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ABSTRACT: Fourier transform infrared difference spectroscopy has been used to obtain information about
substrate-induced structural changes of the melibiose permease (MelB) fromEscherichia colireconstituted
into liposomes. Binding of the cosubstrate Na+ gives rise to several peaks in the amide I and II regions
of the difference spectrum Na+‚MelB minus H+‚MelB, that denote the presence of conformational changes
in all types of secondary structures (R-helices,â-sheets, loops). In addition, peaks around 1400 and at
1740-1720 cm-1 are indicative of changes in protonation/deprotonation or in environment of carboxylic
groups. Binding of the cosubstrate Li+ produces a difference spectrum that is also indicative of
conformational changes, but that is at variance as compared to that induced by Na+ binding. To analyze
the following transport steps, the melibiose permease with either H+, Na+, or Li+ bound was incubated
with melibiose. The difference spectra obtained by subtracting the spectrum cation‚MelB from the respective
complex cation‚melibiose‚MelB were roughly similar among them, but different from those induced by
cation binding, and more intense. Therefore, major conformational changes that are induced during melibiose
binding/substrate translocation, like those denoted by intense peaks at 1668 and 1645 cm-1, are similar
for the three cotransporting cations. Changes in the protonation state and/or in the environment of given
carboxylic residues were also induced by melibiose-MelB interaction in the presence of cations.

The melibiose permease (MelB)1 from Escherichia coli
transports the disaccharide melibiose into the cell by using
the transmembrane electrochemical gradient of Na+, Li+, or
H+ (1). MelB is a member of the large family of Na+-solute
symporters that is predicted to consist of 12 transmembrane
R-helices with the N and C termini located in the cytoplasm
(2-4). More direct evidence for the 12 transmembrane motif
has been recently obtained upon 2D crystallization of MelB
(5). Several works have allowed the determination of two
regions responsible for cation binding and sugar binding,
respectively. The cationic binding site appears to be located
in the NH2-terminal domain of the permease (6-8), whereas
the sugar-binding site seems to be lined by the C-terminal
helices IX and X (9, 10). Site-directed mutagenesis has also
been used to identify other important residues for binding

and transport (7, 11-16). In this way, it has been hypoth-
esized that at least two loops are involved in the cotransport
mechanism. Gwizdek et al. (4) showed that loop 4-5 is near
or is a part of the cation-binding site, and a role for helix IV
in connecting cation- and sugar-binding sites has been
hypothesized (17). The highly conserved loop 10-11
containing several Asp and Glu residues has been implicated
in the sugar binding/translocation (18). Similarly, cysteine-
scanning mutagenesis has given a rough picture about the
relative positions of some helices (19, 20).

In this work we further investigated conformational
changes involved in substrate binding and translocation
aiming at learning, among other aspects, how the cosubstrate
binding increases the melibiose affinity and how both
substrates are translocated and released. The first demonstra-
tion of substrate-induced changes of MelB conformation was
obtained by monitoring the fluorescence of tryptophan
residues (9, 21). In those works, it was pointed out that the
changes in permease fluorescence reflect conformational
changes occurring upon the formation of ternary sugar/cation/
permease complexes. Furthermore, the analysis of fluores-
cence resonance energy transfer allowed the characterization
of cooperative changes of the structure of the sugar-binding
site or of its immediate vicinity induced by ion binding (10,
22).

Later on, analysis of MelB secondary structure by decon-
voluted Fourier transform infrared (FTIR) spectra indicated
the presence of conformational changes upon substrate
binding (23). This was corroborated by substrate-induced
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variations in the amount and the rate of proton/deuterium
exchange (24). We have now chosen FTIR difference
spectroscopy as a powerful and sensitive method to detect
not only subtle conformational changes in the protein induced
by substrate binding and translocation but also changes in
the protonation state of ionizable side chains (25, 26).

MATERIALS AND METHODS

Sample Preparation and Data Acquisition.MelB produc-
tion and purification and preparation of MelB proteolipo-
somes were carried out as described (24). A sample of 20
µL of a proteoliposome suspension (about 150µg of protein)
was spread homogeneously on a germanium ATR crystal
(50 × 10 × 2 mm, Harrick, Ossining, NY, yielding 12
internal reflections at the sample side) and dried under a
stream of nitrogen. The substrate-containing buffer and the
reference buffer (containing or not MelB substrates) were
alternatively perfused over the proteoliposome film at a rate
of ≈1.5 mL/min. The film was exposed to the substrate-
containing buffer for 4 min and washed with the reference
buffer for 10 min (15 min when the substrate-containing
buffer had 50 mM melibiose). The switch of buffers was
carried out by a computer-controlled electro valve. For each
cycle, 500 scans at a resolution of 4 cm-1 were recorded
and a total of 50 spectra were taken and averaged in order
to increase the signal-to-noise ratio, i.e., a total of 25000
scans for every difference spectrum. Each experiment took
about 10 h to be completed, and a minimum of two separate
experiments using newly prepared films were done for each
condition. Spectra were recorded with a FTS6000 Bio-Rad
spectrometer, equipped with a mercury-cadmium-telluride
detector. Sample temperature was adjusted to 20°C using a
cover jack placed over the ATR crystal and connected to a
circulating thermostatic bath. The cover jack temperature was
controlled with a fitted external probe.

Data Corrections.The experimental difference spectrum
contains four possible contributions: (i) sample (protein and
lipid) difference spectrum induced by the substrate(s); (ii)
water difference spectrum induced by the substrate(s) (27);
(iii) absorbance of the substrate(s) (in our case melibiose or
saccharose, since the cations do not absorb); (iv) change in
the swelling of the film, with an apparent gain/loss of water
with a concomitant apparent loss/gain of sample (protein and
lipid). The latter contribution was corrected by subtracting,
from the experimental difference spectrum, an absorption
spectrum of MelB proteoliposomes in the substrate-contain-
ing buffer. The subtraction factor used was that able to
remove the lipid CH2 bands at 2920 and 2850 cm-1.
Contributions ii and iii were corrected subtracting from the
experimental difference spectrum a difference between the
substrate-containing buffer and the reference buffer. The
subtraction factor was adjusted to flatten the water band
between 3700 and 2800 cm-1 and to remove bands coming
from the substrates (melibiose and saccharose give an intense
band at 1080 cm-1, whereas cations give no bands).

Controls. Sample losses, temperature changes, or spec-
trometer instabilities can generate by their own fictitious
bands in difference spectra. To evaluate these possible
problems, we obtained differences for MelB films using the
same buffer in both containers. No signal was observed in
the difference spectrum, demonstrating the reliability of the

experimental setup. Another control was to check thatE.
coli lipids do not produce difference spectra upon cation and/
or melibiose interaction by their own. To this end, a film of
E. coli lipids was spread on the germanium crystal, dried,
and perfused with the corresponding buffers. After correc-
tions, no bands were observed in the difference spectrum.
Finally, to ascertain if the time exposure of the proteolipo-
some film to the substrate-containing buffer and posterior
washing with buffer alone was long enough, the film was
exposed to the substrate-containing buffer for 3, 10, 20, or
30 min and cleaned for 30 min with the reference buffer.
No changes were observed between these differences, except
for small perturbations in the baseline at the amide II region
for longer time exposures.

Spectra DeconVolution. Deconvolution by the maximum
entropy method was applied to difference spectra to resolve
overlapped bands. Deconvolution strongly enhances the noise
in the data. Therefore, for being applicable to real data,
deconvolution must operate with some noise suppression.
The most habitually used deconvolution method is Fourier
deconvolution (FD), which discriminates between signal
(noiseless data) and noise only on the basis of their
frequency. This approach has two important limitations: (i)
a frequency cut-point should be selected, making the result
rather arbitrary; (ii) for some frequencies, signal and noise
contributions are both significant, so we either dismiss
available true signal or include important noise in the
deconvolution result. Therefore, in FD we are constrained
to obtain less narrowing and more noise enhancement than
it is possible. On the other hand, maximum entropy decon-
volution (MaxEntD) follows another approach for the
discrimination of noise and signal. Signal is discriminated
from noise on the basis of its property for describing the
data while keeping the deconvolution solution simple,
whereas noise does not. Data description is measured by chi-
square function, whereas solution simplicity is measured by
some entropy expression. In this way, we obtain the simplest
deconvolution solution that is consistent with the data. It has
been shown that MaxEntD outperforms FD, especially at low
signal-to-noise conditions. Recently, we have introduced a
new entropy expression that is particularly suited for the
deconvolution of difference spectra (28). Deconvolution was
performed using a Lorentzian band of 7 cm-1 width. This
value was determined from the spectra as described (29).
For the maximum entropy deconvolution, the same regular-
ization parameter was used for all spectra. Its value was
derived in accordance with the spectral noise content (28).

RESULTS

Na+ and Li+ Binding. Transport of melibiose by MelB
can be coupled to Na+, Li+, or H+ cotransport (11).
Therefore, we first examined the changes induced by binding
of the coupling ions Na+ or Li+, with reference to MelB
with H+ bound. Figure 1A shows the absorbance spectra of
a film of MelB reconstituted withE. coli lipids, recorded in
the presence and absence of Na+. At first sight, the spectra
are indistinguishable. Hence the difference spectrum Na+‚
MelB vs H+‚MelB was computed (Figure 1B). The differ-
ence spectrum was found to be specific for interaction of
the cotransported ion with the transporter, as neither addition
of Ca2+ to MelB proteoliposomes nor Na+ interaction with
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a film of E. coli lipids alone produced significant spectral
differences (data not shown). Although the majority of peaks
in the difference spectrum of Figure 1B appear sufficiently
narrow to presume that no overlapping between the peaks
exists, the difference spectrum was deconvoluted to ensure
that no band was overlooked, especially in the region 1640-
1600 cm-1 (Figure 1C). The signal-to-noise ratio of the
difference spectra is sufficiently high to admit deconvolution
by the maximum entropy method (28), as evidenced by the
low noise level above 1750 cm-1. Fourier deconvolution gave
similar spectra, albeit with higher noise (not shown). On the
other hand, it should be noted that, since narrow bands are
favored by deconvolution, broad bands are less prominent
in the deconvoluted spectrum (e.g. the band at 1740 cm-1).
All deconvoluted difference spectra described in this work
were highly reproducible.

Some peaks may reflect changes in the secondary structure
whereas others may be due to changes in residue side chains.
Additionally, there may be a likely lipid contribution to the
spectral changes around 1740 cm-1 or below 1500 cm-1 that,
for the sake of space, we will not consider. In the amide I
region (1700-1610 cm-1), large peaks are detected at 1658
and 1651 cm-1, i.e. at the level of absorbance signals
previously attributed to 2 distinct types of helical structures
(type I and II, respectively (23)). It is striking that the two
different helix signals vary in opposite directions (1658 (+);
1651 cm-1(-)). The peak at 1640 cm-1 (+) may correspond
to changes ofâ-sheet signal (23) whereas the intense peak
at 1701 cm-1 (+) (30) and that at 1686 cm-1 (-) may reflect
changes in the environment of reverse turns (23). Interpreta-
tion of the peak at 1663 cm-1 (-) is more difficult, as this
position may correspond to signal variation arising either

FIGURE 1: Absorption and difference spectra of Na+‚MelB and H+‚MelB. (A) ATR-FTIR absorption spectra of a rehydrated film of MelB
in NaCl 10 mM, 20 mM MES, 100 mM KCl, pH 6.6 (Na+‚MelB, continuous black trace) or in 20 mM MES, 110 mM KCl, pH 6.6
(H+‚MelB, dashed gray trace), after buffer subtraction. A total of 25000 scans at a resolution of 4 cm-1 were averaged for each spectrum.
(B) Difference between the spectra Na+‚MelB and H+‚MelB shown in panel A. (C) Deconvoluted spectrum of the difference shown in
panel B.
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from R-helix or from loops (31). An additional indication
of Na+-induced change in MelB secondary structure is given
by the appearance of the pair of peaks at 1550 (+) and 1540
cm-1 (-) in the amide II region (26). Of particular interest
is to note that other spectral peaks suggest changes in the
protonation state and/or environment of MelB acidic residues
as well as change in the contribution of other side chain
residues (32). Thus, the peaks at 1403 (+, COO- symmetric
vibrations) and 1726 cm-1 (-, COOH stretching) can be due
to deprotonation of carboxylic acids, while that at 1701 cm-1

may also contain contribution from protonation of other
carboxylic side chains (33). However, the two pair of peaks
at 1403 (+)/1384 cm-1 (-) and at 1741(+)/1726 (-) cm-1

may indicate changes in the environment of deprotonated
and protonated carboxylic acids, respectively (32). One may
note that perturbations of lipid esters interacting with the

protein may well contribute the peak at 1741 cm-1 (+) (34).
In addition to these changes, the possibility that Na+ binding
induces changes in Tyr side chain signal is suggested by the
negative peak at 1519 cm-1, whereas changes in Arg side
chain may give rise to the peak at 1671 cm-1 (26, 32). More
ambiguous are the small peaks at 1622 and 1614 cm-1 which
might be a mixture of changes in the properties of Asn, Gln,
Trp, or Tyr side chains (32) and of MelB â-sheet compo-
nents.

Figure 2 shows the difference and the corresponding
deconvoluted spectra induced by Li+ binding, and their
comparison to those induced by Na+ binding. It is apparent
that the changes produced by Li+ binding partly differ from
those of Na+ binding. According to Figure 2C, some peaks
have similar position and sign in both Na+- and Li+-
difference spectra, namely those at 1688(-), 1673(+), 1659-

FIGURE 2: Difference spectra between cation‚MelB and H+‚MelB. (A) Spectrum of the difference between Na+‚MelB and H+‚MelB shown
in Figure 1B. (B) ATR-FTIR difference spectrum of a film of MelB in 10 mM LiCl, 20 mM MES, 100 mM KCl, pH 6.6, minus the film
in 20 mM MES, 110 mM KCl, pH 6.6. A total of 25000 scans at a resolution of 4 cm-1 were averaged and subtracted. (C) Thick line:
Deconvoluted spectrum of the difference between Li+‚MelB and H+‚MelB shown in panel B. Thin line: Deconvoluted spectrum of the
difference between Na+‚MelB and H+‚MelB, shown in Figure 1C.
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(+), 1652(-), and 1640 (+) cm-1. In contrast, the positive
peak at 1701(+) cm-1 in the Na+-induced spectrum is
replaced by a peak at 1697 (+) cm-1 in the Li+-induced
spectrum. The negative peak at 1663 cm-1 of the Na+

spectrum does not have a correspondence in the Li+

spectrum, whereas the negative peak at 1648 cm-1 induced
by Li+ is not seen in the Na+ spectrum. In the amide II
region, the difference spectra are noticeably at variance. Na+

or Li+ binding induces similar peaks at 1575 (-) and 1518
cm-1 (-), but the rest of the peaks have no correspondence;
moreover, most of them appear to be of opposite sign, as
those at 1600 (+), 1550 (+), 1540 (-), and 1530 cm-1 (-)
for Na+; and 1590 (-), 1551 (-), 1541 (+), and 1528 cm-1

(+) for Li+. These latter spectral variations illustrate that
Na+ and Li+ binding may affect differently the structure of
the transporter.

Melibiose Interaction in the Presence of Na+. After cation
binding, the next step in the MelB transport cycle is melibiose
binding (35). However, as substrate translocation occurs
when both cosubstrates are bound to melB, the difference
spectrum mel‚Na+‚MelB vs Na+‚MelB presented in Figure
3A (black trace) reflects not only events associated with sugar
binding but also those linked to cosubstrate translocation.
Possible unspecific contributions of sugar binding can be
discarded as (i) saccharose, that is not a substrate of MelB,
does not elicit the appearance of spectral peaks (Figure 3A,
gray trace), and (ii) the difference spectrum obtained using
the alternative substrateâ-galactoside instead of melibiose
was very similar to that of melibiose (data not shown).

Figure 3A (black trace) shows the melibiose-induced
difference spectrum (mel‚Na+‚MelB vs Na+‚MelB) together
with its deconvolution (Figure 3B). The signal variations
appear more intense than those elicited by Na+ or Li+

binding, suggesting that melibiose induces greater confor-
mational changes than binding of cation alone. Several peaks
are observed, again reflecting changes in both the secondary
structure and amino acid side chains of the transporter. The
peaks centered at 1659 (+) and 1653 cm-1 (-), as in the
Na+‚MelB vs H+‚MelB spectrum, suggest changes inR-helix
signals. Therefore, even if these structures already change
upon Na+ binding, melibiose binding/substrate translocation
produces additional changes. The main peak at 1668 cm-1

(+), not seen in the difference spectrum due to Na+ binding,
is expected to reflect changes in turns or in open loop signals.
The peak centered at 1643 cm-1 (-), resolved by deconvo-
lution, is of difficult assessment (â-sheets, 310 helices or open
loops; see ref23). Bands appearing at 1680 (+) and 1672
(+) cm-1 may correspond to Gln, Asn, or Arg side chains
(31, 32, 36). The other bands in the amide I region may
correspond to changes inâ-sheets or in side chains (1693
(-), 1633 (-), 1621 (-) cm-1) (32, 37) and turns (1688
(+), 1703(-) cm-1 (30)). In the amide II, the principal peaks
are consistent with the assignment to helices and sheets (1550
and 1541 cm-1, respectively) (38). Another band at 1526
cm-1 (+) could be assigned to perturbation of lysine side
chains (37) whereas that at 1515 cm-1 may be due to Tyr
residues. On comparing the difference spectrum induced by
melibiose with that induced by Na+, it is worth noting that

FIGURE 3: Difference spectrum between mel‚Na+‚MelB and Na+‚MelB. (A) Thick line: ATR-FTIR difference spectrum of a film of MelB
in 20 mM MES, 100 mM KCl, 10 mM NaCl, 10 mM melibiose, pH 6.6, minus the film in 20 mM MES, 100 mM KCl, 10 mM NaCl, pH
6.6. Thin line: ATR-FTIR difference spectrum of a film of MelB in 20 mM MES, 100 mM KCl, 10 mM NaCl, 10 mM saccharose, pH 6.6,
minus the film in 20 mM MES, 100 mM KCl, 10 mM NaCl. This spectrum shows a decreased signal-to-noise ratio because only 12000
scans were accumulated. (B) Deconvoluted spectrum of the difference between mel‚Na+‚MelB and Na+‚MelB shown in panel A.
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several bands in both amide I and II regions that are located
at similar wavenumbers have opposite signs (peaks at 1703,
1688, 1550, and 1541 cm-1 of the Na+‚melibiose difference
spectrum). This suggests that the changes of these structures
produced by Na+ binding are reversed by melibiose binding/
substrate translocation.

As in the spectrum of Na+ binding, a positive peak at 1404
cm-1 is observed, which can be due to deprotonation of
carboxylic acids. This peak, or at least part of it, taken
together with the negative peak at 1390 cm-1, may indicate
a change in the environment of a deprotonated carboxylic
acid (32). Above 1700 cm-1, there are two positive peaks

well above the noise at 1741 and 1730 cm-1. As in the case
of Na+-induced spectrum, it seems plausible that these peaks
correspond to protonation of Asp or Glu side chains.

Melibiose Interaction in the Presence of Li+ or H+. Figure
4A shows the difference spectra induced by melibiose
interaction in the presence of either Na+, Li+, or H+. The 3
spectra reveal a rough similarity, indicating that the confor-
mational changes induced by melibiose binding/substrates
translocation are comparable, irrespective of the bound
cation. However, specific variations are worth noting. Figure
4A (middle trace) shows the difference spectrum mel‚Li +‚
MelB vs Li+‚MelB. In the corresponding deconvoluted

FIGURE 4: Difference spectra of melibiose binding in the presence of cations. (A) Top: Spectrum of the difference between mel‚Na+‚MelB
and Na+‚MelB shown in Figure 3A. Middle: ATR-FTIR difference spectrum of a film of MelB in 20 mM MES, 100 mM KCl, 10 mM
LiCl, 10 mM melibiose, pH 6.6, minus the film in 20 mM MES, 100 mM KCl, 10 mM LiCl, pH 6.6. Bottom: ATR-FTIR difference
spectrum of a film of MelB in 20 mM MES, 100 mM KCl, 50 mM melibiose, pH 6.6, minus the film in 20 mM MES, 100 mM KCl, pH
6.6. (B) Deconvoluted spectrum of the difference between mel‚Li +‚MelB and Li+‚MelB shown in panel A, middle.
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difference spectrum (Figure 4B), a negative band centered
at 1663 cm-1 is clearly seen that does not appear in the
difference spectrum caused by melibiose in the presence of
either H+ or Na+, nor in the difference spectrum due to Li+

binding. This peak is an indication of distinct conformational
changes triggered by melibiose interaction in the presence
of Li+, as compared to melibiose interaction in the presence
of Na+. Other differences are the peak at 1703 cm-1, that
has lower intensity in the mel‚Li +‚MelB vs Li+‚MelB, and
the peak at 1520 cm-1 in the amide II, that is less intense in
the mel‚Na+‚MelB vs Na+‚MelB spectrum.

DISCUSSION

In agreement with our preliminary FTIR spectroscopy
observation suggesting substrate-induced change in the
absorbance of MelB (23), the infrared difference spectral
analysis carried out in this work shows multiple and discrete
absorbance changes (in the range 1740-1400 cm-1) of the
MelB transporter associated with binding of the cosubstrates
and/or with their transport. Taking data from the literature
(38) and from previous FTIR studies on MelB (23), some
of the sharp peaks observed at specific wavenumbers were
assigned to conformational changes occurring at the level
of the major structural components of MelB (R-helices,
â-sheets, turns). The data also reveal substrate-induced
changes in side chain properties of some acidic and tyrosyl
residues, in particular.

To better appreciate the importance of these discrete
absorbance changes, it is useful to relate them to the different
kinetic intermediates included in the 6-state model which
satisfactorily describe the major kinetic properties of MelB
and which rely on the postulate of an alternating access to
the substrate binding sites (11, 35). Briefly summarized, upon
addition of Na+ (or Li+) at saturating concentration, cation
binding gives rise to cation-MelB species at the expense of
preexisting H+‚MelB ones (35). As MelB does not transport
the coupling ion in the absence of sugar, the cation-MelB
species should predominate and be mostly outwardly ori-
ented. In the presence of melibiose and either H+ or Na+ or
Li +, MelB cycles through six conformational intermediates
assumed in its transport (35), partly outwardly or inwardly
oriented. As the concentration of each cosubstrate is saturat-
ing, most of the transporters have both substrates bound (mel‚
cation‚MelB species) and in the two orientations. Therefore,
the melibiose-induced difference spectrum most likely moni-
tors the conformational changes resulting from sugar binding
(in the presence of bound cation) merged with a certain
percentage of translocation of the ternary complex.

Changes Induced by Na+ or Li+ Binding.Binding of Na+

to MelB produces a set of positive and negative peaks in
the amide I and II regions, that are due to changes in
secondary and tertiary structures, as well as to changes in
the environment or in the protonation state of some side
chains. Most of the peaks can be assigned to changes of
several kinds of secondary structures that produce shifts in
the corresponding absorption bands, giving rise to pairs of
contiguous positive/negative peaks in the difference spec-
trum. For this reason, significant conversion of a type of
secondary structure to a different type does not seem to exist.

Changes inR-helices are indicated by the peaks at 1658
(+) and 1651 cm-1 (-). This is in keeping with the previous

description of two types ofR-helices absorbing at 1660 and
1653 cm-1 (23). It was already noted that incubation of MelB
with the substrate Na+ induced small changes in the
deconvoluted bands corresponding to these helices (23).
Because the two peaks of the difference spectrum have
different sign, a possibility exists that there is an intercon-
version between the helices absorbing at 1651 and at 1658
cm-1. A second possibility is that these peaks are due to
opposite changes in helix orientation. As the proteoliposomes
have a net orientation in the film, change of helical
orientation will change the intensity of the helical band (39).

Of interest is the positive peak at 1403 cm-1, that can be
due to the COO- group of Glu or Asp side chains, i.e., to a
deprotonation of these group(s). Because it is accompanied
by a contiguous negative peak at 1384 cm-1, it can instead
correspond to a change in the environment of an already
deprotonated group. Deprotonation of a carboxylate group
is also suggested by the appearance of a small negative peak
at 1726 cm-1. In this region, the peak at 1741 cm-1 may
correspond to lipid ester carbonyl groups, but a carboxyl
protonation can also contribute in this wavenumber. It is even
possible that both contribute, the resulting peak being a
mixture of both (see Figure 1B as an example). If this is the
case, then the peak at 1741 cm-1 or part of it (meaning
appearance of a protonated carboxyl group) could have its
counterpart in the negative peak at 1384 cm-1 (meaning
disappearance of a deprotonated group). In any case, the
peaks corresponding to carboxylic groups are of great interest
because it has been previously shown that several Asp and
Glu side chains are required for Na+ binding and melibiose
transport (7, 18, 40). Furthermore, bands near 1671 cm-1

may be assigned to Arg side chain. This would agree with
the proposed existence of salt bridges near the ion binding
site, such as the ones between Arg52 and Asp19 or Asp55
or Lys 377 and Asp 59 (41). Future work with MelB mutants
will be necessary in order to identify the individual amino
acid(s) causing these peaks.

As described in the Results, Li+ binding also induces a
typical difference spectrum that partly differs from that
induced by Na+ binding. From studies on the kinetics of
substrate translocation (11), it was suggested that the
complexes involving melibiose and Li+ are more stable than
those involving melibiose and Na+. The variations in the
respective difference spectra induced by the binding of each
of these two cations may reflect this fact.

Changes Induced by Melibiose Interaction.The difference
spectra induced by melibiose incubation in the presence of
Na+, Li+, or H+ are comparable (see Figure 4), indicating
that the protein changes induced by melibiose binding/
substrates translocation are roughly similar in the three
conditions. However, some dissimilarities do exist that should
reflect the different kinetic properties of melibiose binding/
transport under a Na+, Li+, or H+ gradient (42). On the other
hand, the sugar-induced difference spectra show an amplitude
about three times larger than those observed upon binding
of Na+ or Li+ alone, demonstrating that the changes induced
by melibiose interaction are proportionally larger than the
ion-induced ones. This conclusion is consistent with the
previous observation of a greater protection against hydrogen/
deuterium exchange by melibiose than by Na+ ions (24).
When relating these results to the six-state model for transport
it seems logical in terms of the conformational changes
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inherent to the transport process. In the first step, binding of
the cation should give rise to (relatively small) conforma-
tional changes that will increase the affinity of the transporter
for the sugar. In the second step, binding of the sugar will
lead to bigger conformational changes, as the transporter
should switch its aperture from the extracellular to the
cytoplasmic space. This mechanism most probably includes
a variety of conformational changes but also helical tilting.
In fact, changes in the orientation of helices have been
described or suggested during the switching mechanism of
the bacterial oxalate transporter OxlT (43) and for the lactose
permease (44). These changes in orientation may not
necessarily encompass the full length of helices, but may be
in some cases restricted to part of them (43). On the other
hand, the switching mechanism for MelB may also involve
the movement of one putative reentrant loop (loop 10-11
(45)) or one putative mobile loop (loop 4-5 (16)). This
would produce peaks in the difference spectra due to changes
in environment and/or protonation changes of carboxylic side
chains present in these loops.

Among the peaks produced by melibiose, those at 1404/
1390 cm-1 and 1741, 1729/1720 cm-1 may indicate proto-
nation/deprotonation reactions and/or changes in the envi-
ronment of carboxylic groups, as pointed out in Results.
Therefore, while Na+ or Li+ binding already originates
protonation/deprotonation and/or environmental changes of
Asp or Glu side chains, melibiose binding/substrate trans-
location produces additional changes of the same or different
carboxyl groups. Here, it can be recalled that cation binding
is affected by acidic residues located on helices II-IV (7)
whereas sugar binding/translocation depends on acidic
residues on loops 4-5 and 10-11 (45, 46). Therefore, one
is tempted to relate the peaks in the cation-induced difference
spectra to carboxylic side chains on helices II-IV and those
due to sugar binding to acidic side chains located on the
major loops 4-5 and 10-11. It could also happen that some
acidic side chains perturbed by cation binding suffer ad-
ditional changes induced by sugar binding/translocation.
Moreover, as already pointed out above, peaks observed
around 1672 cm-1 may be due to Arg side chains. The
proposed salt bridges between Arg52 with Asp19 and Asp55
or Asp59 and Lys377 could break during the catalytic
mechanism (41), thus giving rise to peaks in the difference
spectrum. Arg141 is another side chain important for
melibiose translocation (16) that may become altered and
produce peaks.

A positive peak at 1515 cm-1, that can be attributed to
Tyr side chains, appears in all difference spectra induced by
melibiose, whereas cation binding produces negative peaks
at 1518-1519 cm-1 that could also be attributed to Tyr side
chains. This is in keeping with site-directed mutagenesis
studies showing alterations in substrate binding/transport on
mutation of some Tyr side chains (13). As has been
previously suggested, the putative cationic binding site
contains several Tyr that may participate directly or indirectly
in the binding of cations (13).

Despite the mentioned particularities, it is of interest to
stress the close similarity of the difference spectra induced
by melibiose incubation in the presence of either coupling
ion. This indicates that the fundamental trends inherent to
the mechanism of binding and cotransport of melibiose and
any of the coupling ions remain very similar. Taken together,

the data presented in this work provide evidence for
conformational changes characteristic of some steps of the
transport cycle of the MelB permease. These comprise cation
binding and sugar binding/substrate translocation. On the
basis of these results, future work aimed at the identification
of the peaks in the difference spectra, using in particular
MelB mutants and/or studies in D2O, should provide clues
about the molecular mechanism of ion-coupled sugar sym-
port.
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