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ABSTRACT: The M2 protein is an important target for drugs in
the fight against the influenza virus. Because of the emergence of
resistance against antivirals directed toward the M2 proton
channel, the search for new drugs against resistant M2 variants is
of high importance. Robust and sensitive assays for testing
potential drug compounds on different M2 variants are valuable
tools in this search for new inhibitors. In this work, we describe a
fluorescence sensor-based assay, which we termed “pHlux”, that
measures proton conduction through M2 when synthesized from
an expression vector in Escherichia coli. The assay was compared to
a previously established bacterial potassium ion transport
complementation assay, and the results were compared to
simulations obtained from analysis of a computational model of M2 and its interaction with inhibitor molecules. The
inhibition of M2 was measured for five different inhibitors, including Rimantadine, Amantadine, and spiro type compounds, and
the drug resistance of the M2 mutant variants (swine flu, V27A, and S31N) was confirmed. We demonstrate that the pHlux
assay is robust and highly sensitive and shows potential for high-throughput screening.

Influenza outbreaks annually cause 3−5 million cases of
severe illness and 250000−500000 deaths.1 Many different

strategies for fighting influenza have been employed but are
often hampered by the high adaptability of the virus.2 The
virus is known to readily cross the interspecies barrier via
reassortment of its segmented genome and thus render a
seasonal vaccination nearly ineffective.3 To supplement these
shortcomings of influenza vaccines, numerous antiviral
compounds have been developed to target and inhibit crucial
components of the infectious pathway of the virus.4−6 The
influenza A M2 proton channel is one of those targets, and the
high mutation rate of the influenza virus has led to almost
complete resistance against all known M2 inhibitors within
four decades of their use.7,8 M2 plays a crucial role in the
infection of the host cell during the viral infectivity cycle.9

Therefore, effective approaches for studying both potential M2
inhibitors and the development of resistance toward inhibitors
are obviously of great importance.10−16

Previously published assays and screening procedures of M2
proton transport are typically low throughput and in addition
require an elaborate experimental setup. Available experimental
techniques include mammalian cell-based cytotoxicity or
plaque reduction assays,17,18 electrophysiological studies,19

fusing a pH reporter protein, pHluorin, to M2,20 and a
liposome proton flux assay.21 Other assays based on
heterologous expression of M2 are the ion transport
complementation of yeast18 or bacteria22 and growth
inhibition by disruption of the proton motive force.23 Methods
that directly probe inhibitor binding include a tryptophan
fluorescence-based approach24 and isothermal titration calo-
rimetry measurements.25

In this work, we describe a novel, easy, fast, and robust assay
that provides a measure of M2 channel activity and inhibition
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and makes it feasible to screen a large number of compounds
potentially targeting M2. The assay, termed “pHlux”, is based
on the expression of an inducible, codon-optimized M2
reading frame in an Escherichia coli strain that constitutively
produces a ratiometric fluorescence pH sensor, pHluorin.26,27

From cells harvested after induction of M2 expression and
resuspended in buffer, the assay enables the quantification of
M2-mediated changes in intracellular pH by conversion of the
monitored fluorescence signal after a rapid lowering of the
external pH. We have tested the pHlux assay on drug resistant
and nonresistant M2 variants, analyzed their response to
known inhibitors, and compared the results to those obtained
using the M2 bacterial growth complementation assay.22 In
addition to the pHlux assay, we also report a computational
model of M2 that aimed to predict implications for the
structure of M2 upon inhibitor binding.28,29

■ EXPERIMENTAL PROCEDURES
Chemicals. Amantadine (Amt) and Rimantadine (Rim)

were purchased from Sigma-Aldrich. 3-Aza-spiro[5.5]undecane
(Azs) was purchased from Enamine. Spiro[5.5]undecan-3-
ylmethanamine (Spm) and spiro[5.5]undecan-3-amine (Spa)
were chemically synthesized from spiro[5.5]undecan-3-one,
purchased from Atlantic SciTech Group, Inc., as previously
described.30 A structural overview of the inhibitors can be
found in Table 1.

Plasmids, Bacterial Strains, and Growth Media. All
molecular biology was performed by conventional methods
unless otherwise described. Nonresistant wild type M2 protein
represented by the primary structure of the influenza A isolate
Singapore/1/1957(H2N2)31 and the M2 variant swine/Hong
Kong/2011(H3N2), termed swine flu,23 were produced from
pMAL-p2X constructs, where the M2 reading frame is inserted
in frame between those encoding an N-terminal maltose
binding protein and a C-terminal His tag fusion (Figure 1A).23

The point mutations that lead to the V27A and S31N side
chain substitutions were introduced using the Quickchange
mutagenesis method (Stratagene), according to the manufac-
turer’s instructions.
The reading frame for the pH sensitive green fluorescent

protein (pHluorin)26 was amplified from plasmid pGFPR01,27

using oligo-deoxyribonucleotides phluorin-fw-SD-EcoRI
(CCCCCGAATTCATGGAGATTAACTCAATCTAGA-
GGGTATTAATAATGAGTAAAGGAGAAGAACTTTTCA-
CTGGAGTTG) and phluorin-bw-wt-HindIII (CCCCCAAG-
CTTGCTTTTATTTGTATAGTTCATCCATGCCATGTG-

TAATCCCAGCAGCTGTTAC) carrying a 5′ end overhang
with the ribosome binding site of the murein-lipoprotein
(Lpp) encoding gene of E. coli K-12,32 as indicated by
underlining and with restriction endonuclease sites for EcoRI
and HindIII, respectively, shown in italics. The Lpp promoter
was amplified directly from chromosomal DNA of E. coli K-12
MG165533 with oligo-deoxyribonucleotides Lpp-fw-SacI
(CCCCCGAGCTCGATGAATCCGATGGAAGCATCC)
and Lpp-bw-EcoRI (CCCCCGAATTCTAGCGTTACAAG-
TATTACACAAAG) harboring the restriction sites for SacI
and EcoRI, respectively, as indicated by italics. The amplified
pHluorin reading frame and the Lpp promoter region were
digested with either EcoRI and HindIII or SacI and EcoRI,
respectively, and ligated into high-copy number plasmid
pUC18T-mini-Tn7-Km34 digested with SacI and HindIII, to
allow for Lpp promoter-controlled expression of pHluorin. The
resulting plasmid was verified by enzyme restriction analysis
and detection of phenotypical fluorescence expression with an
Axioscope 2 plus microscope (Zeiss) after transformation into
E. coli strain MG1655.33

Table 1. Structural Overview of the M2 Inhibitors Used in
This Study

Figure 1. Principles of the pHlux assay. (A) Schematic outline of the
M2 proton channel transporter construct used in this work and its
location in the E. coli inner membrane. The fusion protein
incorporating the M2 channel (amino acid residues 1−97) is
preceded by the maltose binding protein and followed by a six-
residue His tag. Maltose binding protein facilitates the incorporation
of the M2 transmembrane part into the inner membrane of E. coli to
form the active tetramer conducting proton flux in the indicated
direction. (B) Schematic outline of the procedure for the pHlux assay.
The entire process is described in detail in Experimental Procedures.
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The pUC18T-mini-Tn7-Km derivative carrying the Lpp
promoter:pHluorin fusion product (described above) was used
as a template with oligo-deoxyribonucleotides Km-phluorin-
GRG36-fw (CCCCCGCGGCCGCGACGGTATCGATAAG-
CTAGCTTAATTAGCTG) and Km-phluorin-GRG36-bw
(CCCCCCCTAGGCTGCAAGGCCTTCGCGAGGTACCG-
GGC) to generate a polymerase chain reaction (PCR) product
encoding the kanamycin resistance gene and the Lpp
promoter:pHluorin fusion cassette flanked by NotI and AvrII
restriction sites, as indicated by italics. The purified PCR
product was ligated into the pGRG36 vector,35 digested with
both NotI and AvrII. The resulting plasmid was used to
integrate the Lpp promoter:pHluorin fusion cassette together
with the kanamycin resistance gene into the chromosomal
lambda Tn7 attachment site of MG165533 by using a Tn7
transposon-based site specific integration approach as
previously described.35 The resulting strain, LR1, was verified
by PCR demonstrating the chromosomal insertion, which was
subsequently sequenced. Finally, pHluorin production was
confirmed by flow cytometry with a FACSAria III system (BD
Biosciences) and microscopy as described above.
LB650, a potassium uptake deficient E. coli strain36 that can

be complemented by expressing the M2 reading frame from
pMAL-p2X,23 was used for the growth assay as previously
described.22 Cells were grown in LB medium (10 g L−1

Tryptone, 5 g L−1 yeast extract, and 5 g L−1 NaCl, adjusted
to pH 7.0 with NaOH pellets) and LBK medium (LB in which
100 μM KCl replaced NaCl). Ampicillin (100 μg mL−1) and
glucose (1%) were added to the medium, and cells were grown
at 37 °C unless noted otherwise. For culture plates, the
medium was solidified by addition of 1.5% agar. Liquid
cultures of M2 and mutant variants, which were to be analyzed
by the pHlux assay, were inoculated with single colonies
isolated on culture plates.
Growth Assay. Growth of potassium uptake deficient E.

coli strain LB65036 is complemented by M2 expression as a
surrogate for potassium transport.22,37 LBK medium was used
for growing cultures of LB650, transformed with pMal-p2x
constructs harboring M2 or the relevant mutant variant.
Cultures were grown overnight with vigorous agitation, the
next day diluted in a 1:1000 ratio in fresh LBK medium, and
grown for 3 h. Cells were subsequently harvested by
centrifugation at 5000g for 5 min. The cell pellet was
resuspended in LB medium to an OD600 of 0.15, and 100
μL of the cell suspension was transferred to each well of a
sterile 96-well plate (U-bottom 96 Well Polysterene, Greiner
Bio-One). One volume of a mix of LB medium, IPTG, and M2
channel inhibitor was added to give a final IPTG concentration
of 15 μM and inhibitor concentrations as stated in Results and
Discussion. The 96-well plates also included controls (no
inhibitor) and a blank (no cells). The 96-well plate was
incubated in a microplate reader (Infinite M200 Pro, Tecan) at
25 °C with 30 × 15 min cycles of shaking at 300 rpm and 6
mm amplitude. Growth was monitored by OD600 measure-
ments (five flashes per read).
pHlux Assay. The workflow in the pHlux assay is

schematically outlined in Figure 1B. First, synthesis of M2
and mutant variants was induced in exponential cultures of
strain LR1, transformed with the relevant plasmids at an OD600
of 0.5, by addition of 100 μM IPTG, and growth continued for
1 h. The cells were subsequently harvested as described above,
resuspended, and diluted, to an OD600 of 0.25, in assay buffer
(McIlvaine buffer,38 consisting of 200 mM Na2HPO4 and 0.9%

NaCl adjusted to pH 7.6 with 0.1 M citric acid). Aliquots of
200 μL of the cell suspension were transferred to a 96-well
plate (Nunclon F96 MicroWell Black Polysterene, Thermo
Fisher Scientific), each well already containing 30 μL of assay
buffer with a range of drug concentrations as stated in Results
and Discussion. A control (no inhibitor) and a blank (assay
buffer only) were also included. The fluorescence measure-
ments were taken at ambient temperature in a microplate
reader (Infinite F200 Pro, Tecan) with two pairs of bandpass
filters: two 520 nm emission filters [36 nm full width at half-
maximum (fwhm), Edmund Optics] combined with 390 and
466 nm (40 nm fwhm, Edmund Optics) excitation filters. The
fluorescence emissions of each well were measured by an
alternating readout of the two filter pairs (one flash per read)
for 60 cycles right after lowering the pH by addition of 70 μL
of 300 mM citric acid and 0.9% NaCl (pH 2.0) using the liquid
handling system of the instrument. The ratio of the two
differently excited emissions [I390/I466 (Figure 2A)] was
calculated and translated into proton concentration [H+] (in
micromolar) from the interpolation described by eq 1 derived
from the fluorescence ratio−proton concentration relationship
shown in Figure 2B.
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Proton fluxes (Figure 3) were calculated from the slope of a
fit to the recorded data over a minimum time span of 5 s,
starting at the earliest 5 s after addition of the titrant, to ensure
reproducibility and complete equilibration after mixing.
Experiments were designed so that data measurements were

limited to one 96-well plate at a time, with a total experimental
run time of <1 h. The resulting data from proton flux
measurements, Pflux, in the absence or presence of varying
concentrations of the inhibitor, I, were fitted to eq 2,
describing a standard binding isotherm with a basal (residual)
proton flux, using nonlinear curve fitting in the OriginPro 9
software (OriginLab Corp.). The resulting parameters from the
fitting are Pflux0, the proton flux in the absence of the inhibitor,
KI, the inhibition constant for the inhibitor affecting M2
activity, and Pfluxres, the residual proton flux at an infinite
inhibitor concentration.
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Growth rates, μ, obtained from growth curves in the presence
of different concentrations of I, and μ0, determined in the
absence of the inhibitor, were fitted to eq 3 as described above
for eq 2 to obtain the inhibitor constant, KI.
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Alchemical ΔG Calculations. All calculations were
performed using Gromacs 5.0.6.39 The CHARMM27 force
field including the CMAP correction was used for the protein
and water, with CHARMM36 force field parameters used for
membrane lipids. The ligands’ pKa values were estimated with
ChemAxon’s pKa predictor, and the major microspecies at pH
7 were parametrized using CGenFF.40 A simulation system was
built by expanding the protein structure (Protein Data Bank
entry 2L0J), altered to the same sequence as the experimental

Biochemistry Article

DOI: 10.1021/acs.biochem.8b00721
Biochemistry XXXX, XXX, XXX−XXX

C

http://dx.doi.org/10.1021/acs.biochem.8b00721


setting, inserted in a pre-equilibrated membrane using the
inflateGRO script. The final system has 91892 atoms, 243
palmitoyloleoylphosphatidylethanolamine molecules, 19515
waters, 72 sodium cations, and 90 chloride anions. The M2
binding inhibitors were then manually placed inside the
channel, in a position intersecting the plane formed by the four
serine residues in position 31 and with the protonated amine
pointing toward the histidine residues in position 37; the
inhibitors were allowed to equilibrate for 50 ns, with the
starting structure of the ALCHEMISTRY calculation being the
last frame of this equilibration. All simulations were run in the
semi-isotropic NPT ensemble at 1 bar and 310 K using 0.5 and
5 ps coupling constants for the barostat and thermostat,
respectively. A single iteration of LINCS constraints (order of
4) was used to control the bonds involving hydrogen atoms,
with a 2 fs integration time step by a stochastic dynamics

integrator. Both Coulombic and van der Waals interactions
were calculated using particle mesh Ewald decomposition with
a mesh spacing of 0.12 nm and an order of 4.
We used the double-decoupling method28 with the virtual

bond algorithm29 to calculate ΔG. Ligand decoupling inside
the pocket was divided in 33 λ intervals, the first 11 turning on
the restrains relative to the protein, the next seven turning off
Coulomb interactions between the ligand and the rest of the
system, and the remaining 15 steps turning off the
intermolecular van der Waals interactions of the ligand inside
the pocket. The same intervals were used in the decoupling of
the ligand in water. The restraining potentials that were used
were kept for all protein−ligand state calculations and replicas,
in accordance with the double-decoupling method, with
increasing harmonic potential restraints scaled to 4184 kJ
mol−1 nm−2, 41.84 kJ mol−1 rad−2, and 41.84 kJ mol−1 rad−2

for distances, angles, and dihedrals, respectively.

■ RESULTS AND DISCUSSION
We present here a novel and high-throughput ready system
that couples M2-induced proton conduction in real time to a
fluorescence output in the cytosol of E. coli cells (Figure 1). To
facilitate the analysis of proton transport, we produced a
standard curve (Figure 2A) described by eq 1 to derive the
intracellular proton concentration based on the observed
fluorescence signal (Figure 2B).
The versatility of the pHlux assay is clearly demonstrated in

the analysis of the effect of known inhibitors, Rim and Amt,
and the newly reported drug leads, Azs, Spm, and Spa,30 on
wild type and swine flu M2 protein. In addition, we analyzed
two well-known single-amino acid changes leading to
resistance in the wild type M2 background: S31N and V27A.
For example, the assay clearly shows a substantial proton flux
through wild type M2 channels at a level much greater than the
very small background flux in cells that do not express M2
(Figure 3A). Furthermore, upon addition of Rim to the
channels there is a substantial drop in flux, reaching
background levels when the channels are saturated (Figure
3A). Similarly, the assay shows proton flux through the S31N
(Figure 3B) and V27A (Figure 3C) channels and also reveals
that this flux is not substantially decreased even in the presence
of high concentrations of Rim, in line with the notion that
these mutations give rise to drug resistant M2. To compare the
performance of the pHlux assay, we also analyzed M2
inhibition using the previously published growth complemen-
tation assay41 (Figure 4). KI values of the various inhibitors
calculated using data obtained from the growth assay or the
proton flux are listed in Table 2. As expected for both assays,
the drug resistant M2 variants were generally unaffected by
inhibitor concentrations of ≤30 μM (data not shown).
Fluctuations in proton fluxes for similar incubations

recorded in different wells within the same sample plate led
us to conduct experiments with replica incubations distributed
over the entire sample plate, but with no significant difference
in the calculated values of KI or Pfluxres (data not shown).
Inhibition of M2 by Amt and Rim was demonstrated with

both the growth assay and the pHlux assay, but only the pHlux
assay resolved a difference in the affinity of M2 for the two
inhibitors, as shown by the calculated KI for the two
compounds (Table 2). Furthermore, only with the pHlux
assay did we detect inhibition by the spiro-molecule type
compounds: Azs, Spm, and Spa. Curiously, Spa exerted
stronger inhibition of wild type M2 than Amt, though both

Figure 2. Relationship among fluorescence intensities, fluorescence
intensity ratios, pH values, and proton concentrations for the pHlux
assay. Experiments were performed as described in Experimental
Procedures. (A) LR1 bacterial cells, containing overexpressed M2
protein, prepared under proton flux assay conditions were
resuspended to an OD600 of 0.167 (accounting for missing dilution
steps compared to the standard protocol) in assay buffers ranging
from pH 5.2 to 7.8 in pH 0.2 steps. The intracellular and extracellular
pH values were equilibrated until the fluorescence emission intensity
ratios (I390/I466) remained constant (±1% standard deviation). The
emission intensities (I) were measured at 520 nm from excitations at
(△) 390 and (○) 466 nm, and (■) the I390/I466 ratio was calculated.
(B) Fluorescence emission intensity ratios from the standard curve at
390 and 466 nm (I390/I466) plotted vs (□) pH values and (●) proton
concentrations. The black line represents the fit to eq 1 (R2 = 0.998).
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Figure 3. Rim inhibition of wild type, S31N, and V27A M2 proton channels. Experiments were performed as described in Experimental
Procedures. Each line corresponds to individual wells of a 96-well plate containing an LR1 culture harboring M2 protein incubated at different
inhibitor concentrations [(■) no inhibitor, (●) KI, and (▼) 20KI, where KI = 5.5 nM for binding of Rim to wild type M2] and a control [(△) no
M2]. (A) Wild type M2. The inset shows the fluorescence intensity ratio determined from values measured at 390 and 466 nm (I390/I466)
converted to give the proton concentrations in the main figure using eq 1. Similar experiments were performed for (B) S31N and (C) V27A,
showing essentially no inhibition when Rim was added at the same concentrations used for wild type M2.

Figure 4. Comparison of the bacterial growth assay and the pHlux assay. Experiments were performed as described in Experimental Procedures.
The inhibition of M2 by Amt was assessed using each assay. (A) Growth rates, μ, from the growth assay with the wild type M2 construct are plotted
vs inhibitor concentration in the cell culture incubation and fitted to eq 3. (B) Pflux recorded using strain LR1 expressing the wild type M2
construct in the pHlux assay in the presence of an inhibitor and fitted to eq 2. The insets are log scale presentations of the same data.
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with similar Pfluxres values at full inhibitor saturation. None of
the spiro type compounds inhibited V27A30,42 when tested in
the pHlux and growth assays, a result likely to be the cause of
weaker inhibition and the inability to obtain sufficiently high
inhibitor concentrations in the growth medium. Furthermore,
inhibition of drug resistant variants of M2 with Amt and Rim,
as reported previously in electrophysiological studies,43,44

could not be confirmed with the pHlux assay. However, values
of KI for M2 inhibition obtained on the basis of the growth
complementation assay employed here22 and reported values
determined by growth inhibition,23 M2 tryptophan fluores-
cence,24 and isothermal titration calorimetry45 are all in good
agreement with values of the pHlux assay listed in Table 2.
To supplement the experimental studies, we also performed

computational studies of M2 and used a free energy
perturbation method to calculate the free energy of binding
(ΔG) for the interaction between M2 and the different small-
molecule inhibitors. We also constructed structural models of
the wild type and the two M2 variants, V27A and swine flu, to
examine whether the computational model would be able to
reproduce the resistance of these channels to the inhibitors.
The results of the free energy calculations are listed in Table 3.

We observe a dramatic decrease in affinity between the
inhibitors and M2 in the resistance mutants (∼30 and ∼40
kcal mol−1 for V27A and the swine flu variant, respectively).
Thus, the result from analysis of the computational models of
wild type and mutant M2 indicates that structural determinants
for the resistance of mutant M2 variants may be predicted from
the computational models and that the models can aid in
interpreting experimental data.

Second, we find that the computations cannot rank the
affinity of the different inhibitors for wild type M2 and that
instead the affinities of all five ligands are within error of one
another. Thus, with the computational approach and resources
used here, our free energy calculations are more useful for
detecting the large drop in affinity that results from
accumulation of the resistance mutation than for selecting
individual inhibitors.
The origin of the residual flux component, Pfluxres, in eq 2 is

still unclear. One interpretation could be that it represents
proton leakage through M2 even with a bound inhibitor. We
find, however, that cells overproducing only the maltose
binding protein from the pMAL-p2X vector lead to observed
proton fluxes of ∼1.2 nM s−1, which is higher than, e.g., the
Pfluxres of M2 inhibited by Rim. Nevertheless, we suggest that
Pfluxres can be a useful parameter in evaluating inhibitor
properties in more detail, as an increased Pfluxres displayed by
M2 variants with a bound inhibitor may still allow that given
M2 variant to promote virus infectivity.19,46−48

Even though the spiro-based inhibitors failed to inhibit
resistant M2 mutant proteins when tested in the pHlux assay,
they were able to inhibit the wild type M2 channel. The
divergent chemical structures of these candidate inhibitors
compared to those of Amt and Rim suggest that an alternative
molecular architecture may form the basis for new generations
of M2 inhibitors49 as it is already being exploited in drug
design.12,30,42,43,50,51

■ CONCLUSIONS

We have developed and validated a novel, quantitative assay
for measuring proton conduction through the M2 proton
channel, by expressing the channel in a bacterial strain that also
expresses the pH-dependent fluorescent protein, pHluorin.
Upon a jump in extracellular proton concentration, it is thus
possible to use a fluorescence-enabled plate reader to measure
M2-mediated proton flux across the bacterial membrane. The
ability to measure M2 activity easily and rapidly and in a high-
throughput manner in turn enabled us to use the assay to
determine the inhibition constants for a series of small
molecules that are known to bind to M2. Given the ease of use
and quantitative results, we expect that the pHlux assay,
potentially in combination with computational structural
models of M2 and variants, will prove to be a valuable tool
in elucidating the structure−function relations in M2 as already
demonstrated in ref 52.
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