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Abstract

Proteins involved in functions such as electron transfer or ion transport must be capable of
stabilizing transient charged species on time scales ranging from picoseconds to microseconds.
We study the influenza A M2 proton channel, containing a tryptophan residue that serves as an
essential part of the proton conduction pathway. We induce a transition dipole in tryptophan by
photoexcitation, and then probe the dielectric stabilization of its excited state. The magnitude of
the stabilization over this time regime was larger than that generally found for tryptophan in
membrane or protein environments. M2 achieves a water-like stabilization over a 25 nanosecond
time scale, slower than that of bulk water, but sufficiently rapid to contribute to stabilization of
charge as protons diffuse through the channel. These measurements should stimulate future MD
studies to clarify the role of sidechain versus non-bulk water in defining the process of relaxation.

Introduction

The M2 protein of the influenza A virus was first discovered as the protein target of the anti-
influenza drug amantadine [1]. This modular protein serves multiple functions, which are
localized in different domains of its short 97-residue sequence. M2 has a single
transmembrane (TM) helix (Fig. 1) that serves as a tetramerization and proton-conducting
domain. Conduction of protons into the virion acidifies the virus interior after endocytosis
and initiates viral uncoating [2, 3]. Peptides spanning the TM domain reproduce most of the
electrophysiological, pharmacological and biophysical features of the full-length protein,
such as low-pH activated proton conductivity, amantadine sensitivity of the proton current,
and tetramerization of the TM helix [4–6]. The small size and simple structure of this
domain has made it an excellent candidate for biophysical studies [7–9].
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Structures of M2’s channel domain have been determined by solution NMR, Xray
crystallography, and solids NMR [10–15]. These structures suggest a consistent mechanism
for proton conduction. Protons enter the channel through a water-filled cavity that leads into
the absolutely conserved residue, His37 (Fig. 1). A tetrad of His37 residues associate with
four Trp41 sidechains (also absolutely conserved) in a stabilizing interaction that inhibits
reverse flow of protons out of an acidified virus[16, 17]. The His37 tetrad is primed for
conduction by binding two protons with high affinity[18, 19]; upon the protonation of a third
His at the pH of the acidifying endosome, the channel opens. In the shuttle mechanism [20],
addition of the third proton to the His37 tetrad from the extracellular side is followed by loss
of a proton to the internal side, regenerating the +2 state. A high-resolution crystal structure
[12] shows that the critical channel-lining residues – His37, Trp41, and Asp44 – lie in layers
with well-ordered water clusters forming hydrogen-bonded bridges between each of these
sidechains. A major question is how this basic structure flexes and adjusts as protons diffuse
to and from His37, and as the charge on the His tetrad varies. MD simulations indicate that
the crystallographic water positions are largely retained, although the water molecules are
relatively mobile and exchange between preferred binding locations on the nanosecond time
scale[12].

Infrared spectroscopic experiments have been used to examine the hydration and dynamics
of Pore-lining residues in M2 on the femtosecond to low picosecond time scale, while NMR
has been used to examine hydration and dynamics on the microsecond to nanosecond time
scale. Hochstrasser and coworkers [21] used two-dimensional IR (2DIR) methods to
determine the relaxation of the environment surrounding the carbonyl of G34, a group that
lines the lumen of the channel near His37 (Fig. 1). At low pH, the probe is immersed in very
mobile water with a correlation time of approximately 1.3 ps, but it senses structures having
correlation times in excess of 10 ps at pH 8. At high pH, where the channel is poised to
accept the arrival of a proton from the outside of the virus, any waters of hydration are
immobilized on the 1 – 10 picosecond time scale. Solution NMR studies show that the
Trp41 residue undergoes motions on the microsecond time scale that increase in rate with
decreasing pH (and increasing His37 protonation) [14]. Solids NMR studies show that His37
sidechains undergo significant conformational motion at a rate at least an order of magnitude
faster than the conduction rate, indicating that such motions may facilitate, and should not
limit, proton release[19, 22, 23]. These studies also show that much of the channel is in
contact with water molecules that exchange with bulk water (on the micro to millisecond
time scale), and that the degree of hydration of the pore increases at low pH. These studies
are also in broad agreement with crystallographic structures solved at multiple pH [12],
although the crystallographic analysis shows structural changes that are larger than those
inferred from solids NMR.

It would be interesting to study the time regime between picoseconds and microseconds
probed in these 2DIR and the NMR studies. In pioneering work, Hochstrasser and
coworkers measured dynamic stokes shifts of coumarin bound with the binding site of
calmodulin to probe the picosecond to early nanosecond dynamics of this protein[24].
Similarly, tryptophan fluorescence is highly sensitive to dielectric relaxation of protein and
solvent on the pico- to nanosecond timescale, making it an ideal probe for studying charge
stabilization[25–27]. Photon absorption and excitation to the first singlet state results in a
rapid redistribution of charge across the indole chromophore, followed by electrostatic
relaxation of the protein and solvent environment. A typical red shift of the emission
spectrum by 3500 cm−1 corresponds to ten kcal/mole energetic stabilization of the excited-
state chromophore by the surrounding environment. Most of the relaxation is contributed by
bulk solvent, which occurs within a few picoseconds at room temperature[28–30]. Such
processes are too rapid to be detected in these measurements, although sub-picosecond
measurements have been reported[31, 32]. However, additional relaxation of the protein can
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extend to tens of nanoseconds. While it is common to characterize the complex emission
intensity kinetics of tryptophans in proteins as time constants reflecting a sum of discrete
exponential components, in this instance it is more appropriate to study the magnitudes and
rates of relaxation as measured by the time dependent red-shift in the emission spectrum.

Here we examine the time-resolved emission spectra (TRES) of Trp41 in M2’s TM domain
in (M2TM peptide) in phospholipid bicelles. To probe the interaction between the His37
cluster and Trp41, we compared the fluorescence properties of M2TM with a variant in
which His37 is mutated to Ala (H37A). The results are also compared with Mastoparan X
(MX), an amphiphilic peptide with one tryptophan located in the membrane headgroup
region of the bilayer [33]. The depth of the MX tryptophan in the membrane is roughly
similar to that of W41 of M2TM, but it does not participate in protein-protein interactions.
Finally, we examine an amantadine-resistant mutant of M2, L26F, which has reduced
affinity for this drug [34, 35]. Mutations at this position near the exterior end of the bundle
are known to cooperate with mutations on the opposite side of the channel[16], suggesting
that this seemingly minor mutation might have effects that propagate throughout the length
of the bundle. Indeed, MD simulations indicated that L26F increased the hydration of the
pore and increased the dynamics of the helical bundle[35], making clear predictions that
could be tested by fluorescence spectroscopy. We therefore also studied the L26F variant.
All peptides were studied in DHPC/POPC bicelles, which mimic the natural bilayer
environment better than micelles [36] and have the added benefit of minimizing
experimental challenges associated with optical scattering by lipid bilayer vesicles. The
results show that the environment surrounding the polar excited state of Trp41 in M2TM
adjusts on the nanosecond time scale. His37 is critical to achieving the full stabilization.
Furthermore, L26F behaves in a manner consistent with the results of MD simulation.
Finally, binding of amantadine decreases the ability of the protein to stabilize the polar Trp
excited state, and increases the heterogeneity of the underlying conformational dynamics.

Results

Steady state florescence spectra and acrylamide quenching

The steady state fluorescence spectra of M2TM at pH 4.5 and 8 shows that the Trp41 indole
experiences a relatively polar environment, similar to bulk water. The only amino acid in
M2TM that is effectively titratable in this pH range is His 37. In agreement with earlier
studies[37], lowering the pH results in a slight red-shift of bc (barycenter of the spectrum)
from 351 to 353 nm and a 1.5-fold reduction in emission intensity (Fig. 2, Table 1). In
contrast, addition of amantadine to M2TM at pH 8.0 (amantadine binds most tightly at high
pH) results in a two-fold enhancement in emission intensity and a blue-shift in bc to 346 nm.
Previous work in our lab has shown that the fully amantadine resistant M2 mutant (V27S)
does not show any fluorescence shift upon addition of amantadine, indicating that the
observed change is due to specific changes in the channel environment and not nonspecific
binding of Trp 41 to amantadine [5]. The mutant L26F also showed a shift in the emission
maximum to shorter wavelengths upon addition of amantadine. By comparison, MX has a
relatively blue-shifted spectrum, consistent with the exposure of its tryptophan to the lipid
headgroup region of the bilayer.

The Stokes shift in a tryptophans’s emission spectrum reflects its degree of solvent
accessibility[27], as well as specific interactions with neighboring polar groups within the
protein matrix that stabilize the excited state [38]. To help differentiate between these two
effects, we measured the accessibility of Trp 41 to acrylamide, which is a collisional
fluorescence quencher (Table 1). As seen previously using iodide quenching of the full-
length protein, the accessibility of Trp41 in M2TM increases as the pH is lowered below 8
[39]. Acrylamide quenching gives a Stern-Volmer constant of 2.4 and 2.5 M−1 at pH 8 in the
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presence and absence of amantadine. These values are significantly lower than the
accessibility of a fully solvent exposed tryptophan (Ksv for N-acetyl-tryptophan-amide is
approximately 17.5 M−1)[40], but higher than the accessibility of a tryptophan buried inside
a protein (Ksv of tryptophans in the interfacial region of -hemolysin is around 0.58 M−1)
[41]. The intermediate accessibility at high pH is also consistent with the structure (Fig. 1),
which shows the Trp near the external vestibule with one face partially accessible to solvent.
At low pH the Ksv of M2TM increases to 3.3 M−1 indicative of an increase in hydration and
accessibility of the channel seen in crystallographic structures and by solids NMR. Similar
conclusions are reached comparing the second order rate constant for quenching, kq. A
similar value of Ksv is also seen for the mutant H37A. The accessibility of Trp41 to
acrylamide in the WT at low pH is also similar to that seen in MX, which has a Ksv = 3.4
M−1.

The accessibility of Trp41 is significantly greater in L26F than WT based on the values of
Ksv and the corresponding kQ. For example, the value of Ksv increases from 2.4 M−1 in WT
to 4.5 M−1 in L26F. Moreover, Ksv does not change markedly at low pH and at high pH in
the presence of amantadine. These data are consistent with the greater hydration and
dynamic motion of L26F seen in previous MD simulations [42].

Dielectric relaxation of the Trp environment

While it is relatively common to characterize tryptophan emission kinetics as a sum of
exponentials and their corresponding lifetimes, in this case measuring the time dependent
red shift by following the evolution of the emission spectrum is more informative and
provides insight into the dynamics of charge state stabilization and relaxation following an
instantaneous change in local electrostatic interactions within the channel. Previous work
has shown that the relaxation of bulk water is complete within a few picoseconds, which is
beyond the resolution of our instrument [31]. Here, spectral relaxation is measured on the 50
picosecond to 25 nanosecond time scale, which is expected to report on conformational
changes within the protein.

Time correlated single-photon counting data were collected across a series of wavelengths at
five nanometer intervals over the emission spectrum of tryptophan (300–450 nm). Fitting of
emission kinetics at single wavelengths required multiple exponentials (Fig. S1, Table S1).
Global analysis of fluorescence data across multiple wavelengths resulted in time resolved
emission spectra where spectral widths remained constant as the emission spectrum shifted
to lower energies for all the peptides studied. The extent of relaxation for wild-type M2TM
was reduced upon addition of amantadine (Fig. 3), suggesting that drug binding restricts
dielectric relaxation within the proton channel. To explicitly characterize these effects, we
subsequently fit the data to a model for the time-dependent red shift that quantifies the
kinetics of the various relaxation processes.

The experimental method and data analysis for fitting time dependent red shifts is described
in detail in previous work [43]. The peak emission frequency as a function of time is
described as a sum of exponentials with relaxation times i and amplitudes i (eq. 1).

Eq. 1:

M2TM shows a slow component in its dielectric relaxation, which accounts for much of the
dielectric relaxation seen in this time regime. In all, four exponentials were required to
describe the relaxation of M2TM, L26F, and H37A (Table 2). Multiple exponentials were
required in similar measurements on other systems including indole in glycerol and protein
GB1. The longest relaxation time for indole in glycerol at 20C was 4.4 ns [44], and 5.6 ns
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for GB1 [43]. In contrast, M2TM shows a uniquely long time constant 4 which is on the
order of twenty nanoseconds. Moreover, the amplitude of this component was greater than
others, corresponding to approximately 70% of the positive amplitudes. Such long time
constants are indicative of large scale motion coupled with dielectric relaxation and could be
reflecting conformational changes within the channel upon excitation of W41. Supporting
this explanation, the TRES data for MX require only three exponentials, and the longest
time component was 7.2 nanoseconds.

Another unique feature of M2TM is the negative amplitude for the third exponential term.
This feature indicates a nonlinear response that could be attributed to a damping force
counteracting relaxation initiated by tryptophan excitation, or a delay in relaxation caused by
interactions which are broken at some point after excitation to facilitate conformational
change. In either case, the presence of this amplitude is indicative of a relatively rough
energy landscape. It is interesting to note that the negative amplitude was greatest in the
presence of amantadine, indicating that the binding of the drug increased the roughness of
the landscape. On the other hand, the negative amplitude was near zero for H37A, indicating
that this residue was needed for this response.

The value of 0 reflects the degree of stabilization of the excited state of the indole group
following the initial relaxation of solvent in the sub- to low picosecond dead time of our
instrument, while the value of ∞ reports on the degree of stabilization from motions in the
50 picosecond to 100 nanosecond time regime. After 25 nanoseconds fluorescence emission
becomes too weak to reliably determine the emission spectrum, but the relaxation process
does not cease by 25 nanoseconds. Therefore to determine ∞, we extrapolated the relaxation
curve slightly beyond the time range covered by the fluorescence data. For M2TM, the
corresponding emission maxima (0 and ∞) shift from 341 to 363 nm in this time period
(Table 3). A similar response is seen at pH 4.5 (Fig. 4). The final energy of the excited state
of Trp41 in M2TM after 25 nanoseconds is similar to that of indole in water after one
picosecond [44], indicating that M2 reaches a similar degree of stabilization by a much
slower conformational process. By comparison, the Trp in MX remains in a less polar
environment throughout this time period, and the net change in stabilization is smaller, as
the values of 0 and ∞ of 333 and 347 nm ( = 14 nm), respectively. Interestingly, the values
of 0 and ∞ for H37A are both blue-shifted by 6 to 7 nm relative to WT, indicating that His37
plays an important role in stabilizing the excited state. However, the value of is the same for
M2TM as H37A, suggesting that H37A retains some of the same motions. Amantadine has a
small effect on 0 but a much larger effect on ∞, causing a 12 nm shift of the fully relaxed
emission spectrum to shorter wavelengths. Thus, the drug restricts the dielectric response,
which is consistent with previous studies that showed that binding of drugs decrease the
conformational mobility of M2TM [45, 46].

L26F behaves qualitatively similar to M2TM, but the values of 0 and ∞ are shifted by a few
nm to shorter wavelengths. The addition of amantadine causes a smaller effect on ∞ and for
L26F than on M2TM (Fig. 5). This is likely due to a slightly different mode of binding to
M2TM. It is also possible, however, that the drug is not fully bound to this mutant, which
has reduced affinity for amantadine.

Conclusions

As an excess proton diffuses through the M2 proton channel, it must be stabilized in a water-
like environment that assures that it will neither experience any high-energy intermediates
that would be difficult to overcome or deep energy wells from which it would be difficult to
escape. Therefore, the channel must respond dielectrically to stabilize fluctuations in local
charge on a time scale that is more rapid than the net rate of diffusion through the channel
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(app. 0.1 to 1 microsecond). Here, we use the dielectric response to photoexcitation of Trp to
probe the degree and kinetics of stabilization achieved in the M2 channel. We expect to
observe two components to the relaxation: the first would involve reorientation of mobile
waters in the vicinity of Trp41, which would occur on the femtosecond to low picosecond
time scale and is not resolved here. The second slower portion of the relaxation is probed
here, and found to occur in a multi-exponential process along a rough landscape. However,
the final degree of stabilization is similar to that seen in water. Interestingly, this
stabilization depends on the presence of the essential His37 residue. Furthermore, the degree
of stabilization achieved in this process is dampened in the presence of amantadine, which is
known to lock M2 into a more restricted ensemble of conformational states. The difference
in for M2TM at pH 8 in the presence vs. absence of drug amounts to 915 cm−1, which
corresponds to 2.6 kcal/mol for WT; the corresponding values for L26F are 746 cm−1 and
2.1 kcal/mol, respectively. Therefore, amantadine binding to the wild-type channel reduces
the protein’s functional dynamics and its ability to stabilize charge by approximately ~ 2 to
3 kcals/mole.

Methods

Peptide Synthesis

All M2 peptides (M2TM, M219–62, M2TM L26F and M2TM H37A) were synthesized using
FMOC chemistry on an Applied Biosystems 430A peptide synthesizer using methods
described previously [4, 5]. The peptides were purified by reverse phase HPLC using a
Vydac C-4 preparative column and a linear gradient of solvent B (6:3:1 2-
propanol:acetonitrile:water; 0.1 % TFA) and solvent A (0.1 % TFA). The identities of the
purified peptides were confirmed by MALDI-TOF (PerSeptive Biosystems, Framingham,
MA) mass spectrometry and purity was assessed by analytical HPLC. Disulfide bonded
homodimers were formed as described previously [47, 48]. Mastoparan X was purchased
from Bachem Bioscience Inc., King of Prussia, PA, and was used without further
purification.

Bicelle and Sample Preparation

The peptides were incorporated into bicelles composed of 1,2-dihexanoyl-sn-glycero-3-
phosphocholine (DHPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
(Avanti Polar Lipids, Alabaster, AL) with a total lipid content of 15% (w/v). Bicelle
solutions were generated by first preparing a concentrated stock solution of DHPC in buffer
(50 mM Tris, 50 mM NaCl, pH 8.0 and 4.5). An appropriate amount of this stock solution
was then added to a weighted amount of POPC lipid followed by thorough mixing until the
lipid was dissolved and the solution was clear. The bicelle mixture was then used to
solubilize the peptides (in powder form), using repeated mixing, centrifugation and
sonication. The final samples contained 40 M peptides, DHPC/POPC (5:1 mole ratio) and a
peptide/POPC mole ratio of 1:100. Based on previous studies, under these conditions the M2
peptides are expected to adopt a fully tetrameric conformation [48]. Samples containing
amantadine were prepared by adding an appropriate amount of amantadine from a stock
solution in buffer to the samples to obtain a final concentration of 0.4 mM amantadine. In
order to improve the stability of the bicelle systems at low pH, DHPC was substituted with
1,2-di-O-hexyl-sn-glycero-3-phosphocholine [36].

Time Resolved Fluorescence – Instrument and Sample Setup

Measurements were conducted on a single photon counting instrument constructed in the
laboratory. The excitation pulse was generated by a picosecond dye laser, which was
synchronously pumped by the frequency-doubled output of a mode-locked Nd:YAG laser
(Spectra Physics 3000 series, Mountain View, CA). The visible light output of the dye laser
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was frequency doubled to 291 nm in order to excite directly into tryptophan. The excitation
pulse train was vertically polarized with 15 ps pulses separated by 245 ns intervals. Sample
emission was collected at right angles by two microchannel plate photomultipliers and
stored in 2048 channels (13.3 ps / channel). Emitted light passed through a polarizer set to
the magic angle (55°) and a monochromator with 8 nm resolution. The impulse response
function was determined by collecting a scattering signal using Ludox (Dupont,
Wilmington, DE), a colloidal silica suspension. The excitation pulse from the scattering cell
was 5 channels, or approximately 65 ps full width at half maximum. Neutral density filters
were placed in the excitation beam path in order to prevent sample photobleaching. For each
sample, thirty-one decay curves were acquired at emission wavelengths from 300 to 450 nm
in 5 nm increments. Photons were counted for approximately five minutes per wavelength.

Analysis of Emission Kinetics

A model function representing multi-exponential decay kinetics was convolved with the
impulse response and fit to the data using nonlinear least squares optimization.

Eq. 2:

Time constants (i) were globally linked across all wavelengths and pre-exponential factors
(τi) were locally optimized using the program LGLOBAL [49]. A constant scattering
correction term was introduced to all fits with = 0.013 ns.

Steady State Fluorescence

Steady state fluorescence spectra were collected on an SLM-48000 spectrofluorometer.
Samples were excited at 291 nm with polarizers set to the magic angle, 55° and excitation
slit width at 2 nm. Emission was collected from 295 to 460 nm in 1 nm increments with two
scans averaged. Emission polarizers were set to vertical and slits were 4 nm. Fluctuations in
lamp intensity were corrected using a rhodamine quantum counter and fluorescence
intensities are reported as the ratio of protein emission to lamp intensity. In order to compare
steady state fluorescence emission from different samples with variations in tryptophan
concentration, spectra were normalized to absorbance at 295 nm. Absorbance at 295 nm was
corrected for Rayleigh scattering by extrapolating absorbance from 320 to 400 nm using a
constant over wavelength to the fourth power. Technical spectra were corrected for spectral
variation in instrument sensitivity before use in any analysis presented. Barycenters of the
steady state spectra (bc) were calculated by an intensity-weighted average of n wavelengths.

Eq. 3:

Acrylamide Quenching Titrations

To measure accessibility of Trp 41 to acrylamide, constructs of M2 were incorporated into
bicelles as described. A 4.8 M stock solution of acrylamide was added to the bicelle
suspension in 5 – 50 µL aliquots to cover a concentration range of 0 to 750 mM acrylamide.
The sample was gently pipet-mixed and allowed to equilibrate for five minutes. The sample
was excited at 295 nm and emission was monitored at 340 nm. Corrections were made for
sample dilution due to addition of quencher. Emission intensity was plotted as the ratio of
initial fluorescence over measured intensity. This was fit to a line, the slope of which was
the Stern-Volmer quenching constant, Ksv.
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Ksv values were used to calculate the bimolecular quenching constant, kQ, using the average
lifetime of the excited state, 〈τ〉. 〈τ〉 was computed by taking the sum of the area under the
intensity weighted decay associated spectra (DAS) for each lifetime component (Table S1,
Fig. S1):

Eq. 4:

Where i, is the pre-exponential factor for the lifetime component i at wavelength. kQ was
then determined by:

Eq. 5:

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Examined nanosecond dynamics of essential tryptophan residue of M2 proton
channel.

• Channel blocking drugs restrict the ability of M2 to stabilize charge.

• Dielectric relaxation of M2 consistent with molecular dynamics simulations
studies.
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Figure 1.

Structure of M2TM. The high-resolution structure solved at 1.65 Å [12]is shown in both
panels. Panel A: The position of specific sidechains and the carbonyl of Gly34 are as
indicated on the figure. Well ordered water molecules are in red balls, and the silver-grey
tubes show the positions of hydrogen bonds between the waters or between waters and
sidechains. The hydrogen bond to Gly34 is shown in magenta tubes. This structure was
solved in the absence of amantadine, but the drug (light blue) is shown at the position seen
in the very closely related solids NMR structure [10]. Panel B shows a larger view of the
layers of His37, Trp41, and Asp44 sidechains and interspersed water clusters.
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Figure 2.

Corrected, steady-state emission spectra of M2TM in bicelles at low and high pH and in the
presence of excess amantadine. Spectra are peak-normalized on the right to highlight shifts
in peak positions.
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Figure 3.

Time resolved emission spectra (TRES) generated from the analysis of the multiple-
wavelength W41 emission kinetics of M2TM with and without amantadine. Conservation of
spectral shape over time is consistent with dielectric relaxation as a model for the shift in
emission peak wavelength. Addition of amantadine retards the extent of dielectric relaxation
occurring by twenty nanoseconds.
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Figure 4.

Dielectric relaxation of wild-type M2TM under various environmental conditions.
Relaxation is characterized as the shift in the emission spectrum barycenter relative to time
zero. (A) M2TM is responsive to charge perturbations at both low and neutral pH. (B)
Addition of amantadine retards the rate of relaxation and reduces the total extent of charge
stabilization. (C) Mutating the adjacent histidine to alanine significantly perturbs kinetics of
channel relaxation. (D) M2TM exhibits markedly different emission kinetics relative to the
amphipathic membrane peptide mastoparan X. Black traces in all four panels correspond to
M2TM at pH 8.0. Identity of red traces are indicated in each panel.
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Figure 5.

Dielectric relaxation of the naturally occurring M2 mutant L26F at pH 8.0 compared with
(A) wild-type M2TM, (B) L26F at acid pH and (C) L26F in the presence of amantadine.
Black traces in all three panels correspond to M2TM L26F at pH 8.0. Identity of red traces
are indicated in each panel.
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