to test and improve
molecular dynamics protocols for simulating the kinetic steps
involved in binding a hydrophobic drug to a membrane protein
receptor.

The fact that Amt binds specifically to the pore of M2TM in
DPC micelles in solution and cause chemical shift changes that are
consistent with the effects of drug on M2TM>"** and M2(18—
60)** in lipid bilayers, but distinct from the effects of drug on
M2(18—60) in DHPC micelles,'® underscore the importance of
the environment to the functional structure of the protein and the
mutual influence that can exist between the protein and detergent
micelles.>> The high-resolution orientational structure of the
cytoplasmic helix recently determined by solid-state NMR in
lipid bilayers®* differs significantly from the structure in DHPC
micelles. How exactly the cytoplasmic helix affects specific drug
binding in the TM pore in a detergent environment remains an
open question for future investigation.
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Specific Binding of Adamantane Drugs and Direction of their Polar Amines in
the Pore of the Influenza M2 Proton Channel in Lipid Bilayers and
Dodecylphosphocholine Micelles Determined by NMR Spectroscopy

Sarah D. Cadyl, Jun Wangz, Yibing Wuz, William F. DeGradoZ*, and Mei Hong1>l<

Expression and trypsin digestion of U-"N and U-"N °C labeled M2TM(19-49) for detergent
screening of solution NMR

BL21(DE3)pLyS E. Coli cells with pET23D(+) plasmids containing the Udorn wt M2
gene were grown in LB agar plates with 100 pg/ml ampicilin at 37°C overnight. A single colony
was picked up from the plate to inoculate Sml LB supplemented with 100 ug/ml ampicilin, and
was allowed to incubate at 37°C with 200rpm shaking for 8hrs. Next, 0.5 ml of the above cell
solution was used to inoculate 50ml of minimal media with 1g/L ""NH,CI, 4g/L glucose and 100
ug/ml ampicilin and shake at 37°C overnight (for double "N and "*C labeling, the minimal
media was supplemented with 1g/L "NH,CI, 4g/L "*C glucose) . The overnight culture was used
to inoculate 1 L of minimal media with 1g/L 15 NH,4Cl and 100 pg/ml ampicilin. When ODgg
reached 0.7-1.0 (normally after 3hrs), M2 expression was induced with 1 mM IPTG (final
concentration). Protein expression was halted three hours later by centrifugation at 4°C for 30
min. The cell pellet was resuspended in 50 ml of 50 mM Tris (pH 8), 40 mM OG, 150 mM NaCl,
0.25 pg/ml lysozyme, 0.02 ug/ml DNase I and 500 uM PMSF at 0°C. The mixture was sonicated
on ice for 20 min (20% amplitude, 1 s on 1 s off), followed by further reconstitution using a
homogenizer for 10 mins to make the solution homogeneous. The solution was then centrifuged
at 15,000 g for 30 mins. The supernatant was saved for Ni-NTA column purification, and the
pellet was subjected to another round of reconstitution as described above. Finally the
supernatants from two rounds were combined and incubated with 10 ml Ni-NTA super flow
resin (Qiagen) and 20 mM imidazole at room temperature for 30 min with gentle shaking. The

column was washed successively with 50 mM Tris (pH 8), 150 mM NaCl, 40 mM OG, 20% v/v
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glycerol, then 50 mM Tris (pH 8), 20 mM OG, 20% v/v glycerol, followed by 50 mM Tris (pH
8), 4 mM OG, 20% v/v glycerol, 20 mM imidazole. Finally, the M2 protein was eluted with 50
mM Tris (pH 8), 4 mM OG, 20% v/v glycerol, 300 mM imidazole. The purity of M2 was judged
by gel electrophoresis and HPLC to be >95%. Full length M2 was digested by TPCK-trypsin
(Thermo Fisher, cat # PI-20233, 10mg/ml) in the elution buffer overnight at 37°C. The resulting
solution was separated by C4 reverse phase HPLC with linear gradient of 70% B’ to 95% B’
(Eluent A: 89.9% H,0 + 10% isopropanol + 0.1% TFA; Eluent B: 59.9% isopropanol + 30%
acetonitrile + 10% H,0 + 0.1% TFA) to give two major fragments M2(19-49) and M2(19-53) in
3:2 ratio. ESI-MS of the A/M2(19-49) was found to be 3507.2411, calculated 3505.8149.

Chemical shift assignment of °N, °C-V27, A30, G34-labeled M2TM(22-46) in the absence and
presence of Amt and Rmt

Val, Ala and Gly have characteristic BCo chemical shifts of 62.4 +2.9 ppm, 53.2 +£2.0
ppm, and 45.3 & 1.3 ppm, respectively, thus the backbone Ca signals can be unambiguously
assigned in the ">C HSQC spectra. The Val Cp chemical shift should be 32.7 £1.8 ppm, and is
also straightforward to assign. The methyl carbon and protons of Ala are usually shifted upfield
by 2.2 ppm and downfield by 0.5 ppm, respectively, compared to the corresponding atoms of
Val, so the assignment of the methyl group is also clear. The 2D H(N)CA experiment correlates
the amide 'H chemical shifts with the intra-residue and preceding residue C chemical shifts.
Since the preceding residues of V27, A30 and G34 are unlabeled, the H(IN)CA experiments only
connect the intra-residue amide 'H and ">C chemical shifts. The 2D (H)C(COH TOCSY
experiment was used to extend and confirm the "H and '°C assignments within a spin system.
The Ca peak of G34 was too weak to observe, which may be due to high dynamics, as supported
by the weak signals of G34 in both the "*C and "’N HSQC spectra. Nevertheless, G34 assignment
was obvious after the other two residues had been assigned and because Gly "°N resonates in a
very unique region of the spectrum (109.7 + 4.0 ppm). Figure S7A-C show the assignments of

M2TM in the apo state and in the presence of Amt and Rmt.

S2



o i
- 110
e © . L4 ) X g
Q ée I
o oo g ® Z
o5 i o
o ° s o e - 120 '_
° ‘o i 3
Py L4
< b - 125
D ) i
1 1 1 1 T 1 I I I
9 8 7 9 8 7
1
W, - 'H (ppm)
L 105
L110
L115
3
H120 &
)
L125
wWa41-Ne1
- L130
11 10 9 8 7
®,-"H (ppm)

Figure S1. The top panels show 2D >N TROSY-HSQC spectra of 1 mM S\ uniformly labeled
M2TM(19-49) in the absence (left) and presence (right) of 5 eq Amt, at 313 K in 50 mM DPC
(50 mM sodium phosphate in 10% D,0 and 90% H,O). The spectra were measured on a Varian
INOVA 600 MHz (left) and 900 MHz (right) spectrometer equipped with a "H{°C, "’N}-triple
resonance cryoprobe. Similar to the spectra in Fig. 1, upon Amt binding, 'H chemical shift
dispersion increases, and peak shape and linewidths become more uniform, indicating the drug-

protein complex adopts a well-structured conformation. The bottom panel shows a comparison
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of TROSY-HSQC spectrum acquired for °N uniformly labeled M2TM (19-49) in the presence
of 10 equivalent WJ10 per tetramer (Red) with 1: 100 protein : DPC, and 5 equivalent Rmt per
tetramer (Blue) with 1: 50 protein : DPC , at 313K, 50 mM Na phosphate in 10% D,0O and 90%
H,0. Except slight shifting of residues G34 and 135, the two spectra superimpose.
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Figure S2. Aromatic Bc HSQC spectrum of M2TM(19-49) in the absence of the inhibitor WJ10
(red, A) shows two conformers for W41, one much stronger than the other. Addition of WJ10
(blue, B) shifts the equilibrium towards the one less populated in the apo state. Superposition of
the two spectra (C) clearly indicates that there are no additional new peaks for W41. The
assignments of the W41 indole ring were based on 2D 'H NOESY spectra recorded in H,O and

D0 (unpublished data). The sample was the same as described in Fig. 1 of the main text.
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Figure S3. Overlay of '’N TROSY HSQC spectra of VAG-M2TM(22-46) in the absence (blue)
and presence (red) of Amt (A) and Rmt (B) to illustrate the perturbation of the backbone
conformation by drugs. 'H chemical shift changes for all three residues ranged from 0.2 to 0.5
ppm upon drug binding, showing the drug strongly perturbs pore-lining residues. Lineshape and
intensity analysis shows that drug-bound peaks of the three residues are more uniform than the
unbound peaks, indicating that the bound conformation is more homogeneous. The spectra were
recorded on a 500 MHz and a 600 MHz spectrometer. The peptide was reconstituted at 1 : 100

peptide/DPC, pH 7.5 (50 mM sodium phosphate buffer), 313 K, and 2 mM peptide.
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Figure S4. Overlay of Bc HSQC spectra of VAG-M2TM(22-46) in the absence (blue) and
presence (red) of Amt (A) and Rmt (B) to illustrate perturbation of the sidechain conformation
by drugs. Chemical shifts are very similar for all peaks of the two bound forms, suggesting
similar geometry of the complexes. The peptide was reconstituted at 1 : 100 peptide/DPC, pH 7.5
(50 mM sodium phosphate buffer), 313 K, and 2 mM peptide.
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Figure SS5. Analysis of the titration data from Fig. 2 of the main text. The dissociation constant
was held at various values by setting Kp as 0.5 uM (red), 5 uM (Blue), 50 uM (Green) and 500
uM (Purple), respectively. The resulting values of N and fitting statistics are shown below in
Table S1. Satisfactory fits were obtained with N in the range of 0.88 to 0.94 and Kp, less than or

equal to 5 uM. The quality of the fit deteriorated for K greater than 5 M.
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Table S1: Statistics of fittings shown in the Fig.2 and Fig.SS for the titration data.

Best-fit Values

N 0.88 £0.04 1 4" 094+£0.02 0.86+0.02 034+£0.05 0.0x041
Kp (uM) 39+1.7 0.0£ 00+44 0.5° 5° 50° 500
74 x10°
R’ 0.97 0.96 -0.55 0.96 0.96 0.91 -0.34
Absolute sum 0.31 0.40 14 0.34 0.31 0.76 12
of squares

a: Values fixed in the fitting.
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Figure S6. Amantadine remains bound in the pore in the presence of a large excess of drug, as
assessed from intermolecular NOEs detected in the difference spectrum. The upfield region of
the 2D (*C)-edited NOESY spectrum (200 ms mixing time) of M2TM with 20 eq protonated
Amt (left) and deuterated Amt (middle) at 313 K gave rise to a difference spectrum (right) that
shows the same intermolecular NOEs between Val27 and the drug as when the drug was present

at much lower molar excess (Fig. 2).
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Figure S7. Chemical shift assignment of VAG-M2TM(22-46) in DPC micelles. (A) In the
absence of drug. (B) Bound with Amt. (C) Bound with Rmt. The peptide was reconstituted at 1
: 100 peptide/DPC, pH 7.5 (50 mM sodium phosphate buffer in 10% D,0, 90% H,0), 313 K, 2

mM peptide (monomer concentration), and 1 mM Amt or Rmt.
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