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ABSTRACT: The M2 protein from influenza A virus is a 97-residue homotetrameric membrane protein
that functions as a proton channel. To determine the features required for the assembly of this protein
into its native tetrameric state, the protein was prepared by total synthesis using native chemical ligation
of unprotected peptide segments. Circular dichroism spectroscopy of synthetic M2 protein in dodecylphos-
phocholine (DPC) micelles indicated that approximately 40 residues were in anR-helical secondary
structure. The tetramerization of the full-length protein was compared to that of a 25-residue transmembrane
(TM) fragment. Analytical ultracentrifugation demonstrated that both the peptide and the full-length protein
in DPC micelles existed in a monomer-tetramer equilibrium. Comparison of the association constants
for the two sequences showed the free energy of tetramerization of the full-length protein was more
favorable by approximately 7 kcal/mol. Partial proteolysis of DPC-solubilized M2 was used as a further
probe of the structure of the full-length protein. A 15-20-residue segment C-terminal to the membrane-
spanning region was found to be highly resistant to digestion by chymotrypsin and trypsin. This region,
which we have modeled as an extension of the TM helices, may help to stabilize the tetrameric assembly.

The molecular mechanism by which ion channels assemble
and conduct ions is not fully understood (1-3). This is
largely due to the inadequacy of recombinant DNA-based
expression methods in producing large quantities of integral
membrane proteins for biophysical and structural studies (4).
The chemical synthesis of proteins by native chemical
ligation of unprotected peptide segments exhibits demon-
strated utility for water-soluble proteins (5), and is rapidly
becoming an effective alternative to producing proteins by
standard molecular biology expression systems. However,
direct chemical synthesis of membrane proteins has to date
been limited to such relatively short membrane peptides as
the transmembrane (TM)1 segments of various ligand-gated
channels (6, 7), various small, de novo designed channel-
forming peptides (8), and phospholamban, a 57-residue

peptide involved in Ca2+ regulation in the sarcoplasmic
reticulum (9, 10). Here, we report the application of the
chemical ligation approach to the total chemical synthesis
of the translation product of the influenza A virus M2 open
reading frame, a 97-residue channel-forming polypeptide that
self-assembles to form a tetrameric integral membrane
protein.

The M2 protein functions as a highly selective, pH-
regulated proton channel and is the target of the anti-influenza
drugs rimantadine and amantadine (11-14). The influenza
virus enters cells through internalization into the endocytic
pathway, with virus uncoating taking place in acidified
endosomal compartments. The M2 ion channel activity
permits protons to enter the virion interior, and this acidifica-
tion weakens the interactions of the matrix protein (M1) with
the ribonucleoprotein core (15). Considerable experimental
evidence (16, 17) indicates that the functional M2 channel
is formed from a tetrameric array of parallel, membrane-
spanning peptides with their N-termini oriented toward the
outside of the virus. A synthetic 25-residue peptide (residues
22-46 of the A/Udorn variant) spanning the hydrophobic
region of the protein formsR-helical secondary structure in
lipid vesicles (18) and produces amantadine-sensitive ion
channels when incorporated into planar bilayers (19). An
atomic resolution structure of the M2 proton channel has
yet to be determined, although infrared spectroscopic (20)
and solid state NMR (21) of the TM peptides indicates that
the TM helices are oriented with an approximately 30° tilt
relative to the bilayer normal axis. Several models for the
TM tetramer are in good agreement with the spectroscopic
data; one model is based on Fourier analysis of an extensive
set of mutations to obtain helix orientations and crossing
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angles (22), while the others are based on molecular
dynamics calculations (20, 23, 24).

The similarity of two of the models (rmsd) 1.7 Å; 25)
suggests that many of the sequence-specific structural
determinants for assembly of the channel lie within this
region. However, it is quite possible that residues outside of
the membrane also contribute to the channel’s structural
stability. To experimentally address these issues, significant
quantities of highly pure protein are required. Unfortunately,
the M2 protein tends to be toxic to cells, and could only be
expressed at relatively low levels in yeast (26), or from a
recombinant baculovirus inSpodoptera frugiperda(Sf9) cells
(27).

We therefore attempted to directly synthesize the full 97-
residue M2 polypeptide using native chemical ligation (4)
of unprotected peptide segments at the Cys50 residue found
in the native sequence. A single-site mutant (C17S), previ-
ously shown to produce M2 tetramers (28), was chosen to
reduce potential problems with oxidation in biophysical
studies. With the synthetic protein, we could determine and
quantitatively compare its secondary structure and oligo-
merization state to those of a synthetic peptide comprising
TM residues 22-46.

MATERIALS AND METHODS

Peptide Synthesis. Peptide segments for ligation into full-
length M2 were synthesized using a custom-modified Ap-
plied Biosystems 430A peptide synthesizer following estab-
lished protocols (29). Peptide segments were purified by
preparative gradient reverse phase (RP) HPLC on a Rainin
dual-pump high-pressure mixing system with 214 nm UV
detection using a Vydac C-4 preparative column (10µm
particle size, 2.2 cm× 25 cm), and analytical RP-HPLC
was performed on a Vydac C-18 analytical column (5µm
particle size, 0.46 cm× 15 cm), using a Hewlett-Packard
model 1100 quaternary pump high-pressure mixing system
with 214 and 280 nm UV detection. Electrospray mass
spectra (ES-MS) of the peptide products were obtained using
a PE-Sciex API-1 quadripole ion spray mass spectrometer.
Peptide masses were calculated from all the observed
protonation states, and peptide mass spectra were recon-
structed using MACSPEC (PE-Sciex, Thornhill, ON). Theo-
retical masses were calculated using MACPROMASS
(T. Lee, City of Hope, Duarte, CA).

M2 segment 1 (amino acid residues 1-49) was synthe-
sized on a thioester generating resin using the in situ
neutralization protocol for Boc (tert-butoxycarbonyl) chem-
istry stepwise solid phase peptide synthesis (SPPS) (29),
using established side chain protection strategies. M2 seg-
ment 2 (amino acid residues 50-97) was synthesized
analogously on a OCH2-PAM resin (29). The peptides were
deprotected and simultaneously cleaved from the resin
support using HF/p-cresol according to standard Boc chem-
istry procedures (29). The putative membrane spanning M2
segment 1 was purified by preparative RP-HPLC with a
linear gradient of 55 to 75% buffer B (6:3:1 2-propanol/
acetonitrile/H2O containing 0.1% TFA) versus 0.1% aqueous
TFA over the course of 45 min. The putative cytoplasmic
M2 segment 2 was purified by preparative RP-HPLC with
a linear gradient of 25 to 45% buffer C (100% acetonitrile

containing 0.1% TFA) versus 0.1% aqueous TFA over the
course of 45 min. In both cases, fractions containing pure
peptide were identified using ES-MS, pooled, and lyophilized
for subsequent ligation. The purified peptides were character-
ized by ES-MS{segment 1 thioester peptide with three
protecting groups [one His(DNP) and two Trp(formyl)
groups], observed MW of 5993( 1 Da and calcd MW of
5993.8 Da (average isotope composition); segment 2 with
one protecting group [His(DNP)], observed MW of 5937(
1 Da and calcd MW of 5937.4 Da (average isotope
composition)}.

The M2TM peptide (residues 22-46, C-terminally ami-
dated) was synthesized on PAL resin using free amino acids
(activated in situ by HBTU/HOBt/DIEA). Side chain depro-
tection and cleavage from the resin were carried out using a
mixture of TFA/thioanisole/1,2-ethanedithiol/anisole (90:5:
3:2 by volume) at room temperature under nitrogen for 2 h.
The resin was filtered off, and the peptide was precipitated
with cold diethyl ether. Purification was achieved by RP-
HPLC on a preparative C4 column using linear gradients of
55 to 75% buffer B (6:3:1 2-propanol/acetonitrile/H2O
containing 0.1% TFA) versus 0.1% aqueous TFA.

Chemical Protein Synthesis. A 50% excess of the purified
unprotected M2(50-97) peptide (segment 2) was added to
a solution of the purified unprotected thioester peptide M2-
(1-49)RCOSR (segment 1) (2 mM) in 0.1 M sodium
phosphate/6 M guanidinium chloride (pH 7.5) containing
30% trifluoroethanol (TFE, Aldrich) and 1% thiophenol. The
ligation mixture was stirred for 20 h at room temperature,
and the reaction was monitored by RP-HPLC and ES-MS.
The reaction mixture was subsequently treated with an equal
volume of a solution of acetonitrile/piperidine/â-mercapto-
ethanol (1:1:1 by volume) for 30 min to remove the Trp-
(formyl) protecting group and any residual His(DNP)
protecting groups. Reactants and products were separated
by preparative RP-HPLC with a linear gradient of 55 to 75%
buffer B in water. Fractions containing full-length M2 were
identified by ES-MS [amino acid residues 1-97, observed
MW of 11 170 ( 1 Da and calcd MW of 11 169.7 Da
(average isotope composition)], pooled, and lyophilized.

Circular Dichroism (CD). CD measurements were made
in an Aviv 62A DS circular dichroism spectrometer at 25
°C. M2-containing vesicles were prepared as follows. M2
was codissolved with 1-palmitoyl-2-oleoylphosphatidylcho-
line (POPC, Avanti Polar Lipids) in TFE. The solvent was
removed under a nitrogen stream, and the film was kept
overnight under high vacuum. Then it was hydrated with 50
mM Tris-HCl (pH 7.5), 0.1 M NaCl, and 0.5 mM tris(2-
carboxyethyl)phosphine hydrochloride (TCEP, Pierce), vor-
texed vigorously, and sonicated using a bath sonicator
(Laboratory Supplies, Hicksville, NY) to clarity. M2 (and
M2TM)-containing dodecylphosphocholine (DPC, Avanti
Polar Lipids) micelles were prepared following the same
procedure, but without the sonication step. Peptide concen-
trations were determined by diluting the samples with an
equal volume of 2-propanol and then measuring the UV
absorbance. The peptide extinction coefficients were calcu-
lated from the values of the Trp and Tyr extinction
coefficients in water and 2-propanol (30). Calculated values
were as follows: for M2,ε280 ) 14 600 cm-1 M-1; and for
M2TM, ε280 ) 5853 cm-1 M-1. CD spectra were recorded
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from 210 to 260 nm in a 0.1 cm quartz cell, at a scan speed
of 6 nm/min and then in a 0.01 cm quartz cell from 188 to
210 nm at a scan speed of 2 nm/min. A baseline was recorded
and subtracted after each spectrum.

Analytical Ultracentrifugation. Sedimentation equilibrium
experiments were performed at 25°C on peptide solubilized
in DPC micelles using a Beckman XL-I analytical ultracen-
trifuge (31). To eliminate the contribution of the DPC to
the buoyant molecular mass of the peptide-DPC complex,
experiments were carried out at a solvent density that was
adjusted to equal that of the DPC (32, 33). Density
adjustment was carried out by centrifugation of DPC micelles
in buffer [50 mM Tris-HCl (pH 7.5), 0.1 M NaCl, and 0.1
mM TCEP] containing different percentages of deuterium
oxide (D2O). The density match is calculated from a plot of
the radial gradient of fringe displacement versus buffer
density. Zero gradient for DPC at 25°C occurs for buffer
containing 52.5% D2O (solvent densityF ) 1.05932 as
measured in a Paar densitometer). M2 (and M2TM)/DPC
samples were prepared by dissolving the desired amount of
peptide in TFE in a glass vial and removing the organic
solvent under a nitrogen stream to create a film of material
on the glass. After the film had been held overnight under
high vacuum, 15 mM DPC in density-matched buffer (with
52.5% D2O) was added, and the sample was vigorously
vortexed until it became clear. In the M2TM/DPC samples,
the buffer did not contain TCEP. The M2 monomer molec-
ular mass and partial specific volume were calculated using
the program Sedinterp (34) and corrected for hydrogen-
deuterium exchange using averaged H-D-exchanged amino
acid residue masses. (That is, all protons associated with
amide nitrogens and side chain amine, alcohol, carboxyl, and
guanidinium groups were assumed to be 52.5% deuterated.)
Values calculated were as follows: for M2, 11250 Da and
0.73147 cm3/gm; and for M2TM, 2746 Da and 0.787 cm3/
gm. These values were fixed to be constants in fitting the
radial concentration profiles to various monomer-N-mer
equilibrium association models. The samples were centri-
fuged for times sufficient to achieve equilibrium in three-
compartment carbon-epoxy centerpieces using sapphire
windows. Data obtained by both UV absorption at 280 nm
and interference fringe displacement were analyzed by
nonlinear least-squares curve fitting of radial concentration
profiles using the Marquardt-Levenberg algorithm imple-
mented in Igor Pro (Wavemetrics, Oswego, OR) with a user-
defined function by encoding the following equation de-
scribing reversible association in centrifugation:

Three data sets were fit simultaneously with equilibrium
dissociation constants as global fitting parameters. Baselines
and fixed radius signal values for each data set were allowed
to vary independently in fitting. Various two-state and three-
state equilibria were tried to define the best fits as judged
by the magnitude of the squared residuals as well as the
random appearance of the residuals distribution.

Partial Proteolysis. Full-length M2 polypeptide was
incorporated at a 1:100 molar ratio into 5 mM DPC micelles
in 100 mM NaCl and 50 mM Tris-HCl (pH 8.0) as described
above for analytical ultracentrifuge samples, and incubated
for 2 h atambient temperature with 0.22 mg/mL trypsin or
0.02 mg/mL chymotrypsin. The partial digest was analyzed
by gradient RP-HPLC using 20 to 100% buffer B (6:3:1
2-propanol/acetonitrile/H2O containing 0.1% TFA) over the
course of 40 min at 50°C on a C-4 column. The resulting
major peaks were collected and analyzed by amino acid
sequencing and matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MS).

RESULTS

Synthetic Strategy. Figure 1 presents the sequence of the
97-residue M2 polypeptide chain, together with a schematic
of its predicted topology. The chemical ligation site at residue
Cys50 of the native sequence is highlighted. The N-terminal

FIGURE 1: (A) Target sequence of the influenza A M2 protein,
indicating schematically the predicted protein domains as well as
the ligation site at Cys50. (B) Synthetic strategy. The peptide
segments M2(1-49)RCOSR and M2(50-97) are prepared by Boc
chemistry stepwise SPPS and then covalently joined to one another
by native chemical ligation at a cysteine residue conveniently
located near the middle of the native polypeptide sequence. The
resulting full-length, 97-residue polypeptide can be inserted into
micelles or liposomes for channel assembly, to form the tetrameric
integral membrane M2 protein (see the text).
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segment M2(1-49) contains many hydrophobic residues and
is predicted to constitute the intracellular and membrane-
spanning domains of M2. The C-terminal segment M2(50-
97) contains fewer hydrophobic residues and is predicted to
constitute the cytoplasmic domain of M2.

The major anticipated obstacle in the chemical synthesis
of membrane proteins is the difficulty in making, handling,
and purifying peptides containing large regions of highly
hydrophobic amino acid residues and the difficulty in
solubilizing the hydrophobic segments under conditions that
are suitable for the native chemical ligation reaction (4). Our
highly optimized in situ neutralization protocols for Boc
chemistry stepwise SPPS (29) is efficient for the synthesis
of 49-residue hydrophobic membrane-spanning segment 1
of M2, typically yielding material with a crude purity of
∼67%, which could be purified to homogeneity with an
overall yield of 18%. Preheating the peptide sample to 60
°C and addition of 30% TFE to the standard ligation buffer
(see above) dissolves the peptide segments efficiently, and
keeps them in solution during the reaction without interfering
with the reaction chemistries.

A pilot study was carried out using 10 mg of pure segment
1 and 15 mg of pure segment 2. Analytical data showing
the progress of the ligation reaction in forming full-length
M2 polypeptide are depicted in Figure 2. After overnight
reaction, the magnitude of the reactant peak at 21.7 min is
significantly decreased and a new peak dominates at a
retention time of 20.0 min. ES-MS analysis (see inset)
correlates this new peak with the desired full-length reaction
product [M2(1-97)]. Integration and comparison of the
HPLC peaks of reactant and product after overnight reaction
detected at 214 nm show that the reaction is∼65% complete.
Longer periods of reaction did not increase the yield under
these conditions. Preparative RP-HPLC of the reaction mix
yielded 5 mg of pure 97-residue M2 polypeptide.

Circular Dichroism. The CD spectra of full-length M2
incorporated into POPC vesicles (Figure 3A) exhibit evidence
of significantR-helical structure as indicated by the strong
positive band at 190 nm and negative bands at 208 and 222
nm. A qualitatively similar spectrum was reported (18) for
the M2TM peptide in DOPC vesicles. A more quantitative
comparison of M2 and M2TM secondary structures is
afforded in the spectra recorded under the same conditions
in the less scattering DPC micelle solutions (Figure 3B).
Spectral shape analysis using the LINCOMB program with
the “Brahms” data set (35) (not shown) indicates that as many
as 45 residues could be helical in M2 versus 16 in M2TM.
Other methods (36) also predicted a greater number of helical
residues in the full-length protein relative to the M2TM
peptide. Thus, CD spectroscopy strongly suggests that M2
has one or more helices in addition to its TM segment.

Analytical Ultracentrifugation. The M2 protein is known
to be tetrameric in vivo. We therefore examined the
oligomerization state and stability of the full-length M2
polypeptide and the M2TM peptide by analytical ultracen-
trifugation, using an approach similar to that described
recently for designed membrane-interactive peptides (37) and
the TM helix of the dimeric protein, glycophorin (32). Both
peptides were incorporated into DPC micelles, at a DPC
concentration (15 mM) considerably higher than its critical
micelle concentration (approximately 1 mM). Following the
method of Reynolds and Tanford (33), the density of the

solvent was adjusted to that of the detergent. Under these
conditions, the DPC molecules make a negligible contribu-
tion to the overall sedimentation of the peptide/DPC mixed
micelles, and the buoyant molecular mass of the peptide may
be directly determined. Care was taken to avoid adventitious
oligomerization of the protein, which may occur if the
concentration of DPC micelles is not large relative to the
protein concentration (33). Thus, DPC/peptide ratios were
maintained at a value considerably greater than the micelle
number of DPC (determined to be 65 by analytical ultra-
centrifugation, data not shown). To test for a small amount
of adventitious oligomerization, the ultracentrifugation was
carried out at peptide to DPC ratios ranging from ap-
proximately 1:125 to 1:700. If adventitious association were

FIGURE 2: Progress of the ligation reaction. Analytical RP-HPLC
traces (detected at 280 nm) monitoring the ligation reaction.
Aliquots of the reaction mixture were withdrawn, treated with 20%
â-mercaptoethanol for 20 min to hydrolyze remaining thioesters,
acidified with formic acid, and treated briefly with a 3-fold excess
of TCEP, prior to injection. Analytical RP-HPLC was performed
with a linear gradient of 45 to 100% buffer B (6:3:1 2-propanol/
acetonitrile/H2O containing 0.1% TFA) versus 0.1% aqueous TFA
over the course of 24 min. Panel A depicts the RP-HPLC trace
after injection of an aliquot of the reaction mixture at time zero.
Only one major peak with a retention time of 21.7 min is observed.
The mass of the eluting peptide is identified by ES-MS analysis
and correlated to the segment 1 thioester peptide [M2(1-49)]. (The
more hydrophilic segment 2 is not retained at the high concentration
of organic during loading and elutes in the void volume under these
conditions.) The insets in panel A present ES-MS reconstructs of
the starting materials demonstrating their identity and giving some
indication of purity. Panel B presents the equivalent RP-HPLC trace
after overnight reaction. The inset shows ES-MS spectra of the
purified ligation product M2(1-97), which eluted at 20.0 min.
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a major problem, a greater apparent association constant
would be observed at the highest peptide:DPC ratio.

Equilibrium radial concentration profiles at three different
peptide concentrations for M2TM are well described by a
cooperative monomer-tetramer equilibrium (Table 1), as
demonstrated by a global nonlinear least-squares fit of the
data to this association scheme. Alternatively, monomer-
dimer-tetramer or monomer-trimer-tetramer equilibria
may be used to fit the data, although there is no significant
improvement in the quality of the fit. Thus, the association
is reasonably cooperative, and is well described by a
monomer-tetramer equilibrium.

At the highest peptide concentrations, there is a small
positive deviation in the residuals (data not shown), sug-
gesting the presence of higher-order aggregates. A small
improvement in the fit may be realized by inclusion of these

in a reversible equilibrium with the monomeric and tet-
rameric states. Figure 4 illustrates the fitting of the M2TM
data to a monomer-tetramer-octamer scheme. As can be
seen in the lower panel, the octamer contribution is less than
5% of the total signal at all peptide concentrations. Together,
these data show that the TM peptide exists in a cooperative

FIGURE 3: (A) CD spectrum of M2 in POPC vesicles. [M2]) 27
µM, and [POPC]) 2 mM. (B) CD spectra of M2 (b) and M2TM
(residues 22-46) (O) in DPC micelles. [M2]) 135µM, and [DPC]
) 10 µM. [M2TM] ) 191 µM, and [DPC]) 20 µM. The buffer
in all samples was composed of 50 mM Tris-HCl (pH 7.5), 100
mM NaCl, and 0.5 mM TCEP. In the case of M2-containing
vesicles, the spectrum from 210 to 260 nm had to be scaled slightly
to coincide at 210 nm with the second spectrum (188-210 nm)
because the extent of absorption and light scattering in the 1 mm
cell was higher than in the 0.1 mm cell.

Table 1: Analysis of Analytical Ultracentrifugation Using Different
Association Schemesa

model M2 M2TM

n1 n2 ø2/N pK1 pK2 ø2/N pK1 pK2

2 4 2.3 6.7 20.4 1.2 6.7 17.6
3 28.7 10.57 2.5 9.06
3 4 1.9 9.3 20.1 1.5 12.7 18.1
3 6 1.9 11.8 28.2 1.0 8.95 21.43
4 3.7 15.6 1.2 11.64
4 6 1.6 15.8 25.4 0.9 11.62 18.8
4 8 1.6 16.6 36.8 0.9 11.69 26.5
a The model represents the aggregation equilibrium as a monomer-

n1-mer to-n2-mer equilibrium.ø2/Ν is the weighted sum of squared
residuals divided by the number of degrees of freedom in the curve
fitting. Goodness of fits are indicated by how close this number is to
unity (54). pKi is negative log10 of the correspondingni-mer dissociation
constant in molar units. For comparison of free energies of association,
these values can be converted to∆G° values per monomer (1 M
standard state) by multiplying the pKi values by 0.6× 2.303/ni, where
ni is the number of monomers in the corresponding equilibrium.

FIGURE 4: Sedimentation equilibrium of M2TM in DPC micelles
at 40K rpm. EquilibriumA280-radius profiles for three different
cell compartments, all containing DPC concentrations of 15 mM
and M2TM at peptide to DPC molar ratios of (a) 1:126, (b) 1:284,
and (c) 1:554. The lines are the best (global) fit to a monomer-
tetramer-octamer equilibrium model. The residuals of the fit are
shown in the three upper panels. The lower panel shows the
calculated relative contributions (y-axis) of the different species as
a function of the total peptide concentration (x-axis) over the range
observed in the combined experimental data.
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monomer-tetramer equilibrium, with only a small amount
(<5%) of a higher-order aggregate.

The sedimentation curves for the full-length M2 polypep-
tide (Figure 5) indicate that this protein forms more stable
tetramers than the corresponding TM peptide. The data are
again best described by a monomer-tetramer equilibrium
with a small amount (<10%) of higher-order aggregates
being formed at the highest protein concentrations. Of the
equilibria that were examined, the data are best fit by a

monomer-tetramer-hexamer or monomer-tetramer-
octamer equilibrium (Table 1). A comparison of the best fit
model (monomer-tetramer-octamer) dissociation constants
for tetramerization of M2 versus M2TM indicates that the
tetramer formed by the full-length peptide is approximately
7 ( 1 kcal/mol more stable than the corresponding TM
peptide. Thus, regions outside of the TM helix must
contribute to the stability of the tetramer.

It is interesting to note that, although the full-length protein
was examined at higher DPC:peptide ratios than M2TM, it
nevertheless exhibited a greater tendency to form high-order
aggregates. These data indicate that the formation of higher-
order aggregates is not due to adventitious oligomerization,
which would be favored at lower DPC:peptide ratios by a
nonspecific mechanism.

Partial Proteolysis. The M2 polypeptide in DPC micelles
was treated with trypsin and chymotrypsin to identify regions
that are structured, and hence resistant to degradation by these
proteases. Both proteases very rapidly cleaved the M2 protein
into smaller fragments, which resisted further proteolysis.
Trypsinolysis gave rise to two products that were separated
by RP-HPLC. Partial N-terminal sequence analysis and
MALDI-MS indicated that the two peptides spanned residues
19-60 and 19-61 of the sequence of M2. The fragment
amino acid sequences are presented in Figure 6. Residue 19
is approximately five residues N-terminal from the putative
TM helix, and residue 60 is approximately 17 residues from
this membrane-spanning helix. Interestingly, a number of
potential trypsin cleavage sites (R45, K49, and R53) near
the C-terminus of this fragment and outside of the TM-
spanning helix are protected from proteolysis.

A chymotryptic fragment (see Figure 6) was similarly
isolated and found to span residues G16-Y76. The N-ter-
minal clip again occurs near the N-terminus of the TM helix,
while the C-terminal cleavage at Y76 confirms the existence
of a structured region following the membrane-spanning
segment. Potential chymotryptic sites (F47, F48, Y52, F54,
and F55) within this region are strongly protected from
proteolysis in the folded form of the protein. Thus, it is likely
that the region immediately C-terminal to the TM helix is

FIGURE 5: Sedimentation equilibrium of M2 in DPC micelles at
20K rpm. The data are treated as described in the legend of Figure
4. The DPC concentration in all cases was 15 mM, and M2 to DPC
molar ratios were (a) 1:358, (b) 1:505, and (c) 1:692.

FIGURE 6: Amino acid sequences and helical wheel analysis of proteolytic fragments of the M2 protein. A helical wheel representation is
shown of the peptide segment (residues 45-59) immediately C-terminal to the TM helix. Below are shown sequences of a tryptic fragment
spanning residues 19-60 and of a chymotryptic fragment spanning residues 16-76.
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structured, and possibly contributes to the stability of the
tetramer.

DISCUSSION

While the features defining the three-dimensional struc-
tures and thermodynamic stability of water-soluble proteins
are relatively well understood, the understanding of mem-
brane proteins remains in its infancy. This discrepancy lies
in the difficulties associated with the expression, structure
determination, and thermodynamic characterization of mem-
brane proteins. It is often very difficult to express large
quantities of properly folded membrane proteins for bio-
physical studies. This problem has recently been partially
circumvented by screening amino acid sequence databases
for bacterial homologues of the protein of interest (3, 38).
In this way, it has been possible to identify homologous
sequences that are more stable and easier to express in
bacteria. However, a bacterial homologue may not be
available or its properties may differ from the original target.
Here, we describe an attractive alternative strategy, which
involves the chemical synthesis of the desired target using
the strategy of amide-forming ligation at cysteine residues
(4, 5). Thus, whereas the expression of M2 inEscherichia
coli produces very low yields due to rapid cell lysis (39),
the work presented here demonstrates that it is now possible
to chemically synthesize 10-50 mg of the pure protein
within 1 or 2 weeks.

A second problem associated with the study of the
thermodynamics of membrane proteins is that their unfolding
transitions tend to be thermodynamically irreversible. In fact,
the thermodynamic stability under reversible folding condi-
tions of only one monomolecular protein has been described
(40). Therefore, there has been considerable interest in the
study of membrane proteins that contain a single TM helix
capable of self-assembling into radially symmetrical helical
bundles (2, 41). The study of such simple systems should
advance the understanding of membrane protein folding in
much the same way that the study of coiled coils has
advanced the understanding of water-soluble proteins (42-
46). In particular, the TM helices required for dimerization
of glycophorin (41, 47-49) and pentamerization of phos-
pholamban have been extensively studied (10, 50-52). The
oligomerization surfaces of glycophorin and phospholamban
have been defined by site-directed mutagenesis. Also, a
fusion protein containing the TM region of glycophorin fused
to staphylococcal nuclease has been shown (32) to dimerize
in micelles, although a third “thermodynamically incompe-
tent” tetramer component was required for data fitting, so
the meaning of the derived dissociation constants is unclear.
Interestingly, the dissociation constants, expressed in units
of the aqueous solution concentration of the protein, were
independent of micelle concentration, indicating that the
protein monomer and dimer are always fully protected by
micelle-forming molecules. The M2 protein provides a third,
functionally interesting system, which is shown here to
reversibly self-assemble in micelles. Thus, this protein
provides an ideal system for studying the structural deter-
minants of the thermodynamics of assembly of membrane
proteins.

Because the folding of M2 is reversible, it was possible
to quantitatively explore the differences in the thermody-

namic assembly of the full-length protein versus a peptide
representing its TM helix. While both constructs form
tetramers, the full-length protein tetramerizes with a more
favorable free energy (∆∆G° ) -7 ( 1 kcal/mol). Thus,
although the TM region contains the primary determinants
for assembly into a four-helix bundle, other regions in the
chain appear to help stabilize this assembly. CD spectroscopy
also showed that the full-length protein contained a larger
number of residues in a helical conformation than could be
ascribed to the TM helix, and a region immediately C-
terminal to the TM helix was further shown to be highly
protected from cleavage by proteases. Examination of the
protected sequence on a helical wheel shows that this
segment could form a highly amphiphilic structure, when in
a helical conformation. This region is particularly rich in
aromatic and positively charged side chains, which segregate
on opposite sides of a helix. Thus, it is likely that this
segment forms a helical extension of the TM helix.

The predicted structure of the TM region of the M2 protein
has the appearance of a frustum (a truncated cone). That is,
the helices flare slightly from a point of closest approach
near the N-terminus of the bundle, which faces the outside
of the virus. If the helical conformation is propagated beyond
the TM segment into residues 44-60, the apolar residues in
the helical extension are well-positioned to engage in
numerous interhelical hydrophobic interactions. Further, the
polar residues lie on the outside of the structure, where they
may form stabilizing interactions with the water, the lipid
headgroups, and possibly also the M1 protein (53). Computer
modeling identified two possible orientations of the helical
extension, relative to the TM helix. In the first (not shown),
the helical extensions continue to follow the path of the TM

FIGURE 7: Model of the TM peptide of M2 (green ribbon) with
the water-soluble helical extension (residues 45-60, red ribbon).
The coordinates for the model of the TM region were those
described in ref22. The C-terminal extension was model built, and
then transformed to anR-helical conformation. The entire structure
was then minimized without constraints using the method of steepest
descents followed by the conjugate gradient method for 10 000
cycles with the CV force field as implemented in DISCOVER. The
computation was conducted without added solvent or lipid. A
second model (not shown), obtained with slightly different coor-
dinates for the TM helix, showed a larger hole down the middle.
More experimental data will be required to provide a high-resolution
model of the protein. The phospholipids shown in the figure are
included to provide a comparison of the protein structure with that
of a typical phospholipid bilayer.
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helices. The resulting structure has a large hole down its
center, similar to the helical vestibule observed in the crystal
structure of the MscL homologue fromMycobacterium
tuberculosisof a stretch-activated channel (38). Alternatively,
if a slight bend occurs near the junction of the TM region,
the helical extensions form a well-packed helical bundle with
no appreciable central cavity (Figure 7). However, protons
may be shuttled into the TM channel via polar residues at
the helix-helix interface, near the end of the TM region.

In an environment more closely representative of the
assembled virus, other possibilities can be envisioned. For
example, each amphiphilic helix of the extension could
individually make a tight, 90° turn, and then bind hydro-
phobically to the inner leaflet of the bilayer membrane,
creating a “rosette” structure. Clearly, a more detailed model
of the M2 protein will have to await spectroscopic or
crystallographic characterization of the protein. The avail-
ability of procedures for the synthesis of the full-length M2
protein and long fragments of this structure will facilitate
these structural studies as well as experiments aimed at
functional reconstitution of ion channel activity.
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