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The mannitol transporter EIImtl from Escherichia coli is responsible for the uptake of mannitol over the inner
membrane and its concomitant phosphorylation. EIImtl is functional as a dimer and its membrane-embedded
C domain, IICmtl, harbors one high affinity mannitol binding site. To characterize this domain in more detail
the microenvironments of thirteen residue positions were explored by 5-fluorotryptophan (5-FTrp) fluores-
cence spectroscopy. Because of the simpler photophysics of 5-FTrp compared to Trp, one can distinguish be-
tween the two 5-FTrp probes present in dimeric IICmtl. At many labeled positions, the microenvironment of
the 5-FTrps in the two protomers differs. Spectroscopic properties of three mutants labeled at positions 198,
251, and 260 show that two conserved motifs (Asn194-His195 and Gly254-Ile255-His256-Glu257) are locat-
ed in well-structured parts of IICmtl. Mannitol binding has a large impact on the structure around position
198, while only minor changes are induced at positions 251 and 260. Phosphorylation of the cytoplasmic B
domain of EIImtl is sensed by 5-FTrp at positions 30, 42, 251 and 260. We conclude that many parts of the
IICmtl structure are involved in the sugar translocation. The structure of EIImtl, as investigated in this work,
differs from the recently solved structure of a IIC protein transporting diacetylchitobiose, ChbC, and also be-
longing to the glucose superfamily of EII sugar transporters. In EIImtl, the sugar binding site is more close to
the periplasmic face and the structure of the 2 protomers in the dimer is different, while both protomers
in the ChbC dimer are essentially the same.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

The EII sugar transporters of the bacterial-specific phosphoenolpyr-
uvate (PEP) dependent phosphotransferase system (PTS) phosphory-
late their cognate substrates during transport over the membrane.
EII transporters belong to the class of group translocation trans-
porters, which is distinct from the classes of primary and secondary
transporters [1]. The D-mannitol specific mannitol permease
from Escherichia coli, EIImtl, is one of the best-characterized EII
sugar transporters [2]. It is a 68-kDa protein composed of three
covalently linked domains, two cytoplasmic domains, A and B, and
a membrane-embedded C domain (IICmtl). It transports mannitol
from the periplasm to the cytoplasm, where it is released as
mannitol-1-phosphate [2,3]. The phosphoryl group originates from
ting and phosphorylating en-
ain of EIImtl; Trp, tryptophan;
r: mannitol, D-mannitol; FRET,
t the half height; ϕ, rotational
, Polyethylene glycol
+31 50 3634800.

rights reserved.
PEP and is delivered to mannitol in the C domain via His554 in the
A domain and Cys384 in the B domain of EIImtl, respectively. The
structures of the A and the B domains have been solved by X-ray
crystallography and NMR spectroscopy [4,5]. For the membrane-
embedded IICmtl (346 residues), which harbors the mannitol trans-
location pathway, a 2D projection map at 5 Å resolution is available
[6]. EIImtl is functional as a dimer and it contains one high-affinity
mannitol binding site per dimer [7].

Various biophysical and biochemical approaches, including Trp fluo-
rescence spectroscopy, have been exploited to study mechanistic and
structural features of EIImtl [8–11]. WT EIImtl contains four Trp residues,
all located in the C domain but they can be replaced by Phe residues
without significant loss of function [8]. This mutant protein was used
to construct single Trp mutants of EIImtl [12,13]. Recently, 5-fluoroTrp
(5-FTrp), which displays much more homogeneous fluorescence
decay kinetics than Trp [14–16], was biosynthetically incorporated
into these mutants. In favorable cases, one can distinguish between
the two fluorophores present per dimer and it was found that dimeric
EIImtl does not form a symmetric dimer [11]. Förster resonance energy
transfer (FRET) measurements carried out with 19 single Trp mutants
of EIImtl, where 5-FTrp was the donor and the substrate analogue azi-
mannitol the acceptor, indicated that the mannitol binding site is
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Nomenclature

Trp-less EIImtl indicates wt EIImtl in which the four native Trps are replaced by Phe. W30, W38, W42, W66, W147, W167, W180, W188,
W198, W251, W260, W282, and W327 are the single-Trp-containing EIImtl mutants based on Trp-less EIImtl.
W30 C384S, W42 C384S, W251 C384S, and W260 C384S are the single-Trp-containing EIImtl mutants based on Trp-less EIImtl carrying a
Cys384Ser mutation.

862 M. Opačić et al. / Biochimica et Biophysica Acta 1818 (2012) 861–868
asymmetrically positioned in the dimer [12]. Residue positions
30, 38, 97, 133 were found at 7–8 Å from the mannitol-binding site.
Furthermore, experiments with stably phosphorylated mutants
showed that this site is also the site where mannitol becomes
phosphorylated.

Here we characterize 13 positions in the C-domain of EIImtl by
5-FTrp fluorescence spectroscopy, including two native Trp positions
at 30 and 42. Conservative Phe→Trp and Tyr→Trp mutations were
introduced in Trp-less EIImtl at positions spread through the C domain
(positions 66, 147, 167, 180, 188, 198, 251, 260, 282, and 327). Ile38,
close to the mannitol binding site was also mutated to Trp. Character-
ization of these mutants in absence and presence of mannitol informs
which parts of IICmtl are involved in the mannitol transport process
and the 5-FTrp spectroscopy approach can also elucidate structural
differences between the two protomers in dimeric EIImtl. Recently, it
was reported that mutants containing the C384S mutation in the B
domain become irreversibly phosphorylated at Ser384, mimicking
therefore the activated form of the enzyme [17,18]. Here 5-FTrp fluo-
rescence spectroscopy is used to investigate if the IICmtl structure
near positions 30, 42, 251, and 260 is affected by B domain phosphor-
ylation. Positions 30 and 42 are close to the mannitol binding site
while positions 251 and 260 flank the conserved GIXE motif
(Gly254-Ile255-His256-Glu257). The presented data provide struc-
tural details of EIImtl near the 5-FTrp labeled positions and the im-
pact of mannitol binding and B domain phosphorylation on this.
Moreover, the data informs at which 5-FTrp labeled positions the
two protomers in dimeric EIImtl differ in structure. In the course of
this work, the first 3D structure of a IIC domain was presented, the
diacetylchitobiose transporter, ChbC, from Bacillus cereus [19]. Com-
parison of the structural features of EIImtl with the ChbC structure
shows the single high affinity mannitol binding site in EIImtl is locat-
ed more close to the periplasmic face than the two binding sites
present in ChbC, both binding diacetylchitobiose. Another clear dif-
ference is that both protomers in dimeric EIImtl differ in structure
while in dimeric ChbC the structure of both protomers are essentially
the same.

2. Materials and methods

2.1. Chemicals and reagents

C10E5 detergent was obtained from Kwant High Vacuum Oil Recy-
cling and Synthesis, Bedum, The Netherlands, and fluorescent impuri-
ties were removed as described [20]. KI (Suprapur) was from Merck.
N-decyl-β-D-maltoside (DM) was from Anatrace.

2.2. EIImtl mutants

The construction of the single-Trp-containing mutants of EIImtl

used in this work have been described before [12,13,21]. Briefly, all
single Trp mutants, except W38, were based on Trp- less EIImtl with
a N-terminal His6 tag [13] while mutant W38 is based on Trp- less
EIImtl with a C-terminal His6 tag [12]. Trp codons were introduced
using the QuickChange site-directed mutagenesis kit of Stratagene.
The nonvectorial phosphorylation activities and the mannitol disso-
ciation constants (KDs) of the mutants have been reported before
[8,12,21]. The nonvectorial phosphorylation activities of the investi-
gated mutants varied from 65% of the WT EIImtl activity (mutants
W180 and W282) to 15% in the case of mutants W251 and W327
[7]. As expected, mutants containing the C384S mutation were inac-
tive [22]. The C384S mutation does not affect the KD of mannitol [23].
The KDs of the mutants are presented in Table S1.

Biosynthetic incorporation of 5-FTrp in the single Trp mutants of
EIImtl was according to a published procedure [24]. This procedure re-
sults in over 95% incorporation of 5-FTrp at a Trp codon position [24].
In-side-out vesicles were prepared as described [10]. EIImtl mutants
were purified using a two-step purification procedure [11]. The
C384S mutants were first phosphorylated and subsequently purified
as described [12]. Mass spectrometry analysis showed that this proce-
dure resulted in complete phosphorylation of Ser384 in these mu-
tants [12]. For this analysis, the purified C384S mutant was treated
with trypsin and analyzed by nano-flow reversed-phase high perfor-
mance liquid chromatography (RP-HPLC) tandem mass spectrometry
(MS/MS) on a linear quadrupole ion trap-Fourier transform hybrid
mass spectrometer (LTQ Orbitrap XL). The 380–390 peptide was
detected exclusively in the phosphorylated form, with a deviation of
0.003 Da from the theoretical mass. MS/MS experiments identified
Ser384 as the phosphorylation site.

2.3. Fluorescence experiments

All fluorescence spectroscopy measurements were performed in
buffer containing 20 mM Tris, pH 8.4, 1 mM reduced glutathione,
250 mM NaCl and 0.25% (v/v) C10E5. In this optimized buffer system,
EIImtl is present as dimers [2] and the specific mannitol phosphoryla-
tion activity of purified wt EIImtl is only 10–20% lower compared to
the unpurified protein in E. coli membrane vesicles [7,25]. For steady
state fluorescence measurements a Fluorolog3-22 spectrofluorometer
(Jovin Yvon) was used. The excitation wavelength was 295 nm and
the emission was measured from 305 to 500 nm. The excitation and
emission slit widths were 1.25 and 4 nm respectively, and the tem-
perature was 23 °C. All spectra were recorded at least twice and
were corrected for background emission and instrument response.
The emission intensities presented in Stern–Volmer (S–V) plots
were calculated using the integrated area of the emission peaks
between 305 and 460 nm. If both 5-FTrp residues show a similar sol-
vent accessibility towards KI, a linear Stern–Volmer (S–V) depen-
dence is expected. If the solvent-accessibility of the two 5-FTrp
probes is not the same, an S–V plot, featuring a downward curvature,
is obtained [26]. KI and not acrylamide was used as quencher because
the latter likely partitions into the C10E5 belt surrounding EIImtl, in
this way biasing the quenching data. Moreover, acrylamide can
quench the singlet Trp state quite efficiently via a through space
mechanism [27].

Time resolved fluorescence spectroscopy measurements were
performed at 20 °C as described elsewhere [11]. The excitation wave-
length was 305 nm and a 368 nm interference filter (IF) with a 17 nm
full width at half height (FWHM) band-pass (Schott) was used. In
time-correlated single photon counting measurements, where excita-
tion was at 295 nm, a 349 nm IF with a 8 nm FWHH band pass filter
and a cut-off filter (WG320, Schott) were used to collect the emission
[14]. An excitation wavelength of 295 nm was used for mutants



Fig. 1. (A) The emission spectrum of mutant W198 in absence (black) and presence of
50 μM mannitol (gray). (B) The emission spectrum of mutant W188 in absence of KI
(black), and in presence of 235 mM KI (gray).
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exhibiting a very blue emission like W180, W327, and W198. Excita-
tion at 295 nm made it possible to collect a strong emission signal
using this filter without the interference of the water Raman signal.
Despite the low intrinsic anisotropy (r0) value upon excitation at
295 nm (r0=0.1), it was possible to observe changes in anisotropy
upon mannitol binding (Table 3, Fig. S4 in the Supplementary data).
Data were analyzed with a model of discrete exponentials using the
TRFA data processing package, version 1.2, of SSTC, Belarusian State Uni-
versity, Belarus.

3. Results

Thirteen single Trp mutants of EIImtl labeled with 5-FTrp at posi-
tions 30, 38, 42, 66, 147, 167, 180, 188, 198, 251, 260, 282 and 327
(mutants W30, W38, W42, W66, W147, W167, W180, W188, W198,
W251, W260, W282 andW327, respectively), together with four mu-
tants containing an additional C384S mutation (mutants W30 C384S,
W42 C384S, W251 C384S, and W260 C384S), were investigated. In
the C384S mutants, S384 can be stably phosphorylated, in this way
mimicking EIImtl in its phosphorylated state [17]. All 5-FTrp labeled
positions are in the C domain of EIImtl.

3.1. Emission spectra in the absence and presence of mannitol

The maxima (λmax) of the steady state emission spectra of all sev-
enteen studied mutants are presented in Table 1. Typically, spectra of
proteins containing 5-FTrp are 7 nm red-shifted compared to the
same protein containing Trp [15]. All mutants show a λmax within a
narrow range between 320 and 335 nm, λmax values significantly
bluer than the λmax for free 5-FTrp (354 nm) in aqueous buffer [15]
or for 5-FTrp embedded in C10E5 micelles (~340 nm, see Supplemen-
tary material). Thus the 5-FTrp side chains at all studied positions are
not fully surface exposed.

Mannitol binding influenced the emission intensities of six of the
studied positions (Table 1). We note that 5-FTrp is less sensitive for
monitoring conformational changes as its quantum yield is affected
to only a minor degree by electron transfer to nearby acceptor sites
(e.g. peptide bonds) [15]. For example, the fluorescence intensity of
mutant W30 increases 13% upon mannitol binding [8], but when
position 30 is labeled with 5-FTrp the change is only −4%. W198
was the only mutant studied in this work that showed a significant,
13 nm blue shift of λmax upon mannitol binding (Table 1, Fig. 1A).
Table 1
Fluorescence emission properties of 5-FTrp-containing mutants of EIImtl.

Mutant λmax (nm) Emission intensity change+50 μM mannitol (%)

W30 323 −4
W30 C384S 323 −2
W38 332 0
W42 331 +6
W42 C384S 330 +3
W66 335 0
W147 333 0
W167 331 0
W180 320 0
W188 333 0
W198 329 +16 a (λmax=316 nm)
W251 326 +7
W251 C384S 325 +3
W260 328 0
W260 C384S 332 −6
W282 327 0
W327 320 +5

a The integrated area from 329 nm to 450 nm (without mannitol) was compared to
the integrated area from 316 nm to 450 nm (+ mannitol).
The λmax of W198+mannitol (316 nm) is exceptional blue for
5-FTrp in a protein [15] and is the bluest λmax reported to date.

3.2. Solvent accessibility of the different 5-FTrp positions

KIwas used as a dynamic quencher to probe the solvent accessibility
of the two 5-FTrp positions in the dimeric EIImtl protein. The C10E5 de-
tergent belt around EIImtl may affect the solvent-accessibility of 5-FTrp
but Stern–Volmer (S–V) experimentswith the hydrophobic tryptophan
derivative tryptophan octyl ester (TOE) [28] showed that the presence
of C10E5 has only a small impact on the EIImtl iodide quenching data
(see Supplementary material).

The emission of mutant W167 was found most sensitive for KI. A
linear S–V relationship was obtained, both in the absence and pres-
ence of mannitol, with S–V constant (Ksv) values of 3.9 M−1 and
4.8 M−1, respectively (Fig. 4). The τav values (τav=Σ αiτi) of this
mutant are 4.0 ns without mannitol and 3.7 ns in the presence of
mannitol, yielding collisional quenching constant (kq) values of
1.0×109 M−1 s−1 and 1.3×109 M−1 s−1, respectively. These values
are 1.9 and 1.5 times lower than the kq of TOE in C10E5 micelles under
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the same conditions (Fig. S1). Likely position 167 is located close to
the protein surface at a structured position as also a blue λmax was
observed and a low rotational mobility (see below). The linear S–V
relationship demonstrates that the accessibility is similar for both
EIImtl proteomers.

Also for mutants W30 C384S and W260 C384S, linear S–V plots
were obtained (Figs. 2, 3), yielding kqs of 0.5×109 M−1 s−1 and
0.8×109 M−1 s−1 respectively, 3.8 and 2.4 times lower than the kq
of TOE in C10E5 micelles. A modest solvent accessibility, and 20–35%
quenching with up to 240 mM KI, was observed for mutants W38,
W42, W198, and W260 (Figs. 2–4). The fluorescence emission of
the remaining mutants was quenched less than 20% when up to
240 mM KI was present. By and large, the majority of the studied res-
idue positions are shielded from the solvent.

In the case of W188 (Fig. 1B), W198, andW260, addition of increas-
ing concentrations of KI resulted in quenching of the red part of the
spectrum while the emission at the blue part was minimally affected.
Thus, in these mutants, the two 5-FTrp probes present per dimer emit
at differentwavelengths and the red emitting 5-FTrp ismore solvent ac-
cessible than the blue emitting one. For the other mutants, no clear
changes in the position of λmax were visible during the KI titration.

3.3. Structural differences between the two proteomers in EIImtl mutants

Time-resolved fluorescence experiments were conducted to in-
vestigate if structural differences exist between the two protomers
in dimeric EIImtl. If both 5-FTrp probes in the dimer are embedded
in a similar microenvironment, a monoexponential decay is expected
while structural differences at a site result in a multiexponential
decay.

The fluorescence intensity decay spectra of all mutants are pre-
sented in Fig. S3, together with the reduced residuals and the corre-
sponding autocorrelation function of the used fit functions. The
obtained fit parameters are presented in Table 2. On the basis of
their decay kinetics, the studied mutants can be divided in three cat-
egories. (i) Mutants with an essentially homogeneous decaywith the
fraction of the main component (α) between 1.0 and 0.8 (W30, W30
C384S, W42, W42 C384S, W147, W180, W251, and W251 C384S),
(ii) Mutants with a biexponential decay (α1≈α2) (W38, W188,
W198, W282 and W327), and (iii) Mutants exhibiting heteroge-
neous decays (W66, W167, W260 and W260 C384S) (Table 2).
Mannitol binding induced an increase in lifetime heterogeneity for
W42 and W42 C384S with the decay changed to a biexponential
decay (α1≈α2), while that of W147 changed to heterogeneous
decay. Thus mannitol binding results in structural differences
between the two protomers at positions 42 and 147. In summary,
the time-resolved fluorescence decay analysis of the 5-FTrp labeled
EIImtl mutants clearly indicate that the structure of the two proto-
mers in dimeric EIImtl is different at many residue positions
investigated.

3.4. Rotational mobility of the 5-FTrp side chains in EIImtl mutants

To probe the rotational mobility of the 5-FTrp side chains, time re-
solved anisotropy decays were determined (Fig. S4). The anisotropy
decay of each mutant is dominated by 5-FTrp immobile at
the fluorescence decay lifetime scale (rotational correlation time
(ϕ)=∞ ns, ≡≥10×τ) (Table 3). ϕ values between 0.1 and 10 ns are
also present and could be a result of wobbling [26], or homoenergy
transfer between the two 5-FTrp residues in the dimer [16]. A control
experiment with TOE in C10E5 showed that the detergent minimally af-
fects the rotational mobility of the indole side chain (Fig. S2B). The long
ϕ values are therefore caused by the protein matrix surrounding the 5-
FTrp probe.MutantW66gave an associated anisotropydecay curve [26]
(Figs. 5, S4), which shows that this sample contains a population of
emitting molecules with short τ and short ϕ, as well as a population
with long τ and long ϕ. This results in a minimum in anisotropy after
a short time and a subsequent increase of the anisotropy after longer
times. This is a clear indication of structural differences between the
two 5-FTrp residues in dimeric W66.

Addition of mannitol had a notable influence on the rotational
mobility of all 5-FTrp positions investigated, except for mutants
W30 C384S, W38, W251, W260 C384S and W327 (Table 3, Fig. S4).
Thus, a large fraction of the residue positions studied is affected by
mannitol binding. However, all residues retain a low rotational mobil-
ity, suggesting that they all remain in a well-structured region of the
protein.

4. Discussion

In this work we investigated the microenvironment of thirteen
positions in IICmtl using 5-FTrp-fluorescence spectroscopy. Our data
reveal structural features of IICmtl near two conserved motifs,
Asn194-His195 and Gly254-Ile255-His256-Glu257, it informs about
the effect of B domain phosphorylation and mannitol binding on the
IICmtl structure, and it probes differences between the two protomers
in dimeric IICmtl. These features of EIImtl are discussed below and
compared with the X-ray structure of the diacetylchitobiose trans-
porter, ChbC, from Bacillus cereus [19].

4.1. Structure of IICmtl at regions critical for the EIImtl activity: the GIXE
motif and the region near Asn194 and His195

Extensive mutagenesis studies of the IICmtl domain over the years
have resulted in relatively few residue positions that were found to be
essential for EIImtl activity [29–33]. Critical positions include the GIXE
motif (residues 254–257), and residue positions 194–195 [34]. The
GIXE motif is highly conserved among all known EIIs with the gluta-
mate (E) fully conserved [35]. Several studies have pointed out that
both motifs in EIImtl are most likely involved in phosphate and/or
substrate binding [29–32,34]. Structural features of IICmtl surrounding
these motifs in EIImtl have not been reported. As mutagenesis of these
conserved residues resulted in proteins not being able to bind manni-
tol any longer, Trp residues were introduced at flanking positions
(198, 251, 260) to study this important part of EIImtl. Trp198 was
found 13 Å away from the mannitol binding site while Trp251 and
Trp260 are 15–16 Å from this site [12].

W251 and W260 show blue emission maxima, characteristic of
residues in a hydrophobic environment. The 5-FTrps in these mu-
tants show a modest (W260) to very low (W251) accessibility for
KI as dynamic quencher (Fig. 3). The anisotropy decays of both



Fig. 4. Stern-Volmer plots of EIImtl mutants with KI as quencher. A)W38; B)W66; C)W147; D) W167; EW180; F)W188; G)W198; H)W282 M) ; and I) W327 in absence (□) and in
presence of 50 μM mannitol (■).
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residues are dominated by a large fraction of 5-FTrp immobilized on
the nanosecond timescale. Taken together, these data demonstrate
that IICmtl is well structured around these two positions. Upon man-
nitol binding only small changes in the anisotropy decays were ob-
served, as well as only small changes in the solvent accessibility of
these sites. Thus, mannitol binding does not induce major structural
rearrangements near the GIXE motif.

The fluorescence properties of mutant W198 are also typical for a
5-FTrp at a buried position. Addition of mannitol toW198 results in a
significant increase in emission intensity, as well as a large, 13 nm



Table 2
Time resolved fluorescence intensity decay parameters of single 5-FTrp containing mu-
tants of EIImtl in the absence and presence of 50 μM mannitola.

Mutant τ1 (ns) τ2 (ns) τ3 (ns) τ4 (ns) α1 α2 α3 α4 χ2

W30 4.4 1.1 95 5 1.07
+mtl 4.5 1.9 95 5 0.98
W30 C384S 7.2 4.3 5 95 1.06
+mtl 7.7 4.3 4 96 1.06
W38 5.4 4.0 1.0 45 50 5 1.02
+mtl 5.3 3.8 0.6 48 44 7 1.10
W42 4.8 2.4 81 19 1.08
+mtl 5.3 3.9 0.8 51 47 2 1.11
W42 C384S 4.9 2.6 77 23 1.05
+mtl 5.4 4.0 0.7 51 46 3 1.11
W66 5.2 2.8 1.0 0.2 13 29 30 28 1.05
+mtl 5.5 2.5 0.6 0.1 11 32 27 30 0.98
W147 5.0 1.00
+mtl 5.9 4.6 0.3 26 69 5 1.10
W167 4.7 2.1 72 28 1.10
+mtl 5.9 3.9 1.3 18 62 20 1.03
W180 5.0 1.03
+mtl 5.0 2.0 97 3 1.13
W188 5.8 4.1 1.3 47 50 3 1.00
+mtl 5.8 4.0 50 50 1.05
W198 4.9 4.1 50 50 1.03
+mtl 5.7 4.2 50 50 1.07
W251 4.4 1.01
+mtl 4.3 2.1 97 3 1.00
W251 C384S 4.5 2.5 94 6 1.05
+mtl 4.4 2.6 92 8 1.08
W260 4.8 2.1 0.3 63 20 17 1.02
+mtl 4.9 2.1 0.3 68 12 20 1.10
W260 C384S 6.4 4.0 1.1 20 68 12 1.04
+mtl 7.0 4.1 1.2 14 72 14 1.07
W282 4.6 3.9 3.0 48 49 3 1.00
+mtl 4.9 3.6 50 50 1.06
W327 5.1 3.6 50 50 1.09
+mtl 5.1 3.6 50 50 1.15

a The total intensity was assumed as I(t)=Σi αiexp(−t/τi) with Σiαi=100.

Table 3
Time resolved fluorescence anisotropy decay parameters of single 5-FTrp containing
mutants of EIImtl in the absence and presence of 50 μM mannitola.

Mutant ϕ1 (ns) ϕ2 (ns) ϕ3 (ns) ϕ4 (ns) β1 β2 β3 β4 χ2

W30 11.8 0.58 0.03 0.04 0.02 0.06 1.00
+mtl ∞ 1.33 0.04 0.07 0.02 0.04 0.98
W30 C384S 16.2 0.26 b0.01 0.04 0.02 0.05 1.05
+mtl ∞ 16.3 0.27 0.08 0.03 0.03 1.05
W38 ∞ 0.38 0.18 0.02 1.05
+mtl ∞ 0.16 0.18 0.02 1.07
W42 ∞ 6.70 0.36 0.08 0.06 0.04 1.04
+mtl 34.0 1.70 0.06 0.12 0.04 0.05 1.06
W42 C384S ∞ 6.80 0.77 0.10 0.02 0.04 1.07
+mtl 40.0 1.40 0.01 0.11 0.06 0.10 1.09
W66 33.0 1.00 0.06 b0.01 0.09 0.02 0.07 0.06 1.02
+mtl 26.0 1.50 0.02 0.09 0.07 0.15 0.98
W147 ∞ 5.10 0.18 0.10 0.04 0.03 0.97
+mtl ∞ 1.80 0.04 0.12 0.03 0.05 1.06
W167 ∞ 0.66 0.02 0.16 0.03 0.03 1.06
+mtl 45.0 0.56 0.08 0.16 0.02 0.03 1.03
W180 ∞ 7.50 0.18 0.07 0.03 0.07 1.05
+mtl ∞ 0.60 0.10 0.02 1.07
W188 ∞ 9.50 0.35 0.08 0.06 0.03 1.02
+mtl ∞ 1.20 0.11 0.12 0.04 0.03 1.04
W198 ∞ 9.40 0.10 0.02 1.05
+mtl ∞ 1.11 0.08 0.02 1.04
W251 ∞ 1.50 0.01 0.19 0.03 0.07 1.00
+mtl ∞ 0.17 0.19 0.02 1.02
W251 C384S ∞ 3.10 0.18 0.20 0.04 0.02 0.98
+mtl ∞ 0.66 0.06 0.20 0.03 0.03 1.06
W260 ∞ 3.70 0.07 0.13 0.03 0.09 1.05
+mtl ∞ 0.77 0.08 0.14 0.02 0.05 1.04
W260 C384S ∞ 5.30 0.53 0.10 0.06 0.03 1.06
+mtl ∞ 5.20 0.34 0.10 0.06 0.04 1.04
W282 ∞ 3.50 0.25 0.06 0.03 0.03 1.00
+mtl 33.0 1.04 0.12 0.07 0.04 0.04 1.06
W327 19.0 2.40 0.07 0.03 1.03
+mtl 15.0 1.20 0.08 0.02 1.10

a The anisotropy decay was assumed as r(t)=Σi βiexp(−t/ϕi), r(0)=Σi βi, ϕ=∞
corresponds with ϕ>10×τ.

Fig. 5. Anisotropy decay of EIImtl mutant W66 in absence (black) and presence (gray) of
50 μM mannitol.
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blue shift to 316 nm (Fig. 1A). This blue shift induced upon mannitol
binding is indicative of a large conformational change near residue
198 [36]. KI quenching data for this mutant demonstrate 5-FTrp at
198 becomes more buried upon mannitol binding (Fig. 4). Taken to-
gether, this work shows for the first time that the region near con-
served residues 194–195 is embedded in a structured and occluded
part of IICmtl, but is sensitive to binding of mannitol.

Recently, the first 3D structure of a IIC protein, the N, N′-
diacetylchitobiose transporter from Bacillus cereus (ChbC), was
reported [19]. Like EIImtl, ChbC belongs to the Glc superfamily of
PTS sugar permeases and members of this superfamily are expected
to have structural and topological features in common [35]. The X-
ray structure shows a homodimeric protein and each protomer
binds a diacetylchitobiose sugar molecule at a binding site oriented
towards the cytoplasmic face. Residues Glu334 and His250, corre-
sponding to Glu257 and His195 in EIImtl [19], make H-bonds with
the C6 hydroxyl group of the sugar which is phosphorylated, sug-
gesting that residues of both conserved motifs are involved in
sugar phosphorylation. The authors propose that for release of the
sugar to the cytoplasm a relative small conformational change is
needed, the movement of a loop from the neighboring protomer,
but that for binding of the sugar at the periplasmic side, a larger con-
formational change is needed. In the ChbC structure, the residues
corresponding to 5-FTrp in EIImtl mutants W251, and W260, are
close to the sugar while in EIImtl, at conditions studied in this work,
these 5-FTrp residues are 15–16 Å from where mannitol binds [12].
In contrast, 5-FTrps in EIImtl mutants W30, W38, W97, and W133
were found close (7–8 Å) to where mannitol binds while the corre-
sponding residues in ChbC are at the periplasmic face and>25 Å
away from the sugar. This shows that, at the conditions used in this
work, the sugar binding site in EIImtl is more towards the periplasmic
face that in the ChbC structure, suggesting the two proteins are in differ-
ent conformational states. Dimeric EIImtl harbors only one high affinity
mannitol binding site (KD~100 nM), and the presence of a second “rest-
ing” site has been proposed [12]. A KDb0.1 mM could be excluded

image of Fig.�5
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for this second binding site [7]. ChbC was crystallized in the presence of
4 mM diacetylchitobiose and two sugars are bound per dimer. Thus
EIImtl as studied in this work is in a different stage of the transport
cycle than the ChbC structure.

4.2. Conformational changes induced in IICmtl upon mannitol binding
and phosphorylation of the B domain

Changes in λmax, emission intensity, KI quenching, lifetime and
anisotropy upon mannitol binding are the largest for mutant W198
and mutants having the 5-FTrp close to the mannitol binding site
like W30 and W42. In the case of W147 and W167, mannitol binding
does not induce a notable change in λmax and emission intensity, in-
duces only small changes in KI quenching but the changes in lifetime
are relatively large, demonstrating that dimeric EIImtl undergoes
structural changes at these sites, known to be>16 Å away from the
mannitol binding site [12].

EIImtl has 2 cytoplasmic domains, A and B, and only the B domain is
believed to directly interact with the membrane-embedded IICmtl [2].
Phosphorylation of EIImtl at position Cys384 in the B domain accelerates
mannitol transport by 2–3 orders of magnitude [37,38], demonstrating
that a B/C inter-domain coupling is operative during sugar transloca-
tion. B domain phosphorylation induces docking of the B domain at
the C domein, and brings the phosphoryl group to mannitol, bound at
a central location in IICmtl [12]. Calorimetry studies showed50 to 60 res-
idues at the B/C interface to become buried upon B domain phosphory-
lation [39]. Knowledge on which parts of IICmtl interact with the B
domain and/or change structure upon B domain phosphorylation is
very limited. Cysteine accessibility studies showed that positions 85,
90 and 110 in IICmtl do sense B domain phosphorylation [40,41]. Here
we have shown that also residues 30, 42, 251, and 260 sense phosphor-
ylation of the B domain (Figs. 2, 3, S3, S4). Thus B domain phosphoryla-
tion induces conformational changes in the IICmtl structure flanking the
GIXE motif at positions 251 and 260 and near themannitol binding site
at positions 30 and 42. The KI solvent-accessibilities of the 4 probed po-
sitions are not drastically reduced upon B domain phosphorylation
(Figs. 2, 3), indicating that these positions are not at the B domain dock-
ing site. Remarkable is the result for position 42which is facing the peri-
plasm in the ChbC structure. This demonstrates that phosphorylation of
the (cytoplasmic) B domain induces long range conformational changes
in IICmtl.

As discussed in 4.1, the position of the sugar binding site in EIImtl is
close to the periplasmic face of IICmtl, while in ChbC, crystallized in the
absence of the cytoplasmic A and B domains, the sugar is bound near
the cytoplasmic face. Is this difference in sugar binding site position
due to the presence of the cytoplasmic A and B domains in the EIImtl

mutants? In a published Trp phosphorescence study, the impact of
the A and B domains on the IICmtl structure close to the sugar binding
site has been investigated [21]. Mutant W97 and the truncated IICmtl

version of this single Trp mutant (IICmtl-W97) were used in this
study and characterized in absence and presence of mannitol. Position
97 is known to be 7–8 Å from where mannitol binds [12]. The same
phosphorescence spectra and decay kinetics were observed for both
proteins and it was concluded that the microenvironment of IICmtl

near position 97 is not influenced by the cytoplasmic A and B domains.

4.3. Microenvironment of the 5-FTrp-labeled positions

Based on the λmax, S–V and anisotropy data, none of the positions
studied in this work show the characteristics typical for solvent ex-
posed 5-FTrp residues. Except position 38, all studied positions are la-
beled with an aromatic amino acid in wt EIImtl. Aromatic amino acids
in membrane proteins are often located at the protein-lipid interface
[42]. They may function as anchors to help stable embedding of the
protein in the bilayer [43]. Trp- or 5-FTrp-fluorescence spectroscopy
is an excellent tool to establish whether the side chain of Trp is at
the surface or at a buried position. When surface-exposed, a high sol-
vent accessibility for external quenchers is expected, as well as a red-
shifted emission maximum and fast rotational dynamics of the indole
side chain. The spectroscopic properties are not expected to be biased
by the presence of the PEG-based C10E5 detergent, used to solubilize
EIImtl, as this detergent is known to cause only a modest blue shift
of λmax, does not reduce iodide accessibility significantly (Fig. S1),
and causes only minimal restrictions on Trp side chain mobility (Fig.
S2B). Taken together, the fluorescence data of the 13 studied posi-
tions in IICmtl do not correspond with the side chain of 5-FTrp ex-
posed at the IICmtl surface.

In the ChbC structure most residue positions corresponding with
the 5-FTrp-labeled positions in EIImtl are at the protein surface, only
the ChbC residues corresponding with positions 167 and 251 in EIImtl,
respectively, are at well-buried positions. For example, the fluores-
cence of mutant W327 with and without mannitol and W198 with
mannitol was found essentially insensitive to KI as a quencher
(Fig. 4). In the ChbC structure the corresponding residues, Ala409
and Ileu254, respectively [19], are at solvent-exposed positions. In
contrast, Gly190, corresponding with position 167 in EIImtl, is at a
buried position in ChbC, while this work predicts residue 167 close
to the protein surface. Thus the overall structure of EIImtl, as studied
in this work, is quite different from the reported ChbC structure. EIImtl

is a sugar transporter and large conformational changes may take
place in the membrane-embedded C domain during the catalytic
cycle, as also proposed for ChbC by Cao et al. [19]. The collected KI
quenching data for W30 at 4 different stages of the transport cycle
demonstrate this as the solvent accessibility increases significantly
when the transporter proceeds from the unphosphorylated state
without mannitol to phosphorylated EIImtl in the presence of
mannitol (Fig. 2A).
4.4. Structural organization of dimeric EIImtl

In a recently published FRET study convincing evidence was pre-
sented that EIImtl forms an asymmetric dimer, as the mannitol bind-
ing site was not found located symmetrically at the dimer interface
of EIImtl [12]. This study did not address which parts of EIImtl differ
in structure between the two protomers. The 5-FTrp fluorescence
data in this manuscript shed light on this. In the mannitol bound
state, (unphosphorylated) EIImtl is expected to exist in one conforma-
tional state because the transporter binds mannitol with high affinity
but cannot transport it. In the presence of mannitol six mutants show
a fluorescence decay with a lifetime amplitude ratio of 50:50 or very
close to this ratio (mutants W38, W42, W188, W198, W282, and
W327) (Table 2). This 50:50 ratio likely reflects the presence of
5-FTrp embedded in different microenvironments at the two proto-
mers of dimeric EIImtl. The associated anisotropy decay spectrum of
W66 and the blue shift in λmax of W188, W198, and W260 upon KI
titration (see above) also indicate structural differences between
the two 5-FTrp per dimer in these mutants. These results therefore
are in line with the previously made observation that the structure
of the two EIImtl protomers differs in the dimer. In dimeric ChbC,
the structures of the two protomers are essentially the same showing
this protein was crystallized in another conformation than EIImtl as
investigated in this study. The symmetry in ChbC might be a result
of both binding sites being occupied by a sugar molecule while EIImtl,
as investigated in this work, binds only one mannitol molecule [7].

In summary, this fluorescence study has yielded site-specific
structural information of 13 residue positions spread throughout the
IICmtl domain at 2 to 4 stages of the transport cycle. We conclude
that a large fraction of the IICmtl structure is involved in the transport
cycle. This may be a common feature of the EII sugar transporters as
the same was proposed for ChbC [19] after its 3D structure was
solved.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at doi:10.
1016/j.bbamem.2011.11.001.
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