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RbsC of Escherichia coli is the hydrophobic membrane component of ribose uptake system classified as the
ATP-binding cassette transporter. To understand the structure and function of RbsC, its transmembrane
topology was investigated by using 64 RbsC-PhoA fusions isolated either specifically or randomly. In order to
confirm the cytoplasmic location of the short C-terminal region (5 amino acids), inside-out or right-side-out
membrane vesicles were generated, and the C-terminal region was found to be digested by carboxypeptidase A
only in inside-out vesicles. This result is consistent with the model, based on the results of alkaline phosphatase
fusions, in which the protein traverses the membrane six times and the N and C termini are exposed to the

cytoplasm.

The bacterial periplasmic binding protein-dependent ATP-
binding cassette (ABC) transporters are versatile in substrate
specificity, e.g., sugars, amino acids, oligopeptides, and ions,
etc., and generally consist of three to five proteins that fall into
three different functional categories (10). The first component
is the periplasmic substrate binding protein, which has two
separate domains with a substrate binding cleft in the middle
(16). The second component, consisting of either one or two
homologous proteins, is a hydrophobic membrane protein that
possesses a short conserved hydrophilic segment, containing a
consensus EAA-G motif, located at approximately 100 amino
acids (aa) from the C terminus (22). The hydrophilic third
component has a highly conserved ATP-binding motif (Walker
A and B boxes) and the conserved helical domain for interac-
tion with the EAA-G region of the membrane component (15).

Topologies of the inner membrane components of the bind-
ing protein transporters have been determined by gene fusion
and/or proteolysis techniques. The OppB and OppC proteins
involved in oligopeptide transport (17) and MalG for maltose
transport (5) were found to have six transmembrane (TM)
helices with both ends oriented toward the cytoplasm. The
MalF protein (514 aa), interacting with MalG for transport,
comprises eight membrane-spanning segments with both ends
of the protein exposed to the cytoplasm (3). ProW involved in
the uptake of glycine betaine/proline has been reported to
contain seven membrane-spanning segments with the C termi-
nus inside the cytoplasm and the large N-terminal extension
(100 aa) located within the periplasmic space (7). HisQ (228
aa) and HisM (235 aa) have five TM helices with periplasmic
and cytoplasmic N and C termini, respectively (13). However,
of a group of permeases known as the AraH/RbsC superfamily
(21), transporting sugars such as arabinose, ribose, methylgal-
actoside, xylose, and allose, none were characterized for their
membrane structures.

Ribose is transported in Escherichia coli through the high-
affinity, binding-protein-dependent system encoded by genes in
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the rbs region of the chromosome (1). The system is composed
of the periplasmic ribose-binding protein (RbsB), the hydro-
phobic membrane protein (RbsC), and the hydrophilic ATP-
binding protein (RbsA). Other AraH transporters (currently
more than 20 are in the database) have similar organizations
with periplasmic, membrane, and ATPase components (12, 14,
19, 23). Information on the structure of the membrane com-
ponent is a key to an understanding of the mechanism of sugar
transport. However, membrane topologies of AraH/RbsC ho-
mologs were not readily predicted by a theoretical analysis
since overall hydrophobicities of their amino acid sequences
are so broad as to suggest five to eight putative TM helices
(Hofmann and Stoffel algorithm [11]). In order to determine
the membrane structure of RbsC, we made a series of RbsC-
PhoA fusions by using existing restriction enzyme sites, PCR
mutagenesis, or exonucleolytic digestion (6, 20). The results
indicate that the structure of RbsC comprises six TM helices
and cytoplasmically located N and C termini.

RbsC-PhoA fusions generated specifically or randomly. For
creating PhoA fusions at chosen sites, we used restriction en-
zymes (48N and 316V) and PCR (931, 117V, 120A, 123R,
126A, 129A, 152T, 1991, 264G, 313A, 317D, and 321Q). The
sites were chosen to represent locations which are likely to be
in the hydrophilic regions based on the hydropathy profile of
the RbsC protein. The fusions were constructed in the pYP110
plasmid, a derivative of pACYC184 which contains the signal-
sequence-less phoA gene (from the first amino acid of the
mature part) preceded by a multicloning site. The expression
of rbsC was driven by the promoter of the tetracycline resis-
tance gene from pACYC184. The fusions were introduced into
the BW14893 strain (27) lacking the phoA gene on the chro-
mosome, and their phenotypes were tested on indicator plates
containing 5-bromo-4-chloro-3-indolyl-phosphate-p-toluidine
(X-P).

To obtain random RbsC-PhoA fusions, the rbsC gene on the
plasmid (pYP113) was serially digested with exonuclease III
and S1 nuclease and fused to phoA located on the same plas-
mid (25). The pYP113 plasmid contains both genes in the same
orientation that allowed rejoining of the C-terminally deleted
rbsC to phoA which remained intact after digestion with exo-
nuclease III. The plasmid is an rbsC-containing derivative of
pYP110 in which rbsC is expressed from the fetA promoter.
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TABLE 1. RbsC-PhoA fusions

Fusion site Residue with no.” (PhoA activity”)
N terminus .......ccceeeeeeeee. 2T (9.93)
TM helix I ..36L (242.84), 39N (168.21)

Periplasmic loop I.........48N (109.2),° 50L (251.16)

TM helix I......cccoovvuennene 62G (238.77), 64T (161.9), 65L (191.59), 69T
(13.6), 77G (39.2)

Cytoplasmic loop I........ 931 (28.34),% 100A (62.18), 113A (16.41),
117V (45.42),% 120A (16.72),% 123R
(3.87)¢

TM helix III ................... 126A (5.45),% 129A (4.52)*

Periplasmic loop II........ 147G (295.11), 152T (189.24),% 155T
(103.26), 159D (204.25), 160L (181.33),
162G (183.52), 163W (154.43), 167G
(195.31), 168R (152.01)

TM helix IV ... 171G (189.72), 173P (229.46), 177TW
(169.37), 1781 (51), 180G (104.08), 1811
(113.47), 184L (62.61), 186A (114.86),

187W (93.59)
Cytoplasmic loop II.......195L (10.75), 1991 (5.77),% 209T (1.5)
TM helix V...cccoevvrnnenee 2221 (1.35), 2258 (1.12), 2361 (207.12)

Periplasmic loop 111 .....250G (245.89), 255L (355.52), 263L (270.05),
264G (19.7),4 271G (158.61), 287F (156),
288L (279.06)

TM helix VI.....ocooo.. 297V (248.91), 301Y (243.16), 302Q (199.34),
3041 (230.33), 306K (266.89), 307A
(254.92), 308V (214.52), 309V (169.66),
3101 (231.48), 311L (233.15), 313A
(34.12),4 316V (71.46)°

C terminus......c.ovvvoco. 317D (16.25), 320K (74.3), 321Q (8.75)"

“ The amino acid residue at the fusion joint of RbsC is indicated. Most of the
fusions were constructed by serial deletion with exonuclease III unless otherwise
indicated.

® Alkaline phosphatase activities of RbsC-PhoA fusions were measured by the
method of Brickman and Beckwith (4). The values are averages of three or four
separate experiments. Boldface indicates values of more than 75 U of enzyme
activity.

¢ The fusions were made by using unique restriction enzyme sites in rbsC.

4 The fusions were obtained at specific sites by PCR.

Linearization of pYP113 generated a 5’ overhang downstream
of rbsC which was digested by exonuclease III (9). Derivatives
of pYP113 harboring the rbsC-phoA fusions were then intro-
duced into the BW14893 strain and grown on Luria-Bertani
medium containing X-P. One hundred twenty-five blue colo-
nies among 2,464 transformants were isolated, and their plas-
mids were analyzed by restriction enzyme digestions. Accord-
ing to their sizes, the fusions were classified into three groups,
among which 60 were sequenced. Fusions were found in 38
unique sites, which are located in the three periplasmic regions
of the proposed structure (Table 1 and Fig. 1).

For obtaining fusions in the cytoplasmic region, we first
screened white and pale blue colonies that showed positive
responses to PhoA immunoblotting, in order to avoid any
out-of-frame construct. A total of 18 plasmids were isolated
and subjected to DNA sequencing. Sixteen of them were found
to be in frame with the phoA gene, giving rise to 12 fusions with
unique sites (Table 1). These sites are located in the two
cytoplasmic loops and the N- and C-terminal regions exposed
to the cytoplasm (Fig. 1).

PhoA activities and stabilities of the fusion proteins. Alka-
line phosphatase activities of the RbsC-PhoA fusions shown in
Table 1 ranged from 1.1 to 355 U. They are divided into two
groups based on an arbitrary cutoff value of 75 U that can be
used to predict their locations, i.e., more than 75 for periplas-
mic and less than 75 for cytoplasmic (8). As indicated in Fig. 1,
it is likely that RbsC has six TM helices with three periplasmic
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and two cytoplasmic loops. Therefore, the N- and C-terminal
regions of RbsC are located in the cytoplasm. Almost all the
alkaline phosphatase fusions agreed with the six-TM model of
RbsC. A possibility of RbsC having eight transmembrane re-
gions, in which either CI or PIII forms an extra pair of TM
peptides, has been carefully evaluated. However, it was
deemed unlikely considering that the lengths of amino acids
for the loops are barely enough to cover two TM spans and
that the phoA fusions in the middle of the CI and PIII loops
have distinctly low and high enzyme activities, respectively.

When steady-state levels of all the fusion products were
analyzed by immunoblotting from whole-cell extracts, proteins
corresponding to the RbsC-PhoA fusions and their degraded
products were detected (only a few are shown in Fig. 2) with
various intermediates and the PhoA moiety (47 kDa). In gen-
eral, cytoplasmic fusions with lower PhoA activities exhibited
reduced levels of intact or degraded PhoA proteins relative to
periplasmic fusions (Fig. 2). This might be due to the fact that
alkaline phosphatase located in the cytoplasm is often unable
to fold correctly or to make its structure stable (20). The low
alkaline phosphatase activity (Table 1) of the 264G fusion,
predicted to be in a periplasmic loop, may be due to the
instability of the fusion protein (6, 20). Indeed, the level of the
protein was found (Fig. 2 and data not shown) to be lower than
that of the other periplasmic fusions. On the other hand, the
fusions in the C-terminal region, including 313A, 316V, 317D,
320K, and 321Q, produced fairly stable PhoA products (Fig. 2
and data not shown) despite their low alkaline phosphatase
activities (ranging from 8.75 to 74.3 U). The reason might be
that they have most of the membrane peptides without any
truncated TM regions. It is noted that the fusions to inwardly
directed TM peptides tended to exhibit high alkaline phospha-
tase activities (Fig. 1), which might be due to the fact that such
fusions may reside in the periplasm (2).

Localization of the C terminus by carboxypeptidase A di-
gestion. The location of the C terminus of RbsC was further
confirmed by proteolysis. We constructed RbsC with a C-ter-
minal His tag, which was functional when tested for sugar
uptake and utilization (data not shown). The protein was ex-
pressed in cells under the IPTG (isopropyl-B-D-thiogalactopy-
ranoside)-controlled promoter, and right-side-out vesicles and
inside-out vesicles (IOV) were prepared as described else-
where (13, 18). When right-side-out vesicles and IOV that
contained the RbsC-His-tagged proteins were treated with car-
boxypeptidase A, the removal of the C-terminal histidines was
observed only in IOV, confirming the location of the C-termi-
nal region of RbsC in the cytoplasm (Fig. 3). However, the
digestion was not complete even after treatment for 90 min.
This appears to be due to an inaccessibility of the region to the
enzyme, as reported for the N-terminal region of HisQ, which
was not effectively digested by aminopeptidase (13). A similar
approach employing proteolysis with vesicles or spheroplasts
has proven useful in determining the topologies of ProW (7),
HisQ, and HisM (13). The topology of OppB was confirmed by
trypsin treatment for permeable and impermeable cytoplasmic
membranes (17).

Topology of RbsC and its implication for other AraH family
members. Our results suggest that RbsC is composed of six TM
helices (TM L, II, III, IV, V, and VI), each with a size of 20 to
22 aa (Fig. 1). Two TM regions (TM I and IV) possess only
neutral amino acids, while TM II, III, V, and VI each contain
a charged amino acid (73D, 138R, 238E, and 306K, respective-
ly). RbsC has three periplasmic loops, I (13 aa), II (23 aa), and
III (54 aa). The cytoplasmic loops I (48 aa) and II (30 aa) also
have +1 and +4 net charges, respectively (Fig. 1). The pres-
ence of the EAA-G motif in the cytoplasmic loop II is partic-
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FIG. 1. A proposed topology of RbsC. Residues in TM helices are arranged in an a-helical structure. Circles and rectangles indicate the residues of RbsC fused
to PhoA. The periplasmic (P) and cytoplasmic (C) loops are designated. The charged residues are indicated with plus and minus signs.

ularly notable, as it is conserved in all the membrane compo-
nents of the ABC transporters and is supposed to interact with
the cytoplasmic ATPase (RbsA [15]).

The N-terminal region of RbsC with a net charge of +3 (Fig.
1) is predicted to be located in the cytoplasm, which is consis-
tent with the positive-inside rule (26), although the fusion at
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FIG. 2. Immunoblotting of RbsC-PhoA fusions. Equal amounts of solubi-
lized cells containing RbsC-PhoA fusion proteins were resolved by sodium do-
decyl sulfate-8% polyacrylamide gel electrophoresis and immunoblotted with
anti-alkaline phosphatase antiserum. Activities of alkaline phosphatase are des-
ignated underneath as more than 75 U (A) or less than 75 U (V). The positions
of molecular mass standards (kilodaltons) are indicated.

2T with low alkaline phosphatase activity (9.93 U) may not be
sufficient to prove its cytoplasmic location. The RbsC portion
of the fusion is too short to contain a topogenic signal while the
protein itself is stable, as seen on Western blots (data not
shown). As a matter of fact, the evidence for the cytoplasmic
location of the N terminus was already presented by the func-
tionality of the RbsA-RbsC fusion in which the C terminus of
the cytoplasmic RbsA is connected to the N terminus of RbsC
(28). The short C-terminal region of RbsC has a net charge of
+1 (Fig. 1), as is also predicted for AlsC (for allose), AraH (for
arabinose), and MglIC (for methyl-galactoside, all belonging to
the AraH family) with positive net charges in the C-terminal
regions.

As predicted for RbsC, other hydrophobic components be-
longing to the AraH superfamily may have six TM helices. In
order to examine the structures of some AraH members that
are close to RbsC, we made alkaline phosphatase fusions to the
C-terminal regions of AlsC, AraH, MgIC, and XylH. They
exhibited low alkaline phosphatase activities (ranging from
2.47 to 24.45 U) with stable PhoA products (data not shown).
Therefore, it is very likely that these and other AraH family
members have structures very similar to that of RbsC. Some
family members with unknown functions include YphD, YjfF,
YtfT, YdeY, and YdeZ (from E. coli); TeuCl and TeuC2
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FIG. 3. Carboxypeptidase A digestion of the C-terminal region of RbsC.
Right-side-out vesicles and IOV with RbsC-His-tagged proteins were digested
with carboxypeptidase A for various times (30, 60, and 90 min). The digestion
products of vesicles were resolved by sodium dodecyl sulfate-12% polyacryl-
amide gel electrophoresis and immunoblotted with His tag conjugate. The im-
munoreactive bands were quantified with the ImageQuant program. The white
and black bars indicate the percentages of the remaining immunoreactive bands
of right-side-out vesicles and IOV, respectively.

(from Rhizobium tropici); GguB (from Agrobacterium tumefa-
ciens); and Y4mJ (from Rhizobium sp. strain NGR234), which
are putative ABC-type sugar permeases with similarities to
RbsC ranging from 22.8 to 33.5%. However, MalF, MalG,
HisM, HisQ, OppB, OppC, and ProW in other families are
more distant from RbsC, with 8.6 to 14.4% similarity. The
majority of the inner membrane transport components other
than the AraH members, are predicted to have six membrane-
spanning segments with their amino and carboxy termini lo-
cated in the cytoplasm (10).

In addition to their structural similarity, the AraH family
members appear to have functional similarity. For example, it
was found that the allose and xylose permeases can serve as a
low-affinity transporter for ribose (14, 24), indicating that these
hydrophobic components have substrate channels similar to
those of RbsC. Interestingly, the ydeY-ydeZ (E. coli) and teuC1-
teuC2 (R. tropici) pairs are each located in one operon. It
seems plausible that they form heterodimers to serve as a
functional permease, suggesting the possibility that RbsC
forms a homodimer.
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