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Background: Lys-377 mutants of the E. coli melibiose permease are defective in the cotransport of substrates.
Results: Lys-377 mutants do not bind substrates, whereas Ile-22 mutants bind Na� but not sugars. Both observations are
explained by molecular dynamics simulations.
Conclusion: Lys-377 is crucial for the organization of the binding site. Ile-22 may participate in sugar binding.
Significance: Uncovering the architecture of the substrate binding site is essential for understanding the transport mechanism.

We examine the role of Lys-377, the only charged residue in
helix XI, on the functional mechanism of the Na�-sugar melibi-
ose symporter from Escherichia coli. Intrinsic fluorescence,
FRET, and Fourier transform infrared difference spectroscopy
reveal that replacement of Lys-377 with either Cys, Val, Arg, or
Asp disables both Na� and melibiose binding. On the other
hand, molecular dynamics simulations extending up to 200 –
330 ns reveal that Lys-377 (helix XI) interacts with the anionic
side chains of two of the three putative ligands for cation binding
(Asp-55 and Asp-59 in helix II). When Asp-59 is protonated
during the simulations, Lys-377 preferentially interacts with
Asp-55. Interestingly, when a Na� ion is positioned in the Asp-
55-Asp-59 environment, Asp-124 in helix IV (a residue essential
for melibiose binding) reorients and approximates the Asp-55-
Asp-59 pair, and all three acidic side chains act as Na� ligands.
Under these conditions, the side chain of Lys-377 interacts with
the carboxylic moiety of these three Asp residues. These data
highlight the crucial role of the Lys-377 residue in the spatial
organization of the Na� binding site. Finally, the analysis of
the second-site revertants of K377C reveals that mutation of
Ile-22 (in helix I) preserves Na� binding, whereas that of meli-
biose is largely abolished according to spectroscopic measure-

ments. This amino acid is located in the border of the sugar-
binding site and might participate in sugar binding through
apolar interactions.

The melibiose transporter from Escherichia coli (MelB) cat-
alyzes the symport of the sugar melibiose and H�, Na�, or Li�

by using the cation free energy to drive the uphill transport of
the sugar (1, 2). A variety of biochemical and biophysical
approaches have resulted in a transport model comprising sev-
eral intermediate states. Cotransport with Na� or Li� involves
first cation binding, which increases the melibiose affinity. This
is followed by the binding of sugar, conformational changes
leading to an inward-open conformation, release of sugar, and,
finally, release of the cation (1, 3, 4). Some important residues
for the transport mechanism, especially for the binding step,
have been identified. Therefore, it is believed that the cation
binding site comprises at least Asp-55, Asp-59 (helix II), and
Asp-124 (helix IV), whereas the sugar most likely interacts at
least with Asp-19 and Asp-124 (helices I and IV) (2, 5, 6).

A recent important achievement has been the resolution of
the crystal structure of the melibiose transporter from Salmo-
nella thyphimurium (MelBST) at 3.35 Å, confirming the struc-
tural model of 12 transmembrane �-helices (6). The structure,
in a predominantly outward-facing, partially occluded confor-
mation, validates the alternating access mechanism for trans-
port by showing inverted topology repeats (7). On the other
hand, the structure confirms an adequate location of the side
chains proposed as ligands for the substrates. Because MelBST
and MelB have more than 85% sequence identity and, most
importantly, all essential side chains for transport are con-
served, we can use this structure to derive conformational
insights for the transport mechanism in E. coli and as a model to
perform molecular dynamics on MelB.

In this work, we investigated the role of Lys-377, the sole
charged side chain of helix XI, by analyzing the effects of replac-
ing this lysine with either Cys, Val, Arg, or Asp. We also studied
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second-site revertants from Lys-377 variants with spontaneous
mutations at position Ile-22: K377C/I22S, K377R/I22S, and
K377V/I22S (8). According to the crystallographic structure
(6), Lys-377 is located in the inner space of the protein near
Asp-55 and Asp-59 (Fig. 1), side chains that have been shown to
be important for substrate binding (5). Furthermore, Lys-377
has been proposed to interact with Asp-59 (8). On the other
hand, mutations of Lys-377 have been shown previously to be
deleterious for the transport activity (8 –10). Therefore, it is
indispensable to determine the structural and functional role of
this important side chain. With respect to Ile-22, it is located in
the other side of the central cavity, at the same level as Lys-377
(Fig. 1), and mutants of Ile-22 present a decreased transport
capability (11). Therefore, both Lys-377 and Ile-22 could be
involved in substrate binding.

Here we analyzed the effects on the binding of cosubstrates
to MelB reconstituted into proteoliposomes or embedded in
vesicles upon the exchange of Lys-377 to polar, apolar, anionic,
and cationic amino acids: K377C, K377V, K377R, and K377D,
respectively. To this end, we used intrinsic fluorescence, FRET,
and Fourier transform infrared spectroscopy (12–14). We show
that Cys, Val, Arg, or Asp mutants of Lys-377 lack cation and
melibiose binding. Furthermore, we found that the I22S and
I22A mutants preserve cation binding but no longer bind mel-
ibiose. We explain and complement the experimental findings
with the aid of molecular dynamics simulations of MelB
embedded in a hydrated lipid bilayer.

Experimental Procedures

Materials—E. coli total lipid extract was from Avanti Polar
Lipids, Inc. Synthesis of the fluorescent sugar analog 2�-(N-
dansyl)-aminoethyl-1-thio-D-galactopyranoside (D2G)6 was

carried out by Dr. B. Rousseau and Y. Ambroise (Institut de
Biologie et Technologies-Saclay, CEA, France). All other mate-
rials were of reagent grade and obtained from commercial
sources.

MelB Expression, Purification, and Reconstitution—MelB
and the mutants were cloned, expressed, and purified as
reported previously (15–17). Briefly, a recombinant pK95�AHB
plasmid with a cassette containing the melB gene encoding a
permease with a His6 tag at its C-terminal end and devoid of its
four native cysteines (Cys-less MelB) was used as a background
for further permease engineering and as a control. The proteins
were overexpressed in E. coli DW2-R (�melB, �lacZY) trans-
formed with the appropriate plasmid, grown at 30 °C in M9
medium supplemented with 0.5% glycerol, 0.2% (w/v) casamino
acids, 10 mM thiamine, and 0.1 mM ampicillin until an A600 of
1.6 –1.8 was reached. For protein purification, cells were
homogenized in medium containing 50 mM Tris-HCl (pH 8.0),
50 mM NaCl, and 5 mM 2-mercaptoethanol and disrupted using
a microfluidizer (model 110S, Microfluidics) with three passes
at 20,000 p.s.i. Cell debris was removed by low-speed centrifu-
gation for 10 min. The supernatant was collected and ultracen-
trifuged at 310,000 � g for 30 min. The membrane fraction was
incubated with 1% (w/v) 3-(laurylamido)-N,N�-dimethyl-
aminopropylamine oxide (Anatrace) for 30 min at 4 °C. After
another ultracentrifugation step at 310,000 � g for 15 min, the
supernatant was collected and loaded to a nickel-nitrilotriacetic
acid affinity resin (Sigma-Aldrich) and washed with 20 mM Tris,
100 mM NaCl, 10% Glycerol, 10 mM melibiose, 10 mM imidaz-
ole, 0.1% (w/v) dodecyl-�-D-maltopyranoside (Anatrace), and 5
mM 2-mercaptoethanol (pH 8.0). The protein was eluted at pH
8.0 with 300 mM imidazole and 0.1% dodecyl-�-D-maltopyra-
noside. MelB reconstitution into liposomes of E. coli total lipids
(protein/lipid ratio 1/2, w/w) was performed by removing the
detergent with Bio-Beads SM-2 (Bio-Rad). MelB content was
assayed by a Lowry procedure including 0.2% (w/v) sodium
dodecyl sulfate and using bovine serum albumin as the standard
(18).

Preparation of Membrane Vesicles—Right-side-out (RSO)
and inside-out (ISO) membrane vesicles were prepared from
the same culture following established methods (19). RSO ves-
icles were prepared from cells washed twice with 50 mM Tris-
HCl (pH 8.0) and pelleted at 4 °C by centrifugation at 10,000 �
g for 10 min. Upon resuspension of the pellet with 80 ml/1 g of
cells in a 50 mM Tris-HCl buffer (pH 8.0) and 30% (w/v) sucrose,
the cells were incubated at room temperature under vigorous
stirring for 1 h. 0.5 mg/ml lysozyme and 10 mM potassium-
EDTA (pH 7.0) were added simultaneously, followed by centri-
fugation at 13,000 � g. The pellet was resuspended using a glass
syringe in the smallest possible volume (3–5 ml) of KPi buffer
(pH 6.6) containing 30% (w/v) sucrose and 20 mM MgSO4, and
1 mg/ml of DNase and RNase were added. The small volume
was released in 0.5 liter of KPi buffer (pH 6.6) pre-equilibrated
at 37 °C. After 15 min of incubation under vigorous stirring, the
protoplast generation was enhanced by addition of 10 mM

K-EDTA (pH 8.0), followed by 15 mM MgSO4 after 15 min. The
6 The abbreviations used are: D2G, 2�-(N-dansyl)-aminoethyl-1-thio-D-

galactopyranoside; RSO, right-side out; ISO, inside-out; POPE, 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine; VMD, Visual Molecular

Dynamics; RMSD, root-mean-square deviation; IRdiff, infrared difference
spectra; MD, molecular dynamics.

FIGURE 1. Disposition of key side chains in the MelBST crystal structure
(molecule A of PDB code 4M64 (6). The central space containing Lys-377
and Ile-22 is shown along with the four internally located acidic side chains,
Tyr-120, and Arg-149. Helices VIII and X were removed to facilitate the visual-
ization. Shown is a side view with the periplasmic side on top.
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unbroken cells were precipitated by centrifuging the lysate at
800 � g (4 °C) for 1 h, leaving only RSO vesicles in the superna-
tant. Further centrifugation at a higher speed (16,000 � g, 4 °C)
resulted in sedimentation of the RSO vesicles. Finally, the ves-
icles were washed at least three times using KPi buffer (pH 7.0)
harboring 20 mM MgSO4 and resuspended at a protein concen-
tration of 10 –20 mg/ml in 100 mM KPi buffer (pH 6.6), frozen in
liquid nitrogen, and stored at �80 °C until use.

ISO membrane vesicles were prepared by microfluidizer
pressure. Frozen cells were thawed rapidly at 25 °C and washed
twice with 10 mM Tris-HCl (pH 8.0). EDTA (15 mM), lysozyme
(1 mg/ml), DNase (20 �g/ml), RNase (20 �g/ml), and MgSO4
(15 mM) were added and incubated at 4 °C for 30 min. The cell
debris and unbroken cells were removed by low-speed centri-
fugation for 30 min, and the supernatant was collected and cen-
trifuged at 146,000 � g for 30 min. The ISO vesicles were
washed three to four times with 100 mM KPi buffer (pH 6.6),
resuspended in the same buffer at about 10 –20 mg of protein/
ml, frozen in liquid nitrogen, and stored at �80 °C until use.

The MelB content of membrane vesicles was measured using
the histidine tag-specific reagent His-ProbeTM-HRP (Thermo
Scientific) directed against the His6 introduced at the C termi-
nus of the transporter sequence, following the protocol of the
manufacturer. In short, membrane samples (10 �g protein)
were incubated with SDS-PAGE loading buffer containing 2%
SDS for 5 min at room temperature and loaded on a 12%-SDS-
PAGE gel. After electrophoresis, the proteins were transferred
to nitrocellulose membranes, blocked with Tris-buffered saline
containing 25 mg/ml bovine serum albumin for 1 h, and washed
twice with Tris-buffered saline. The nitrocellulose membranes
were then incubated with the His-ProbeTM-HRP reagent for 1 h
at room temperature and washed three times with buffer. After
this, the nitrocellulose membranes were developed by incuba-
tion with SuperSignalWorking solution containing luminol and
peroxide and quantified with ImageJ software.

FTIR Difference Spectra—The experimental setup was the
same as that described in a previous study (14, 20). In summary,
about 20 �l of MelB containing proteoliposome suspension
(about 100 �g of protein) in 100 mM KCl, 20 mM MES (pH 6.6)
was spread homogeneously on a germanium Attenuated Total
Reflectance crystal (Harrick, Ossining, NY; 50 � 10 � 2 mm,
yielding 12 internal reflections at the sample side) and dried
under a stream of nitrogen. The substrate-containing buffer
and the reference buffer were alternatively perfused over the
proteoliposome film at a rate of �1.5 ml/min. The film was
exposed to substrate-containing buffer for 4 min and washed
with reference buffer for 10 min (or 30 min for the buffer con-
taining 50 mM melibiose). For each cycle, 1000 scans at a reso-
lution of 4 cm�1 were recorded, and a minimum of 25 spectra
were taken and averaged to increase the signal-to-noise ratio
(i.e. a total of �25,000 scans for every difference spectrum).
Spectra were recorded with an FTS6000 Bio-Rad spectrometer
equipped with a mercury-cadmium-telluride detector. Data
corrections for the difference spectra were carried out follow-
ing a protocol developed previously (20).

Quantitative Comparison of Intensity and Similarity of FTIR
Difference Spectra—Quantitative comparison of the intensity
and similarity of IRdiff spectra were performed as described pre-

viously (5). In brief, the difference spectra were normalized for
the amount of protein contributing to the IR signal in the 1700 –
1500 cm�1 interval. Quantitative comparison of two normal-
ized difference spectra (an input and a reference spectrum) was
performed by a linear regression in the 1710 –1500 cm�1 region
on the first derivative of the difference spectra and in the 1700 –
1500 cm�1 region on the second derivative of the absorbance
spectra. The correlation analysis provides two significant
parameters: the correlation coefficient (R2), which discloses the
spectral similarity of the input with respect to the reference
spectrum, and the slope, which measures the relative intensity
of common features in the input spectrum with respect to the
reference spectrum.

Fluorescence Spectra—Fluorescence measurements were
done at 20 °C with a QuantaMasterTM spectrofluorometer. The
data were processed with Felix 32 software (Photon Technol-
ogy International). Trp fluorescence spectra were acquired by
setting the excitation wavelength at 290 nm (half-bandwidth of
5 nm) and collecting the emission spectrum in 100 mM KPi
buffer (pH 7.0). Na�-dependent FRET signals (�ex, 290 nm;
half-bandwidth, 5 nm) of RSO or ISO membrane vesicles (100
�g of protein/ml) or proteoliposomes (30 �g of protein/ml)
were obtained by incubation with the sugar fluorescent analog
D2G at a final concentration of 10 �M in 100 mM KPi buffer (pH
7.0) containing 100 mM KCl.

Molecular Dynamics Simulations—The starting coordinates
where those of molecule A of MelBST (6) (PDB code 4M64). The
CHARMM-GUI server (21–23) was used to mutate the
required amino acids to those of MelB. A short energy minimi-
zation was performed in vacuo using the Nanoscale Molecular
Dynamics program (24) to remove any possible steric clash.
This E. coli MelB was inserted into a bilayer of 90 � 90 Å2

produced using the CHARMM-GUI Membrane Builder (25)
consisting of 154 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
ethanolamine (POPE) molecules by the replacement method.
In this step, the protein orientation was calculated from the
Orientations of Proteins in Membranes database by minimiz-
ing its transfer energy from water to the membrane (26). The
coordinates of this protein-lipid complex were transferred to
the Visual Molecular Dynamics (VMD) program (1.9.2 version
(27)) and was complemented with a water layer of 18 Å on top
and at the bottom of the bilayer, with water also filling the free
space in the protein interior (a total of 13,709 water molecules).
NaCl at a concentration of 0.3 M was finally added randomly
with the “Add Ions” extension of VMD (131 Na� and 135 Cl�
per MelB). The system had a total of 75,800 atoms.

The system was energy-minimized, followed by equilibration
for 200 ps using an integration step of 1 fs and NVT conditions
(constant number of particles, volume, and temperature) using
the Nanoscale Molecular Dynamics program. Equilibration
was done by slowly heating the system from 0 to 298 K in steps
of 2 K. Molecular dynamics were subsequently produced using
the ACEMD program (28) running on a personal computer
with a Graphic Processing Unit graphic card. For protein and
lipid atoms, the CHARMM force field parameters (29, 30) were
used, and, for water, the TIP3P model (31) was used. Two dif-
ferent replicas were produced for a minimum of 200 ns at con-
stant pressure and temperature using particle mesh Ewald
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method full-system periodic electrostatics (32, 33). A time step
of 4.0 fs, rigid bonds on all hydrogen-heavy atom bonds, and a
hydrogen scale parameter of 4 were used to speed up the calcu-
lations (34). When indicated, protonation of Asp-59 was done
by using the corresponding patch in the VMD extension “Auto
PSF Builder.” Root-mean-square deviation (RMSD) was calcu-
lated using the VMD extension “RMSD Visualizer Tool” after
alignment of the backbone C� atoms.

Results

Characterization of Mutants—The effect of replacement of
Lys-377 in the functionality of MelB was first assessed on Mac-
Conkey indicator plates containing 10 mM melibiose, which
give red colonies linked to melibiose entry into the cytoplasm,
subsequent metabolism, and acidification of the surrounding
outer medium. The wild-type form of MelB devoided of any
cysteine, C-less, gave red colonies, as expected, whereas cells
expressing the K377C, K377V, and K377D mutants showed a
white phenotype, indicating the absence of inward transloca-
tion of melibiose. K377R showed a slightly pink color, indicative
of the presence of small melibiose entry, either passive or active.

As an additional characterization, the structure-sensitive
infrared amide I and II protein backbone vibrations of the lipo-
some-reconstituted MelB were used to assess whether signifi-
cant modifications of the overall MelB structure could be intro-
duced by the mutations at Lys-377. Only two slight spectral
changes were observed in the amide I and II region of either the
absorbance or the second derivative spectra (Fig. 2). The amide
I maximum downshifted from 1658 cm�1 in WT and C-less to
about 1656 cm�1 in all variants, indicating the presence of
minor modifications in the environment of transmembrane �
helices upon the exchange of Lys-377. A band at around 1630
cm�1 slightly incremented its absorbance in the variants. On
the basis of its wave number, we can argue about the formation
of � sheets or about H-bonding/protonation changes of the side
chains of Lys, Arg, or Asn residues (35–37). However, it is evi-
dent that no gross structural alteration was introduced by any
of the mutations on Lys-377, indicating that the overall native

MelB structure was retained in these mutants. Additionally, no
aggregation signals were noted in the infrared spectra around
1631 cm�1 (38).

Defective Binding of Substrates to Lys-377 Mutants: Infrared
Difference Spectra—The substrate-induced infrared difference
spectra (IRdiff) of purified MelB reconstituted into liposomes
provide a means to detect substrate binding to the transporter
and to analyze the triggered conformational changes (20). First,
Fig. 3A compares the Na�-induced IRdiff spectrum of C-less
with those of some Lys-377 mutants. In each case, the differ-
ence spectrum consists, in comparison with C-less, of a feature-
less line indicative of a lack of interaction between the added
Na� and the mutated transporter, even at 50 mM NaCl (about
15 times above the affinity constant for C-less (4)). Second, a
comparison of 50 mM melibiose-induced IRdiff spectra in the
presence of Na� of the Lys-377 mutants with those of C-less is
shown in Fig. 3B. Again, a featureless signal is observed, indi-
cating the absence of an interaction between the sugar and the
mutated MelB. Quantification of the similarity and the inten-
sity of these difference spectra was carried out by a spectral
correlation analysis (5) and is presented in Fig. 3, right panels. It
is clear that none of the Lys-377 mutants produce any quanti-

FIGURE 2. Spectral comparison of Lys-377 mutants to WT and C-less MelB
using the structure-sensitive amide I and II vibrations. A, FTIR absorbance
spectra of hydrated samples after correcting for water contributions. B, the
second derivative in the amide I/II region provides details about structural
changes induced by the mutation. The second derivative spectrum of each
mutant and of WT is compared with that of C-less (black).

FIGURE 3. Substrate-induced infrared difference changes of MelB recon-
stituted into proteoliposomes. Substrate-induced IRdiff spectra at 4-cm�1

resolution of MelB C-less, K377C, K377V, K377R, and K377D at 25 °C (20 mM

MES and 100 mM KCl (pH 6.6)) normalized to the amount of probed protein. A,
50 mM Na�-induced IRdiff spectra. B, 50 mM melibiose-induced IRdiff spectra in
the presence of 10 mM Na�. The spectral similarity and intensity of the sub-
strate-induced IRdiff spectra are shown in the right panels. The error bars cor-
respond to the mean � S.E. of three independent spectra.
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fiable signal upon substrate incubation, corroborating the vis-
ual inspection of the difference spectra.

Fluorescence Experiments—Fig. 4A shows the changes in fluo-
rescence intensity of Trp residues of MelB reconstituted into
proteoliposomes upon substrate binding. As for the IRdiff spec-
tra, no response was obtained upon consecutive addition of
melibiose and Na� from any of the Lys-377 mutants, even at
high substrate concentration. The only exception was the con-
servative K377R variant, for which a small signal was observed
upon Na� addition after incubation with melibiose.

The fluorescent sugar analog D2G allows a more sensitive
approach to detect substrate interaction. It has been demon-
strated previously that FRET from Trp side chains to D2G

occurs when D2G binds to MelB (13), which further increases
upon Na� binding and decreases upon D2G displacement by
addition of melibiose in excess (Fig. 4B, C-less). As shown in Fig.
4, no FRET was observed upon incubation of proteoliposomes
with the fluorescent sugar analog D2G, in contrast to C-less.
Again, the only exception is K377R. It shows a modest response
to D2G addition, weakly sensitivity to the addition of Na� and
melibiose (Fig. 4B). In summary, the lack of substrate-induced
changes in Trp fluorescence and in the FRET between Trp and
D2G is in keeping with the absence of an interaction between
the substrates and the Lys-377 mutants, in agreement with the
results from IRdiff spectroscopy.

The previous spectroscopic experiments were carried out on
proteoliposomes in which MelB has an orientation opposite to
that in the cell (4, 39). The absence of binding of the mutated
protein when reconstituted in proteoliposomes could be due to
a conformation locked open toward the inward-facing space, as
reported previously for R149C (39), or to an irreversible dena-
turizing effect of detergents during protein purification
(although the spectral comparison in Fig. 2 argues against this
last possibility). To fully discard the above possibilities, we ana-
lyzed the binding of substrates directly in RSO and ISO vesicles
(39). We quantified the amount of MelB in the vesicles using the
His probe HRP and found a MelB content comparable with that
of control vesicles containing C-less. FRET experiments with
membrane vesicles confirmed the results gathered from study-
ing proteoliposomes, i.e. no FRET was observed upon D2G
incubation, and there was no FRET enhancement upon addi-
tion of Na� for any Lys-377 variant (data not shown). The only
exception was K377R, for which a small effect was observed in
both RSO and ISO vesicles.

In summary, the spectroscopic experiments strongly suggest
that a Lys at position 377 is required for the binding of sub-
strates. The requirement of Lys-377 for cation binding is espe-
cially intriguing given its positive charge, which makes Lys-377
an unlikely ligand for Na�. To better understand the role of
Lys-377 in cation binding, we performed all-atom molecular
dynamics simulations (see below).

Spontaneous Second-site Revertants of Lys-377 Mutants Par-
tially Restore the Substrate-binding Capacity—Second-site
revertants of defective single-site mutants have been described
that recover the transport ability to some extent. For K377C, it
has been reported that the additional mutation I22S restores
the red color of colonies grown on MacConkey plates (8). Sur-
prisingly, no active transport was detected for K377C/I22S
when using radioactive melibiose (8). A possible explanation of
this discrepancy was that the [3H]melibiose concentration used
in the transport experiments was about 300 times lower than
that used in the MacConkey plates (29 mM), reflecting a lower
affinity for the substrates in the revertants (8). Therefore, it was
of interest to examine substrate binding to these revertants by
using a similar concentration as that used for the native MelB.
We obtained the same spontaneous revertants, K377C/I22S,
K377R/I22S, and K377V/I22S, described previously in the
transport studies on MacConkey plates (8).

To identify the molecular origin of the revertant effect, we
analyzed the behavior of the second-site revertants involving
Ile-22 with respect to their capacity to bind substrates. To this

FIGURE 4. Substrate-induced changes in protein fluorescence emission
and FRET of MelB in proteoliposomes. A, tryptophan fluorescence intensity
changes in proteoliposomes (�ex 	 290 nm; half-bandwidth 	 5 nm, and �em
	 325 nm; half-bandwidth 	 5 nm) containing purified C-less, K377C, K377V
K377R and K377D at 20 �g/ml in 100 mM KPi after the consecutive addition of
sugar and Na� to a final concentration of 50 mM (arrows). B, FRET from Trp side
chains to D2G (�ex 	 290 nm) in nominally Na�-free 100 mM potassium phos-
phate and 100 mM KCl. Emission fluorescence was recorded before and after
the consecutive additions of 15 �M D2G, 50 mM NaCl, 50 mM melibiose, and
150 mM melibiose as indicated. Each spectrum is the mean of three scans.
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end, we used the site-directed single mutant I22S as a reference.
Although I22S shows a Na�-induced IRdiff spectrum very sim-
ilar to C-less, the IRdiff spectra of the double mutants indicate
strongly reduced Na� binding (Fig. 5).

Surprisingly, the I22S single mutant elicited a near complete
absence of melibiose-induced IRdiff spectrum (Fig. 5B), much
like the Lys-377 single mutants (Fig. 3B). To see whether the
non-polar to polar change in the I22S mutant could be delete-
rious, we also examined the I22A mutant and observed the
same absence of melibiose binding activity (Fig. 5B). Consistent
with these results, none of these single or double mutants dis-
played any substrate-induced intrinsic fluorescence signal or
D2G FRET in proteoliposomes (Fig. 6). The binding of sub-
strates was also investigated by measuring FRET directly in
RSO and ISO membrane vesicles, which does not involve any
solubilization or purification process. Although the MelB pro-
tein content of these vesicles detected with the His tag-specific
reagent HRP was comparable with C-less, no signal of the sugar

analog D2G could be detected, a result consistent with the lack
of sugar binding concluded from the IRdiff and intrinsic fluores-
cence data (data not shown).

Molecular Dynamics Simulations—The MelBST-A crystal
structure (6) was used as a template for E. coli MelB by mutating
all side chains of MelBST that differ from those of MelB (a total
of 60 replacements). After a short energy minimization in vacuo
to remove steric clashes, the MelB structure was included in a
bilayer of POPE because the major head group component of
the E. coli membrane lipids is phosphatidylethanolamine (40).
Layers of waters including accessible areas of the protein inte-
rior and 0.3 M NaCl were added to achieve a neutral system (Fig.
7A). The system was first energy-minimized, followed by an
equilibration step to warm up slowly from 0 to 298 K, and then
two replicas of molecular dynamics were performed. The plot
of the RMSD of the C� backbone atoms shows that the protein

FIGURE 5. Substrate-induced infrared difference changes of MelB I22
mutants and Lys-377 double mutants reconstituted into proteolipo-
somes. Substrate-induced IRdiff spectra at 4-cm�1 resolution of MelB C-less,
Ile-22 mutants, and Lys-377 mutants. A, 50 mM Na�-induced spectra. B, 50 mM

melibiose-induced spectra in the presence of 10 mM Na�. Right panels, the
respective intensities and similarities are plotted with respect to C-less. The
experimental conditions were as indicated in Fig. 3.

FIGURE 6. Substrate-induced changes in protein fluorescence emission
and FRET of MelB in proteoliposomes. A, time course of Trp fluorescence
intensity upon substrates incubation in proteoliposomes (�ex 	 290 nm,
�em 	 340 nm) for the indicated MelB mutants. B, FRET signal between MelB
Trp and D2G (�ex 	 290 nm) in proteoliposomes. The experimental conditions
were as indicated in Fig. 4.

Melibiose Transporter Substrate Binding Site Organization

16266 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 26 • JUNE 26, 2015



drift from the initial structure stabilizes at about 20 ns to a value
of around 4 Å (Fig. 7B). At 2 ns, the RMSD is 2.2 Å, providing
evidence for good dynamic stability of the simulation (41). No
entry of Na� was detected in these simulations. From the very
beginning of the simulation, Lys-377NZ (HXI) moved from
interacting with Tyr-120OH (HIV) to the dyad Asp-59/Asp-55
(HII) (Fig. 7A), forming a bidentate ionic bond (about 3.7 Å
between the NZ atom of Lys-377 (HIV) and the CG atom of
either Asp-59 or Asp-55 in helix II). The stabilized distance
between Lys-377NZ (HXI) and Tyr-120OH (HIV) was around 10
Å (Fig. 7C). On the other hand, Asp-124 (HIV) moved to form
another cluster with Arg-149 (HV), Lys-18, and Asp-19 (HI),
with a stabilized distance of 2.7 Å between Asp-124OD1 (HIV)
and Lys-18NZ (HI). The two cationic clusters appear to be sep-
arated by Tyr-120 in helix IV (Fig. 7A).

On the other hand, Asp-59 (HII) is located in the crystal
structure in a non-polar environment that could raise its pKa
and, therefore, remain protonated at neutral pH according to
calculations (6). To check for the effect of this protonation
state, we repeated the same MD simulations by keeping Asp-59
protonated. In this case, Lys-377NZ (HXI) moved from interact-
ing with Tyr-120OH (HIV) toward Asp-55 (HII) with a stabi-
lized distance of 3.5 Å between Asp-55CG and Lys-377NZ (Fig. 8,
A and B). The distance between Lys-377NZ (HXI) and Tyr-
120OH (HIV) was around 8 Å (Fig. 8B). Therefore, regardless of
the protonated state of Asp-59, Lys-377 moved away from Tyr-

120OH and formed ionic interactions with the Asp-55 side
chain and also with the deprotonated form of the Asp-59 side
chain during the simulations. The behavior of Asp-124 (HIV)
was similar to that of deprotonated Asp-59: it moved toward
the cluster formed by Lys-18, Asp-19, and Arg-149 with a sta-
bilized distance of 2.7 Å between Asp-124OD1 and Lys-18NZ.

Asp-124 Moves toward the Cationic Site upon Na� Binding—
It has been hypothesized that Asp-55 and Asp-59 are ligands to
Na�. Furthermore, a conformational change involving Asp-124
has been suggested to follow Na� binding (5, 6). To find out the
effect of Na� binding on the Lys-377 (HXI) and the Asp-55/
Asp-59 dyad (HII), we manually inserted an Na� in place of a
water molecule located between the two Asp side chains and
performed MD simulations as above. The cation remained
close to both side chains during the length of the simulations,
whereas Asp-124 (HVI) moved toward the Na� (Fig. 9A).
Therefore, when Na� binds to its putative binding site, Asp-124
points toward the Asp-55/Asp-59/Lys-377/Na� cluster, leav-
ing the Lys-18/Asp-19/Arg-149 region. It is apparent that the
three acidic side chains become Na� ligands and that the com-
plex is stabilized by Lys-377 to compensate for the excess of
negative charge (Fig. 9B).

Discussion

In this work, the important role of Lys-377 in the MelB struc-
ture and transport mechanism is demonstrated. Mutants of

FIGURE 7. Molecular dynamics of MelB. A, the simulated system after equilibration for 200 ps. The expanded figure shows a snapshot of the proposed cation
binding site environment after 200 ns of simulation. The protein is shown as a schematic (blue), with the cytoplasmic side at the bottom. The POPE bilayer (light
blue) and the waters (red) are drawn in lines. Na� (blue) and Cl� (red) are drawn in a van der Waals representation. The MelBST-A crystal structure (PDB code
4M64) (6) was mutated in all amino acids corresponding to those of MelB, minimized briefly, and included in a bilayer of POPE with layers of water molecules
and NaCl 0.3 M finally added (see “Experimental Procedures”). The figure was generated with VMD software (25). B, drift from the initial structure as measured
by the RMSD of backbone C� atoms. C, time course of the specified distances, indicative of the location of the NZ atom of Lys-377 interacting with the CG atom
of Asp-55 and Asp-59 but distant from the OH atom of Tyr-120 or the CG atom of Asp-124.
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Lys-377 that have been found previously to be deficient in sugar
transport (8 –10) are shown here to be unable to bind Na� and
melibiose, as shown by infrared difference spectroscopy and
fluorescence experiments.

As first proposed by Wilson and co-workers (8 –10), it is
likely that Lys-377 (HXI) interacts with Asp-59 and Asp-55
(HII) to form an ionic complex, at least during certain steps of
the transport cycle. However, in the crystal structure of MelBST,
Lys-377 interacts with Tyr-120 and not with Asp-55 or Asp-59
(6). Furthermore, the apparent pKa of Asp-59 may attain values
of around 9, according to empirical calculations (6), implying a
protonated neutral side chain at neutral pH not very well suited
for being a ligand for Na�. However, it is not clear whether the
interaction of Lys-377 with Tyr-120, or the apparent high pKa
of Asp-59 inferred in the crystal structure corresponds to the
real state of the empty MelB. The crystal lattice might provide
an environment differing from the lipidic membrane, exacer-
bated by the artificially low temperatures commonly used to
protect the crystal from x-ray radiation damage. In addition, the
relative low resolution of the electron density provided by the
diffraction pattern (3.35 Å) might be insufficient for an unam-
biguous location of amino acid side chains and for the resolu-
tion of internal water molecules.

MD simulations of MelB embedded in a POPE bilayer show
that Lys-377 leaves the interaction with Tyr-120 (as observed in
the outward-facing, partially occluded conformation of MelBST
in the crystal structure) and points toward Asp-55 and Asp-59.
In this manner, in the empty transporter, the negative cluster
formed by Asp-55 and Asp-59 is stabilized by Lys-377 and by
water molecules. The ionic bond Lys-377-Asp-59 and the sur-
rounding water molecules increase the polarity of the carboxy-
late group, therefore decreasing the apparent pKa of Asp-59 to
values slightly below 4, as estimated with PROPKA (42). When
Asp-59 is set as protonated during the MD simulations, Lys-377
points toward Asp-55. Therefore, a structural role essential for
the correct formation of the active site of the cosubstrate is
envisaged for Lys-377. Earlier studies have shown an absence of
Na�-coupled melibiose transport for mutants of Asp-55, Asp-
59, or Asp-124 (43– 46). In a previous work, we studied mutants
of these side chains and showed that Asp-55 and Asp-59 are
essential ligands for Na� (5). Regarding the role of Asp-124, we
showed that it is an essential residue for sugar binding, required
as well for normal Na� binding and Na�-induced conforma-
tional changes (5). Most likely, Asp-124 interacts with Na�

when the cation is bound to Asp-55 and Asp-59 (5, 6). Further-

FIGURE 8. Simulation of MelB with Asp-59 protonated. A, snapshot of the substrate binding sites region of MelB with Asp-59 protonated after 220 ns of
simulation. B, time course of the distances between the NZ atom of Lys-377 and the CG atom of Asp-55 or the OH atom of Tyr-120.

FIGURE 9. Organization of the Na� binding site. A, snapshot of the pro-
posed binding site environment of MelB with a Na� positioned initially
between Asp-55 and Asp-59 after 330 ns of simulation. B, detail of the Na�

binding site showing the ligands from the protein.
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more, a close proximity between Asp-55 and Asp-59 is probably
required for Na� binding because we know that mutants of
Asp-55 or Asp-59 alone lack Na� binding (5, 43– 46). We there-
fore suggest that the main role of Lys-377 is to stabilize the
inner region of MelB by compensating repulsive interactions
between the anionic side chains of Asp-55 and Asp-59. On the
other hand, it is not implausible that, besides its stabilizing role,
Lys-377 could also act as ligand to the sugar. In this line, the
involvement of Lys side chains in sugar binding has been doc-
umented in several sugar transporters, such as the lactose per-
mease LacY (47) or the sodium galactose transporter vSGLT
(48). The importance of Lys-377 forming a cluster with Asp-55
and Asp-59 is fully consistent with the total level of conserva-
tion of Lys-377 among the members of the glucoside-pento-
side-hexuronide:cation symporter family, including the lactose
permease from Streptococcus thermophilus and the isopri-
meverose permease from Lactobacillus pentosus. Asp-55 and
Asp-59 also show high conservation. Even the mammalian
MFSD2A transporter shows these three amino acids in an
equivalent position (49, 50).

On the other hand, the structure of the empty transporter
after MD simulation shows that Ile-22 outlines a second
charged cluster formed by Lys-18, Asp-19, Arg-149, and Asp-
124 (Fig. 7A). The side chains of Asp-19 and Asp-124 are essen-
tial for transport because they are putative ligands for the sugar
(5), whereas Arg-149 has a structural role (39). We performed
experiments on Ile-22 mutants showing that it is irrelevant in
Na� binding but that it does play a role in melibiose binding. A
possible role of Ile-22 as a ligand for melibiose seems contradic-
tory with the reported active transport of Ile-22 mutants (11).
However, a situation of low affinity but high transport turnover
could account for the observed 40% transport of I22C in ISO
vesicles and 87% transport in DW1 cells (11). It is of help to
consider other mutations involving Ile-22. Therefore, I22S has
been described as partly compensating the loss of the negative
charge in E142C (4), and mutations at Ile-22 have been found as
second-site revertants for A350C, A383C, L391C, and G395C
(8, 51). Given the diversity of locations of these side chains, it
seems evident that further experiments are needed to establish
an unequivocal role for Ile-22. Therefore, two areas for the
binding of the cosubstrates become apparent, connected by
Asp-124 (HIV). The cationic site comprises at least the Asp-55
and Asp-59 side chains (HII), with participation of Asp-124
(HIV). The sugar site comprises at least the Asp-19 side chain
and, possibly, Lys-18 (HI), with additional participation of Asp-
124. Tyr-120 (HIV) appears to separate the two areas. Being
located between the two binding sites, Asp-124 most probably
can orient indistinctly toward the cationic or the sugar site,
giving rise to conformational changes upon cation binding that
increase the sugar affinity, as proposed previously (5, 6). The
MD simulations run after placing a Na� in the Asp-55/Asp-59
environment clearly give credit to this presumption because, in
this case, Asp-124 moves toward the Asp-55/Asp-59 site.

Interestingly, MD simulations support suggestions claiming
a particular nature of Na� ligands in MelB compared with other
transporters (1, 5, 6, 44 – 46, 52). As depicted in Fig. 9, at the end
of 330-ns MD, the Na� is ligated by three Asp side chains, with
distances between the Na� and the oxygen atoms ranging from

2.2 to 2.7 Å (one from Asp-55, two from Asp-59, and one from
Asp-124). A fifth ligand corresponds to the backbone O from
Tyr-120 (2.5 Å). In contrast, in other transporters of known
structure, the Na� ligands mostly comprise oxygen carbonyls
from the peptide backbone (53–56).

Our approach permits further exploration of the role of Arg-
149 (39). On one hand, its location forming an ionic bond with
Asp-19 in the crystallographic structure suggests that it could
serve as a ligand for the sugar (6). However, at the end of the
simulation, either in the presence or the absence of Na�, Arg-
149 is 9 –10 Å from Asp-19 and is interacting with Trp-342 and
Trp-128. Moreover, it has been shown that the R149C mutant
in ISO vesicles or reconstituted into liposomes is able to bind
melibiose, whereas R149C in RSO vesicles does not (39). There-
fore, in this latter work, a role in the inward/outward reorien-
tation mechanism has been proposed for Arg-149. Therefore,
mutation of Arg-149 may not much affect the sugar affinity, as
observed experimentally (39), but, instead, it may abolish or
greatly impede the initiation of conformational changes leading
to the inward-open conformation and, therefore, hamper sugar
transport.

In conclusion, the most salient information derived from this
study of MelB is the implication of a cluster of three Asp resi-
dues of the N-terminal domain (HII-HIV) in the coordination
of the coupling Na� and its stabilization by Lys-377 in the
C-terminal helix XI. Combining this knowledge with that of the
recently solved three-dimensional structure of this permease
opens a tantalizing perspective to gain insights not only into
the molecular basis of the unique ionic selectivity profile of
MelB or that of other members of the GPH family but also into
the coupling process governing the ion (or H�)-coupled trans-
port mechanism of these permeases.
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