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Background: The protein EIIAGlc inhibits maltose transport.
Results: Anionic lipids and N-terminal tail direct the positioning of EIIAGlc onto the MalK dimer to inhibit cleavage of ATP.
Conclusion: A mechanism of inhibition of maltose transport by EIIAGlc is presented.
Significance:The study highlights the importance of membrane lipids for the correct positioning of EIIAGlc on the transporter.

The signal-transducing protein EIIAGlc belongs to the phos-
phoenolpyruvate carbohydrate phosphotransferase system. In
its dephosphorylated state, EIIAGlc is a negative regulator for
several permeases, including themaltose transporterMalFGK2.
How EIIAGlc is targeted to the membrane, how it interacts with
the transporter, and how it inhibits sugar uptake remain
obscure. We show here that acidic phospholipids together with
the N-terminal tail of EIIAGlc are essential for the high affinity
binding of the protein to the transporter. Using protein docking
prediction and chemical cross-linking, we demonstrate that
EIIAGlc binds to the MalK dimer, interacting with both the
nucleotide-binding and the C-terminal regulatory domains.
Dissection of the ATPase cycle reveals that EIIAGlc does not
affect the binding of ATP but rather inhibits the capacity of
MalK to cleaveATP.Wepropose amechanismofmaltose trans-
port inhibition by this central amphitropic regulatory protein.

Bacteria selectively metabolize certain sugars through a
mechanism termed carbon catabolite repression (1). In enteric
bacteria, the phosphoenolpyruvate carbohydrate phospho-
transferase system regulates the selective utilization of these
carbon sources (2). The phosphotransferase system consists of
a sugar transporter and a phosphorylation system that is com-
posed of at least three distinct components: the enzyme EI,
the phosphocarrier protein HPr, and several sugar-specific
enzymes called EII. Transport across the membrane of a pre-
ferred sugar leads to the transfer of a phosphoryl group from
phosphoenolpyruvate to the different EII proteins, whose
action is to reduce utilization of nonpreferred carbon sources
(3). Among the different EII proteins, the role of the glucose-
specific EIIAGlc 2 has been particularly well studied. The

dephosphorylated form of EIIAGlc, present during glucose
transport, is responsible for the allosteric inhibition of several
permeases and kinases involved in the import of maltose, lac-
tose, melibiose, and glycerol (2).
The astonishing capacity of EIIAGlc to regulate the activity of

numerous enzymes, located both in the cytosol and within the
membrane, has raised some interesting questions regarding the
mechanism of recognition and interaction (3–7). On its own,
the protein consists of an unstructured N-terminal tail (resi-
dues 1–18) attached to a globular core (residue 19–168) made
by an antiparallel �-sheet sandwich (8). Structural analyses of
EIIAGlc in complex with some of its cytosolic effectors, such as
the phosphocarrier protein HPr, the glycerol kinase, and the
subunit EIIBGlc, have revealed a common binding surface on
the globular core of EIIAGlc (5–7). For themembrane permease,
a limited number of studies based on peptidemapping and site-
directed mutagenesis concluded that the same binding surface
is also involved in the recognition of the maltose and lactose
permeases (9, 10). However, the affinity of EIIAGlc for these
permeases is weak, and the modality of inhibition remains
obscure, in part due to the difficulty of isolating complexes suit-
able for structural analysis. Interestingly, it was reported that
the N-terminal tail of EIIAGlc is essential for the inhibition of
the lactose and maltose permeases, but not for inhibition of
cytosolic proteins such as HPr (8, 9, 11, 12). It was also found
that a synthetic peptide corresponding to the N-terminal tail of
EIIAGlc could adopt an amphipathic helical structure in the
presence of phosphatidylglycerol (PG) lipids (8, 13). Together,
these earlier observations hint at a possible mechanism to
increase the binding of EIIAGlc to the membrane permeases.
In this work, we investigate the association of EIIAGlc with

the maltose transporter MalFGK2. The transporter consists of
two membrane-integral subunits, MalF and MalG, and two
copies of the ATPase subunit, MalK. We show that phosphati-
dylglycerol and the N-terminal amphipathic tail of EIIAGlc are
essential for the inhibition of the ATPase activity of the trans-
porter. Using site-directed cross-linking experiments, we map
the interaction of EIIAGlc to the nucleotide-binding domain
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and the C-terminal regulatory domain of the MalK dimer.
Analysis of the ATPase cycle under single and multiple turn-
over conditions shows that EIIAGlc does not change the affinity
ofMalK for nucleotide but instead inhibits its capacity to cleave
ATP.

EXPERIMENTAL PROCEDURES

Reagents—N-Dodecyl-�-D-maltoside was purchased from
Anatrace. All lipids were obtained from Avanti Polar Lipids.
Bio-Beads were purchased from Bio-Rad. Ni2�-nitrilotriacetic
acid chelating Sepharose, Superose 6 10/300 GL, Superdex 200
10/300GL, and SephadexG-25were obtained fromGEHealth-
care. Cross-linkers disuccinimidyl suberate and succinimidyl
3-(2-pyridyldithio)-propionate (SPDP) were from Thermo Sci-
entific, and 1,3-propanediyl bismethanethiosulfonate (MTS-3-
MTS) was from Toronto Research Chemicals. Radiolabeled
nucleotides [�-32P]ATP (25 Ci/mmol) and [�-32P]ATP (800
Ci/mmol) were purchased from MP Biomedicals. All other
chemicals, including TNP-ATP and polyethylenimine cellulose
TLC plates, were obtained from Sigma.
Protein Purification—The production and purification of

MalE and His-tagged MalFGK2 were as described previously
(14). Mutations were introduced by site-directed PCR
mutagenesis and verified by DNA sequencing. The chromo-
somal gene crr (encoding for EIIAGlc) was cloned into pBAD33
with a His6 tag sequence introduced at the 3� end of the gene,
yielding plasmid p33-EIIAhis. Overproduction of EIIAGlc was
achieved in Escherichia coli strain BL21 grown in 6 liters of M9
medium supplemented with chloramphenicol (50 �g/ml) and
glucose (0.8%). At A600 �0.5, EIIAGlc synthesis was induced
with 0.2% arabinose. After 3 h, cells were collected in TSG
buffer (50 mM Tris-HCl, pH 8; 100 mM NaCl; 10% glycerol)
containing 0.01% PMSF and lysed through a French press
(8,000 p.s.i., twice). After ultracentrifugation (100,000 � g, 1 h,
4 °C), the supernatant was applied onto a Ni2�-nitrilotriacetic
acid-Sepharose column (5 ml) equilibrated in TSG buffer. The
washing step was in TSG buffer plus 30 mM imidazole (10 col-
umn volumes), and the elution was across a gradient of TSG
buffer plus 0–600 mM imidazole. The eluted EIIAGlc protein
was further purified on a Superdex 200 GL 10/300 in TSG
buffer. Purified EIIAGlc and EIIAGlc�1–18 were homogeneous,
forming a single elution peak in size-exclusion chromatography
andmigrating at their expected position on SDS-PAGE analysis
(�19 and �17 kDa, respectively).
Nanodisc Preparation—The reconstitution of the maltose

transporter in nanodiscs, at low and high lipid ratio, has been
previously described in detail (14–16). Briefly, the MalFGK2
complex, the membrane scaffold protein (MSP1D1), and the
indicated lipids were mixed together at a ratio of 1:3:60 or 1:3:
400 (MalFGK2:MSP1D1:lipid) in TSG buffer containing 0.04%
N-dodecyl-�-D-maltoside. The detergent molecules were
removed by incubationwith Bio-Beads (1⁄3 volume) overnight at
4 °C under gentle shaking. The Bio-Beads were removed by
sedimentation, and the nanodisc particles were purified from
aggregates on Superose 6 10/300GL equilibrated inTSGbuffer.
The nanodisc preparation was stored at �80 °C. The incorpo-
ration of MalFGK2 into proteoliposomes was performed as
described previously (14, 15).

Cross-linking Reactions—The cross-linking reactions using
disuccinimidyl suberate and SPDP were performed in HM
buffer (50 mM K-HEPES, pH 7.5; 10 mM MgCl2). The cross-
linking reactions usingMTS-3-MTSwere in TMbuffer (50mM

Tris-HCl, pH 8.0; 10 mM MgCl2). The MalFGK2 proteolipo-
somes (2 �M) and EIIAGlc (10 �M) were mixed together and
incubated with 100 �M of the indicated cross-linker for 20 min
at room temperature. The reactions were stopped with Tris-
HCl (100 mM) orN-ethylmaleimide (5 mM) where appropriate.
Proteins were dissolved in sample buffer and analyzed by SDS-
PAGE and Western blotting against MalK (17).
Fluorescence Spectroscopy—The fluorescencemeasurements

were performed at 25 °C using a Cary Eclipse spectrofluorom-
eter. Excitation and emission wavelengths were 405 and 535
nm, respectively (10-nm slit widths). To determine the binding
affinity of TNP-ATP, the lipid-rich MalFGK2 nanodiscs (2 �M)
were incubatedwithTNP-ATP, and the fluorescence signalwas
allowed to equilibrate for 3 min. For each amount of TNP-ATP
employed, the fluorescence measured in the presence of
MalFGK2 nanodiscs was subtracted from that measured in the
absence ofMalFGK2 nanodiscs, yielding the subtracted fluores-
cence value (Fs). The data were then plotted as a function of
TNP-ATP concentration (L) and fit to Equation 1,

Fs � Fmax �
�L�

�L� � Kd
(Eq. 1)

where Fmax is the maximal subtracted fluorescence at saturat-
ing amount of TNP-ATP, andKd is the equilibriumdissociation
constant of TNP-ATP for MalFGK2. For measuring the appar-
ent affinity of ATP forMalFGK2, the lipid-richMalFGK2 nano-
discs (2 �M) were mixed with TNP-ATP (80 �M) for 5 min at
room temperature and then titrated with the indicated amount
of ATP. The fluorescence data were fit to Equation 2,

Fs � F0 �
Ki, app

�I� � Ki, app
� F1 �

�I�

�I� � Ki, app
(Eq. 2)

in which F0 is the subtracted fluorescence in the absence of
ATP, F1 is the subtracted fluorescence in the presence of satu-
rating amount of ATP, [I] is the ATP concentration, and Ki,app
is the apparent inhibition constant of ATP at the specified
amount of TNP-ATP. TheKd,app of ATP forMalFGK2 is calcu-
lated from Ki,app by Equation 3,

Ki,app � Kd, app � �1 �
�L�

Kd
� (Eq. 3)

in which [L] is the TNP-ATP concentration, and Kd is the dis-
sociation constant of TNP-ATP for MalFGK2.
Thin-layerChromatography (TLC)—ATPasehydrolysis as-

says were performed in TM buffer at room temperature with
the indicated amount of [�-32P]ATP or [�-32P]ATP. Reactions
were either stopped at 4 °C by the addition of ice-cold EDTA
(20mM) and proteinase K (1 mg/ml) or subjected to centrifugal
gel filtration using a desalting G25 spin column at 4 °C in TM
buffer. The eluted protein samples (0.5 �l) were loaded at the
bottomof a 10-cm-long PEI cellulose plate. TheTLCwas devel-
oped for 45 min in 0.3 M potassium phosphate, pH 3.4. The
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radioactive spots were revealed by a PhosphorImager scanner,
and their intensity was quantified using ImageQuant (GE
Healthcare).
Other Methods—The rate of ATP hydrolysis (production of

Pi) was determined by themalachite greenmethod (16). For the
co-sedimentation assays, theMalFGK2 proteoliposomes (5�M)
and the indicated amount of EIIAGlc were incubated in TM
buffer for 5min at room temperature. The sampleswere diluted
25-fold into Tris-HCl (20 mM, pH 8), collected by ultracentrifu-
gation (100,000 � g, 1 h), and resuspended in Tris-HCl (20
mM, pH 8) followed by SDS-PAGE analysis. The automatic pro-
tein docking analysis was performed on the ClusPro 2.0 Web
server (18), using the crystallography structures of EIIAGlc

(ProteinData Bank (PDB) 1F3G) andMalFGK2 (PDB 3FH6 and
2R6G) (4, 19, 20).

RESULTS

The Inhibition by EIIAGlc Depends on the N-terminal Tail
and PG Lipids—EIIAGlc inhibits the ATPase activity of the
maltose transporter reconstituted in proteoliposomes by
�4-fold, as reported previously (9) (Fig. 1b).We show here that
the ATPase activity of the transporter is virtually unaffected by

EIIAGlc when MalFGK2 is maintained in detergent solution or
reconstituted in nanodiscs at a low lipid ratio (Fig. 1b). These
last observations raise the possibility that membrane lipids are
necessary for inhibition. Accordingly, an �4-fold inhibition
similar to that seen in proteoliposomes was obtained when the
transporter was reconstituted in lipid-rich nanodiscs (Fig. 1b).
Significantly, the inhibition of MalFGK2 ATPase showed a
cooperative dependence on EIIAGlc concentration, with a Hill
coefficient of 1.8 (Fig. 1c). This last result strongly suggests a 2:1
stoichiometry of interaction between EIIAGlc and MalFGK2.

Because a peptide corresponding to the N-terminal tail of
EIIAGlc (residues 1–18) possesses affinity for phosphatidylglyc-
erol (8), we hypothesized that the inhibition of the maltose
transporter in proteoliposomes also depends on the presence of
the lipid in the membrane or in the disc. EIIAGlc was therefore
incubated with the transporter reconstituted in proteolipo-
somes made with DOPG lipids, DOPC lipids, or a mixture of
DOPC (70%) and DOPG (30%). The results only showed a
strong inhibition of theMalKATPase activity whenDOPGwas
present in themembrane (�75% reduction, Fig. 1d). The trans-
porter ATPase activity was barely reduced when the trans-
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FIGURE 1. The activity of EIIAGlc depends on intact N-terminal �-helix and PG lipids. a, working model for EIIAGlc binding to the membrane. The N-terminal
amphipathic �-helix (residues 1–18) of EIIAGlc is colored in red. b, the maltose transporter was reconstituted in proteoliposomes (pL) and lipid-rich nanodiscs
(high lipid ratio) using total E. coli lipids. The ATPase activity of the transporter (2 �M each) was determined at 37 °C in the presence of EIIAGlc (96 �M), MalE (10
�M), and maltose (1 mM), as indicated. The activity of the maltose transporter in detergent solution or reconstituted in nanodisc at low lipid ratio is presented
for comparison. Three independent experiments were analyzed (mean and S.D.). c, the inhibition of MalFGK2 ATPase activity is cooperative. The maltose
transporter was reconstituted in proteoliposomes (2 �M) made with DOPG. ATPase activities were determined in the presence of MalE (10 �M) and maltose (1
mM). Three independent experiments were analyzed (mean and S.D.). The data (black squares) were fit to a one-site binding equation (dashed line) or to its
expanded version, which includes a term for the Hill coefficient (solid line). The inset shows a magnification of the data up to 20 �M EIIAGlc. d, the maltose
transporter was reconstituted in proteoliposomes (2 �M MalFGK2) made of E. coli total lipids (pLE.c), DOPG (pLPG), DOPC (pLPC), or a mixture of DOPC and DOPG
(70 and 30%, respectively; pLPG � PC). The transporter ATPase activity in the presence of MalE (10 �M) and maltose (1 mM) was determined at 37 °C, supple-
mented with EIIAGlc (96 �M) and EIIAGlc�1–18 (98 �M), as indicated. Three independent experiments were analyzed (mean and S.D.).
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porter was reconstituted with only DOPC lipids (�15% reduc-
tion, Fig. 1d). To show that the N-terminal tail of EIIAGlc is
necessary for inhibition, we employed the mutant EIIAGlc

�1–18 (Fig. 1d). As expected, this mutant protein was unable
to inhibit the transporter ATPase activity (less than �10%
reduction).
PG Lipids Are Necessary for the Binding of EIIAGlc to

MalFGK2—We employed co-sedimentation assays to monitor
the binding of EIIAGlc to MalFGK2. The results show that sed-
imentation of EIIAGlc occurs only when the MalFGK2 proteo-
liposomes were made with DOPG lipids. Very little co-sedi-
mentation of EIIAGlc occurred with proteoliposomes made
with DOPC (Fig. 2a). The sedimentation of EIIAGlc was also
reduced to background level when theN-terminal amphipathic
helix of EIIAGlc was deleted (Fig. 2b). We note that a significant
level of binding of EIIAGlc occurs at the surface of the liposomes
made with DOPG lipids (Fig. 2c). Thus, to demonstrate that
EIIAGlc binds to MalFGK2 and not merely to acidic lipids, we
employed the amine reactive homobifunctional cross-linker
disuccinimidyl suberate. In that case, a prominent cross-link
was formed betweenMalK and EIIAGlc, but only when the pro-
teoliposomes contained DOPG lipids (Fig. 2d). Together, these
results demonstrate that phosphatidyl glycerol lipids direct the
binding of EIIAGlc to the maltose transporter. The binding
depends on the N-terminal amphipathic tail of EIIAGlc.
Identification of the Binding Interface between EIIAGlc and

MalK—First we employed a molecular modeling approach to
identify the potential binding interface between EIIAGlc and
MalFGK2. The structure of EIIAGlc (PDB 1F3G) was docked
onto the crystal structure of the maltose transporter (PDB
2R6G and 3FH6) using the protein-protein docking server
ClusPro (18). This protein docking algorithm uses the fast Fou-
rier transform correlation approach combined with an auto-
matic clustering method to propose interactive surfaces with

favorable free energies (18). From the different models pro-
posed (data not shown), we retained the models where EIIAGlc

is interacting with the MalK part of the transporter (Fig. 3).
Indeed, the mutations that render the transporter resistant to
the inhibitory action of EIIAGlc are located in the nucleotide-
binding domain (NBD) and theC-terminal domain of theMalK
ATPase unit (21–23). It was not possible to determine the stoi-
chiometry of EIIAGlc binding using this automatic docking
analysis because the computer program uses a 1:1 mode of
interaction. However, because MalK is a symmetric dimer, it
can be deduced that two binding sites for EIIAGlc exist on the
maltose transporter, in agreement with the Hill coefficient
determined above (Fig. 1c).
Next, based on the proposed models, we introduced a series

of unique cysteine residues into the NBD and C-terminal
domain of MalK (Fig. 4). The protein complexes were purified,
reconstituted into proteoliposomes with DOPG lipids, and
incubated with EIIAGlc in the presence of an amine-to-sulfhy-
dryl cross-linking reagent (SPDP; spacer arm �7 Å). The pro-
tein cross-links were detected by nonreducing SDS-PAGE and
immunoblot against MalK. The cysteine positions that formed
a covalent bond with EIIAGlc were the following: Cys15, Cys40,
Cys128, Cys276, andCys324 (Fig. 4a). Interestingly, these residues
are located on the opposite sides of the MalK monomer but
cluster together on the same side when MalK forms a dimer
(Fig. 4c). This pattern of cross-linking is consistent with the
working model presented in Fig. 3.
Finally, to confirm the orientation of EIIAGlcwhen it is bound

to MalFGK2, two unique cysteine residues were introduced at
positions EIIAGlc-97C and EIIAGlc-147C, respectively (Fig. 4c).
We then employed a sulfhydryl-to-sulfhydryl cross-linking re-
agent (MTS-3-MTS; spacer armof 5Å) to identify the neighbor-
ing cysteine residues on MalK. This cross-link analysis showed
that EIIAGlc-97C is proximal to MalK-276C and MalK-324C,

FIGURE 2. PG lipids control for the binding of EIIAGlc to MalFGK2. a, the transporter, reconstituted in proteoliposomes (pL) with DOPC (pLPC) or DOPG (pLPG)
lipids, was incubated at room temperature for 5 min with the indicated concentration of EIIAGlc. The proteoliposomes were isolated by ultracentrifugation, and
the amount of EIIAGlc bound to MalFGK2 was visualized by SDS-PAGE and Coomassie Blue staining of the gel. b, same as a but using EIIAGlc�1–18. The protein
does not co-sediment and therefore does not appear on the SDS-PAGE analysis. c, same as a but using liposomes devoid of MalFGK2. d, the proteoliposomes
in a were incubated with EIIAGlc (10 �M) and the amine-reactive cross-linker disuccinimidyl suberate (100 �M) for 20 min at room temperature. A control
experiment with EIIAGlc alone was performed in parallel (right lane). The reactions were stopped with Tris-HCl (100 mM, pH 8). The cross-link products were
identified by Western blot using antibodies against MalK. The bands of high molecular weight represent cross-links between MalK and MalFG. An arrow
indicates the cross-link between MalK and EIIAGlc.
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whereas EIIAGlc-147C is proximal toMalK-15C andMalK-40C
(Fig. 4b). This cross-link pattern is consistent with the working
model above, where each EIIAGlc binds simultaneously the
NBD domain of one MalK and the C-terminal domain of
another MalK. Furthermore, this mode of interaction places
the N-terminal tail EIIAGlc in proximity to the phospholipid
bilayer.
EIIAGlc Does Not Inhibit the Binding of ATP to MalK—How

EIIAGlc inhibits the ATPase activity of MalK is unknown. EIIAGlc

may prevent ATP binding, ATP hydrolysis, or the release of

hydrolysis products (Fig. 5). To address this question, we
employed the fluorescence analog TNP-ATP. The quantum
yield of TNP-ATP increases significantly upon binding to a
nucleotide-binding pocket (24). However, the measurements
with MalFGK2 could not be reliably performed in proteolipo-
somes because the fluorescence emission of TNP-ATP
increases in the lipid environment (data not shown).We there-
fore employed the MalFGK2 complex reconstituted into lipid-
rich nanodiscs. These lipid-rich nanodiscs reproduce the malt-
ose transporter ATPase activity and its dependence on MalE
and maltose, as in proteoliposomes (16). In addition, the
amount of lipids in the particles is sufficiently low to enable
fluorescence measurements. The equilibrium titrations re-
vealed a dissociation constant (Kd) for TNP-ATP of �9.4 �M

(Fig. 5a). The apparent Kd for ATP, measured by competitive
replacement of TNP-ATP, was estimated to be �220 �M (Fig.
5b). This value is similar to the Km derived from the ATPase
measurements in lipid-rich nanodiscs and proteoliposomes
(from�200 to�280�M, respectively; Fig. 5c (25)).When these
measurements were repeated in the presence of EIIAGlc, no
significant change in the affinity values was detected, thus indi-
cating that EIIAGlc does not inhibit the binding of ATP to the
transporter (Table 1). This conclusion is consistent the docking
analysis in Fig. 3b as the nucleotide binding site remains acces-
sible to ATP.
EIIAGlc Inhibits the Cleavage of ATP by MalK—We then

tested whether EIIAGlc inhibits the hydrolysis of ATP and/or
the release of ADP andPi. TheMalFGK2 complex reconstituted
in lipid-rich nanodiscs was incubated with [�-32P]ATP and
[�-32P]ATP in the presence ofMalE andmaltose. After incuba-
tion, the free nucleotides were removed by centrifugal gel filtra-
tion. The nucleotides remaining bound to the transporter were
detected by thin layer chromatography and autoradiography.
As a control, theMalFGK2 complexwas incubatedwith sodium
vanadate.With this phosphate analog, ADP remains trapped in
the nucleotide-binding pocket ofMalK (26). Accordingly, there
was a significant increase in the amount of ADP that was co-
purified with the transporter in the presence of vanadate (Fig.
5d, compare lane 4 with lane 6). In contrast, whether EIIAGlc

was present or not, the amount of ADP and Pi that co-purified
with MalFGK2 was unchanged (Fig. 5d, compare lane 4 with
lane 5). Together, these results indicate that EIIAGlc does not
increase or decrease the affinity of MalFGK2 for ADP and Pi.

Finally, we assessed whether EIIAGlc inhibits the ATP cleav-
age step by testing the ATPase activity of MalFGK2 under two
different conditions: (i) withMalFGK2 present in 20-foldmolar
excess over the nucleotide, so that only a single round of ATP
hydrolysis can occur; and (ii) under steady-state conditions,
where the nucleotide is present in 1000-fold excess over
MalFGK2 so that multiple rounds of ATP hydrolysis are possi-
ble. A control experiment showed that sodium vanadate affects
the cleavage of ATP only in steady-state conditions, as expect-
ed; vanadate does not inhibit the chemistry of ATP hydrolysis,
but rather the release of ADP (Fig. 5e, compare lane 3with lane
6). In the presence of EIIAGlc, however, the number of ATP
molecules hydrolyzed was decreased by more than 50%, un-
der both single and multiple turnover conditions (Fig. 5e).
Together, these results show that the binding of EIIAGlc to the

a

FIGURE 3. Model of interaction between EIIAGlc and MalFGK2. The model
of interaction was generated with the automatic protein docking server
ClusPro using the crystallography structures of EIIAGlc (PDB 1F3G) and
MalFGK2 (PDB 3FH6). a, lateral view of the complex MalFGK2-EIIAGlc shown
with the membrane plane. Cyan, MalF; orange, MalG; blue and green, MalK
dimer; yellow, EIIAGlc. Because the MalK dimer is symmetric, two EIIAGlc mole-
cules are bound per MalFGK2 complex. This is not shown in the docking anal-
ysis because the computer program uses a 1:1 mode of interaction. b, mag-
nified view of EIIAGlc interface with MalK. The colors are the same as in a. In the
fully closed ATP-bound conformation, the ATP molecule is contacting resi-
dues in the Walker A motif (red) from one MalK and the LSGGQ motif (purple)
of the other.
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transporter inhibits the cleavage of ATP, and not the binding or
the release of the nucleotides fromMalK.

DISCUSSION

EIIAGlc regulates the activity of at least 10 distinct proteins in
the context of glucose uptake and catabolic repression (1, 2).
Furthermore, the regulated proteins are located both in the
cytosol and in the membrane and have little or no obvious
structural homology with one another (3, 7). Not surprisingly
therefore, the regulatory interactions of EIIAGlc with these
diverse proteins are generally weak and transient (6, 8, 21). This
seems particularly true for the membrane permeases. In vivo,
the inhibition of themaltose transporter requires�5-foldmore
EIIAGlc than the glycerol kinase (27). Because the affinity of

EIIAGlc for the glycerol kinase is only�4�M (28), it is likely that
the affinity of EIIAGlc for the maltose transporter is even lower.
As a direct consequence, the biochemical and structural analy-
sis of theMalFGK2-EIIAGlc complex is difficult, and themolec-
ular basis of the inhibition remains obscure.
In the work reported here, we provide direct evidence that

the N-terminal tail of EIIAGlc together with PG lipids is essen-
tial for high affinity binding to the maltose transporter. It
was previously reported that deletion of the N-terminal tail of
EIIAGlc relieves the inhibitory activity on the lactose andmaltose
transporter, but not on the cytosolic effectors (8, 9, 11, 12). It
was also shown that a peptide corresponding to the N-terminal
tail of EIIAGlc adopts an amphipathic �-helix structure in the
presence of PG lipids, but remains in a random coil with PC

2

* *
*
*

* * *

FIGURE 4. The cross-linking analysis supports the docking analysis prediction. a, the MalFGK2 complex carrying the indicated cysteine residue was
reconstituted in proteoliposome. The proteoliposomes (2 �M each) were incubated with wild type EIIAGlc (10 �M) in the presence of the sulfhydryl- and
amino-reactive cross-linker SPDP (100 �M). The reactions were stopped with Tris-HCl (100 mM, pH 8). The proteins were dissolved in sample buffer, and the
cross-link products were detected by immunoblot against MalK. The cross-links corresponding to a complex between MalK and EIIAGlc are annotated by a red
asterisk. The cross-link products MalK-EIIAGlc have two distinct mobilities during electrophoresis. b, the proteins EIIAGlc-97C and EIIAGlc-147C were incubated
with the indicated MalFGK2 proteoliposomes in the presence of sulfhydryl-reactive homobifunctional cross-linker MTS-3-MTS (100 �M, 20 min, room temper-
ature). The reactions were stopped by N-ethylmaleimide (5 mM). The cross-link products were detected by immunoblot against MalK. The red asterisk denotes
the cross-links between MalK and EIIAGlc. The cross-linking pattern obtained with wild type EIIAGlc is presented for comparison. c, the cysteine residues
introduced into MalK and EIIAGlc are indicated by the red spheres.
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lipids (8, 13). Our work thus links these observations together
and demonstrates the importance of acidic lipids for directing
EIIAGlc to themaltose transporter.We propose that the affinity
of EIIAGlc for acidic lipids, combined with a restricted diffusion

of the protein bound to the lipid bilayer, serves to increase the
otherwise low affinity interaction of EIIAGlc with the maltose
transporter. Accordingly, a previous study indicated that
EIIAGlc weakly inhibits theATPase activity of theMalK subunit

FIGURE 5. EIIAGlc inhibits the cleavage of ATP but not the binding to MalK. a, equilibrium titration of MalFGK2 with TNP-ATP. The MalFGK2 complex
reconstituted in lipid-rich nanodiscs (as in Fig. 1) was incubated with TNP-ATP (3 min, 25 °C) in the presence of MalE (10 �M), maltose (1 mM), and EIIAGlc (96 �M)
as indicated. The fluorescent data (mean 	 S.D., n 
 3 independent replicates) were fit to Equation 1 (“Experimental Procedures”) to determine the affinity of
TNP-ATP for MalK. The calculated dissociation constant (Kd) is 9.4 	 1.2 �M in the absence of EIIAGlc and 10.1 	 1.3 �M in the presence of EIIAGlc. a. u., arbitrary
units. b, equilibrium titration of MalFGK2 with ATP. The MalFGK2 complex reconstituted in lipid-rich nanodiscs was incubated with TNP-ATP (80 �M) in the
presence of MalE (10 �M), maltose (1 mM), and EIIAGlc (96 �M) as indicated. The fluorescence was measured after the addition of the indicated amount of ATP.
The data (mean 	 S.D., n 
 3 independent replicates) were fit to Equations 2 and 3 as described under “Experimental Procedures.” The calculated apparent
dissociation constant for ATP (Kd,app) is 222 	 31 �M in the absence of EIIAGlc and 236 	 29 �M in the presence of EIIAGlc (Table 1). c, rate of ATP hydrolysis. The
rate was determined with the lipid-rich MalFGK2 nanodiscs (2 �M) at the indicated ATP concentration, in the presence of MalE (10 �M), maltose (1 mM), and
EIIAGlc (96 �M). The data (mean 	 S.D., n 
 3 independent replicates) were fit to the Michaelis-Menten equation to determine the Km. The calculated
Michaelis-Menten constant (Km) is 279 	 47 �M in the absence of EIIAGlc and 294 	 64 �M in the presence of EIIAGlc. These values are comparable with those
determined in b. The Km for ATP when MalFGK2 in reconstituted in proteoliposome is �200 �M (25). d, effect of EIIAGlc on the release of ADP and Pi. The lipid-rich
MalFGK2 nanodiscs (20 �M), MalE (75 �M), and maltose (1 mM) were incubated for 10 min at room temperature with 300 �M [�-32P]ATP (lower panel) or 300 �M

[�-32P]ATP (upper panel), with or without EIIAGlc (96 �M) as specified. The control experiment with 200 �M vanadate (Vi) was performed in parallel. The total
amount of ADP and Pi produced during the reaction was determined by TLC before centrifugal gel filtration (CGF). The total amount of ADP and Pi remaining
bound to the transporter was determined by TLC after centrifugal gel filtration. The TLC plate was developed in 0.3 M potassium phosphate, pH 3.4, followed
by autoradiography analysis. e, effect of EIIAGlc on ATP hydrolysis in single and multiple turnovers. The lipid-rich MalFGK2 nanodiscs (left panel, 20 �M; right
panel, 1 �M) were incubated with MalE (75 �M) and maltose (1 mM) at room temperature with [�-32P]ATP (left panel, 1 �M ATP for 1 min; right panel, 1 mM ATP
for 10 min), in the presence of EIIAGlc (96 �M) or vanadate (200 �M) as indicated. The reactions were stopped by the addition of ice-cold EDTA (20 mM) and
proteinase K (1 mg/ml). Samples were analyzed by TLC and autoradiography. The radioactive spots (mean 	 S.D., n 
 3 independent replicates) were
quantified by densitometry to determine the fraction of ADP produced. f, the ATPase cycle is a succession of four chemical steps: ATP binding, ATP cleavage,
phosphate dissociation, and ADP dissociation. MalFGK2 is denoted as a tailed circle.
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in solution (29). It is tempting to speculate that the membrane
lipid compositionmight be an important parameter for the reg-
ulation of MalFGK2 by EIIAGlc. In this context, we recently
reported that the length of the lipid acyl chain is a strong deter-
minant of the maltose transporter activity (16).
In addition to its targeting function, theN-terminal tail prob-

ably allows the optimal positioning of the C-terminal inhibitory
domain of EIIAGlc on the transporter catalytic site. In the
absence of co-crystals between EIIAGlc and MalFGK2, we
employed a molecular docking method to identify potential
binding surfaces. We then introduced a series of unique cys-
teine residues to perform amine-to-sulfhydryl and sulfhydryl-
to-sulfhydryl cross-linking analysis. By combining these
approaches, we were able to identify a binding interface com-
prising the NBD domain and C-terminal domain on the MalK
dimer and the �-strands 5 and 7 on EIIAGlc (Fig. 4). In our
working model (Fig. 3), the N-terminal tail of EIIAGlc is facing
the lipid membrane, whereas the globular domain of EIIAGlc

spans theMalK dimer interface, in direct contact with theNBD
andC-terminal regulatory domains. Because theMalK dimer is
symmetric, two EIIAGlc molecules are bound per MalFGK2
complex. This model is consistent with the cooperative inhibi-
tion we observe (Fig. 1c) and the location of the mutations that
cause resistance to EIIAGlc (21–23). These mutations (i.e.
A124T, F241I, G278P, G284S, E119K, R228C, G302D, and
S322F) are located on opposite sides on the monomer, but on
the same side when MalK forms a dimer. Interestingly, in our
working model, the tip of the regulatory domain on MalK
remains accessible for binding and segregation of the transcrip-
tional activator MalT (23, 30). Should this be the case, the
action of EIIAGlc andMalT would be complementary, meaning
that the cell would be able to inhibitmaltose transport and keep
mal gene expression to basal level by acting on the same com-
plex simultaneously.
How EIIAGlc inhibits the activity of the transporter was

an important unanswered question. The dissection of the
MalFGK2 ATPase cycle allows us to conclude that EIIAGlc

inhibits the cleavage of ATP by MalK, not the binding of the
molecule or the release of the hydrolysis products. Because the
binding of ATP leads to the closure of the MalK dimer, and
because the closure of the MalK dimer is necessary for ATP
hydrolysis (31), we conclude that EIIAGlc interferes at the clo-
sure step. In the magnified view of the modeled EIIAGlc-
MalFGK2 complex, part of EIIAGlc is inserted between theNBD
domains of MalK (Fig. 3b). Blocking the closure of the MalK
dimer would also stabilize the MalFG membrane domain in its
inward-facing conformation (i.e. transporter closed on the
periplasmic side). Because MalE binds with a high affinity to
only the outward-facing conformation (15), it is predicted that
EIIAGlc also prevents the binding of MalE to the transporter.

Finally, how the phosphorylation of one residue (i.e. His90)
prevents the action of EIIAGlc on the maltose transporter is
another important question. The co-crystal structure of EIIAGlc

with the glycerol kinase (Protein Data Bank code 1GLA) indi-
cates that the phosphorylation of His90 causes charge repulsion
with the residue Glu478 in the glycerol kinase, thereby reducing
the interaction and inhibitory capacity of EIIAGlc (5, 7). A sim-
ilar mechanism is perhaps occurring for the maltose trans-
porter. In our workingmodel, His90 on EIIAGlc is within �10 Å
distance toAsp119 onMalK. Further biochemical and structural
analysis will tell how phosphorylation of a single residue can
suppress the inhibitory activity of EIIAGlc on the maltose
transporter.
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