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ABSTRACT. The M2 protein of influenza A virus forms a homotetramer ion channel in the lipid membrane.
The channel is specific for proton conductance and is activated by low pH with a transition midpoint at
pH 5.7. We have studied the structure of the transmembrane domain of the M2 ion channel by using UV
resonance Raman spectroscopy, with special attention to the side chains of histidine (His37) and tryptophan
(Trp41) residues. The Raman spectra provide direct evidence that the imidazole ring of His37 is protonated
upon channel activation at low pH. Concomitantly, the UV resonance Raman scattering from Trp41 shows
an unusual intensity change, which is ascribed to a catioimteraction between the protonated (cationic)
imidazole ring of His37 and the indole ring of Trp41. The protonation of His37 and the Raman intensity
change of Trp41l do not occur in the presence of amantadine that blocks the M2 ion channel. These
observations clearly show that the protonation of His37 and concomitant eatimteraction with Trp41

is a key step in the activation of the M2 ion channel. The HisBip41 interaction associated with the
channel activation is explained by assuming a conformational transition of His37 induced by electrostatic
repulsion among the protonated imidazole rings of four His37 residues in the tetramer channel. Trp41l
may play a role in stabilizing the channel open state through catidnteraction with His37. A molecular

model for the activation of M2 ion channel is proposed on the basis of the gating mechanism.

The M2 protein, an integral membrane protein of influenza tion in the Golgi vesicular compartments is necessary for
A virus, forms a proton-specific transmembrane ion channel, protection of acid-sensitive hemagglutinin from denaturing
which is activated at acidic pHL{ 2). The importance of  during the transport of the glycoprotein to the host cell
the M2 ion channel in the life cycle of influenza A virus is  surface prior to virus assembly@).
proved by the finding that the virus infection is dose-  The polypeptide chain of the M2 protein is composed of
dependently inhibited by amantadine (1-aminoadamantane,97 amino acid residues with a putative 19-residue single
AMT?), which blocks the M2 ion channeB{-5). The M2 transmembrane domain (residues-23) located between
ion channel is considered to play roles in both early and late the N- and C-terminal hydrophilic regiong). The trans-
stages of virus infection6]. Once the virus is internalized  membrane domain is rich in hydrophobic residues with the
into a host cell by receptor-mediated endocytosis, it is exceptions of Ser31, His37, and Trp41. An analysis of ion
delivered to a secondary endosome, which has a mildly acidicchannel activity for mixtures of wild-type M2 protein and
internal pH {). The virion-associated M2 ion channel its AMT-resistant mutants has shown that the minimal active
activated in the acidic endosomal compartment permits ynit of the M2 ion channel is a homotetram&g), which is
protons to enter into the virion interior. The decrease of pH stabilized by noncovalent interactions in the transmembrane
within the virion induces dissociation of coat proteins such domain and by disulfide linkages in the N-terminal ecto-
as hemagglutinin and matrix protein M&, @), an essential  membrane regiorl@—15). Mutations in the transmembrane
step for subsequent entry of the virus genome into the nucleusjomain cause significant changes in channel activity and
of the host cell. In a late stage of the infection, many copies AMT sensitivity, suggesting that the transmembrane domain
of the M2 protein expressed in the host cell form ion channels forms a pore for ion transpori(16, 17). Duff and Ashley
in the trans Golgi network to neutralize the pH of acidic have demonstrated that a 25-residue peptide{Sét-Ser-
vesicular compartments by releasing protons. The pH regula-Asp-Pr@5-Leu-Val-Val-Ala-Ala-Se#-lle-lle-Gly-lle-Leu-

His*-Leu-lle-Leu-Trg*lle-Leu**-Asp-Arg-Leu-COOH, M2-
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1 Abbreviations: AMT, amantadine; CD, circular dichroism; ImD ) The. structure of the MZ_'TMP ion channel has be_en
N-deuterated imidazolium; IE18CBI,N -bis(2-(3-indolyl)ethyl)-4,13- investigated by spectroscopic methods. Duff et al. examined

diaza-18-crown-6; M2-TMP, a 25-residue peptide encompassing the the circular dichroism (CD) of M2-TMP incorporated into

putative transmembrane domain of M2 protein; POPE, 1-palmitoyl-2- ; ; ; ; ; ;
oleoyl-a-phosphatidylethanolamine: POPS, 1-palmitoyl-2-olaoyl- phosphatidylcholine liposomes to find that the peptide main

a-phosphatidylserine; SDS, sodium dodecy! sulfate; UVRR, ultraviolet chain of M2-TMP was predominantly.-helical in the
resonance Raman. absence and presence of AMT9|. Cross and co-workers
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studied the tilt angle of the M2-TMP helix with respect to (5.6 umol) of M2-TMP was codissolved with 4 equiv each
the lipid membrane by solid-state NMR@—22). From of POPE and POPS in 6 mL of chloroform/methanol (1:1
NMR spectra of oriented samples of peptides whose amidev/v). The solution was spread as a thin layer onto the wall
nitrogens were labeled wiffiN, the helix tilt angle was found  of a round-bottom flask by drying under vacuum. Excess
to be in a range of 3238 irrespective of the membrane drying time 24 h) was taken to ensure complete removal
thickness and AMT binding. Kukol et al. measured infrared of the solvent. Water (7 mL) was then added to the flask,
dichroism spectra of M2-TMP containing &C-labeled and the lipid was hydrated under vortexing. In preparing the
carbonyl group at Ala29 or Ala30 to obtain a helix tilt angle samples for UVRR measurements, 8 mM Kh@as added

of 32° and a rotational pitch angle ef60° for Ala29 (23). to the hydration water as an internal standard of Raman
These spectroscopic studies have provided important infor-intensity. The opaque suspension was sonicated in a bath
mation on the main-chain structure of the M2-TMP ion sonicator until the suspension became clear. The hydration
channel. On the other hand, no experimental data areand sonication were performed at 35, about 10°C above
available for the structures of individual side chains. the gel to liquid-crystalline transition temperature2s °C)

Among the amino acid residues of the M2 protein, the Of the lipid vesicles Z7). In pH titration experiments, an
side chain of His37 is believed to play an important role in aliquot of liposome suspension was mixed with the same
activation of the M2 ion channel. The proton conductance Volume of KHPO, (20 mM)/citric acid (10 mM) buffer at
of the wild-type M2 ion channel shows a 50-fold increase Vvaried pH. The pH of the suspension was measured before
on going from pH 8.2 to pH 4.5 with a transition midpoint and after the spectral measurement to ensure no pH shift.
at pH 5.77 4). On the other hand, the mutation of His37 to The K* concentration in the buffer was adjusted to a constant
Ala, Gly, or Glu makes the proton conductance insensitive value of 40 mM by adding KCI. The final concentration of
to pH (1, 4). This finding suggests that the activity of M2 ~M2-TMP in the liposome suspension was 3@d. For the
ion channel is regulated by protonation of the imidazole side samples of CD and 229 nm UVRR measurements, the final
chain of His37, the only amino acid residue protonatable concentration of M2-TMP was reduced to 100 and 450
around pH 6. However, no experimental evidence has beenrespectively, by scaling down the amounts of peptide, lipid,
reported for the direct link between the protonation of His37 and other reagents used in the preparation of liposomes.
and the channel activation. Trp41, which is located one helix When preparing BO suspensions of liposomes, methanol-
pitch apart from His37, is also considered to play an OD and RO were used instead of methanol angHn the
important role in channel activity because the replacementprocedures described above.
of Trp41 with Ala results in a loss of proton flux through A 1:1 complex of IE18C6 with K was prepared by
the channel 16). mixing KCI (0.5 mM) with IE18C6 (0.2 or 0.4 mM) in

In this study, we have investigated the side-chain structuresmethanol. LING (5 mM) was also added to the solution as

of His37 and Trp41 in M2-TMP ion channels incorporated 2" internal standard of Raman intensity. The ionic radius of
into phospholipid bilayer membranes by using ultraviolet Li " iS too small to fit with the hole of 18-crown-6, and the
resonance Raman (UVRR) spectroscopy. UVRR spectros-add't'on of LING; did not affect the absorption and UVRR
copy is a powerful tool for structural investigations of SPectra. . .

aromatic residues in membrane-bound prote2dy @Analysis ,ACGEJ'S'“O” and Analysis of Spectral Dat&ircular

of UVRR spectra has shown that the imidazole ring of His37 dichroism (CD) spectra were recorded on a Jasco J-720
is actually protonated at acid pH, where the M2 ion channel Polarimeter at SC usirg a 1 mmquartz cell thermostated

is activated. Concomitant with the protonation of His37, With @ constant temperature circulating bath. Absorption
Trp41 shows an unusual change of Raman intensity, which SPectra were recorded on a Hitachi U-3300 spectrophotom-
can be ascribed to an interaction between the indole ring of €1€": UVRR spectra were excited with 229 or 244 nm
Trpd1 and a cation, presumably the protonated imidazole CONtinuous wave radiation from an intracavity frequency-

ring of His37. A model for the activation of M2 ion channel doubled Ar ion laser (Coherent Innova 300 FReD) and
is proposed on the basis of the His37 protonation and His37 recorded on a UV Raman spectrometer (Jasco TR-600UV)

Trp41 interaction. equipped with a CCD detector (Princeton Instruments LN/
CCD-1752). The suspension of M2-TMP-incorporated lipo-
EXPERIMENTAL PROCEDURES somes was recirculated by using a peristaltic pump through

a capillary cell (inner diameter, 2 mm) and a reservoir
Materials. M2-TMP was synthesized on an Applied immersed in an ice bath. The temperature of the sample was
Biosystems Model 431A automated peptide synthesizer from about 5°C. For the K complex of IE18C6, a quartz spinning
amino acid derivatives protected by the 9-fluorenylmethoxy- cell was used.
carbonyl group. The peptide was cleaved from the resin and UVRR spectra recorded at varied pH (pD) were analyzed
then purified by HPLC on gel-filtration and reversed-phase by using the Hill equation28, 29):
columns. 1-Palmitoyl-2-oleoyl-o-phosphatidylethanolamine

(POPE) and 1-palmitoyl-2-oleoyla-phosphatidylserine M+ hH" =M-hH" 1)
(POPS) were purchased from Avanti Polar Lipids and used
as received.N,N-Bis(2-(3-indolyl)ethyl)-4,13-diaza-18- You = [H+]h/(K + [H+]h) (2)

crown-6 (IE18C6) was synthesized and purified by the

literature method25, 26). The final product was identified  where M stands for M2-TMPh for the Hill coefficient, K

by elemental analysis and mass spectrometry. for the dissociation constant, angy for the fraction of
Sample PreparatiorM2-TMP channels were reconstituted protonated protein at that pH. Since the intensity of a Raman

into phospholipid membranes as follows. Typically, 15 mg band of protonated protein,f) is proportional toY,u, the
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Ficure 1: Circular dichroism spectra of M2-TMP incorporated into

POPE/POPS liposomes at pH 7.4 and 5.4 in the absence and

presence (1 mM) of AMT. The concentrations of M2-TMP, POPE,
and POPS are 100, 400, and 404, respectively.

ratio of I, to the intensity at a reference pHy) is
expressed as

lon _ (A0P™)"+10™ @)
IpHr (100H)h + 1O°K

In this study, pH (pD) 5.4 was chosen for the reference pH
as done in a previous Hill equation analysis of the M2 ion
channel activity 4). Values ofK andh were obtained from
experimentally observegy/ls 4 by the nonlinear least-squares
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FIGURE 2: Left panel: UV (244 nm) resonance Raman spectra of
M2-TMP incorporated into POPE/POPS liposomes at pD 7.4 (A)
and 5.4 (B). Trace C shows the difference {BA), the intensity

of which is amplified by a factor of 2. Raman bands of Trp41 are
labeled with W followed by their mode numbe. X-Pro stands

for the imide 1l mode of the X-Pro linkage. The 1657 thband

is ascribed to the €C stretch of the lipids. The 1048 cthband

is due to NQ~ added as an internal intensity standard. The 1407
cm! band in traces B and C is assigned to N-deuterated imid-
azolium of His37. The concentrations of M2-TMP, POPE, and
POPS are 300, 1200, and 1200/, respectively. The bottom
spectrum shows the difference between pD 4 and pD 8 for amino
acid L-His (10 mM). Right panel: Raman intensity plotted as a

method using a commercially available software package function of pD for the 1407 (E, Imb) and 1618 cmt (F, W1)

(MathCad).
RESULTS

Secondary Structure Monitored by Circular Dichroism.
Figure 1 shows the CD spectra of M2-TMP incorporated
into POPE/POPS liposomes. The lipid composition employe

here is identical to that used in the channel activity assay of

M2-TMP (18). The CD spectrum at pH 7.4 (solid line)

bands of M2-TMP incorporated into POPE/POPS liposomes. The
intensity of the 1407 crt band at each pDl{p) is normalized to
that at pD 5.4 I 4). On the other hand, the intensity difference
between a pD value and pD 8.8I¢p) is normalized to that at pD
5.4 (Als ) for the 1618 cm? band. In each plot, the curve shows
a fit with eq 3, and the dashed line indicates the midpoint of

d transition. The squares in (E) indicate the intensity of the 1407

cm~! band in the presence of SDS, which is expected to destroy
the liposome.

exhibits two negative peaks at 208 and 223 nm characteristicband is due to N@ added as an internal intensity standard.

of a-helical structure30). Substantially the same spectrum

is observed at pH 5.4 and in the presence of AMT (dotted,

Even with 244 nm excitation, Raman scattering from Trp
dominates the spectra. The Raman bands assignable to indole

dashed, and dash-dotted lines). These observations indicateing vibrations of Trp4l are labeled with W followed by

that neither the activation at acidic pH nor the inhibition by
AMT significantly affects the secondary structure of M2-
TMP.

Protonation of His37 Monitored by UVRR Spectroscopy.
It is usually difficult to detect His Raman bands in UVRR

their mode numbers3g). The 1456 cm! band contains a
contribution from the imide €O stretch of the Asp23
Pro24 linkage §6). Although no His Raman bands are
identified in the spectrum at pD 7.4, the spectrum at pD 5.4
exhibits a weak band at 1407 cfassignable to ImD of

spectra of peptides and proteins containing both His and TrpHis37 (Figure 2B). Spectral changes associated with the pD
residues. This is because strong UVRR scattering from Trp change are more clearly seen in the difference spectrum, B
covers weak Raman signals from His. To overcome the — A (Figure 2C). In the difference spectrum, the ImD407

difficulty, we have recorded Raman spectra of M2-TMP in
D,O with 244 nm excitation for the following two reasons.
First, when the imidazole ring of His is protonated (deuter-
ated) in acidic RO medium, the N-deuterated imidazolium
(ImD™) gives a characteristic Raman band around 1410:cm

cm! band of His37 shows up as a positive peak. The
assignment of the 1407 cthband to ImD is supported by
the observation that the difference spectrum of amino acid
L-His between pD 4 and pD 8 consists of a dominant positive
peak at 1410 crt (Figure 2D). No other amino acids give

which is much stronger than the Raman bands of neutrala UV resonance Raman band around 1410%cmat shows
His and serves as a measure of the protonation (deuterationup only in acidic DO solution 85).

of His (31, 32). Second, the UV absorption of the Trp indole

To determine the g, value of His37, we have examined

ring shows a minimum around 240 nm, and the resonanceUVRR spectra in a pD range of 4®.0. The measured
enhancement of Trp Raman scattering can be reduced wheriRaman intensity of the 1407 cthimD* band relative to

excited at 244 nm, thus giving minimal interference to His
Raman bands3@, 34).

that at the reference pD 5.4,4/1s ) is plotted against pD in
Figure 2E (open circles). Analysis of the data with eq 3 gives

Traces A and B of Figure 2 show 244 nm excited Raman pK, = 5.74 £ 0.09 andh = 1.00 + 0.03 (solid curve in
spectra of M2-TMP-incorporated liposomes suspended in Figure 2E). The K, value of His37 obtained here is identical

D,0 buffers at pD 7.4 and 5.4, respectively. The 1048tm

to the K value (5.77+ 0.06) of M2 channel activation
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reported previously4). Furthermore, our value @fis equal,

© 229nm
within experimental error, to the value (0.260.14) obtained o g z %
from the activation assay4). Since two independent s2 3 %3 § 5 20
equilibria in a protein are unlikely to give identicaKmnd 571 & e R WIG of Trpd ]
T T

h values, the coincidence of both parameters gives evidence
for a close link between the protonation of His37 and the
activation of the M2 ion channel.

The M2 ion channel is a homotetramer and contains four ;
His37 residues. To determine how many His37 residues are T 50 10 50 90
protonated in the active channel state, we have mixed a . ABoaxe f Gy pH
suspension of M2-TMP-incorporated liposome with 50 mM T T T T T T T
sodium dodecyl sulfate (SDS), which is expected to destroy ~ '600 1400 1200 /1000 800

: . Wavenumber / cm™!
the liposome and to make the M2-TMP peptide exposed to FiGure 3: Left panel: UV (229 nm) resonance Raman spectra of

the solvent. The Raman intensity of the 1407 érmD* M2-TMP incorporated into POPE/POPS liposomes at pH 7.4 (A)
band after the addition of SDS at pD 4.0 is plotted in Figure and 5.4 (B). Trace C shows the difference {BA), the intensity
2E as squares. As seen in the figure, the addition of SDSof which is amplified by a factor of 2. Raman bands of Trp41 are
does not increase the Raman intensity of the fnifand, labeled with W followed by their mode number35]. The 1048

TR . . cm~1 band is due to N@ added as an internal intensity standard.
indicating that all four His37 residues of the tetramer are . -0 ovc o of M2-TMP. POPE, and POPS are 150, 600,

already protonated (deuterated) in the membrane-boundang 600uM, respectively. Right panel: (D) pH dependence of the
active state of the M2-TMP channel. 1010 cnt! (W16) Raman intensity of M2-TMP incorporated into

UVRR Intensity and Structure of Trp4b.addition tothe =~ POPE/POPS liposomes. The intensity difference between a pD
protonation of His37, the pD change from 7.4 to 5.4 causes Yalue and pH 8.04lpy) is normalized to that at pH 5.4(s.).
: . . The curve shows a fit with eq 3, and the dashed line indicates the
intensity decreases of Trp41 Raman bands as evidenced anidpoint of transition.
negative peaks in the difference spectrum (Figure 2C). We
have examined the pD dependence of the intensity of the An increase in hydrogen-bonding strength or in hydropho-
W1 (1618 cm?) band, the strongest Raman band of Trp41 bicity causes a red shift of the,Blectronic absorption band
in 244 nm excited spectra. The effect of pD change on the around 220 nm with a concomitant increase in intensity. The
W1 intensity may be represented by the change of intensity change of B absorption results in an increase of Raman
measured from that at pD 8.81;p). TheAl,p value relative scattering excited at a wavelength longer than 220 nm.
to that at the reference pD 5.4l 4) is plotted as a function ~ Accordingly, the Raman intensity behavior does not differ
of pD in Figure 2F. By applying eq 3 to this plot, we obtain largely between 229 and 244 nm excitation if a change occurs
pK = 5.66+ 0.10 andh = 0.99+ 0.03, which correspond in hydrogen bonding and/or in environmental hydrophobicity
well with the K, andh values obtained for the protonation (37). Actually, however, the 229 and 244 nm excited Raman
of His37 (Figure 2E). This observation clearly shows that intensities of Trp41l change in opposite directions upon
the Raman intensity change of Trp41 occurs in conjunction activation of the M2-TMP channel. It is unlikely that a simple
with the protonation of His37. change in hydrogen bonding or in environmental hydro-

To further investigate the structural origin of the Raman phobicity is the origin of the Raman intensity change of
intensity change of Trp41, we have recorded UVRR spectra Trp41. Detailed analysis of the 229 nm excited Raman
with 229 nm excitation, which produces strong Raman spectra in Figure 3 also denies this possibility as described
scattering from Trp. Traces A and B of Figure 3 show the below.
229 nm excited Raman spectra of M2-TMP-incorporated = The wavenumber of the W17 band is a marker of hydrogen
liposomes suspended in,® buffers at pH 7.4 and 5.4, bonding at the indole nitrogen, and the observed W17
respectively. Peak wavenumbers of Trp Raman bands arewavenumber (878 cm, Figure 3A) indicates a hydrogen
slightly shifted to higher wavenumbers from those in the bond of medium strength such as with a water moleca (
spectra of Figure 2 because the proton attached to the indoleSince the W17 wavenumber does not change with pH (Figure
nitrogen is not replaced by deuterium in the spectra of Figure 3B), the hydrogen-bonding state at the indole NH site must
3. As seen in the difference spectrum (Figure 3C), the pH remain unchanged upon activation of the channel. Thus, the
change from 7.4 to 5.4 causes an intensityeaseof Trp41 state of hydrogen bonding is irrelevant to the Raman intensity
Raman scattering, which is in sharp contrast to the intensity change of Trp41. The relative intensity of the W7 doublet
decreaseobserved with 244 nm excitation. The intensity at 1365/1342 cmt reflects the environmental hydrophobicity
increase of the W16 (1010 cr) band is plotted against pH  of the indole ring, and an increase in hydrophobicity increases
in Figure 3D in the same way as done for the Raman intensity the intensity ratid1zed11342 (39). For M2-TMP, the doublet
of the W1 band excited at 244 nm (Figure 2F). This plot intensity ratio is high at both pH 7.4 and pH 5.4 (Figure
gives the values offp = 5.524+ 0.21 anch = 1.01+ 0.06, 3A,B), indicating that Trp41l is located in a hydrophobic
which are identical to those obtained from the Raman environment, which remains unchanged upon channel activa-
intensity decrease observed in the 244 nm excited spectration. Thus, the environmental hydrophobicity is not respon-
Thus, the Raman intensiincreaseobserved with 229 nm  sible for the Raman intensity change of Trp41. The wave-
excitation and the intensityecreasebserved with 244 nm  number of the W3 band is a marker of the absolute value of
excitation must arise from the same structural origin. the x2! torsional angle |§>%) about the G—Cs—C5—C;

It is known that UVRR intensity of Trp is sensitive to the linkage @0). Using the relationship between the W3 wave-
strength of hydrogen bonding at the indole nitrogen and to number andy??| (41), the|y?? value of Trp41 is calculated
the environmental hydrophobicity of the indole ring7y. to be about 100from the observed W3 wavenumber (1553
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FIGURE 6: UV resonance Raman spectra of M2-TMP incorporated
into POPE/POPS liposomes at pH (pD) 7.4 (A and D) and 5.4 (B
and E) in the presence of 2 mM AMT. The spectra in the left panel
(A—C) are excited at 229 nm and those (D, E) in the right panel at
244 nm. The difference spectra (C and F) are amplified by a factor
of 2. The concentrations of M2-TMP, POPE, and POPS, respec-
tively, are 150, 600, and 6Q@M for 229 nm excitation and 300,
1200, and 120:M for 244 nm excitation.

nm) and a decrease (right panel, 244 nm) of the indole
Raman scattering. The general trend in intensity change
parallels that observed for M2-TMP upon activation of the
channel at acidic pH (pD) (Figures 2 and 3). Accordingly,
the most plausible origin of the Raman intensity change of
Trp4l is a catior s interaction between the protonated
imidazole ring of His37 and the indole ring of Trp41. It is
also noted that the catienr interaction is not so strong as
to cause significant wavenumber shifts of the indole ring
vibrations.

Effect of AMT Binding on the Structures of His37 and

FIGURE 5: UV resonance Raman spectra of IE18C6 in the absence Trp41. We have also recorded the 229 and 244 nm excited

(A and D) and presence (B and E) of KThe spectra in the left
panel (A-C) are excited at 229 nm and those (D, E) in the right

panel at 244 nm. The difference spectra (C and F) are amplified

Raman spectra of the M2-TMP channel in the presence of
AMT, a blocker of the M2 ion channel (Figure 6). As shown

by a factor of 3. The concentrations of IE18C6 and KCl are 400 in the difference spectrum between pH (pD) 7.4 and 5.4

and 500uM, respectively.

(Figure 6C,F), the spectral changes upon acidification in the
presence of AMT are much smaller than those in the absence

cm™Y) at pH 7.4 (Figure 3A). Since the W3 band appears at of AMT (Figures 2C and 3C). This observation indicates

1550 cn! (a 3 cnt! downshift) in the difference spectrum
between pH 5.4 and pH 7.4 (Figure 3C), ty&Y value is

that the binding of AMT almost completely inhibits both
the protonation of His37 and the consequent cation

likely to become a few degrees smaller in the active channelinteraction between His37 and Trp41. The inhibition of M2

state. However, such a small changeyih?| is improbable
to directly affect the Raman intensity.

channel activity by AMT is thus closely related to the
inhibition of His37 protonation. Further comparison of the

Since the Raman intensity change of Trp4l occurs in spectra in the presence of AMT (Figure 6) with those
conjunction with the protonation of His37 as described above, recorded under the corresponding pH (pD) and excitation
a possible origin of the Raman intensity change is an wavelength conditions but in the absence of AMT (Figures
interaction between His37 and Trp4l, i.e., between the 2 and 3) reveals that the binding of AMT casse 2 cm*!
protonated (cationic) imidazole ring of His37 and the downshift (from 1553 to 1551 cm) of the W3 band of
electrons of the Trp41 indole ring. To study the effects of Trp4l and an increase of Trp41l Raman scattering at both
cation— interactions on the electronic states of the indole excitation wavelengths of 229 and 244 nm. The downshift
ring, we have examined UV absorption and UVRR spectra of the W3 band, a conformation marker, indicates a few
of IE18C6. IE18C6 has two indole side arms attached to degrees decrease [gf-Y (41). The UVRR intensity increase
the nitrogens of the diaza-18-crown-6 ring, and the two common to the 229 and 244 nm excited spectra suggests a
indole rings sandwich a Kion trapped in the hole of 18-  small red shift of the Babsorption, which may be caused
crown-6 @5, 26). Figure 4 compares UV absorption spectra by an increase in the strength of hydrogen bonding and/or
of IE18C6 in the absence and presence tf Rhe difference in the environmental hydrophobicity of Trp4B7%). Since
spectrum (dashed line) reveals a small red shift and athe wavenumber of W17 (878 ct), a hydrogen bond
weakening of the Babsorption at~220 nm upon complex-  marker, does not change with the binding of AMT (compare
ation with K*. Changes in the intensity of the 229 and 244 Figures 3A and 6A), the red shift of the, Bbsorption is
nm excited Raman spectra of IE18C6 (Figure 5) are more ascribed to an increase in the environmental hydrophobicity
sensitive in reflecting complexation with*Kthan are the  of Trp41. It is concluded that the binding of AMT to the
minor variations in the absorption spectra. The binding of M2-TMP channel induces a structural change that involves
K* to IE18C6 causes an intensity increase (left panel, 229 a small increase in hydrophobic interaction and a decrease
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Ficure 7: Models for the closed (A) and open (B) forms of the transmembrane domain of the M2 ion channel viewed from the C-terminal
side. The side chains of His37 and Trp41 are drawn with thick lines. The shaded circles indicate nitrogen atoms.

in |y%>Y of Trp4l together with a prohibitive decrease of tonation of His37 occurs transiently and only one or two

proton accessibility to the imidazole ring of His37. His37 residues in the tetramer channel are protonated at any
one time (7, 42). In contrast, all His37 residues are
DISCUSSION protonated during the channel open state in the gating

mechanism43). The present UVRR finding that all His37

TMP channel by UVRR spectroscopy with special attention residues are protpnated in the active channel state lends
to His37 and Trp4l. Analysis of the UVRR spectra has support to the gating mechanism.
provided direct evidence that the channel activation is closely Role of His37Trp4l Interaction.In addition to the
linked with the protonation of four His37 residues in the imidazole ring of His37, the indole ring of Trp41l is also
tertramer channel. Another important finding is that a importantin maintaining the proper channel activity of M2.
cation— interaction occurs between the protonated imid- Substitution of alanine for Trp41 greatly reduces the proton
azole ring (imidazolium) of His37 and the indole ring of conductance and pH sensitivity). The catior-z interac-
Trp41 in the active channel state. These structural changedion between His37 and Trp41 detected by UVRR spectros-
are inhibited by AMT. The results of this study provide some COpy may be related to the functional importance of Trp41.
clues to understanding the activation mechanism of the M2 To examine the structural implications of the cation
ion channel. interaction, we have built a model for the transmembrane
Proton Conductance Mechanisi8ince the mutation of ~ domain of the M2 ion channel. In the model building, a 19-
His37 to Ala, Gly, or Glu diminishes the pH sensitivity of residue (Pro25Leu43) helix was flrst_ constructed by using
M2 channel activity, His37 is considered to play a key role Standard structural parameters dehelix (44, 45). The helix
in the proton-transfer process, (). Two types of mecha- ~ Was then tlltgd by 3‘2ar_1d rotated apout the helix axis so
nisms, shuttle and gating, have been proposed for the rolethat the amide | V|brat|qnal transition moment _of Ala29
of His37 in M2 channel activity. In the initial step of the Makes an angle of60° with respect to the helix tilt plane
shuttle mechanismiLy, 42), a proton coming from one side (23). The qther subunits in the te_tramer were generated by
of the channel binds to one of two nitrogens of the neutral 4-fold rotational symmetry operation in a left-handed super-
imidazole ring of His37 and the imidazole ring becomes coil structure 17). The interchain center-to-center distance
imidazolium. Next, the proton already attached to the other Was assumed to be 11.5 A (10.5 A at the closest approach;
imidazole nitrogen is released toward the other side of the 17)- The conformations of His37 and Trp41 were taken from
channel. After the net proton translocation mediated by the 2 library for preferred rotamers of these residues indrelix
His37 shuttle, the imidazole ring returns to the initial state (46). To avoid steric clash with the main-chain helix, the
through tautomerism. The tautomerism of the imidazole ring His side chain prefers thefT (y* = —178’, y* = 82°), G~
is fully utilized in the shuttle mechanism. In the gating (= —67,7*=87), G+ (y'=—81°,3*=95), and T~
mechanism43), on the other hand, the proton conductance (¢' = —17C, x> = —121°) rotamers. On the other hand,
is regulated by a conformational change of the channel. At throee rotamers are favgred by Trp=+Ty* = 178, y** =
neutral to alkaline pH, the imidazole rings of all four His37 81, T— O =179,y = -108), and G+ (y' = -0,
residues are directed toward the center of the channel and(”* = 117°). Since the W3 wavenumber observed in UVRR
occlude the channel pore (“closed” form). At acidic pH, every SPectra has indicated that thye*| value is close to 100
imidazole ring acquires an additional proton, and electrostatic e x> angles in the Trp41 rotamers may be replaced by
repulsion among the positively charged imidazole rings 10
causes a movement of the rings away from each other, Inthe closed form of the gating mechanism, the imidazole
leaving the channel pore open for a chain of water moleculesrings of four His37 residues should be directed toward the
that relays protons (“open” form). An important difference center of the channel pore. This arrangement is achieved if
between the two mechanisms resides in the number ofHis37 takes the F or T— rotamer. Here we adopt thetT
protonated His37 residues. In the shuttle mechanism, pro-rotamer because this rotamer can be stabilized by hydrogen

In this study, we have examined the structure of the M2-
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bonds between adjacent imidazole rings. Of the three possibleinteract with the indole ring of Trp4l through cation

rotamers of Trp41l, the 'G rotamer is improbable because

interaction. AMT, an antiviral drug, blocks the M2 ion

the indole ring clashes with the imidazole ring of His37 on channel by preventing the protonation of His37. These
the same helix. In the F rotamer, on the other hand, the UVRR findings are the first structural information about the
indole ring becomes too close to an adjacent helix. The side chains of amino acid residues composing the M2 ion

remaining rotamer F is the most probable rotamer for

channel. The present study demonstrates the utility of UVRR

Trp4l. Figure 7A shows our model for the closed form spectroscopy in detecting His protonation and -Hisp
viewed from the C-terminal side. The His37 side chains cation—u interactions in membrane-bound proteins.

occlude the channel pore, and the Trp41l side chains seem

to play a role in stabilizing the tetramer through hydrophobic REFERENCES

interactions with Leu and lle side chains of an adjacent helix.
The indole ring of Trp4l is located far away from the
imidazole ring of His37, suggesting no interactions between
the two rings in the closed form.

According to the gating mechanism, the His37 imidazole
rings move away from the channel pore on going from the

closed to open form. This structural change can be achieved 24

simply by rotating the His37 side chain about the-C;s
bond, corresponding to a rotamer change from © G+
(Figure 7B). As a result, the imidazole ring of His37 moves
closer (<5 A) to the indole ring of Trp41 on an adjacent
helix. Since the His37 imidazole ring is protonated (cationic)
in the open form, the close proximity of the two rings may
account for the cationsz interaction detected by UVRR
spectroscopy. A possible role of the catiom interaction
between His37 and Trp41 is to stabilize the open form by
partially neutralizing the positive charge on the imidazole
ring of His37 with negative charges af electrons on the
indole ring of Trp41l. It is known that Trp is the best suited
amino acid for catiofrsr interactions 47). This may be one

of the reasons why Trp4l is strictly conserved among
naturally occurring mutants of the M2 proteihg].

Mechanism of Inhibition by AMT.he UVRR spectra have
shown that protonation of His37 does not take place in the
presence of AMT, an inhibitor of the M2 ion channel. This
observation provides evidence that AMT inhibits M2 channel
activity by preventing His37 from being protonated even at
acidic pH. Since the protonation of His37 is a trigger of
proton conduction in both shuttle and gating mechanisms,
AMT blocks the initial step of proton conduction. A neutron
diffraction study has revealed that the AMT binding site is
located abou6 A from the center of the membrane bilayer
(48). The location of AMT binding corresponds to the areas
of Val27—Ser 31 and His3#Trp41 in the M2 ion channel.
Actually, point mutations in the Val27Ser31 region make
M2 protein resistant to AMTL6). On the other hand, effects
of mutations in the His37Trp4l region on the AMT
sensitivity are not clarified because such mutations drastically
change the channel activitg,(16). Possibly, the hydrophobic
adamantane ring of AMT bound to the Val28er31 and
His37—Trp41 regions blocks water permeation to His37, thus
preventing the protonation of His37 even at acidic pH. As
described in the Results section, the environmental hydro-
phobicity of Trp41 increases in the presence of AMT. This
observation is consistent with the AMT binding to the
His37—Trp41 region. Changes in helix assembly of the M2
ion channel upon AMT binding might also contribute to the
increase of environmental hydrophobicity of Trp41.

In conclusion, we have presented experimental evidence
for the protonation of His37 upon activation of the M2 ion
channel by using UVRR spectroscopy. In the active channel
state, the protonated imidazole ring of His37 is shown to
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