
Biochimica et Biophysica Acta 1850 (2015) 577–585

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbagen
Review
Structural insight into the PTS sugar transporter EIIC☆
Jason G. McCoy, Elena J. Levin, Ming Zhou ⁎
Verna and Marrs McLean Department of Biochemistry and Molecular Biology, Baylor College of Medicine, Houston, TX 77030, USA
☆ This article is part of a Special Issue entitled: Structura
membrane proteins.
⁎ Corresponding author.

http://dx.doi.org/10.1016/j.bbagen.2014.03.013
0304-4165/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:

Received 21 January 2014
Accepted 12 March 2014
Available online 20 March 2014

Keywords:
Phosphotransferase system
Enzyme IIC
ChbC
Transporter
Membrane protein
Sugar transport

Background: The enzyme IIC (EIIC) component of the phosphotransferase system (PTS) is responsible for selec-
tively transporting sugar molecules across the inner bacterial membrane. This is accomplished in parallel with
phosphorylation of the sugar, which prevents efflux of the sugar back across the membrane. This process is a
key part of an extensive signaling network that allows bacteria to efficiently utilize preferred carbohydrate
sources.
Scope of review: The goal of this review is to examine the current understanding of the structural features of
the EIIC and how it mediates concentrative, selective sugar transport. The crystal structure of an N,N′-
diacetylchitobiose transporter is used as a structural template for the glucose superfamily of PTS trans-
porters.
Major conclusions: Comparison of protein sequences in context with the known EIIC structure suggests that
members of the glucose superfamily of PTS transporters may exhibit variations in topology. Despite these

differences, a conserved histidine and glutamate appear to have roles shared across the superfamily in
sugar binding and phosphorylation. In the proposed transport model, a rigid body motion between two
structural domains and movement of an intracellular loop provide the substrate binding site with alternating
access, and reveal a surface required for interaction with the phosphotransfer protein responsible for catalysis.
General significance: The structural and functional data discussed here give a preliminary understanding of how
transport in EIIC is achieved. However, given the great sequence diversity between varying glucose-superfamily
PTS transporters and lack of data on conformational changes needed for transport, additional structures of other
members and conformations are still required. This article is part of a Special Issue entitled: Structural biochem-
istry and biophysics of membrane proteins.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The PTS is a multiple component carbohydrate uptake system that
drives specific saccharides across the bacterial inner membrane while
simultaneously catalyzing sugar phosphorylation. Theproteins compos-
ing the PTS include a series of soluble phosphotransferases, and an inte-
gral membrane protein responsible for transport of the sugar into the
cell. The phosphorylation state of the soluble components is indicative
of intracellular carbohydrate levels and provides a mechanism for
regulating carbohydrate metabolism [1–3]. In this review we discuss
the structural basis for the functions of the transmembrane component
of the PTS, including recognition of the cognate substrate, the mecha-
nism of transport, and its role in catalyzing the phosphotransfer reaction.
We focus on the glucose superfamily of PTS transporters, including the
recently solved structure of the N,N′-diacetylchitobiose transporter,
bcChbC, as well as the Escherichia coli transporters PtsG (glucose
l biochemistry and biophysics of
transporter), MtlA (mannitol transporter), and BglF (β-glucoside trans-
porter) as the best-characterized representatives of their respective
families.

1.1. Classification of PTS transporters

Phylogenetic analysis indicates that PTS transporters originate from
at least four independent sources [4,5]. Of these four superfamilies, the
glucose superfamily of PTS transporters is the largest and the primary
focus of this review [4,6]. Five distinct subfamilies of proteins have
been identified within the glucose superfamily: the lactose family, the
glucose family, the β-glucoside family, the mannitol family, and the
fructose family [6]. It has been suggested that the fructose-specific
transporter is the oldest, followed by the mannitol-specific transporter
[5]. The glucose and β-glucoside transporters show greater similarity
to each other than to the fructose and mannitol transporters and the
lactose transporters are the most divergent [5]. Though homologous,
the PTS transporters of different family members show a great deal of
sequence diversity. For example, the transport domains of bcChbC,
PtsG, MtlA, and BglF only share between 17 and 19% identity between
them. Although the families are named for specific sugars, the selectivity
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of individual members within each family can vary considerably. For
instance, the bcChbC protein is amember of the lactose family, but is se-
lective for N,N′-diacetylchitobiose.
1.2. Components and organization of the phosphotransferase system

The PTS is composed of several proteins that serially transfer a phos-
phatemoiety until it is ultimately attached to a sugarmolecule (Fig. 1A).
The glycolytic intermediate phosphoenolpyruvate provides the initial
phosphate [7] which is then transferred to enzyme I (EI), heat-stable
phosphocarrier protein (HPr), and subsequently to enzyme II (EII). EII
is composed of three separate domains named EIIA, EIIB, and EIIC. The
phosphate is serially transferred from HPr to EIIA, and then to EIIB.
The number of phosphate inversions asmeasured through isotopic sub-
stitution indicates that the phosphate is then transferred directly from
EIIB to the sugar without formation of a covalent EIIC-phosphate inter-
mediate; however, this transfer only occurs when the sugar is bound to
EIIC [8]. Bacteria typically contain multiple PTS systems for uptake of
different sugars. EI and HPr are not selective and are shared by different
PTS systems. In contrast to EI and HPr, EIIA and EIIB have been shown to
have different folds between different subfamilies of the PTS glucose su-
perfamily and are not interchangeable [9–16].

The EIIA, EIIB, and EIIC domains can be expressed as a single protein
or as distinct polypeptides (Fig. 1B). The order of connected domains
varies as well. While bcChbC consists of just the EIIC domain, the β-
glucoside transporter BglF is composed of an N-terminal EIIB followed
by EIIC and then EIIA [17], the mannitol transporter MtlA contains EIIC
followed by EIIB and EIIA [18], and the glucose transporter PtsG contains
an EIIC domain followed by an EIIB [19]. This variability occurs even
within individual subfamilies. For example, the E. coli glucose family
member TreB (trehalose transporter) has the EIIB domain before
the EIIC. The connectivity and arrangement of these domains ap-
pears to have effects on function. For the glucose transporter PtsG,
Fig. 1. Organization of the PTS. A. Flow diagram illustrating sequence of phosphorylation
events leading to the addition of phosphate (yellow) to the EIIC transporter-bound
sugar molecule (red). B. The EIIC domain can be translated individually or as a multi-
domain protein containing EIIB and/or EIIA.
separation of the EIIB and EIIC components leads to a 50-fold de-
crease in phosphotransfer [20], and scrambling the order of domains
in BglF from BCA to CBA prevents phosphotransfer to the sugar [21].

2. The structure of EIIC

Themembrane-embedded EIIC domain forms a dimer [22–24] and is
responsible for selective binding and transport of sugar molecules [18,
25,26]. While many NMR and crystallographic structures of EIIA and
EIIB domains have been reported, including the isolated domains
[9–16], complexes with each other [27–29], and complexes with other
transporters [30]; obtaining high resolution structures of the EIIC
domain has proven difficult. Previous efforts have resulted in EM
projectionmaps of MtlA (5 Å) and PtsG (12 Å), both of which confirmed
the dimeric assembly of the EIIC but were of insufficient resolution to
provide atomic level information about the protein [31,32]. The first
3D crystal structure of an EIIC domain was reported in 2011 [24]. The
structure of bcChbC, anN,N′-diacetylchitobiose transporter from Bacillus
cereus (PDB ID: 3QNQ), was solved to a resolution of 3.3 Å and is de-
scribed below [24].

2.1. Overall fold of bcChbC

The bcChbC protein contains just the EIIC component, and its corre-
sponding EIIB and EIIA are encoded by separate genes [33]. The protein
was purified in detergent and eluted from a gel filtration column as a
dimer. Each monomer consisted of 10 transmembrane (TM) helices
with the N and C termini facing the cytoplasmic side of the protein.
These transmembrane domains form two separate domains: the N-
terminal oligomerization domain made up of TM1–5, and a C-terminal
transport domain containing TM6–10 (Figs. 2 and 3). These two do-
mains are connected by an amphipathic helix (AH2) on the periplasmic
side of the membrane. The C-terminal domain also contains two reen-
trant helical hairpins. The first reentrant loop is located on the cytoplas-
mic side between TM8 and 9 and contains two helices, HP1a and HP1b.
The second reentrant loop is between TM9 and 10 on the periplasmic
side, and contains only one helix (HP2). TM8 is split into two helices
connected by a short, flexible loop (TM8a and TM8b).

The bcChbC dimerization interface has an expansive buried surface
area of 2746 Å2 (Fig. 2A). The dimer has approximate 2-fold symmetry
along an axis perpendicular to the plane of the membrane. Most of the
interface is mediated by TM helices 1, 2, 3, and 5 from the N-terminal
domain of each monomer. Unlike the extensive interface between the
two protomers, the interface between the N-terminal oligomerization
and C-terminal transport domains is quite small due to the presence
of a large cavity in both monomers lined by TM 1, 6, 7, and 8, HP1b,
the loop preceding HP2, and the TM4–TM5 loop from the other mono-
mer. This cavity contains a bound N,N′-diacetylchitobiose molecule in
each protomer. Consequently the oligomerization and sugar transport/
phosphorylation functionality appear to be segregated to the N-and C-
terminal domains respectively. One exception to this is the TM4–TM5
loop,which extends across theN-terminal domain of its dimeric partner
to make contact with both N,N′-diacetylchitobiose and HP1bwithin the
other protomer (Fig. 2A).

2.2. The ligand binding site in bcChbC

The N,N′-diacetylchitobiose binding site is formed by helices
TM6, TM7, HP1b, TM8, and the reentrant loop containing HP2 in
both bcChbC monomers (Fig. 2B). The nonreducing monomer of
the N,N′-diacetylchitobiose disaccharide has extensive interactions
with the protein. OH-6 forms hydrogen bonds with E334 on HP1b
and H250 on the cytoplasmic loop connecting TM6 and TM7, while
OH-3 and OH-4 form hydrogen bonds with the sidechain and back-
bone amide of N333 from HP1b. N-2 forms a hydrogen bond with
the backbone carbonyl of G297 on TM8. OH-7 forms a hydrogen



Fig. 2. The bcChbC structure. A. The two protomers of the bcChbC dimer are colored green and cyan. Eachmonomer contains amolecule of N,N′-diacetylchitobiose. Each protomer contains
two domains: an N-terminal dimerization domainmade up of TM1 through TM5 and a C-terminal domain inwhich transport and phosphorylation occur containing TM6–10. B. The N,N′-
diacetylchitobiose binding site. Interacting residues are colored yellow and originate from TM6, TM7, HP1b, TM8, and the reentrant loop containing HP2.
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bond with W245 from the end of TM6. W382 from the second reen-
trant loop packs tightly against the face of the disaccharide to form
stabilizing stacking interactions. On the reducing end of the disac-
charide, the only interaction with the protein is a hydrogen bond be-
tween D290 from TM8a and OH-7. The cavity itself is considerably
larger than N,N′-diacetylchitobiose and could potentially accom-
modate an N-acetylglucosamine trisaccharide, which can be
transported by E. coli ChbC [34]. No openings on either the periplas-
mic or cytoplasmic side are of sufficient size to allow egress of the di-
saccharide from the protein.

Residues H250 and E334 are strongly conserved in other PTS glucose
superfamily members. Mutation of these residues can dramatically im-
pact both binding and phosphorylation of the sugar. In MtlA, mutation
of H195 to an arginine or alanine reduced PEP-dependent phosphoryla-
tion roughly 20-fold, whereas an H195N mutation showed wild-type
activity [35]. All three mutations greatly reduced affinity for the ligand
[36]. In PtsG the H212Q mutation lowered the phosphotransferase ac-
tivity to only 15% of the wild type protein [37]. In BglF, H306 was also
shown to be essential for phosphate transfer to the sugar [17]. E257A
and E257Q mutants of the mannitol transporter showed no binding to
mannitol while an E257D mutation resulted in binding and phosphate
transferwith only 3% of thewild typemaximal rate [38,39]. The position
of these residues in bcChbC provides clues as to the topology of other
EIIC proteins and suggests a possiblemechanism for sugar phosphoryla-
tion. Both of these issues are addressed below.
3. Conservation of the PTS glucose superfamily fold across
different subfamilies

3.1. Previous topology models of the glucose superfamily

Given the low identity between different subfamilies in the glucose
superfamily, the question arises whether all glucose superfamily EIIC
members contain 10 transmembrane helices and two reentrant loops
as in bcChbC, or whether there are topology differences between (and
perhaps within) different family members. Prior to the solution of the
bcChbC structure, Saier et al. suggested that all glucose superfamily
membersmight share a common topological fold based on an extensive
bioinformatics analysis covering over 200 homologs within the glucose
superfamily [6]. Their model, which is based on charge distribution and
hydropathy plots, is very similar to the experimental structure of
bcChbC. They predicted the presence of 8 transmembrane helices with
two reentrant loops, a cytoplasmic reentrant loop following TM6 and
a periplasmic reentrant loop following TM7, with both the N- and C-
termini on the cytoplasmic side of the protein. Their model differs



Fig. 3. Topology diagram of the bcChbC monomer. The bcChbC protomer contains ten
transmembrane helices and two reentrant loops. Theprotein is orientedwith theperiplas-
mic side on top, and helices are indicated with green rectangles. Beta sheets are indicated
with yellow arrows. The N-terminal oligomerization domain and the C-terminal transport
domain are separated by a periplasmic amphipathic helix (AH2).
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from bcChbC only by the absence of TM4 and TM7 from the bcChbC
structure.

In the PtsG transporter, a member of the glucose family, Buhr and
Erni found evidence of 8 transmembrane helices using a combination
of hydropathy analysis and PhoA and LacZ gene fusions [40]. They pre-
dicted a large cytoplasmic loop between TM6 and TM7. A similar overall
topology with an even larger cytoplasmic loop was proposed for the
Fig. 4. Alignment of the EIIC domain of four glucose superfamilymembers based on transmemb
brane helices observed in the bcChbC crystal structure are in yellow, reentrant loop helices are
cysteine labeling experiments are in black boxes. The conserved region identified by Nguyen e
BglF transporter, a member of the β-glucoside family, based on hydro-
phobic analysis and extensive cysteine mutagenesis and labeling [41,
42]. They further predicted two cytoplasmic reentrant loops in the
large cytoplasmic loop between TM6 and TM7. In contrast, for the
MtlA transporter, a member of the mannitol family, initial hydropathy
analysis predicted the presence of 7 transmembrane helices in the EIIC
with a large cytoplasmic loop between helices 6 and 7 [43]. Alternative-
ly, phoA gene fusions to MtlA suggested the presence of 6 transmem-
brane helices with large cytoplasmic loops between TM2 and 3 and
TM4 and 5 [44]. Further cysteine mutagenesis and sulfhydryl labeling
studies indicated that these large loops probably reenter themembrane
in the formof reentrant loops [45]. The 6 transmembrane domain topol-
ogy has been further supported by steady-state tryptophan fluores-
cence studies [46] and a 5 Å electron crystallography projection
structure that revealed 6 regions of high density [32].

3.2. The bcChbC structure suggests different topologies for glucose super-
family members

We conclude that different topological arrangements exist based on
the structure of bcChbC [24], hydropathy analysis with TMHMM [47],
and manual alignment of the sequences for bcChbC, PtsG, BglF, and
MtlA. The manual alignment in Fig. 4 is based on predictions by
TMHMM (displayed with red text), the topology models described
above (sequence outlined in black box), and a sequencemotif identified
by Nguyen et al. (sequence outlined in pink box) [6]. Thismotif contains
rane helix prediction by TMHMM. Predicted transmembrane helices are in red. Transmem-
in green, and E334 and H250 in bcChbC are in blue. Predicted helices from gene fusion and
t al. is highlighted with a pink box.
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the highly conserved glutamate (E334 in bcChbC, shown in blue in
Fig. 4). In the bcChbC structure this motif corresponds to TM8b and
the cytoplasmic reentrant loop that follows it. A second highly con-
served residue (H250 in bcChbC) is also shown in blue in Fig. 4. This res-
idue is located on the cytoplasmic loop preceding TM7. In the bcChbC
structure the side chains of H250 and E334 form hydrogen bonds with
the OH-6 group on the nonreducing monomer of the N,N′-
diacetylchitobiose disaccharide, which receives the phosphate. Assum-
ing that these two residues are involved in a phosphorylation mecha-
nism conserved across the glucose superfamily, they must remain
spatially close to the sugar hydroxyl group. As phosphate transfer occurs
on the cytoplasmic side of the protein where the EIIB domain binds,
these residues presumably need to be close to the cytoplasmic side of
the membrane, as in bcChbC.

There are 83 residues separating E334 and H250 in bcChbC and 85
separating the homologous residues in PtsG. In bcChbC this span of res-
idues crosses the membrane twice and forms a reentrant loop, placing
both E334 and H250 on the cytoplasmic side. In contrast, there are
only 62 and 61 residues separating the conserved glutamate and histi-
dine in BglF andMtlA, respectively. Given the predicted locations of hy-
drophobic regions shown in Fig. 4 it is difficult to see how these two
proteins can contain the same structural elements as bcChbC andmain-
tain the spatial proximity of the conserved glutamate and histidine. Al-
ternatively, both the topology model for BglF predicted by Yagur-Kroll
and Amster-Choder [41] and the topology model for MtlA predicted
by Sugiyama et al. [44] position the conserved glutamate and histidine
on the cytoplasmic surface of the protein by not including any trans-
membrane passes between them. Additional evidence of topological
differences comes from crosslinking studies in both BglF and MtlA,
which indicated close proximity of residues that are separated in the
bcChbC structure [42,48]. For example, in MtlA, out of 6 different single
residue cysteine mutations (MtlA residue numbers 47, 73, 124, 134,
187, and 270) that demonstrate crosslinking (indicating their presence
near the oligomerization interface) only 2 of these (73 and 134) are any-
where near the dimer interface in bcChbC.

In contrast to MtlA and BglF, the sequence position of the conserved
histidine relative to the conserved glutamate in PtsG is similar to that of
bcChbC. Furthermore, the secondary structure of bcChbC fits well with
the topology prediction by Buhr and Erni [40] and Nguyen et al. [6] for
the first six transmembrane helices, placing the conserved histidine on
the cytoplasmic surface of the protein. However, the variations in
these models after TM6 would place the conserved glutamate at the
periplasmic surface. Given the role in catalysis we expect these two res-
idues play, we predict that this organization is unlikely. The TMHMM
predicted transmembrane helices for PtsG align well with the bcChbC
secondary structure for helices TM8, HP1, TM9 and TM10 (Fig. 4).
Only bcChbC TM7 is not predicted for PtsG. Consequently, we expect
that the topology of PtsGmay be very similar to that of bcChbC,whereas
the topology of both BglF and MtlA appears to be different.

3.3. Similarities between sugar binding in bcChbC and PtsG

The similarity in topology between bcChbC and PtsG extends to the
sugar binding site as well. The N,N′-diacetylchitobiose binding site in
bcChbC closely matches the molecular determinants described for glu-
cose binding in PtsG. In a study by Garcia-Alles et al., various analogs
of glucose were used to determine which functional groups on the
sugar were required for binding [49]. The conserved bcChbC residues
H250, E334, and N333, (N333 is most commonly a threonine in the glu-
cose family) form hydrogen bonds with OH-6 and OH-4 that were
shown to be critical for binding in PtsG. OH-3,whichwas shown to func-
tion as a hydrogen bond acceptor in PtsG, forms a hydrogen bond with
the sidechain of N333 in bcChbC (equivalent to T297 in PtsG). OH-1was
shown to have no impact on binding in PtsG. In bcChbC the equivalent
oxygen faces out into the cavity away from the surface of the protein. Al-
terations of the OH-2 group were also shown to reduce glucose binding
affinity in PtsG, but on N,N′-diacetylchitobiose the C2 position has an
acetylamine group instead of a hydroxyl.

4. Mechanism of sugar phosphorylation

4.1. Phosphate transfer involves a complex with EIIB

Phosphorylation of the sugar requires the formation of a complex be-
tween EIIC and phosphorylated EIIB [50,51]. Crosslinking studies have
been used to identify residues lining the EIIB–EIIC interface in MtlA [52]
and ITC results suggest the interaction may involve up to 50 to 60 resi-
dues [51]; however, there is currently no available structure. NMR and
crystal structures for both the phosphorylated and unphosphorylated
E. coli ChbC-specific EIIB have been reported [9,53,54] as well as an
NMR structure of the complex between the EIIB and EIIA components
[27]. EIIB domains from other subfamilies in the glucose superfamily
are structurally distinct and do not complement each other [9–16].

The ChbC-specific EIIB contains a 4-stranded parallel β-sheetmade up
of a repeatingβ–α–βmotifwith helices on both sides of the sheet [9]. The
cysteine responsible for transferring the covalently bound phosphate re-
sides on a loop following the initialβ-strand. This loop has a similar struc-
ture to the phosphate-bearing loop in the low-molecular-weight
phosphotyrosine protein phosphatase (LMWPTP), another enzyme that
makes use of a covalent cysteinyl phosphate interaction [55]. In the
EIIB–EIIA complex this loop is inserted into a gap between two helices
within the EIIA. The EIIB makes contacts with both of these helices pri-
marily through the loops and helical regions following the C-terminal
ends of the β-strands, resulting in a buried surface area of 945 Å2 [27].

In the absence of structural data for the bcChbC–bcChbB complex,
we have attempted to manually dock an EIIB domain onto the bcChbC
cytoplasmic surface. A homology model of bcChbB was generated
with I-TASSER [56] using the phosphorylated ChbB structure from
E. coli (PDB ID: 1H9C) [54]. Analysis of the surface of the bcChbB homol-
ogymodel reveals a positively charged pocket containing the covalently
attached phosphate group (Fig. 5B). From the bcChbC structure the only
obvious access point for the phosphate is directly through the gap be-
tween three helices: TM7 which contains H250, HP1b which contains
E334, and TM5 from the opposingdimeric subunit. The electrostatic sur-
face of bcChbC reveals a negatively charged sugar-containing cavity that
directly complements the positive electrostatics of bcChbB (Fig. 5A).
While correct placement of the phosphate cannot be achieved in the
protein conformation observed in the crystal structure of bcChbC, repo-
sitioning of the TM4–TM5 loop from the other subunit provides enough
space to bring the bcChbB model into a position from which the phos-
phate and sugar are sufficiently close for catalysis to occur (Fig. 5C). In
this position it appears that HP1b, TM7, TM1, the loop between TM2
and TM3, and AH1 preceding TM1 may form contacts with the bcChbB
subunit. This initial amphipathic helix aligns with one of the interacting
helices from EIIA in the EIIA–EIIB complex structure. N-terminal amphi-
pathic helices are nearly ubiquitous in EIICs and have been shown to be
critical for proper incorporation into the membrane [57].

4.2. A putative mechanism for phosphorylation

In the bcChbC structure both H250 and E334 lie on the cytoplasmic
side of the sugar and form hydrogen bonds with the OH-6 group of N,
N′-diacetylchitobiose that is phosphorylated [34]. Given the similarity
of the EIIB cysteine-containing loop to that of LMWPTP, the two en-
zymes may share mechanistic similarities. In the second half of the
LMWPTP catalyzed reaction, a conserved aspartate acts as a general
base, extracting a proton from awatermolecule that then initiates a nu-
cleophilic attack on the phosphorous covalently bound to cysteine [58].
The phosphate intermediate is stabilized by a conserved arginine
through hydrogen bonded ionic interactions as well as positive dipoles
contributed by surrounding helices [59]. In the bcChbC structure the
conserved glutamate (E334) appears to be in a position to serve the



Fig. 5. Predictedmodel of the bcChbC–bcChbB complex. The electrostatic surfaces of A. bcChbC and B. a homologymodel of bcChbB are complementary. C. The predicted bcChbC (green)
bcChbB (cyan) complex generated by manual docking. The cysteine attached phosphate is positioned directly below the O6 oxygen of maltose (magenta).
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same function as the aspartate, extracting a proton from the C6 hydrox-
yl and priming it to attack the phosphate on the EIIB. The histidine may
polarize the glutamate in order to activate it for base catalysis. A similar
mechanism has been described for ATP hydrolysis in DNA gyrase [60].
The protonated histidine and positive helix dipoles contributed by
TM7 and HP1b could then help to stabilize the phosphate intermediate.
Following phosphorylation of the sugar, the increased negative charge
of the phosphate would reduce the affinity of the negatively charged
sugar binding site for the sugar, driving the release of the sugar into
the cytoplasm.
5. Transport

To facilitate transport of their cognate ligands across the bilayer
without permitting the non-specific leak of other solutes, transporters
must alternate between at least two different conformations: an
outward-open state, in which the substrate binding site is open to the
extracellular space but inaccessible from the cytoplasm; and an
inward-open state, in which the substrate binding site is blocked from
the extracellular side but accessible to the cytoplasm. Intermediate
states in which the ligand binding site is occluded from the solvent on
both sides have also been observed. In addition, the EIIC transport
cycle involves complexation with the EIIB domain and phosphorylation
of the transported sugar prior to its release into the cytoplasm.
5.1. Structure based model of transport

In the bcChbC structure the sugar is blocked from release into the
periplasm and cytoplasm. The structure therefore corresponds to an oc-
cluded conformation. On the cytoplasmic side, N,N′-diacetylchitobiose
is blocked by both the reentrant loop containing HP1a and HP1b as
well as the loop between TM4 and TM5 of the other protomer. On the
periplasmic side access is blocked by the second reentrant loop con-
taining HP2 and TM8a. The structure of bcChbC suggests a possible
mechanism of transport. The loosely connected oligomerization
(TM1–TM5) and transport (TM6–TM10) domains appear well suited
for interdomain rigid body motions, specifically an upwards transla-
tion and rotation of the transport domain that would shift HP2 and
TM8a away from the oligomerization domain, opening the cavity to
the periplasmwhile simultaneously closing off the cavity to the cyto-
plasm and shifting the sugar binding site closer to the periplasm
(Fig. 6). A similar rigid body motion has been proposed for the gluta-
mate transporter based on crystal structures of the inward open and
outward open conformations [61].



Fig. 6.Model of the (A) inward open ChbCmonomer crystal structure and (B) predicted ChbCmonomer outward open state involving a rigid body rotation and upwards translation of the
transport domain (TM6–10, green) relative to the oligomerization domain (TM1–5, cyan).
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Binding of saccharide to this outward open conformation would
then drive a conformational change into the occluded conformation ob-
served in the bcChbC crystal structure. Phosphorylated EIIB could then
bind to the cytoplasmic surface of EIIC after movement of the TM4–
TM5 loop away from the active site, catalyzing phosphorylation of the
sugar. The EIIB–EIIC complexwould then disengage, followed by release
of the phosphorylated sugar.

5.2. Mutations that modify transport in PtsG

As we predict that bcCbhC and PtsG share a common topology, it
may be possible to infer details about the translocation mechanism by
mappingmutationsmade on PtsG that modify transport onto the struc-
ture of bcChbC. These mutations do in fact support the transport mech-
anismdescribed above. Buhr et al. foundmultiplemutations in PtsG that
significantly decreased transport activity, but had little effect on phos-
phorylation of the sugar [62]. These include M17T or I, G149S, K150E,
S157F, H339Y, and D343G. In the bcChbC structure, G149S and K150E
correspond to the loop that links TM6 and TM7 on the cytoplasmic
side of the protein and S157F maps to the cytoplasmic end of TM7.
M17 maps to the N terminal end of TM1, which is directly behind
H250 on the cytoplasmic portion of TM6. H339Y and D343G map to
Fig. 7. Putative bcChbC gates controlling sugar entry and exit from the transporter. Residues t
labeled according to the PtsG sequence. Protomer 1 is green, protomer 2 is cyan, N,N′-diacetyl
the second reentrant loop prior to HP2 (Fig. 7). Ruijter et al. found
four mutations that facilitated transport in the absence of phosphoryla-
tion by the EIIB component [63]. Of these mutations, R203S and V206A
map to the cytoplasmic end of TM6, K257Nmaps to the periplasmic half
of TM8, and I296N maps to the first reentrant loop between HP1a and
HP1b (Fig. 7).

Seven of these mutations correspond to the cytoplasmic end of the
protein directly around the diacetylchitobiose molecule in the bcChbC
structure. PtsG I296 (I332 in bcChbC) is highly conserved and located
two residues prior to the conserved glutamate. In the bcChbC structure
this isoleucine forms contacts with a series of hydrophobic residues on
the loop between TM4 and TM5. G149S and K150E map to the TM4–
TM5 loop directly across from the sugar. These mutations strongly sug-
gest that some movement in this region is required for translocation of
the sugar. Based on the bcChbC structure, the loop connecting TM4 and
TM5 appears to be the most likely candidate for a cytoplasmic gate. A
slight repositioning of the loop, possibly through the straightening of a
kink in TM5 would allow egress of the sugar.

Two of the remainingmutations that influenced PtsG transport map
to the second reentrant loop containing HP2 (H339Y and D343G). The
last (K257N) maps to the periplasmic half of TM8. In our predicted
model of the outward open state we would expect these regions to
hat align in sequence with mutations in PtsG that affect transport are colored yellow and
chitobiose is magenta, and E334 and H250 are shown in blue.



584 J.G. McCoy et al. / Biochimica et Biophysica Acta 1850 (2015) 577–585
undergo large motions away from the oligomerization domain of the
protein. In particular, H339 and D343 map to the interface between
the binding and oligomerization domains, and mutations to those resi-
dues could therefore have an effect on the ability of the two domains
to move relative to each other.
5.3. Transport in MtlA

Much of what is currently known about transport in EIIC proteins is
based on studies of MtlA. Initial kinetic analysis of both PtsG and MtlA
demonstrated biphasic behavior, suggesting the presence of multiple
binding sites with differing affinities [49,64–66]. A more recent study
concluded that MtlA has only one high affinity binding site per dimer
(KD ≈ 100 nM) and that variations in the binding affinity constant
were caused by contamination from an endogenous ligand [67]. Endog-
enous bound ligand has also been reported for PtsG [68]. The discovery
that the mannitol binding site was positioned asymmetrically within
the MtlA dimer led to the further hypothesis that the protomers acted
in an alternating fashion, with passage of mannitol through one
protomer causing it to switch from high affinity to low affinity and con-
sequently driving the other protomer from a low affinity to a high affin-
ity state capable of binding ligand [69]. This differs from what was
observed in the bcChbC crystal structure in which the sugar molecule
was bound to both protomers in a symmetric fashion. There is currently
no evidence of cooperativity in the bcChbC dimer; however, given that
the cytoplasmic gate appears to be supplied by the opposing protomer,
it is possible that this could provide a mechanism for cooperativity, as
sugar exiting the cavity of one protomer could be sensed by the other.
Furthermore, residues in the N-terminal half of MtlA (the region corre-
sponding from TM1 to TM4 in bcCHBC) were shown to be in close con-
tact with mannitol, the sugar was shown to be located closer to the
periplasm, and substantial differences were observed between solvent
exposed residues inMtlA and their expected counterparts in the bcChbc
structure [69,70]. Tryptophan phosphorescence spectroscopy indicated
that F97 in MtlA (a predicted cytoplasmic loop residue that overlays
TM3 in bcChbC) is part of a β-sheet fold [71]. Interestingly, this region
was shown to undergo large conformational changes upon ligand bind-
ing with partial unfolding around F97, indicating that what appears to
be essentially a dimerization domain in bcChbCmay play amore exten-
sive role in sugar translocation in MtlA [71]. This may be indicative of
MtlA being in a different conformational state, or as discussed above,
MtlA may be structurally distinct from bcChbC.
6. Conclusion

The bcChbC crystal structure has provided an initial framework for
understanding over 20 years of functional work on properties of the
glucose superfamily of EIIC transporters, including substrate selectivity,
the phosphorylation reaction, and the mechanism of transport.
However, the glucose superfamily is incredibly diverse and there is
a high likelihood that different family members, in particular the
mannitol and ß-glucoside families, may not share all the core struc-
tural features of bcChbC. Further determination of structures reveal-
ing variations in topology, different conformational states, and the
nature of the EIIB and EIIC interaction are critical for understanding
these proteins that form an essential component of bacterial carbo-
hydrate regulation.
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