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Alteration of Sugar-Induced Conformational Changes of the Melibiose
Permease by Mutating Arg'*! in Loop 4-5
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ABSTRACT The melibiose permease (MelB) from Escherichia coli couples the uptake of melibiose to that of Na™, Li*, orH™. In
this work, we applied attenuated total reflection Fourier transform infrared (ATR-FTIR) difference spectroscopy to obtain informa-
tion about the structural changes involved in substrate interaction with the R141C mutant and with the wild-type MelB reacted
with N-ethylmaleimide (NEM). These modified permeases have the ability to bind the substrates but fail to transport them. It
is shown that the sugar-induced ATR-FTIR difference spectra of the R141C mutant are different from those corresponding to
the Cys-less permease from which it is derived. There are alterations of peaks assigned to turns and g-structures located
most likely in loop 4-5. In addition, and quite notably, a peak at 1659 cm~', assigned to changes at the level of one a-helix
subpopulation, disappears in the melibiose-induced difference spectrum in the presence of Na*, suggesting a reduction of
the conformational change capacity of the mutated MelB. These helices may involve structural components that couple the
cation- and sugar-binding sites. On the other hand, MelB-NEM difference spectra are proportionally less disrupted than the
R141C ones. Hence, the transport cycle of these two permeases, modified at two different loops, is most likely impaired at
a different stage. It is proposed that the R141C mutant leads to the generation of a partially defective ternary complex that is

unable to catalyze the subsequent conformational change necessary for substrate translocation.

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" (1,2). MelB binds and transports melibiose and its
coupling ion in a 1:1 ratio (3). The three coupling ions
have a common binding site, and Na* or Lit ions enhance
the cotransporter affinity for melibiose (4,5). Reciprocally,
melibiose binding enhances MelB affinity for the coupling
ion (6). Biochemical studies, including immunological,
PhoA-MelB fusions, and proteolytic mapping analysis
(7-9), as well as two-dimensional crystallization (10,11)
and Fourier transform infrared (FTIR) studies (12), consis-
tently fit a topological model that includes 12 transmembrane
a-helical domains. This secondary structure model is illus-
trated in Fig. 1. Moreover, genetic and site-directed muta-
genesis studies (13—17) suggest that 1), the cation-binding
site is principally lined by N-terminal transmembrane
domains (light gray helices in Fig. 1) and the sugar-binding
site is delimited at least in part by C-terminal domains
(darker gray helices in Fig. 1); 2), helix IV may connect
the two substrate-binding sites (18), and loops 4-5 and
10-11 are important for MelB function (8,19-21); and 3),
Asp and Glu residues are implicated in cation and melibiose
binding and/or translocation (16,20,22-24). Other residues,
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such as Asn (25), Arg (19,26), and Tyr (24), have also
been shown to be important in these processes. Analyses
of purified MelB reconstituted in proteoliposomes using
different biophysical techniques have provided strong
evidence for several substrate-induced changes in MelB
conformation during the MelB transport cycle. Previous
studies reported that the coupling cations induce changes
in the fluorescence of Trp located in the N-terminal domain,
whereas melibiose interaction preferentially leads to a fluo-
rescence change of Trp located in the C-terminal domain
(15,18,27). Moreover, the Nat (or Li*) dependent change
in the fluorescence resonance energy transfer properties of
a dansylated sugar derivative suggests that ion binding to
MelB promotes a structural change in the sugar-binding
site or in its immediate vicinity (13,28). Electrophysiolog-
ical measurements have revealed fast transient currents
(20 ms range) triggered by either Na™ or melibiose binding
(6,29). The melibiose-induced charge transfer is best ex-
plained by structural changes involving movement of
charged amino acids and/or a reorientation of helix dipoles
(29). Finally, results from FTIR spectroscopy have not only
provided information on the secondary structure components
of MelB (12), they also suggest that changes in a-helix tilting
occur upon substrate binding (30). In addition, hydrogen/
deuterium (H/D) exchange experiments showed that MelB
is less accessible to solvent when incubated with sugar and
either cation than with the corresponding cation alone (31).
The same study also showed that §-structures are protected
against H/D exchange by sugar binding.
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MelB. The 12 successive transmembrane helices are repre-
sented by boxes and labeled using the H letter and a roman
number subscript. Shaded boxes indicate helices putatively
lining the cosubstrate binding sites (light gray, Na* site;
dark gray, sugar site). Amino acids of interest for this study
are labeled using the single-letter amino acid code and

L.

Loop 4-5

More refined insights into the substrate-induced changes in
MelB structural properties, as well as the change in proton-
ation-deprotonation and/or environment of given amino
acid side chains, were recently gained with the use of attenu-
ated total reflection (ATR)-FTIR difference spectroscopy
applied to MelB proteoliposomes fully equilibrated in either
H,O or D,O media (32,33). IR difference spectroscopy is
a powerful methodology that can reveal details of changes
at the level of only one amino acid (34). Although the differ-
ence spectra obtained are of very low intensity, we and other
investigators (32,33,35-38) have demonstrated their high
repeatability and consistency. The most salient information
from these studies on MelB can be summarized as follows
(see details in the Results section below): The addition of
Na* (or Li"), and subsequently that of melibiose, gives rise
to sets of discrete and sharp peaks that can be considered as
specific signatures of the interaction of MelB with each
substrate. In the difference ATR-FTIR spectra, peak assign-
ment in the amide I interval suggests that all types of
secondary structures (a-helix, @-structures, and turns) partic-
ipate in the substrate-induced structural variations. In partic-
ular, substrate-specific changes (Na™ versus H, cation/sugar
versus cation) at the level of different subtypes of a-helical
components with distinct FTIR signatures have been tenta-
tively related in part to helix tilt variations. Finally, the change
in the antisymmetric vibration signal of some of the MelB
carboxylates has been attributed to (COO™)-Na* (or Li™)
interactions and/or (COO™)-Arg™ (or Lys™) interactions.

Replacing R141 in cytoplasmic loop 4-5 of MelB by
a neutral Cys residue leads to selective inactivation of
MelB translocation capacity (19). Biochemical analyses
have shown that the R141C mutant retains Na"-dependent
sugar-binding activity (19), as well as a fluorescence reso-
nance energy transfer signal arising from a bound dansylated
sugar-analog (39). In contrast, it does not catalyze active
transport or energy-independent, carrier-mediated cosub-
strate translocation reactions. It was recently reported that
MelB electrical properties resulting from sugar binding
(6,29) were also selectively impaired in the mutant (39).
Although Na™ (or Li") addition still elicited a fast electrical
transient signal, subsequent addition of melibiose no longer
gave rise to any of the fast and slow sugar-induced electrical

Biophysical Journal 96(12) 4877—4886

Loop 10-11

N
Riag Cses "
C

a number subscript corresponding to their position on the
primary MelB amino acid sequence. The aspartic acid resi-
dues distributed in Hy, Hy;, and Hyy are important for Na™
binding. Arg'*! is located in loop 4-5. Cys*** in loop 10-11
is the NEM target. The model is from Pourcher et al. (9).

transients. Also, Na"-dependent sugar-induced variations of
MelB tryptophan signal (27) were no longer observed in
R141C. Of interest, although acylation of Cys®**, localized
in loop 10-11, in the wild-type (WT) MeB by N-ethylmalei-
mide (NEM) also selectively impaired translocation (40), no
change in its fast electrical components or Trp fluorescence
response was observed (6,27). This suggests that the NEM
reaction introduces a defect after sugar binding (39). These
data suggest that the extramembranous loop 4-5 has a role
in the transport process, and more especially during a step
immediately after sugar binding.

The general purpose of this study was to gain a better
understanding of the structure-function relationships of the
ion-coupled MelB transporter. We sought to determine the
extent to which the R141C defect is associated with any
structural defect. To that end, we carried out a difference
ATR-FTIR analysis of the cosubstrate-induced change re-
corded on the purified R141C MelB mutant in proteolipo-
somes. The overall difference ATR-FTIR information previ-
ously obtained from WT-MelB was used as a general
reference. We also characterized the Cys-less mutant (the
quadruple mutant C110S/C235V/C310S/C364S 40) from
which R141C was derived, and used it as a control. Finally,
the NEM-acylated WT-MelB, which also displays selective
inactivation of the translocation capacity (3,5), was analyzed
for comparison. Overall, the data show that the R141C muta-
tion introduces a selective defect of the structural properties
of MelB during (or at a stage immediately after) sugar
binding to the Na*-MelB.

MATERIALS AND METHODS
Materials

Synthesis of (3-laurylamido)-N,N’-(dimethylamino)propylamine oxide
(LAPAO) was performed as previously described (41). Dodecyl maltoside
(DM) was obtained from Boehringer Mannheim (Basel, Switzerland), and
Ni-NTA resin was obtained from Qiagen (Hilden, Germany). SM-2 Bio-
Beads were obtained from Bio-Rad (Hercules, CA). Total E. coli lipids
(acetone/ether precipitated) were purchased from Avanti Polar Lipids
(Alabaster, AL). High-purity-grade salts or chemicals were used to prepare
nominally Na*-free media containing <20 uM sodium salts. All other mate-
rials were obtained from commercial sources.
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Plasmids and site-directed mutagenesis

A recombinant pK9SAAHB plasmid with a cassette containing the melB
gene (42) encoding a permease devoid of its four native cysteines
(Cys-less MelB) was engineered by polymerase chain reaction using the
appropriate mutagenesis primers, and subsequently used for control experi-
ments or as background for further permease engineering (19). This Cys-less

carrier displayed a valine instead of Cys**, and a serine instead of Cys''’,
Cys>'°, and Cys*®* (40).

MelB overproduction and purification

A RecA™ derivative of E. coli DW2 (Amel AlacZY) (43) was transformed
with pPKO9SAAHB plasmid to overexpress a WT His-tagged MelB (15). Trans-
formed cells were grown at 30°C in 200 L of M9 medium supplemented with
appropriate carbon sources and ampicillin (100 mg/mL) at the Centre de
Fermentation, Centre National de la Recherche Scientifique (Marseille,
France), and used to prepare inverted membrane vesicles (IMVs), by means
of a French press (American Instrument). Purification of the His-tagged
MelB was carried out essentially as described previously (42).

Preparation of MelB proteoliposomes

MelB protein (0.5 mg/mL) solubilized in DM (0.1%, w/v) was mixed with
E. coli lipids to give a protein/lipid ratio of 1:2 (w/w). DM was removed by
an overnight adsorption in SM-2 Bio-Beads at 4°C as described previously
(44). The proteoliposomes were then subjected to repeated freeze/thaw-soni-
cation-wash cycles in nominally Na*-free, 0.1 M potassium chloride buffer
(pH 6.6) to eliminate NaCl from both the external medium and the internal
space. All samples were prepared in H,O buffers.

MelB inhibition with NEM

For MelB inhibition with NEM, the proteoliposome suspension was incu-
bated for 30 min in the presence of 2 mM of NEM and then extensively
washed (5).

Data acquisition

The experimental setup was the same as that described in a previous study
(32). Briefly, a sample of 20 uL of a proteoliposome suspension (~150 ug
of protein) was spread homogeneously on a germanium ATR crystal (Har-
rick, Ossining, NY; 50 x 10 x 2 mm, yielding 12 internal reflections at
the sample side) and dried under a stream of nitrogen. The substrate-contain-
ing buffer and the reference buffer were alternatively perfused over the pro-
teoliposome film at a rate of = 1.5 mL/min. Spectra were recorded with an

FTS6000 Bio-Rad spectrometer equipped with a Mercury-Cadmium-Tellu-

ride detector at a resolution of 4 cm ™.

Data corrections and manipulations

Deconvolution by the maximum entropy method was applied to the differ-
ence spectra as previously described (45).

RESULTS

Substrate-induced changes of the Cys-less
mutant

Given that the MelB mutant was constructed with Cys-less
permease used as the molecular background, we checked the
similarity of the substrate-induced difference spectra of the
Cys-less and the WT permeases (see the Supporting Material).
Peaks absorbing in turns, -structures, a-helices, and carbox-
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ylic side-chain regions are observed in the difference spectra of
both permeases. All respective difference spectra are similar in
shape and share the same main peaks. They are also similar to
previously published MelB difference spectra (32,33).

Since the transport characteristics of Cys-less and WT are
similar but not identical, one could expect that the difference
spectra would also be similar but not identical. In all exper-
iments, the Na™ and/or sugar concentrations used (10 mM)
are saturating (3—5). Indeed, the main parts of the difference
spectra are very similar, i.e., the amide I region in Na' versus
H™" and melibiose - Nat versus Na* difference spectra, the
carboxylic peaks around 1400 cm™' in Na™ versus H'
difference spectrum, etc. (Supporting Material). These facts
and the virtual identity between spectra taken from different
samples indicate 1), the reliability of the MelB difference
spectra despite their low intensity; and 2), the feasibility
of the deconvolution applied to the difference spectra
(for example, the small peaks at 1515 and 1526 cm ™' are
reproduced in the difference spectrum of both permeases).

It can be concluded that the substrate-induced difference
spectra of Cys-less and WT are essentially similar, albeit
not entirely identical, and yield comparable information on
fully active MelB permeases. Hence, the mutation of the
four native Cys of MelB has a limited impact on changes
due to Na* binding or to melibiose interaction in the pres-
ence of Nat or H'. This is in keeping with the reported
similar functional behavior of the Cys-less mutant compared
with the WT (40).

Substrate-induced changes of the R141C mutant

Few alterations are observed when one compares the amide [
region of the difference spectra induced by Na™ binding with
R141C and Cys-less (Fig. 2 A). The structural changes result-
ing from the replacement of the coupling H* by Na™ are there-
fore alike in both permeases. However, some variations are
visible in some parts of the difference spectrum, such as those
in the peaks in the 1630—1600 cm ™' region. These changes
may be mainly caused by the disappearance of the peak
centered at 1614 cm™ ', which may be assigned to Arg side
chains (34,46) and more specifically to Arg'*'. The assign-
ment of this peak to Arg side chains is consistent with the
fact that this peak is sensitive to H/D exchange (33). In addi-
tion, there is a decrease in the intensity of the peaks absorbing
in the amide II (around 1550 cm™'). Peaks corresponding to
carboxylic acids (33) (at 1598-1600, 1576-1579, 1404, and
1383 cm™ ') show no modifications except for a small
decrease in the peak at 1600 cm_l, which could also be caused
by the disappearance of the nearby peak at 1614 cm™'. A
comparison of the deconvoluted spectra (Fig. 2 B) that
increase the peak resolution confirms these conclusions.

The R141C difference spectrum induced by melibiose
binding in the presence of Na™ (Fig. 3 A) presents an overall
shape comparable to that of Cys-less. However, there are
some noteworthy dissimilarities in the amide I region that
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FIGURE 2 Comparison of Na*-induced difference spectra of R141C and
Cys-less. (A) Solid line: difference spectrum of R141C in 20 mM MES,
100 mM KCl, 10 mM NaCl, pH 6.6, minus R141C in 20 mM MES,
110 mM KCI, pH 6.6; shaded line: difference spectrum of MelB Cys-less
under the same conditions. In this and subsequent figures, higher substrate
concentrations had no further effect on the difference spectra. (B) Deconvo-
luted difference spectra of panel A.

are best seen after deconvolution of the spectra (Fig. 3 B). First,
the peaks at 1688, 1682, and 1672 cm™"' of Cys-less, previ-
ously assigned to putative 3-structures or turns (32,33), are re-
placed by only two contiguous peaks at 1684 and 1680 cm
in R141C. This suggests that the conformational changes of
these structures occurring in R141C upon melibiose interac-
tion are different from those of Cys-less. A second and striking
modification in the amide I region of R141C (Fig. 3 B) is the
absence of the 1659 cm™' peak, which was previously
proposed to arise from one of the two major a-helix subpopu-
lations («-helix type I) (32,33). Recent FTIR studies on MelB
using polarized light suggest that this peak is at least partly due
to sugar-induced variation of helix tilting (30). Accordingly,
the disappearance of this peak in R141C may indicate the
suppression of movements of one or more helices of the a-
helix type I subpopulation. Other changes seen in the deconvo-
luted amide I region include the disappearance of the negative
peak at 1632 cm ™' and the appearance of one positive peak at
1636 cm ™" (Fig. 3 B). These two spectral variations are consis-
tent with changes in the contribution of -structures (12,38)
involved in cooperative interaction between the two
substrate-binding sites or in the substrate translocation
process. A decrease in the intensity of the peaks near 1621
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FIGURE 3 Comparison of melibiose-induced difference spectra of
R141C and Cys-less in the presence of Na™. (A) Solid line: Difference spec-
trum of R141C in 20 mM MES, 100 mM KCl, 10 mM NaCl, 10 mM meli-
biose, pH 6.6, minus R141C in 20 mM MES, 100 mM KCl, 10 mM NaCl,
pH 6.6; shaded line: difference spectrum of MelB Cys-less under the same
conditions. (B) Deconvoluted difference spectra of panel A.

cm ! in the difference spectra induced by melibiose binding
in the presence of Nat or H" (Fig. 3; see also Fig. 4) could
be interpreted (34) as the disappearance of the signal arising
from one or more of the side chains known to be involved in
the transport function (Arg>%, Arg'*!, and Arg'*).

In the amide II region, only small differences are observed
between both permeases, and they can be assigned mainly to
amino acid side chains. One peak that shows some changes is
that centered at 1526 cm™'; it is ascribed to Lys side chains,
although it could also correspond to amide II vibration
(34,47). In the R141C difference spectrum (Fig. 3 A) there
is a narrowing of the peak centered at 1540 cm ™! (assigned
to amide II). This narrowing allows the observation of the
peak at 1526 cm™ ' without deconvolution. Finally, carbox-
ylic peaks around 1703, 1600, and 1405 cm ™" are compa-
rable in the difference spectrum (Fig. 3 A), although some
changes are seen in the deconvoluted spectrum, especially
around 1600 cm ™' (Fig. 3 B).

Fig. 4 compares the R141C and Cys-less difference
spectra resulting from interaction of melibiose in the pres-
ence of H'. In the amide I region corresponding to turns
or B-structures (1690-1670 cm™ ', Fig. 4 B), only one peak
is resolved by deconvolution at 1680 cm ™' in the R141C
difference spectrum, whereas two peaks are observed in
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FIGURE 4 Comparison of melibiose-induced difference spectra of
R141C and Cys-less in the presence of H*. (A) Solid line: Difference spec-
trum of R141C in 20 mM MES, 100 mM KCl, 50 mM melibiose, pH 6.6,
minus R141C in 20 mM MES, 100 mM KCl, pH 6.6; shaded line: difference
spectrum of MelB Cys-less under the same conditions. (B) Deconvoluted
difference spectra of panel A.

the Cys-less spectrum. The positive peak at 1659 cm™',

which is absent in R141C - melibiose - Nat versus Na™
difference spectrum, is still recorded when the coupling
ion is H', but its intensity is significantly reduced compared
to Cys-less. In the amide II absorption region (Fig. 4 A), there
is a clear increase in the intensity of the peak centered at
1526 cm™'. As noted above, this peak can be assigned to
either amide II vibration or Lys side chain.

Carboxylic antisymmetric vibration presents an upshift to
1602 cm™!, which is best seen in the nondeconvoluted
spectra (Fig. 4 A). The negative peak around 1384 cm ™',
corresponding to symmetric carboxylic vibrations, also
shows changes between both mutants (33).

In summary, the observed variations of sugar-induced
FTIR signals at the level of a-helices, as well as from turns
and @-structures between the R141C and Cys-less perme-
ases, indicate that the R141C mutation has a significant
impact on the MelB structural variations associated with or
triggered by sugar binding.

Effect of MelB NEM treatment

MelB acylation by NEM almost completely inhibits its trans-
port ability, whereas Na'-dependent sugar-binding capacity

4881

is reduced by only 10% (3,5). Therefore, R141C and NEM-
reacted MelB have the same properties with regard to the
observed transport: they can bind substrates but have lost
the ability to translocate. Fig. 5 shows that the melibiose-
induced difference spectrum of MelB-NEM in the presence
of Na™ is very similar to that of WT in both the overall shape
(Fig. 5 A) and the deconvoluted spectrum (Fig. 5 B).

Fig. 6 compares the melibiose-induced difference spec-
trum of MelB-NEM in the presence of H* with that recorded
in WT. The MelB-NEM difference spectrum presents varia-
tions in turns and B-structures absorbing above 1670 cm ™.
Peaks assigned previously to «-helices (32,33) (at 1669,
1659, and 1551 cm ') are practically not affected by the
NEM reaction, although in the deconvoluted spectrum
a new negative peak at 1663 cm ™' that can be assigned to
a-helix structure can be appreciated in the MelB-NEM spec-
trum (Fig. 6 B). Peaks corresponding to vibrations of carbox-
ylic side chains show only small changes. Finally, around
1699 cm ™' there is a groove in the negative broad peak
around 1705 cm ™. Variations in this region can be assigned
to changes in the C=O0 vibration of Asp or Glu, although this
signal can also be assigned to Asn side chain or turn
secondary structure (34,48).
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FIGURE 5 Comparison of melibiose-induced difference spectra of NEM-
MelB and WT MelB in the presence of Na™. (4) Solid line: Difference spec-
trum of NEM-MelB in 20 mM MES, 100 mM KCI, 10 mM NaCl, 10 mM
melibiose, pH 6.6, minus NEM-MelB in 20 mM MES, 100 mM KCI, 10 mM
NaCl, pH 6.6; shaded line: difference spectrum of WT MelB under the same
conditions. (B) Deconvoluted difference spectra of panel A.
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FIGURE 6 Comparison of melibiose-induced difference spectra of NEM-
MelB and WT MelB in the presence of H'. (A) Solid line: Difference spec-
trum of NEM-MelB in 20 mM MES, 100 mM KCIl, 50 mM melibiose,
pH 6.6, minus NEM-MelB in 20 mM MES, 100 mM KCl, pH 6.6; shaded
line: difference spectrum of MelB WT under the same conditions. (B)
Deconvoluted difference spectra of panel A.

These results indicate that some changes occur between
the difference spectra of MelB reacted with NEM due to me-
libiose binding in the presence of Na™ or H', in comparison
with those recorded for WT. However, the spectral devia-
tions from the WT behavior observed in the NEM-acylated
MelB are less important than the ones observed for the
R141C mutant.

DISCUSSION

The R141C mutation causes inhibition of both sugar-induced
increases of Na' affinity and substrate translocation. In
contrast, acylation of the WT permease by NEM impairs
only substrate translocation. Due to the absence of a high-
resolution 3D structure of MelB, the presence of loops or
the localization of some amino acid is still tentative and is
based on different kinds of studies. Recently obtained 3D
structures of transporters such as the lactose permease
(LacY) may help in positioning Arg'*'. Although the
sequence similarity of MelB to the lactose permease is
only marginal, it is instructive to take into account the role
of Arg side chains as deduced from the LacY 3D structure.
In LacY, Arg'** forms bidentate hydrogen bonds with the
sugar moiety, and is therefore an essential side chain for
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substrate binding (49). In MelB, Arg'*' seems to play
a different role, as the mutant R141C retains the capacity
to bind the sugar even if transport is inhibited. In contrast,
Arg'*® of MelB (in helix IV) is more likely equivalent to
Arg'** in helix IV of LacY. Indeed, mutation of Arg'*
into Cys or Asn (but not Lys) leads to inhibition of sugar
binding (19).

Our data indicate that only limited modifications of the
substrate-induced difference spectral features take place in
R141C or the NEM-reacted WT protein compared with
Cys-less or WT. The conclusion emerges that small struc-
tural rearrangements occurring in key sites in the permease
are sufficient to produce such significant functional effects.
In this case, these key sites presumably correspond to loop
4-5 (R141C) or loop 10-11 (NEM acylated MelB). As dis-
cussed below, perturbations of loop 4-5 structure may prop-
agate to the helical domains.

As a preliminary remark, it is important to mention that re-
placing three out of four cysteines of MelB by a serine and
the last one by a valine to construct the Cys-less permease
has no major impact on the substrate-induced difference
spectra of MelB. Thus, Cys-less and WT essentially share
the same main peaks. Since these two permeases have
comparable kinetic properties of melibiose transport (40),
it can be safely concluded that their substrate-induced differ-
ence spectra yield equivalent structural information on fully
active MelB transporters.

Conformational changes induced by Na* binding
to R141C or Cys-less permease are similar

The R141C mutant cannot transport substrates but retains the
ability to bind them (19). The Na't-induced difference
spectra for R141C and either Cys-less or WT indicate that
replacement of H by Na™ as a coupling ion induces very
similar conformational changes in the amide I region and
the carboxylic side-chain absorption region. This is consistent
with previous data showing that, in all three transporters, Na™*
activates sugar binding, enhances the fluorescence emission
of the bound fluorescent sugar Dns”-S-Gal, and triggers
a fast electrical response in a similar fashion (39). Therefore,
it can be concluded that the Arg'*' mutation modifies neither
the Na'-binding site structure nor the associated conforma-
tional changes. In view of this, the disappearance of the
peak centered at 1614 cm ™' in the difference spectra of the
R141C mutant leads to a tentative assignment of this peak
to a Na-induced change of the Arg'*! environment.

Secondary structures present in loop 4-5 likely
suffer different changes in R141C and Cys-less
upon melibiose binding

The difference spectrum induced by melibiose binding to
R141C in the presence of Na' suggests changes in the
contribution of reverse turns and @-structures (at 1688,
1682, and 1672 cm™'; Fig. 3 A) to the sugar-induced
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conformational changes. Because Arg'*! is located in loop 4-
5 (8), we can tentatively consider that at least part of these
conformational alterations occur in this loop. Of interest,
the disappearance of the negative peak at 1632 cm ™' and
the concomitant appearance of the positive peak at 1636
cm™' are correlated with perturbation of @-structures by
the mutation. Evidence that §-structures are influenced by (or
involved in) melibiose interaction was suggested by previous
studies of MelB that showed a high degree of protection of
some (-structures against H/D exchange when sugar was
bound to the permease (31). Furthermore, although loop
4-5 of WT is efficiently protected by Na* against proteolysis,
and even more by Na™ in the presence of melibiose (8), the
sugar protection disappears in the R141C mutant (50). All of
this structural information is in agreement with the idea that
loop 4-5 has a structural role in the transport mechanism.
This also agrees with a previous suggestion that loop 4-5
may behave as a functional and mobile reentrant loop that
contributes either the stabilization or reorientation of the
ternary complex, or participate in the inner gating mecha-
nism (19). In addition, biochemical data and photolabeling
experiments suggest that Arg'*', and therefore part of loop
4-5, may be close to the sugar-binding site (19,51). Finally,
there is growing evidence that loops (reentrant or not) play
a functional and/or structural role in several other trans-
porters from different families (1,52-59).

The R141C mutation specifically impacts one of
the MelB «-helix subpopulations

One remarkable effect of the mutation at Arg"*' on the MelB
structural properties is the selective disappearance of the
peak at 1659 cm ™' in the sugar-induced spectrum in MelB
equilibrated in Na™ medium (Fig. 3), or at least a severe
reduction of its intensity in H™ medium (Fig. 4). Dave et al.
(12,31) reported that the absorption band at 1660 cm ™' in
MelB is one of the two major helix components in the amide
I region of FTIR deconvoluted spectra, and assigned it to an
a-helix subpopulation («-helix type I). In contrast, the second
major helix component, corresponding to the peak at
1653 cm ™' (a-helix type II), is not modified by the mutation.
According to a recent analysis of WT MelB with IR polarized
light, these two subpopulations include tilted helices that
display substrate-dependent variations of their tilt angle
(30). Overall, these data suggest that the mutation preferen-
tially disrupts the conformational properties of the a-helix
type I subpopulation.

Although this information is important, in itself it is insuf-
ficient to identify which (and how many) of the 12 putative
transmembrane domains of MelB become affected by the
mutation, or to unravel the catalytic role of MelB. Indeed,
IR difference spectroscopy does not reveal whether the
1659 cm ™' signal in WT of Cys-less arises from a single entire
a-helix or eventually from part(s) of an interrupted a-helix, or
even from a combination of two (or more) a-helices. Despite
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this complexity, however, a plausible and simple interpreta-
tion can be made by combining the absence of the 1659 cm ™"
signal in response to sugar binding to R141C with other spec-
troscopic data and biochemical information collected from
WT and R141C MelB. First, the finding that either cation or
sugar binding to WT or Cys-less causes a peak variation at
1659 cm™' in their respective difference spectra (32,33)
suggests that the 1659 cm ™' signal arises from the same helix
component(s) during the two binding processes. Second, the
loss of IR signal at 1659 cm ™' (Fig. 3) in R141C is concom-
itant with the loss of the cooperative sugar-induced increase of
Na* affinity (39). On the basis of these findings and correla-
tions, we propose that the signal at 1659 cm ™" arises from
a set of a-helix type I components lining the cosubstrate-
binding pocket.

Results from several mutagenesis studies may be used to
consider the predicted transmembrane segments Hy and Hyy
(42) as potential components of the 1659 cm ™" helix subpop-
ulation. Indeed, both Hyy and Hyy carry Asp residues (Asp55
and Asp59 in Hyg; Asp124 in Hyy) that are essential for Na*
recognition and are expected to be part of the ion coordination
network (16,17). Proximity between these two transmem-
brane segments in the MelB structure is suggested, in partic-
ular, by the observation that the introduction of an aspartate
residue substituting Gly117 (in Hyy) can restore Na'-depen-
dent transport activity to the Na*-insensitive D55C (in Hyy)
mutant (60). Similarly, the introduction of an Arg residue in
Hpv (W116R) compensates for the lack of an Arg at position
52 in Hy; of the R52S mutant (26). Other data suggest that Hy;
and Hyy are close to and interact with structural components of
the sugar-binding site, or may even be part of them. On the one
hand, alkylation of the D59C mutant with NEM prevents
sugar binding, and melibiose affords protection against this
inactivation (22). A similar effect of the SH-reagent p-chlor-
omercuribenzene sulfonate was observed in permeases
carrying individual Cys substitution of other residues of Hy;
(61). Lastly, studies of single point mutations introduced in
Hyy led to the suggestion that this transmembrane segment
may act as a hinge between the two putatively overlapping
substrate-binding sites (18,24).

It should be stressed that Hyy is one of the two flanking
helices of loop 4-5. Thus it is possible that the conformational
defect in loop 4-5 could directly perturb the properties of
this helix component (as well as the Hy helix interacting
with Hyy), perhaps by interfering with its (or their) substrate-
dependent tilt capacity.

CONCLUSIONS

One of the most interesting results of this work is the absence
of the peak at 1659 cm ™', ascribed to a-helix subpopulations,
in the difference spectrum of R141C caused by melibiose
interaction in the presence of Na*t. Following the arguments
given above, this helix most likely forms part of the structures
that couple the cation-binding site to the sugar-binding site.
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This coupling may be disabled by the R141C mutation. The
NEM acylation does not affect this peak, which means that
the coupling mechanism is still operating in the NEM-reacted
permease even when transport is blocked.

A comparison of the difference spectra of R141C with
those of MelB-NEM and WT suggests that the sugar-induced
conformational changes in the NEM-acylated protein are
more similar to those observed in WT than to those in
R141C. This may be explained by considering that the trans-
port cycle of the R141C mutant is blocked at an earlier stage
than that of the NEM-reacted MelB. To examine the possible
relationships between conformational and kinetic transition
defects occurring in the R141C or NEM-reacted permeases
during MelB cycling, we used the kinetic model of the
MelB transport cycle shown in Fig. S4. This model is
derived from a six-state model based on alternating-access
principles, to which was added an occluded-state interme-
diary (C’Namel) during the carrier translocation process
(CoNamel <> C;Namel) (39). The more extensive disruption
of the structural and functional properties in the R141C
mutant than in NEM-WT is in agreement with previous
studies demonstrating that even if both transporters still
bind the two cosubstrates, R141C does not exhibit sugar acti-
vation of Na™ binding or generation of a sugar-induced fast
transient electrical signal, or any sugar-induced tryptophan
signal variation (19,39). All of these properties are retained
by the MelB-NEM permease, as is the coupling between
the cation and the sugar sites. The suggestion that R141C
transport is blocked before reaching a putative “‘occluded”
state of MelB, whereas MelB-NEM permease transport is
blocked in the “occluded’ state (39), could account for the
observed effects. On the other hand, the different effects of
modification at loops 4-5 (R141C) and 10-11 (NEM)
presumably reflect their involvement in different steps of
the transport reaction. In this regard, the use of time-resolved
spectroscopic techniques to follow the time course of the
structural changes that occur during MelB cycling should
enable a better understanding of the structural basis of the
Na"-coupled sugar transport mechanism of this symporter.
This was illustrated in a recent study showing that the
sugar-induced fast electrical transient and Trp fluorescence
variations in WT MelB have comparable rate constants,
which suggests that they monitor highly correlated structural
events during cycling (62).
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