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ABSTRACT Infrared difference spectroscopy analysis of the purified melibiose permease of Escherichia coli reconstituted into
liposomes was carried out as a function of the presence of the two symporter substrates (Na™, melibiose) in either H,O or
in D,O media. Essentially, the data first show that addition of Na* induces appearance of peaks assigned to changes in the
environment and/or orientation of a-helical domains of purified melibiose permease. Likewise, melibiose addition in the
presence of Na™ produces peaks corresponding to additional changes of a-helix environment or tilt. In addition to these
changes, a pair of peaks (1599 (+) cm~'/1576 (=) cm~") appearing in the Na*-induced difference spectrum is assigned to the
antisymmetric stretching of COO™ groups, since they show practically no shift upon H/D exchange. It is proposed that these
acidic groups participate in Na™ coordination. A corresponding pair of peaks, again fairly insensitive to H/D substitution (1591
(=) em~'/1567 (+) cm™"), appear in the melibiose-induced difference spectra, and may again be assigned to COO~ groups.
The latter carboxyl groups may correspond to part or all of the acidic residues interacting with Lys or Arg in the resting state that

become free upon melibiose binding.

INTRODUCTION

Melibiose permease (MelB) of Escherichia coli transports
the disaccharide melibiose to the cell interior coupled to the
downhill electrochemical ion gradient of Na®, Li", or H"
(1). Melibiose (6-OR-galactopyranosyl-D-glucose) and cou-
pling ions bind to the transporter in a 1:1 ratio. Furthermore,
the coupling ions compete for the same binding site and
enhance the cotransporter affinity for melibiose (2,3). Con-
versely, melibiose binding enhances MelB affinity for the
coupling ion (4). Several works including immunological
studies (5), proteolytic mapping (6), two-dimensional crys-
tallization (7), and Fourier transform infrared (FTIR) studies
(8) are consistent with a structure containing 12 transmem-
brane a-helical domains. Cation binding site would be loca-
lized in the N-terminal domain and the sugar-binding site in
the C-terminal domain (9—-13). It has also been suggested that
helix IV connects the two substrate binding sites (14) and
that loops IV-V and X—XI are important for the MelB func-
tion (6,15-17). Site-directed mutagenesis has highlighted the
importance of Asp and Glu residues in cation and melibiose
binding/translocation (10,16,18-20). Other residues such as
Asn (21), Arg (15,22), and Tyr (20) have also been shown to
be important in these processes.

Evidence for changes in MelB structure occurring upon
substrate binding/translocation has been obtained by differ-
ent biophysical techniques. Thus, it was described that the
coupling cations induce changes in the fluorescence of Trp
located in the N-terminal domain, whereas melibiose inter-
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action preferentially influences the fluorescence of Trp lo-
cated in the C-terminal domain (12,23). Also, fluorescence
resonance energy transfer experiments suggest that interac-
tion of Na* (or Li") induces a structural change in the sugar-
binding site environment or in its immediate vicinity (13,24).
An electrophysiological approach revealed fast transient cur-
rents (in the 20-ms range) associated to either Na* or to
melibiose binding (4). The melibiose-induced charge trans-
fer is most probably consecutive to structural changes involv-
ing movement of charged amino acids and/or a reorientation
of helix dipoles (25). Finally, Fourier transform infrared
spectroscopy provided information on the secondary struc-
ture components of MelB and suggested changes in a-helix
structures upon substrate binding (8). Existence of substrate-
induced structural changes were corroborated in H/D ex-
change experiments, where MelB incubated with sugar and
either of the cations was less accessible to solvent than trans-
porters incubated with the corresponding cations alone. Fur-
thermore, [-sheet structures were found to be protected
against H/D exchange by sugar binding (26).

Recently, attenuated total reflection (ATR)-FTIR differ-
ence spectroscopy allowed detection of smaller Na™- or
melibiose-induced structural changes than those previously
observed in FTIR deconvoluted spectra (27). Peak assign-
ment in the Amide I interval in difference spectra suggested
that all types of secondary structures (a-helix, B-sheets,
and turns) are involved in the substrate-induced structural
changes. In addition, variations of signals at the level of peaks
assigned to Tyr, Asp, and Glu side chains were reported (27).

In the present work, we pursue this ATR-FTIR study by
comparing difference spectra recorded in H,O and D,0O
media either with or without MelB cosubstrates, with a
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threefold aim: 1), to improve previous peak assignments to
given secondary structure components; 2), to assess their
accessibility to the solvent; and 3), to further investigate sig-
nals potentially arising from carboxylic side chains or from
other amino acids such as Tyr. It is indeed well accepted that
comparison of IR difference spectra in D,O and in H,O is of
significant value to better identify and characterize peaks aris-
ing from different secondary structure components or from
given amino acids (reviewed in (28)). The different isotopic
shifts of secondary structures and side chains allow removing
ambiguities in the assignment of peaks, which is of funda-
mental importance in advancing comprehension of the trans-
porting mechanism. For example, secondary structures such
as a-helices or B-sheets undergo slight downshift (1-2 cm ™)
in their wavenumber position due to isotopic exchange
(29-31). Turns and B-sheets of high wavenumber can shift
up to 10-15 cm™ ! (31,32), whereas unordered structures can
shift up to 15-20 cm ™' (33). Finally, the largest shifts are ob-
served in peaks arising from amino acids with an exchange-
able proton (34). For the sake of space, we will essentially
emphasize below the signal variations arising from a-helical
components and acidic amino acids. The data strongly sug-
gest the implication of distinct a-helical components to the
structural changes resulting from interaction of MelB with its
cosubstrates and are consistent with the participation of
acidic amino acids to these interactions.

MATERIALS AND METHODS
Sample preparation and data acquisition

MelB production and purification, and preparation of MelB proteoliposomes
were carried out as described by Dave et al. (26). Experimental setup was the
same as that described in Le6n et al. (27) with some modifications. A sample
of 20 ul of a proteoliposome suspension (~150 wg of protein, at a lipid/
protein ratio 2:1 by weight) was spread homogeneously on a ZnSe ATR
crystal (50 X 10 X 2 mm, yielding 12 internal reflections at the sample side;
obtained from Harrick, Ossining, NY) and dried under a stream of nitrogen.
The film was exposed to deuterated buffer without substrate for 1000 min to
achieve maximum H/D exchange (26). The substrate containing deuterated
buffer and the reference deuterated buffer (with or without MelB substrates)
were then alternatively perfused over the proteoliposome film at a rate of
~1.5 ml/min. The film was exposed to the substrate-containing buffer for
2 min and washed with the reference buffer for 10 min. A Bio-Rad FTS-
6000 infrared spectroscopy instrument (Hercules, CA) was used for spec-
tra acquisition. For each cycle, 1000 scans at a resolution of 4 cm™' were
recorded and 10 spectra were taken and averaged to increase the signal/noise
ratio, i.e., a total of 10,000 scans for every difference spectrum. A minimum
of two separate experiments using newly prepared films were done for each
condition. The same differences were made in H,O to compare band shift. A
total of 25,000 scans were averaged in this case. Incidentally, it should be
pointed out that the difference spectra taken in H,O using the ZnSe crystal
are quite similar to those reported previously for the Ge crystal (27).

Degree of H/D exchange of the MelB film

The degree of global H/D exchange in MelB was calculated as described
(26). The H/D exchange of the structures giving rise to the difference spectra
was calculated from the ratio of the areas amide II/amide I (H,O difference)
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versus amide II/amide I (D,0O difference); and amide A/amide I (dry film)
versus amide A/amide I (D,O difference). The range of integration for
amide I, amide II, and amide A were 1696-1615 cm™', 1565-1525 cm ™',
and 3450-3200 cm ', respectively, with some modification that allowed the
integration of all bands with some contribution in the limits of its respective
amide region.

Data corrections and manipulations

Spectra corrections were essentially carried out as described previously (27).
For amide A baseline correction, a baseline simulating band water fluctua-
tion was subtracted from difference spectra. This fluctuation has a maximum
at 3420 cm™"' and a minimum at 3620 cm™'. Deconvolution by the maxi-
mum entropy method was applied to the difference spectra as previously
described (27,35).

Contribution of melibiose to the difference spectra

Substrates can absorb in the infrared. Therefore, changes in substrate vibra-
tions due to substrate binding could lead to changes in its absorption bands
(36) and to the appearance of peaks in the difference spectrum not corre-
sponding to changes in protein structure. Melibiose in H,O has two peaks at
1350 and 1150 cm ™. No appreciable peaks are observed in the difference
spectra due to melibiose binding in H,O in these regions. Furthermore, no
melibiose peaks appear in the Amide I or Amide II region. Therefore, peaks
corresponding to melibiose itself, due to its binding to MelB in the presence
of Na*, can be discarded.

About differences in the level of H/D exchange
induced by substrates

H/D exchange properties of MelB depend on the substrate bound to the
permease (26). Before taking differences, extensive H/D exchange is carried
out without the presence of substrates (i.e., in the presence of H")—a
condition that, as in the presence of Na™, leads to the highest exchange in the
permease (26). Then, difference spectra are acquired changing the D-buffer
carrying one substrate or the other. In general, change of substrate could
modify the exchange level of peptide bonds and induce peaks in the dif-
ference spectra due to any increase of H/D exchange between the two
conditions. However, because substrates incubation of MelB decreases the
accessibility of the protein to the solvent, no further H/D exchange will take
place. Indeed, no changes were observed between consecutive difference
spectra acquired—either in the intensity of peaks absorbing in the Amide II
region or in the position of peaks absorbing in the Amide I region. As a
result, the difference spectra in D,O are due only to substrate binding, with-
out any contribution of additional deuteration.

Estimation of spectrum intensity

To compare difference spectra between them, it is useful to normalize the
area of the spectra. Then it is possible to observe not only peak shifts but also
compare peak intensity between the two conditions. However, to normalize
spectra it is necessary to find a reference. Because in our experiments there
are two kinds of differences (Na™ binding and melibiose binding in the
presence of Na+), the reference to be used in the normalization should be the
same in both differences. For these reasons, the difference spectra were
normalized by the area of the peaks absorbing in the Amide I region. Al-
though there is a peak shift that leads to the increase or decrease of intensity
due to peak overlap or vice versa, if all peaks after isotopic exchange con-
tinue absorbing in the amide I region, the area of the amide I region would be
the same. However, such a normalization procedure does not take into
account: 1), the difference in the absorption coefficient of the different
structures that contribute to amide I in D,O and in H,O (37); 2), the
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difference of absorption coefficient of amino-acid side chains absorbing in
the amide I region in D,O and in H,O media; and 3), that residues such as
Arg and Lys absorb in the amide I region in H,O and out of the amide I
region in D,0. Despite these potential sources of error, difference spectra
present a relative good ratio after normalization, indicating that this is a good
choice.

RESULTS AND DISCUSSION
Degree of H/D exchange

Extensive H/D exchange of the MelB film (1000 min) with
the transporter in the H"-MelB state produces an important
decrease of the amide II peak intensity and a concomitant
increase in amide II" (Fig. 1). The accessibility of the protein
to D,O can be estimated by the comparison of the corrected
amide II areas (amide II/amide I), giving an exchange of 56%
of the hydrogen atoms. This value compares well with that of
54% previously measured by a different experimental ap-
proach, i.e., by flushing a dry film with N, gas saturated with
D,0 (26).

The percentage of H/D exchange corresponding to struc-
tures giving peaks in the difference spectra may not be the
same as the global percentage, because the difference spectra
show only the peaks corresponding to changes induced by
substrate binding. These peaks may correspond to accessible
or to nonaccessible structures or side chains. To estimate the
accessibility level of the structures or side chains that show
changes upon substrate binding, H/D exchange degree was
calculated for both the cation- and the melibiose-induced
difference spectra. The area in the amide I and amide II
regions of difference spectra were measured and the percent-
age of hydrogen exchange was calculated as for the absor-
bance spectra, using the amide I area of the difference
spectrum as a normalizing factor (Figs. 2 and 3). In the Na™*-
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FIGURE 1 ATR-FTIR absorption spectrum of a dry film of MelB (shaded
line) and ATR-FTIR absorption spectrum of a wet film in D,O after
1000 min of exchange (solid line). This spectrum was corrected for film
inflation using amide I area (1696-1600 cm ™).
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FIGURE 2 Difference spectrum due to Na* binding. (A) (Solid line)
ATR-FTIR difference spectrum of a film of MelB in D,O in 20 mM MES, 100
mM KCl, 10 mM NaCl, pH 6.6; minus the film in 20 mM MES and 110 mM
KCl, pH 6.6. (Shaded line) The same difference in H,O. (B) (Solid line)
Deconvoluted spectrum of the difference in D,O shown in panel A. (Shaded
line) Deconvoluted spectrum of the difference in HO shown in panel A. The
wavenumbers that coincide in both spectra are in bold.

induced difference spectrum, the amount of H* exchanged is
~80%, whereas in the melibiose-induced difference spec-
trum, it is 55%. H/D exchange was also calculated from
amide A vibration (see Fig. 4). Because no amide A peaks
can be detected in the H,O differences due to noise, the
exchange was calculated by using amide A and amide I bands
of the dry film instead of a film covered with buffer. For
Na"-induced difference spectrum we obtained an H/D
exchange of 76%, whereas for melibiose-induced difference
spectrum, an H/D exchange of 58% was obtained. Both
values agree well with those obtained using amide II. Al-
together, these data indicate that whereas Na™ binding pref-
erentially induces change at the level of accessible structures,
melibiose binding effects, to similar extent, both the acces-
sible and nonaccessible structures (see also (31,38)).

Na*-induced spectral differences in H,O and D,O

Fig. 2 (top) compares the Na " -induced difference spectrum
(Na*-MelB versus D" -MelB) in D,O and in H,O. Overall
the difference spectrum in the amide I region in D,O differs
significantly from that in H,O, in keeping with the high



Substrate-Induced Changes of Melibiose Permease

A \ 1667 (1668)

1459 1390 (1389)

A Absorbance

1520 (1519)

~ 1402 (1404)

A Absorbance (Arbitrary units)

1645 (1643
s | L 1 L | s | x | " | L | " | L

1800 1750 1700 1650 1600 1550 1500 1450 1400 1350 1300

1683 (1652
1 s

Wavenumber (cm’™)

FIGURE 3 Difference spectrum due to melibiose interaction. (A) (Solid
line) ATR-FTIR difference spectrum of a film of MelB in D,O 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. (Shaded line) The
same difference in HyO. (B) (Solid line) Deconvoluted spectrum of the
difference in D,O shown in panel A. (Shaded line) Deconvoluted spectrum
of the difference in H,O shown in panel A. The wavenumbers that coincide
in both spectra are in bold.

percentage of H/D exchange. To better distinguish the bands,
the difference spectra were deconvoluted using a maximum
entropy approach for the band-narrowing of absorbance and
difference spectra, which uses the generalized negative
Burg-entropy (35). As can be seen in Fig. 2 (bottom), the
deconvoluted spectra show high signal/noise ratio, assuring
that no false peaks may appear due to noise. In the following,
we describe and discuss the most relevant peaks.

The 1800-1700 cm™ " region

The positive peak at 1742 cm™' (H,0) has only a shift of
~1 cm™! to lower wavenumbers due to H/D exchange. Asp
and Glu residues absorbing in this region have been shown to
downshift 5-10 cm ™! upon H/D exchange (34). Hence, the
peak at 1742 cm ™! corresponds likely to lipid contribution.
These peaks may arise from lipids surrounding the protein
that are perturbed due to conformational changes of the pro-
tein, as has been demonstrated for the Anabaena sensory
rhodopsin (39). The negative peak at 1725 cem ™! (H,0)
(Fig. 2 A) shifts down to a broader peak at 1716 cm ™! (D,0)
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FIGURE 4 Difference spectrum due to substrate binding in amide A re-
gion. (A) ATR-FTIR difference spectrum of a film of MelB in D,0 in 20 mM
MES, 100 mM KCl, 10 mM NaCl, pH 6.6; minus the film in 20 mM MES, 110
mM KCl, pH 6.6, after baseline correction. (B) ATR-FTIR difference
spectrum of a film of MelB in D0 in 20 mM MES, 100 mM KCI, 10 mM
NaCl, 10 mM melibiose, pH 6.6; minus the film in 20 mM MES, 100 mM
KCl, and 10 mM NaCl, pH 6.6, after baseline correction.

that is resolved in small ones after deconvolution (Fig. 2 B).
This downshift is typical of carboxylic acid residues (34).
However, contribution of lipid surrounding MelB at these
wavenumbers is also possible, as indicated by the peak at
1718 cm™! in the deconvoluted spectrum, which seems not
to shift upon H/D exchange.

The amide | region (17001620 cm™ )

As it is seen in Fig. 2 (bottom), the peak at 1700 cm™ ' (H,0)
shifts down to 1690 cm™'. This 1700 cm ™' peak is a candi-
date for either reverse turn structures accessible to solvent or
carboxylic residues (Asp or Glu) (40—42). On the other hand,
this shift goes over the negative peak at 1687 cm™' (H,0),
masking it and giving rise to its apparent disappearance in
the D,O difference spectrum.

The positive peak at 1678 cm ™' (D,0) could arise from
turn structures (31,43). This peak may absorb at ~1682 cm ™"
in H,O difference spectrum and may be masked by the nega-
tive peak at 1687 cm ' (H,0). The peak at 1671 cm ™' (H,0)
has a slight shift to lower wavenumbers (1670 cm™"). There-
fore, this peak may correspond to nonaccessible helix ay
(44) or to nonaccessible reverse turns (45).

Biophysical Journal 91(12) 4440-4449
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The peaks at [H,O (D,O)] 1657 (1657) and 1651 (1651)
cm ! (Fig. 2 B) arise from a-helix structures not accessible
to solvent because: 1), they appear in the a-helical region of
amide I; and 2), they do not change their position after H/D
exchange. The negative peak at 1662 cm™ ' does not change
its position on going from H,0 to D,0, although its intensity
decreases. Therefore, it should be assigned in part to nonex-
changeable a-helices and in part to some exchanged struc-
ture (see below). These three peaks may correspond to changes
in the environment or to changes in the tilt angle of a-helices.
The negative peak at 1646 cm~ ! (D,0) (Fig. 2 B) revealed
by deconvolution may correspond to open loop structures
that shift from part of the 1662 cm ™' signal in H,O. The peak
at 1641 cm ™' (H,0) was previously assigned to 3-sheet struc-
tures (27). Part of this peak may shift to 1639 cm ™" upon H/D
exchange (45). Overall, the amount of peaks in the amide I
that suffer shifts upon H/D exchange is clearly greater to
those that do not shift, in agreement with the previous es-
timation of an exchange level of 76-80% in the amide I (see
above).

Carboxylic antisymmetric stretching region
(1600-1550 cm™ ")

In Fig. 2 A, one can note the presence of peaks at 1576 (—)
and 1599 cm ™' (+) in the Na™ -induced difference spectrum
in H,O that virtually do not exhibit shift in D,O. These peaks
are typical of the antisymmetric stretching of COO™ groups
of Asp or Glu (34). Additionally, and as noted in the spectra,
these stretching peaks suffer an increase in the absorption
coefficient on going from H,0 to D,O (34). Therefore, this
pair of peaks in the MelB signal can be interpreted as a shift of
an absorbing band at 1576 cm ™" in H,O to 1599 cm ™' upon
Na™ binding, corresponding to antisymmetric COO ™ stretch-
ing. It has been previously reported that free COO™ of Asp
side chain displays a signal in the 1574—1579 cm™ ' range,
whereas the free COO ™ of Glu has a band ~1560 cm ™' (34).
Moreover, interaction of Na* leads to change in these fre-
quencies. It has been reported that monodentate interaction
increases the COO™ stretching frequency as compared to the
noninteracting group, whereas the bidentate interaction de-
creases its frequency (46); in the pseudo-bridging mode, one
oxygen is interacting with the cation and the other one is
hydrogen-bonded to a water molecule, leading to a slight
frequency increase (47). On this basis, the observed upshift of
the peak from 1576 cm ™' to 1599 cm™' most likely traduces
Na™ interaction with negatively charged amino acids (Asp or
Glu) of MelB in the unidentate or the pseudo-bridging mode.
Besides, potential interactions between COO™ groups and
Arg or Lys side chains (22,48,49) may also lead to the anti-
symmetric band upshift. These two important observations
will be further commented below.

The positive peak at 1403 cm ™' (H,0) corresponds to the
symmetric COO™ stretching and may be partially masked by
amide II' (1500-1400 cmfl) after H/D exchange. However,
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the carboxylic negative peak at 1384 cm ™' (H,0) is outside
the possible influence of the amide I’ band, and has a small
upshift as it was expected for a signal arising from carboxylic
groups (34). Therefore, these peaks and the other one pre-
viously observed at 1725 cm™ ' (H,0) are most likely indi-
cative of changes in the protonation and/or environment
of one or more of the Asp side chains that are suspected to
participate directly or indirectly in cation binding (50).

Melibiose-induced spectral differences in
H-0 and D,O

Fig. 3 shows difference spectra of melibiose-Na*-MelB
versus Na"-MelB in D,O and in H,O. The D,O spectrum
presents variations with respect to the H,O spectrum, as in
Na™-induced differences. However, there are no large dis-
similarities in the amide I region and only small or no shifts
are observed. Hence, melibiose binding in the presence of
Na™ principally involves change of secondary structures not
accessible to the solvent (in the core of the protein) and
structures with small shifts upon deuteration (38).

The 1800—1700 cm™ ! region

As in the Na™-induced difference spectrum, we assign the
peak(s) around 1738 cm ™' mainly to lipids because there is a
very low sensitivity to H/D exchange (Fig. 3 A). The nega-
tive peak at 1703 cm™' (H,O) (Fig. 3 B) disappears com-
pletely. This peak has several possible assignments, i.e.,
Asp/Glu (34), Asn/Gln (34), or turns (42). However, it is not
possible to discern between these possibilities because the
location of this peak in D,0 is not clear.

The amide | region (17001620 cm™ )

The positive peak near 1688 cm™' (H,0) (Fig. 3 B) appears
to suffer a shift of 2 cm™' downward and an intensity de-
crease upon H/D exchange (Fig. 3). This small shift should
correspond to a secondary structure that, given the location
of the peak, could be due to turn or B-sheet with limited
accessibility. On the other hand, the two peaks at 1680 cm ™
and 1674 cm ™' are insensitive to exchange and hence could
be due to nonexchangeable 3-sheet or turn structures.

As a general principle, H/D exchange induces downshift
in peak position, whereas peaks not exchanged will remain at
the same wavenumber. However, in melibiose-Na™-MelB
versus Na®-MelB differences, three peaks present an
unexpected small upshift: [HO (D,0)] 1680 (1681), 1652
(1653), and 1643 (1645) cm ! (Fig. 3 B). A likely explana-
tion is that other peaks of low intensity overlapping with
them suffer a downshift, resulting in an apparent small
upshift of the nonexchanged peak. This is supported by the
fact that the MelB difference spectra due to Na™ binding
does not present any upshift of the 1651 cm™' peak (see
Fig. 2, bottom).
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The most intense positive amide I peak appearing at
1668 cm™ " in H,0, shifts down to 1666 cm™"' (Fig. 3 B). It
could correspond to partially exchanged a-helix or turn struc-
ture, giving rise to a peak with a frequency in between those
of fully protonated and fully deuterated amide groups, or
could be due to the disappearance of a small overlapped band
upon H/D exchange. In this case, the peak could correspond
to nonexchanged a-helix or turns (27). The peaks at 1659
and 1652/1653 cm™ " are insensitive to isotopic exchange and,
as in Na™-induced difference spectrum, they are assigned to
nonaccessible transmembrane «-helices. The negative peak
at 1643/1645 cm ™' is also unaffected by H/D exchange and
would therefore correspond to non-solvent-accessible struc-
tures such as 3;g-helices or B-sheets (8). The negative peak at
1630/1631 cm ™! does not shift, and hence, can be assigned
to non-solvent-accessible 3-sheet (43).

Carboxylic stretching vibrations region (16001550 cm™ ")

A prominent change between the H,O and D,0 spectra is the
appearance of a positive peak at 1567 cm ™' in D,O (Fig. 3 A).
This effect is most likely due to a shift of a negative peak at
~1570 cm ™! in H,0 to 1460-1470 cm ™ !in D50, a region
that changes from slightly positive to negative. Therefore,
the intense pair of negative and positive peaks at 1591 and
1567 cm ™" in D,O are already present in the H,O difference
spectrum, although it is not possible to know its exact posi-
tion or intensity in H,O due to the overlapping with amide II
peaks (1580-1520 cm™ 1). As for the Na™ -induced difference
spectrum, this pair of negative/positive peaks can be assigned
to the antisymmetric stretching of Asp/Glu side chains (34)
arising from a shift of a band from 1591 cm ™' to 1567 cm ™!
upon melibiose binding. It can be noted by comparing the
difference spectra, that there is an apparent intensity increase
of these peaks on going from H,O to D,O, for two reasons:
1), these peaks are unmasked after H/D exchange (carboxylic
acids only experiment a slight up shift), as indicated above;
and 2), in general, the carboxylic antisymmetric vibrations at
~1570 cm™ ' have higher absorption coefficients in D,0O
than in H,O (34,43). As discussed below, this melibiose-
induced downshift may be attributed to the loss of previous
interactions established between COO™ groups and Arg/Lys
side chains, or between COO ™~ groups and Na™ (47).
These peaks plus those appearing in H,O at 1703 (+),
1404 (+), and 1390 (—) cem™ ! and other putative bands
hidden by lipid C=0 absorption around 1740 cm™" can be
assigned to carboxylic residues interacting with the substrates
and/or suffering protonations/deprotonations upon melibiose
binding. This is in keeping with previous works demon-
strating that both Asp and Glu residues take part directly or
indirectly in melibiose binding/translocation. These carbox-
ylic residues may be those putatively located in various
domains of the protein (i.e., in helices I, II, and IV (10,19),
loops IV=V (51), and loops X—XI (16)). Furthermore, Asp
side chains involved in cation binding could be affected by
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melibiose binding. For this reason, the merging of changes of
protonation with changes of the interaction with Na™ or of
the environment of the acidic residues of MelB may give rise
to a complex pattern of peaks. For example, the antisym-
metric COO ™ peaks at 1591 and 1567 cm ™' seem to be com-
posed by some bands partially resolved by deconvolution
(Fig. 3 B). This is also apparent in the deconvoluted spectrum
of Fig. 2 B.

Tyrosine region (1520-1513 cm™ ')

Peaks at 1518 (—) and 1513 (+) cm™' (D,0) (1520 cm ™'
(=) and 1515 cm ™! (+) in H,O) are very likely to corre-
spond to Tyr side chains, as previously suggested (27). Two
facts support this assignment: 1), Upon H/D exchange, their
intensity increase is due to downshift of amide II peaks and
also to the increase of Tyr absorption coefficient (34). 2), A
downshift of 1-2 cm ™' was expected, as observed. Tyrosine
perturbations are in line with site-directed mutagenesis
studies (20).

Substrate-induced peaks in the amide-A region

Infrared difference spectroscopy usually focuses on amide
I and amide II vibrations. However, amide A vibrations ab-
sorbing between 3320 and 3270 cm ™' are also sensitive to
changes in protein secondary structure and side chains (52).
A difficulty is that water also absorbs in this region, de-
creasing the signal/noise ratio. This problem does not take
place in D,O media. Amide A mode is mainly due to N-H
(stretching) vibration; therefore upon H/D exchange the
amide A bands contain exclusively nonexchanged N-H
groups. Fig. 4 shows the difference spectra in the amide A re-
gion of Na™-MelB versus D"-MelB (top) and melibiose-
Na®-MelB versus Na™-MelB (bottom). In both spectra, in
spite of the baseline distortion, positive and negative peaks
are clearly seen above the noise level. To have a clearer view,
baseline correction was made in both spectra (see Materials
and Methods). Confirming the conclusions obtained from
amide I and II regions, the spectra exhibit a different pattern
of positive and negative peaks. Furthermore, the melibiose-
induced difference spectrum also shows higher intensity than
Na ™ -induced difference spectrum. In addition, positive and
negative peaks at 3462 and 3472 cm™ ' can be attributed to
the indole N-H stretch of Trp (52,53). These Trp-linked sig-
nals may be related to changes in the environment of some
Trp occurring upon sugar binding (12,23) and/or to their
potential catalytic implication. It has thus been reported that
mutation of given Trp of MelB (W116, W128) impairs sugar
affinity and/or cosubstrate translocation (14). Also, one or
more of these Trp residues may have a role analogous to
Trp'>! in the lactose permease in stabilizing the galactopyr-
anosyl ring in the sugar-binding site (54). In the Na™-
induced difference spectrum, the negative peak at 3252 cm ™'
can be tentatively assigned to B-sheet and those at higher
wavenumbers to a-helices (55).
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BIOLOGICAL IMPLICATIONS OF THE
SPECTRAL DIFFERENCES

Comparison of the substrate-induced difference ATR-FTIR
spectra recorded from MelB proteoliposomes in H,O and in
D,0 improves the identification of several discrete and sharp
absorbance variations that bring valuable information on the
relationships between Na™-coupled sugar symport activity
and the underlying structural and molecular events. Of par-
ticular interest are the data related to 1), the participation of
different populations of a-helical domains in the structural
rearrangements occurring upon cosubstrate binding; and 2),
the molecular mechanism(s) by which some of the acidic
residues of MelB may contribute the transport process.

As illustrated in Results and Discussion, Na™ binding and
subsequent melibiose binding induce different sets of
changes in the Amide I interval that comprise, in particular,
signals arising from distinct types (or populations) of
a-helical components. Each a-helix population is clearly
defined by its peak position and associated H/D exchange
characteristics (Tables 1 and 2). The currently available knowl-
edge on MelB structure derived from two-dimensional cry-
stallization of MelB (7,56) suggests that transmembrane
helical domains are the predominant secondary structure
components. Recent resolution of three-dimensional struc-
ture of several other bacterial secondary membrane trans-
porters (54,57-60) indicates that this is a general feature of
this class of membrane transporters. More important for this
discussion is the evidence that the membrane helices of all
crystallized proteins exhibit varying degrees of tilt and of
length and are either lining the aqueous solvent pathway (or
the internal cavity), or are totally shielded from the solvent.
Of particular interest is to stress that two Na™-linked trans-
porters, NhaA and LeuTa (57,61), as well as the Ca™%
ATPase (62), possess some short membrane helical domains

TABLE 1 Tentative assignment of the infrared peaks induced
by Na* binding to MelB

H,O DO Assignment
1742 1741 Lipid
1725 1716 COOH (with a possible lipid contribution)
1700 1690 Asp/Glu/solvent-accessible reverse turn
1687 1687 B-sheet
— 1678 Solvent-accessible turn-like structure
1671 1670 Turn/ay-helix
1662 1662 a-helix
1657 1657 a-helix
1651 1651 a-helix
— 1646 Open loops
1641 1639 B-sheet
1599 1599 COO™ (antisymmetric stretching)
1576 1576 COO™ (antisymmetric stretching)
1551 1450 Amide II vibration
1540 1540 Amide II vibration
1403 1403 COO™ (symmetric stretching)
1384 1385 COO™ (symmetric stretching)

Data for peak assignment are taken from (30,34,42,45).

Biophysical Journal 91(12) 4440-4449

Ledn et al.

TABLE 2 Tentative assignment of the infrared peaks induced
by melibiose binding to MelB, in the presence of Na*

H,O DO Assignment
1703 1693 Asp/Glu/turn
1703 — Asn
1693 1693 B-sheet
1693 1683 Solvent-accessible turn
1688 1686 Turn/B-sheet
1680 1681 B-sheet
1674 1674 B-sheet
1668 1666 a-helix/turn
1659 1659 a-helix
1652 1653 a-helix
1643 1645 B-sheet/3o-helix/open loops
1631 1630 B-sheet
1620 1616 Secondary structure/aromatic side chain
1611 1609 Secondary structure/aromatic side chain
1595 1591 COO™ (antisymmetric stretching)

— 1567 COO™ (antisymmetric stretching)

1518/1513 1520/1515 Tyr
1404 1402 COO™ (symmetric stretching)
1390 1389 COO™ (symmetric stretching)

Data for peak assignment are taken from (30,34,42,45).

arising from interruption by unwound sequences where the
pumped or coupling ion interacts with carbonyls of the
peptidic backbone. On this basis, one can expect that various
subtypes of a-helices with different IR signatures should
contribute the difference ATR-FTIR spectra of these trans-
porters. Moreover, the catalytic models proposed for all these
transporters are based on the alternate site exposure princi-
ple, implying structural changes associated to readjustments
of the organization of the membrane helical domains upon
substrate interaction. Changes in helix tilting and/or solvent
accessibility are generally invoked (63—-66). They are most
probably major factors leading to the complex pattern of
substrate-induced changes in a-helix signals observed here
with the Na™ (or H") coupled symporter MelB. It is worth
mentioning here that direct support for change in MelB helix
tilt consecutive to interaction of MelB with its substrates is
currently being sought using polarized light to assess MelB
helix tilt properties (unpublished data). Interestingly, the di-
chroic data of the absorbance spectra clearly suggest the pres-
ence of several oriented structures in the 1665-1645 cm ™'
interval as well as changes in their tilt angle upon interaction
of the substrates. Taken together with indications that sub-
strate binding also induces changes of IR signals linked to
other secondary structural components (turns, -structure),
the observed changes of a-helix signals upon successive
addition of the cosubstrate lend support to previous claims
(23,24,56) that MelB modifies its conformation at different
stages of the transport reaction (substrate binding and
translocation steps).

An evident involvement of COO™ groups in the substrate
binding mechanism has been established in this work. In the
first step of the transport reaction, Na™ binding causes a shift
of antisymmetric stretching bands of COO™ groups from
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~1576 cm™ ! (assigned to free or ionic groups interacting with
one or more H;0™) to higher wavenumbers (1599 cmfl). As
indicated above, this shift is in keeping with cation coordi-
nation to these groups in the unidentate or pseudobridging
mode ((47); see Fig. 5). Most probably, these COO™ groups
could belong to one or more of Asp'?, Asp>>, Asp’, and
Asp'?*, which have been considered as potential ligands for
cation in its binding site (10,19,50). In this line, acidic re-
sidues have also been suspected to participate in cation
recognition in other Na'-dependent bacterial secondary
transporters, including the Na*/H™ antiporter NhaA (57),
the proline transporter PutP (67), or in biogenic amine trans-
porters (see (61)). New salt-bridge interactions established
between COO ™~ groups and Arg or Lys side chains upon Na™*
binding could also contribute to these peaks (68). Existence
of such types of interaction in MelB and of their functional
importance has been previously suggested based on second
site revertant studies or mutation analyses (22,48,49). There-
fore, the existence of these interactions either in the MelB
resting state (i.e., the H"-MelB complex) or their formation
upon Na® binding, seems possible. In addition, peaks at
~1725 cm™' (—), and at 1384 (—) and 1403 cm ™' (+) in-
dicate that protonation(s)-deprotonation(s) or changes in the
environment of additional COO™ groups may take place.
In the second step of the transport, melibiose binding to
the Na™*-MelB binary complex gives rise to prominent peaks
that are fairly insensitive to H/D exchange and occur at
wavenumbers characteristic of the antisymmetric stretch of
COO~ groups (1591 cm™"' (—)/1567 cm™" (+)). The posi-
tive signal at 1567 cm ™' may result from a shift to lower
wavenumbers of bands initially located at ~1591 cm™". It is

-COO, 1576 cm!
MelB-H*
-COOg™ -~ -NH3* 1591 cm-’!
l/ Na*
~
-COO, - Na* 1599 cm* | MelB-Na*
1599 (+)
COOg - -NHg* 1591 cm | 1576 (-)
J
l‘/ melibiose
~
-COO, -+ Na* 1599 cm™ | MelB:Na*-mel
) 1567 (+)
-COOg 1567 cm 1591 (-)
-NH,* )

FIGURE 5 Proposed changes occurring in acidic side chains upon
cosubstrate interaction. The wavenumbers inside the boxes indicate the
location of absorbing bands, whereas wavenumbers on the right side, outside
the boxes, indicate the corresponding peaks in the difference spectra. COO ™
indicates one or more acidic side chains. NHJ indicates protonated Arg or
Lys side chains. The species present are indicated on the right side, outside
the boxes.
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remarkable that these sugar-induced peaks and those trig-
gered by Na™ binding in the same wavenumber interval have
opposite signs, albeit with different position.

A likely attractive speculation is to assume that these
peaks originate from salt bridges of Asp or Glu with Arg or
Lys that are already present in the resting state of the
permease. As indicated in Fig. 5, these salt bridges could be
broken due to melibiose binding, giving rise to the observed
peaks. According to previous works, Asp>® and Asp'** are
supposed to form salt bridges with Lys*’” connecting helix II
and helix IV with helix IX, and Asp'? and Asp™ may form
another salt bridge with Arg®? (22,48,49). In this line, it is
interesting to note that the loops IV-V and X—XI have been
implicated in the translocation step, as possible reentrant
loops (15,17). Therefore, acidic side chains present in these
loops could form new hydrogen bonds with melibiose,
losing salt bridges they formed initially with Arg or Lys. In
any instance, it is noteworthy that our results raise the
possibility of the formation of interactions between some
COO~ groups and Na™* or with Arg/Lys side chains upon
Na® binding, and the breaking of interactions of COO™
groups upon melibiose binding in the presence of Na™. An
important role of salt bridges in transporter function has
already been proposed in the lactose permease (69). Iden-
tification of these side chains will provide a major insight
into the transport mechanism of the melibiose permease.
More generally, it is expected that analyzing how the
substrate-dependent FTIR spectral variations are modified in
thoroughly characterized MelB mutants will provide valu-
able information for the understanding of the transport mech-
anism of MelB and of Na™-coupled symporters.
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