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Abstract
Building a three-dimensional model of the sucrose permease of Escherichia coli (CscB) with the X-
ray crystal structure lactose permease (LacY) as template reveals a similar overall fold for CscB.
Moreover, despite only 28% sequence identity and a marked difference in substrate specificity, the
structural organization of the residues involved in sugar-binding and H+ translocation is conserved
in CscB. Functional analyses of mutants in the homologous key residues provide strong evidence
that they play a similar critical role in the mechanisms of CscB and LacY.
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Introduction
The major facilitator superfamily of membrane transport proteins is found ubiquitously in
living organisms†. These transporters are involved in a multitude of functions that include
uptake of essential nutrients and ions, excretion of metabolic end products and other toxic
substances, and communication between the cell and the environment.1,2 The oligosaccharide/
H+ symporter sub-family of the major facilitator superfamily2–4 contains sugar/H+ symporters
that catalyse the coupled stoichiometric translocation of a sugar and an H+, thereby transducing
free energy stored in the electrochemical H+ gradient (Δμ̄H+) into a sugar concentration
gradient.

The lactose permease of Escherichia coli (LacY) is arguably the most extensively characterized
member of the major facilitator superfamily,5 and only one of two for which X-ray crystal
structures have been elucidated.6,7 Amino acid residues that play a critical role in the
mechanism of galactose/H+ symport have been identified by extensive site-directed and Cys-
scanning mutagenesis,8 and functional studies.5 The preceding paper9 focuses on similarities
in the overall structure and the organization of amino acid residues involved in sugar binding
and H+ translocation in prokaryotic, as well as eukaryotic transport proteins. The sucrose
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permease of E. coli (CscB),10,11 which transports sucrose but not lactose or other
galactopyranosides, was chosen to test specific features described in the preceding paper.9
Alignment of CscB with the sequence of LacY reveals only 28% sequence identity with an
overall homology of 51%. Nevertheless, most of the residues in LacY that are irreplaceable
for transport activity are highly conserved in CscB.

As with LacY, previous mutational analysis of conserved Arg147 (Arg144 in LacY) and
Asp129 (Glu126 in LacY) in CscB12 reveals a critical role for these residues, which are likely
charge-paired and required for sugar binding.13–15 The charge pair Asp237/Lys358 is
important for insertion of LacY into the membrane,16–19 and construction of an appropriate
double mutant in CscB (N234D/S356K) results in increased insertion into the membrane.20 In
addition, a cysteine-less CscB mutant has been engineered that exhibits a twofold increase in
sucrose accumulation relative to wild-type CscB.21

Homology threading of the CscB protein sequence with the structure of LacY as template
indicates that CscB, like LacY, has two symmetrically positioned six-helix bundles
surrounding a large hydrophilic cavity open to the cytoplasm.9 Furthermore, the location and
organization of the residues involved in sugar binding and H+ translocation in LacY appear to
be similar in CscB. In this study, we target amino acid residues that should be important for
sucrose/H+ symport based upon the predicted structure of CscB. Site-directed mutagenesis of
the key residues indicates that they play a similar critical role in the mechanisms of action of
CscB and LacY.

Results
Sugar-binding site residues

The major amino acyl residues that comprise the putative sugar-binding site of the CscB model
exhibit striking conservation with respect to LacY X-ray structure (Figure 1). Thus, Arg147
and Asp129 in helices V and IV of CscB, respectively, which are probably charge-paired
(Figure 1(b)), are in positions similar to Arg144 and Glu126 in LacY (Figure 1(a)). Glu270 in
CscB (helix VIII), which is one helical turn closer to the cytoplasm than the irreplaceable
Glu269 in LacY, aligns with Asn272 in the latter,9 but is in the vicinity of the sugar-binding
site on the same face of helix VIII as in LacY. Tyr154, which is homologous to Trp151 in
LacY, appears to be in virtually the same position. Moreover, Trp26 in CscB (homologous to
Met23 in LacY) may be a component of the sugar-binding site, providing a larger hydrophobic
surface. Highly conserved Phe23 in CscB is in a position homologous to Phe20 in LacY and
may also play a role in sugar binding. The variations observed in some of the residues and their
placement in the sugar-binding sites of CscB and LacY are likely to reflect differences in
specificity and affinity for different sugar substrates.

Replacement of Tyr154 with Trp or Ala abolishes the ability of CscB to catalyse active sucrose
transport (Figure 2). However, replacement with Phe results in sucrose transport at a markedly
reduced rate, but essentially the same steady-state level of accumulation as the wild-type
(Figure 2). As shown previously,22 Trp151 in LacY can be replaced with Phe or Tyr with only
a minor loss of transport activity due to a relatively small increase in Km. However, binding
affinity decreases by a factor of 50 or 20, respectively.

Replacement of Glu270 with Ala or Asp abolishes sucrose transport activity (Figure 2) in a
manner similar to that observed with Glu269 in LacY where removal of the carboxyl group
eliminates binding and transport,23–25 and replacement with Asp dramatically decreases
affinity.26
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In LacY, Met23 lies within close proximity to the C6 atom of the galactopyranosyl ring of β-
D-galactopyranosyl-1-thio-β-D-galactopyranoside (TDG), and Phe20 is close to Trp151.6
Replacement of Phe20 or Met23 with Ala decreases the initial rate of lactose accumulation
without significant change in the steady state relative to the wild-type LacY (Figure 3(a)). The
binding affinity of the F20A mutant for sugar in LacY, measured by TDG protection against
alkylation,27–30 exhibits a 40-fold decrease, while the affinity of M23A is not changed
compared to the wild-type LacY (Figure 3(b)). Cys replacements of Phe20 in LacY31 or Phe23
in CscB (Figure 3(c)) result in a significant decrease in the rate of sugar accumulation. Cys or
Ala replacements for Trp26 in CscB (homologous to Met23 in LacY) decrease sucrose
transport markedly; however, replacement with Phe or Met has little or no effect (Figure 3(c)).
In contrast, corresponding replacement of Met23 in LacY with Trp significantly decreases the
rate of lactose transport, relative to wild-type LacY (Figure 3(a)).

The C154G mutation in wild-type LacY results in a thermostable protein with high substrate
affinity, but has little or no transport activity.29 Gly154 (helix V) is in close proximity to Gly24
(helix I), suggesting that the mutation may decrease conformational flexibility. Remarkably,
activity and low thermostability are restored in the double mutant G24C/C154G.30 Since CscB
has a Gly residue homologous to Cys154 in LacY, we introduced Gly replacements for Ser27
and/or Ser31 in attempts to engineer a conformationally stable mutant similar to C154G LacY.
29 These two residues are in helix I facing Gly157 (helix V) in the CscB model and aligned
with Cys154 in LacY. Transport activity and thermostability of either S27G or S27G/S31G
CscB mutants are very similar to the wild-type (data not shown), which likely reflect no change
in conformational flexibility.

Residues involved in H+ translocation
The spatial organization of the residues involved in H+ translocation in LacY (Figure 4(a))
appear to be very similar in CscB (Figure 4(b)). Clearly, Arg300, His320, Glu323 and Tyr233
in CscB (Figure 4(b)), respectively, are positioned almost exactly as Arg302, His322, Glu325
and Tyr236 in LacY (Figure 4(a)). The Lys319–Asp240 charge pair in LacY (Figure 4(a))6,
18,32 also has a counterpart in CscB (Lys317–Asp237) (Figure 4(b)). The salt-bridge/H-bond
network observed in LacY, which is comprised of Tyr236 (helix VII), Arg302 (helix IX),
His322 and Glu325 (helix X) appears in the CscB model as well (Figure 4(b)).

The residues in CscB (Arg300 and Glu323) homologous to Arg302 and Glu325 in LacY, which
are critical for H+ translocation, were replaced individually with Ala. Both mutants are
completely defective in active sucrose transport (Figure 5(a)), but catalyse equilibrium
exchange, albeit at different rates (Figure 5(b)), which likely reflects different affinities for
sucrose.33 The properties are similar to the Arg302 and Glu325 mutants in LacY,34,35 which
bind sugar normally and catalyse exchange, but are specifically defective in all reactions that
involve net H+ translocation.5 Moreover, as observed with His322 mutants in LacY,26,36,37

the H320A mutant in CscB is defective in sucrose transport (Figure 5(a)), and on the basis of
the low rate of equilibrium exchange (Figure 5(b)), probably has much lower affinity for
sucrose, unlike the Arg300 and Glu323 mutants.

In LacY, Tyr236 participates in a charge-pair/H-bond network in the middle of a triangle
formed by Arg302, His322 and Glu325,6 and replacement of Tyr236 with Phe, Lys, Glu, Gln,
His or Ser inactivates lactose transport. In contrast, replacement with Cys, Thr or Ala allows
lactose accumulation, although at a significantly lower level than wild-type LacY (Figure 6
(a)). Substrate affinity is about 20–25 times lower for Y236A and Y236C mutants, and at least
two orders of magnitude lower for Y236F mutant compared to wild-type LacY (Figure 6(b)).
Replacements of Tyr233 in CscB (homologous to Tyr236 in LacY) result in complete loss of
sucrose transport in the Y233F mutant and a markedly decreased rate of transport in Y233A
mutant (Figure 6(c)).
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Discussion
The results presented here indicate that homology threading is a powerful approach for
targeting important residues in membrane transport proteins. Comparative analysis reveals that
all amino acid residues involved in H+ translocation in LacY are conserved in the amino acid
sequence of CscB. Moreover, the threaded CscB model shows a practically identical spatial
organization of the residues involved in H+ translocation in both permeases (Figure 4).
Furthermore, CscB mutants R300A, H320A or E323A are unable to accumulate sucrose
(Figure 5(a)), but catalyse equilibrium exchange (Figure 5(b)) in a manner similar to
comparable mutants of LacY.34,35,37 The results indicate that the Arg300 and Glu323 mutants
in CscB are also able to bind and translocate sugar in a process that does not involve net H+

translocation. The network of H-bonds and salt-bridges between Tyr236, Arg302, His322 and
Glu325 observed in the LacY structure is conserved in CscB (Figure 4). Replacement of Tyr233
with Phe in CscB completely blocks active transport, as in LacY (Y236F mutant), while
significant transport activity remains in both permeases when Tyr is replaced with Ala (Figure
6(a) and (c)).

The residues comprising the putative sugar-binding site in the model of CscB are very similar
in character to those in LacY (Figure 1), although only two are strictly conserved (Arg and
Phe). However, other amino acid residues with homologous properties in CscB (Asp129,
Tyr154, Trp26 and Glu270) are spatially arranged in almost the same manner as in LacY
(Glu126, Trp151, Met23 and Glu269). The importance of the charge pair Asp129/Arg147 for
sucrose transport by CscB has been shown.12 Glu270 is aligned with Asn272 in LacY, but
seems to play the same role functionally as Glu269. Thus, replacement of Glu270 with Ala or
Asp abolishes sucrose transport (Figure 2). Trp26 is aligned with Met23 in LacY, and only
Met or Phe replacements are fully functional in CscB (Figure 3(c)), suggesting the importance
of a hydrophobic moiety in this position. Phe20 in LacY is in close proximity to Trp151 and
is important for substrate binding, as mutant F20A binds sugar with much lower affinity (Figure
3(b)). The homologous residue, Phe23 in CscB, is positioned very similar to Phe20 in LacY
and may play the same role, since replacement with Cys decreases the rate of sugar transport
markedly in CscB (Figure 3(c)) as well as in LacY.31

Tyr154 in CscB also appearstoplayarole similar to that of homologous Trp151 in LacY, where
Trp151 stacks hydrophobically with the galactoside moiety of disaccharide substrates.6,22,38

The nature of the aromatic residue at this position in both permeases is important, since mutant
Y154F exhibits a markedly decreased rate of sucrose transport, and mutant Y154W is
completely inactive (Figure 2). Notably, in several sugar-binding protein structures (PDB ID
codes 1A78, 1LT5, 1A3K, 1DLL and 1ULC), binding of the galactosidic ring of TDG or lactose
involves Trp in a manner similar to LacY (PDB ID 1PV7). However, binding of the
glucopyranoside ring of sucrose in CscB appears to utilize a Tyr residue, as in several other
proteins with bound sucrose or maltose (PDB ID codes 1AF6, 1BYH, and 1ANF).

There are striking differences in substrate specificity for sucrose and lactose permeases. LacY
is absolutely specific for galactosidic sugars and does not bind or transport glucosides,39,40

while CscB is specific for sucrose and does not transport galactosides.21 The differences in the
affinity and specificity of LacY and CscB are likely defined by differences in the structure of
lactose and sucrose, respectively, that lead to alterations in the side-chains comprising the
binding sites. Protein-bound lactose (PDB ID codes 1DLL, 1ULC) or TDG6 is in an extended
conformation. In contrast, protein-bound sucrose (PDB ID codes 1AF6, 1PT2 and 1IW0) is in
a bent conformation where glucosidic and fructosidic rings are positioned at approximately a
right-angle. Moreover, in proteins with bound sucrose or maltose (PDB ID codes 1AF6, 1BYH,
1ANF), the C6 atom of the glucopyranoside ring is in the orientated opposite to that of the
C6 atom of the galactopyranoside ring of bound lactose or TDG (PDB ID codes 1PV7, 1A78,
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1LT5, 1ULC) with respect to the aromatic residue involved in sugar binding. When sucrose is
docked into the sugar-binding site of the CscB homology model (Figure 7), the glucopyranosyl
moiety of sucrose occupies a position homologous to that of the galactopyranosyl moiety of
TDG in the structure of LacY (PDB ID 1PV7). In CscB, Arg147 likely interacts with the C3–
OH group of glucopyranosyl ring, and Glu270 may interact with the hydroxyl groups of both
sugar rings in sucrose, as this residue is one helical turn closer to the cytoplasmic face of the
membrane than Glu269 in LacY.

Sequence alignments reveal two major variations in the amino acid ensembles comprising the
sugar-binding sites.9 LacY and several other putative sugar transporters have Glu126 and
Glu269 (LacY numbering), while CscB and many other putative transporters have an Asp in
the position homologous to Glu126 and a Glu that aligns with Asn272. Possibly, this
interchange plays an important role in sugar specificity. Indeed, in CscB both carboxyl groups
at homologous positions (129 or 270) are essential for sucrose transport. Also, LacY mutant
E126D exhibits a low rate of lactose transport as a result of decreased affinity for sugar,41 while
mutant D129E in CscB does not significantly alter sucrose transport by CscB.12 In LacY, the
galactosidic ring of TDG forms multiple contacts with residues in the N-terminal six-helix
bundle and the sugar at the anomeric position extends toward the C-terminal six-helix bundle,
making additional contacts with Lys358 and possibly Asp237 to increase affinity.6 However,
it is unlikely that binding of sucrose in the bent conformation makes significant contacts with
the C-terminal six-helix bundle of CscB, which may explain why Ser and Asn, respectively,
in CscB are in homologous positions to Lys358 and Asp237 of LacY. To the contrary, the
fructose moiety may make additional contacts with residues in the N-terminal six-helix bundle.

In summary, the results presented here provide functional evidence for the argument that the
amino acid residues involved in both sugar binding and H+ translocation, as well as their
organization are conserved in LacY and CscB.

Materials and Methods
Materials

All oligonucleotides were synthesized by Integrated DNA Technologies, Inc (Coralville, IA).
[14C]lactose was purchased from Amersham Biosciences (Piscataway, NJ) and [14C]sucrose
was purchased from Perkin Elmer (Boston, MA). Penta-His antibody-horseradish peroxidase
(HRP) conjugate was obtained from Qiagen (Valencia, CA). All restriction enzymes were
purchased from New England Biolabs (Beverly, MA). The Quick Change II kit was from
Stratagene (La Jolla, CA). Talon superflow resin was obtained from BD Clontech (Palo Alto,
CA). All other materials were of reagent grade and were obtained from commercial sources.

Construction of mutants
All mutants were constructed by oligonucleotide, site-specific mutagenesis using a
Quikchange® II kit. Generally, 30–40 bp direct and reverse primers bearing the mutated triplet
in the middle of the primer were designed by using the Vector NTI 9.1 Suit program (Invitrogen,
Carlsbad, CA). All mutagenesis procedures were carried out according to the Quickchange II
manual, except that the temperature of the extension reaction was lowered to 68–70 °C during
PCR-directed mutagenesis to reduce possible primer duplication. Mutagenic constructs were
sequenced over the entire gene to confirm mutations introduced and to discard unwanted
mutations.

Expression analysis
The pSP72/CscB and pT7-5/LacY constructs were engineered with a C-terminal His-tag to
enable identification by Western blot analysis using penta-His HRP conjugated antibody
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(Qiagen, Valencia, CA). All mutants described were expressed at levels similar to those of the
appropriate wild-type.

Transport assays
E. coli T184 [lacI+O+Z−Y−(A), rspL, met−, thr−, recA, hsdM, hsdR/F′ lacIqO+ZD118(Y+A+)]
was transformed with the appropriate expression vector and grown aerobically overnight at 37
°C in Luria-Bertani culture medium containing 100 μg/ml of ampicillin. A tenfold dilution of
the culture was grown for 2 h before induction with 1 mM IPTG. Following induction, growth
was continued for a further 2 h, after which the cells were harvested and washed in 100 mM
potassium phosphate (KPi; pH 7.2), 10 mM MgSO4, and adjusted to an absorbance at 420 nm
(A420) of 20 (approximately 1.4 mg/ml of protein) for sucrose, or to A420=10 (approximately
0.7 mg/ml of protein) for lactose transport measurements. Transport of [14C]sucrose or [14C]
lactose (5–10 mCi/mmol) at a final concentration of 4 mM and 0.4 mM, respectively, was
assayed by rapid filtration.42

Right-side-out (RSO) membrane vesicles were used for equilibrium exchange.35 RSO vesicles
were prepared as described,43,44 and resuspended in 100 mM KPi (pH 7.5), 10 mM MgSO4 at
a protein concentration of 35 mg/ml, frozen in liquid nitrogen and stored at −80 °C. [14C]
sucrose (10 mCi/mmol specific activity; 100 mM final concentration) was added to RSO
vesicles and equilibration was carried out overnight on ice in the presence of 50 μM
valinomycin and 1 μM nigericin. Equilibrium exchange was initiated by addition of 2 μl
aliquots of RSO vesicles to 0.4 ml (200-fold dilution) of 100 mM KPi (pH 7.5) containing 100
mM sucrose. Reactions were quenched at given times with 100 mM KPi (pH 7.5), 100 mM
LiCl, and assayed by rapid filtration.

LacY purification
LacY mutants were purified from E. coli XL1-Blue cells transformed with given plasmids
essentially as described by using Co(II) affinity chromatography (BD Clontech, Palo Alto,
CA).30 The C154G mutation was introduced in order to increase protein stability in dodecyl-
β,D-maltopyranoside (DDM).29 All protein preparations were at least 95% pure, as judged by
staining with silver after SDS-PAGE. A micro BCA method (Pierce, Rockford, IL) was used
for measurements of protein concentration.

Measurement of binding affinity
Substrate protection of Cys148 against alkylation by 2-(4′-maleimidylanilino)naphthalene-6-
sulfonic acid (sodium salt) (MIANS) in purified LacY mutants was measured in 50 mM NaPi
(pH 7.5), 0.02% (w/v) DDM.27,28 MIANS (1 μM) was added to protein (0.5 μM) equilibrated
with given concentrations of TDG and time-courses of fluorescence change were recorded
using excitation and emission wavelengths of 330 nm and 415 nm, respectively, as described.
29 The rates of the reactions were calculated from the slopes of the fluorescence increase. The
reaction rates were plotted against concentration of TDG and fit with a hyperbolic equation
using Sigmaplot 8.0 (SPSS Inc., Chicago, IL) in order to estimate apparent binding affinity.30

Molecular modeling
Homology threading was done as described in the preceding paper.9 The sucrose molecule
(coordinates from PDB ID 1IW0, α-D-glucopyranosyl β-D-fructofuranoside), was manually
docked into the putative sugar-binding site of the CscB model using the program XtalView.45
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Abbreviations used
CscB sucrose/H+ symporter from Escherichia coli

LacY lactose/H+ symporter from Escherichia coli

TDG β-D-galactopyranosyl-1-thio-β-D-galactopyranoside

DDM dodecyl-β-D-maltopyranoside

HRP horseradish peroxidase

RSO right side out membrane vesicles

MIANS 2-(4′-maleimidylanilino)-naphthalene-6-sulfonic acid (sodium salt)
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Figure 1.
Substrate-binding site in (a) LacY (PDB ID: 1PV7) and (b) the CscB model. Transmembrane
helices are numbered in roman numerals. Homologous amino acid residues are shown as sticks.
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Figure 2.
Effect of Y154 and E270 replacements on transport activity of CscB. Time-courses of sucrose
accumulation by E. coli T184 expressing wild-type CscB (●), no permease (○) or CscB mutants
Y154F (▼), and Y154W, Y154A, E270D or E270A (△) were measured in 50 μl aliquots of
cell suspensions containing 70 μg of total protein and 4 mM [14C]sucrose as described in
Materials and Methods.
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Figure 3.
Functional significance of F20 and M23 residues in LacY and homologous residues F23 and
W26 in CscB. (a) Time-courses of lactose accumulation by E. coli T184 expressing wild-type
LacY (●), no permease (○) or LacY mutants: F20A (■), M23A (▽) and M23W (△) were
measured in 50 μl aliquots of cell suspension containing 35 μg of total protein and 0.4 mM
[14C]lactose as described in Materials and Methods. (b) Affinity of purified LacY mutants WT/
C154G (●), F20A/C154G (■) or M23A/C154G (▽) detected by TDG protection against
MIANS labeling at 0.5 μM protein and 1 μM MIANS as described in Materials and Methods.
Apparent Kd values are 0.17 mM, 0.20 mM and 7 mM for WT/C154G, M23A/C154G and
F20A/C154G, respectively. (c) Time-courses of sucrose accumulation by E. coli T184
expressing wild-type CscB (●), no permease (○) or CscB mutants: F23C (■), W26A (▽),
W26C (△), W26F (▼) and W26M (▲) were obtained as described for Figure 2.
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Figure 4.
Amino acid residues involved in H+ translocation in (a) the LacY structure (1PV7.pdb) or (b)
the CscB model. Transmembrane helices are numbered in roman numerals. Homologous amino
acid residues are shown as sticks. Possible H-bonds and salt-bridges are shown as broken lines.
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Figure 5.
Functional significance of CscB residues R300, H320 or E323. (a) Time-courses of sucrose
accumulation by E. coli T184 expressing wild-type CscB (●), no permease (○) or CscB
mutants: R300A (■), H320A (▼) and E323A (▲) measured as described for Figure 2. (b)
Time-courses of sucrose equilibrium exchange by RSO vesicles prepared from E. coli T184
cells expressing the same mutants as shown in (a), measured after 200-fold dilution of vesicle
suspensions loaded with 100 mM [14C]sucrose into 100 mM unlabeled sucrose solution as
described in Materials and Methods.
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Figure 6.
Functional significance of Y236 in LacY and homologous residue Y233 in CscB. (a) Time-
courses of lactose accumulation by E. coli T184 expressing wild-type LacY (●), no permease
(○) or LacY mutants: Y236C (▲), Y236T (■), Y236A (◆), Y236S (□), and Y236F, K, Q, E,
H (△) measured as described for Figure 3(a). (b) Substrate affinity of purified LacY mutants:
WT/C154G (●), Y236C/C154G (▲), Y236A/C154G (◆) and Y236F/C154G (△) detected by
TDG protection against MIANS labeling as described for Figure 3(b). Apparent Kd values are
0.17 mM, 2.9 mM, 4.4 mM and 17.2 mM for WT/C154G, Y236A/C154G, Y236C/C154G,
and Y236F/C154G, respectively. (c) Time-courses of sucrose accumulation by E. coli T184
expressing wild-type CscB (●), no permease (○) or CscB mutants: Y233A (◆) and Y233F
(△) were obtained as described for Figure 2.
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Figure 7.
Sucrose molecule docked into the putative sugar-binding site of the CscB model. The sucrose
molecule (coordinates from PDB, ID 1IW0), is modeled in the putative sugar-binding site of
CscB using the program XtalView.45 Essential amino acid residues are shown as sticks.
Transmembrane helices are numbered in roman numerals.
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