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We cloned the aspT gene encoding the L-aspartate:L-alanine antiporter AspTc; in
Comamonas testosteroni genomic DNA. Analysis of the nucleotide sequence revealed
that C. testosteroni has an asp operon containing aspT upstream of the L-aspartate
4-decarboxylase gene, and that the gene order of the asp operon of C. testosteroni
is the inverse of that of Tetragenococcus halophilus. We used proteoliposomes
to confirm the transport processes of AspTci;. To elucidate the two-dimensional
structure of AspTc;, we analysed its membrane topology by means of alkaline
phosphatase (PhoA) and f-lactamase (BlaM) fusion methods. The fusion analyses
revealed that AspT¢; has seven transmembrane segments (TMs), a large cytoplasmic
loop containing ~200 amino acid residues between TM4 and TMS5, a cytoplasmic
N-terminus, and a periplasmic C-terminus. These results suggest that the orientation
of the N-terminus of AspT¢, differs from that of tetragenococcal AspT, even though
these two AspT orthologues catalyse the same transport reactions.

Key words: aspartate:alanine antiporter, bacteria, bioenergetics, fusion methods,

membrane topology.

INTRODUCTION

Comamonas testosteroni (previously called Pseudomonas
dacunhae) is a Gram-negative bacterium. This bacterium
is used as an immobilized biocatalyst for the industrial
production of rL-alanine and L-aspartate because its
L-aspartate 4-decarboxylase (AspD) possesses high
specific activity. AspDs are found in several bacteria,
and the enzymology of these proteins has been studied.
Since Mardashev and Gladkova (1) discovered AspD
in Pseudomonas mycobacterium (1), AspDs have been
found in Clostridium perfringens (2, 3), Desulfovibrio
desulfurican (4, 5), Nocardia globerula (6), a strain
of Acetobacter (7), Achromobacter d-15 (8, 9), and
Alcaligenes faecalis (10, 11). Chibata et al. also found
several bacterial AspDs with high specific activities;
AspD from C. testosteroni showed the highest specific
activity (12).

We previously reported that some strains of a
Lactobacillus subsp. (13) and the halophilic lactic acid
bacterium Tetragenococcus halophilus (previously called
Pediococcus halophilus) catalyse the decarboxylation of
L-aspartate with near-stoichiometric release of r-alanine
and CO,. L-aspartate decarboxylation is thought to be
advantageous to bacterial cells, because L-aspartate
consumption concomitant with the release of L-alanine
generates, rather than consumes, metabolic energy
and regulates intracellular pH (74). In these two
Gram-positive bacteria, we further identified antiporter
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AspTs that catalyse an electrogenic exchange reaction
of L-aspartate with r-alanine (13, 14). The net charge
movement during the exchange reaction results in
a membrane potential of physiological polarity. Further-
more, decarboxylation reactions consume scalar protons
and thus generate a pH gradient of physiological
polarity. In one strain, T. halophilus D10, Abe et al.
found a 25-kb plasmid responsible for the trait of
L-aspartate decarboxylation; they cloned and sequenced
the asp operon, which consists of two genes designated
aspDyy, and aspTr,. aspDy, encodes an L-aspartate
4-decarboxylase (AspDry), and aspTr, an aspartate:
alanine antiporter (AspTty) (I4). Nanatani et al.
analysed the membrane topology of AspTy, by using
alkaline phosphatase (PhoA) and B-lactamase (BlaM)
fusion methods (15). AspTty, possesses a unique structure
with extracellular N- and C-termini, eight trans-
membrane segments (TMs), and one large cytoplasmic
loop. This protein originally served to characterize the
aspartate:alanine exchanger (AAE) family of secondary
transporters (Saier et al., http://www.tcdb.org/).

Because C. testosteroni is among the industrial micro-
organisms with the highest conversion efficiency with
respect to L-aspartate decarboxylation, we predicted that
AspT was present in C. testosteroni (AspTcy). The aim
of this study was to determine whether the structure
and function of AspTg; differed from those of AspTry,
the membrane topology and transport processes of
which have been biochemically characterized. We found
that an asp operon was present in C. testosteroni genome
and that the gene order of the operon (aspTc; — aspDcy)
was the inverse of that of the T. halophilus asp operon
(aspDry, — aspTt,). We cloned aspTc; and compared
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the membrane topology of AspT¢; with that of AspTry, by
fusion methods. The differences between the
two-dimensional structures of the two AspTs are
discussed.

MATERIALS AND METHODS

Bacterial Strains and Plasmids—Comamonas testos-
teroni (previously called P. dacunhae ATCC 21192) was
the source of genomic DNA for the cloning of aspD¢; and
aspTcy genes encoding L-aspartate 4-decarboxylase (16)
and aspartate:alanine antiporter, respectively. The
strains of Escherichia coli used in this work have been
described previously (14, 15).

Hydropathy Analysis of AspTc—The hydropathy
profile of AspTq; was derived by the method of
Eisenberg et al.(17) using a sliding window of 15 amino
acids (AA).

Analysis of AspTc~PhoA and AspTc~BlaM Fusion

Proteins—We biochemically investigated the two-
dimensional membrane topology of AspTc; by using
PhoA and BlaM fusion methods, as described previously
(15). Deletion derivatives of AspTc; were amplified from
plasmid pUC 119 including the aspTc; gene by PCR
using primers that generated unique restriction sites at
the 5 (Spe I) and 31" (Kpn I) ends. Spe I sites were
introduced 2-bp downstream of each Nco 1 site of
pBADphoA and pYZ4 or 3-bp downstream of the Nde
I site of pET-39b (+), by means of site-directed
mutagenesis. The 3’ sites were designed to create
in-frame fusions to the reporter cassettes upon ligation
into either pBADphoA (PhoA), pYZ4 (BlaM), or pET-39b
(+) (BlaM). The plasmid pYZ4 was used for expression of
most fusions, except for BlaM fusions at the N-terminus
of AspTc; and some BlaM fusions at the truncated
C-termini of AspTc;, because the exceptions were not
expressed by pYZ4. Instead of pYZ4, pET-39b (+) was
used for expression of the exceptions. The production
of fusion proteins derived from pYZ-aspTci—blaM
is under the control of the [lacUV5 promoter.
pET-blaM-aspTci and pET—aspTci—blaM are under the
control of the T7lac promoter, and the downstream gene
of the T7lac promoter is transcribed by T7 RNA
polymerase. This transcription is under the control
of the lacUV5 promoter of the host cell, BL21 (DE3),
therefore, production of the fusion proteins was
induced in the presence of isopropyl f-D-thiogalactoside
(IPTG). Fusions derived from pYZ-aspTci—blaM or
pET-blaM-aspTci were induced by shaking with
IPTG at 1mM or 50 uM, respectively, for 2h at 27°C.
The fusion constructs were sequenced to verify the
fusion junctions. Alkaline phosphatase-specific activities
of the AspTci—PhoA chimeras were determined as
described by Guan et al. (18). E. coli (strain LMG194)
bearing fusion constructs were grown to Agso=0.5.
Cultures were then induced to make E. coli strains
produce the fusion proteins in the presence of 0.4%
L-arabinose. The cells that produced the fusion proteins
were treated with sodium dodecyl sulphate (SDS) and
chloroform; then alkaline phosphatase activities were
measured.

T. Fuyjiki et al.

The minimal inhibitory concentrations (MICs) of
carbenicillin for strains expressing AspTc—BlaM fusions
were determined by spotting 5ul of a 10~2 dilution of
a suspension culture containing cells grown to Agso=0.5
onto Luria—Bertani (LB) agar plates containing the
antibiotics. In the case of the pET expression system,
25 uM IPTG was added to each LB agar plate. The plates
were incubated at 30°C for 24h (in the case of XL3)
or 16h (in the case of BL21 (DE3). The concentrations
of carbenicillin ranged from 0 to 800 ug/ml.

Preparation of Membrane Fraction Proteins—
Membrane fractions were prepared for Western blot
analysis of the fusion proteins. Each E. coli strain
bearing fusion constructs and the plasmid without
fusion was grown to Agso=0.5. Cultures were then
induced to make E. coli strains produce the fusion
proteins. After induction, the cells were harvested by
centrifugation at 2190g for 15min at 4°C. Then the cell
pellets were washed with phosphate-buffered saline
(PBS) (137mM NaCl, 8.1mM Na,HPO,, 2.68mM KCl,
1.47mM KH,PO, (pH 7.4)), and pellets resuspended with
500l PBS were disrupted by sonication using a
Bioruptor UCD-130T (COSMO BIO, Tokyo, Japan). The
disrupted cells were treated by ultracentrifugation at
120000g for 60min at 4°C. Then the supernatant was
discarded, and the pellets of membrane vesicles were
suspended in PBS of the 50-100 ul. The quantity of the
protein contained in the membrane vesicles was deter-
mined as described by Schaffner and Weissmann (19).

SDS-PAGE and Western Blotting—The membrane
vesicles containing the fusion proteins were suspended
at a concentration of 1 or 2 pg protein/ul in loading buffer
[0.12M Tris-HCI (pH 8.8), 10% glycerol, 5% SDS, 5%
2-mercaptoethanol, 0.05% bromophenol blue] and incu-
bated for 1h at 37°C, after which time 15 pl samples
were loaded onto SDS—polyacrylamide gels containing
10 or 12.5% polyacrylamide. After electrophoresis, the
proteins were transferred to a polyvinylidene difluoride
(PVDF) membrane (Nippon Genetics, Tokyo, Japan) by
semidry electrophoretic blotting, and visualized by
immunoblotting using antibacterial alkaline phosphatase
mouse monoclonal antibodies or anti- f-lactamase mouse
polyclonal antibodies (15).

Nucleotide Sequence Accession Number—The nucleo-
tide sequence of the C. testosteroni (P. dacunhae) asp
operon (aspT., aspD.;) has been deposited in the DDBJ/
EMBL/GenBank nucleotide sequence database under
accession number AB091385.

Other Methods—Methods for cloning of the C. testos-
teroni asp operon, expression of the C. testosteroni asp
operon in E. coli, preparation of membrane vesicles,
solubilization, reconstitution of AspTg, and assay
of aspartate transport are provided in the online
Supplementary Information.

RESULTS AND DISCUSSION

Cloning of the C. testosteroni Asp Operon—aspTry, is
the only known gene encoding an aspartate:alanine
antiporter for which an electrogenic aspartate:alanine
exchange reaction has been biochemically demons-
trated (14). Although some strains of C. testosteroni
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Fig. 1. Western blot analysis of AspT¢-PhoA fusion pro-
teins produced in E. coli LMG194 (A), AspT¢-BlaM fusion
proteins produced in E. coli XL-3 (B), and AspT¢-BlaM
fusion proteins produced in E. coli BL21 (DE3) (C).
Membrane fractions were prepared, subjected to electrophoresis
on SDS-polyacrylamide gels containing 10% polyacrylamide,
electroblotted onto a polyvinylidene difluoride membrane, and
visualized with monoclonal antibodies against alkaline phospha-
tase (A) or polyclonal antibodies against B-lactamase (B, C). The
samples are coded here according to the fusion site (e.g., Gly*
indicates residues 1-23 of native AspT fused with PhoA). (A)
Lane 1, molecular weight markers (Western doctor); lane 2,
vector (pBADphoA); lane 3, C-Gly??; lane 4, C-Leu®®; lane 5,
C-Leu**; lane 6, C-Lys®'; lane 7, C-Ser®®; lane 8, C-Leu''?; lane 9,

show high activity for rL-aspartate decarboxylation and
have thus been used for industrial production of
L-alanine, the transport processes of aspartate
and alanine remain unclear in C. testosteroni.
The C. testosteroni aspD gene (aspDc;) was isolated by
Rozzell (20). We carefully searched the 5 upstream and
3’ downstream regions of aspD¢; and found part of an
open reading frame (ORF) encoding a membrane protein
immediately upstream of the 5 end of aspD¢;. Thus, we
screened a genomic DNA library of C. testosteroni by
colony hybridization using aspDc¢ as a hybridization
probe, and we isolated positive clones in which each
plasmid had a 5.6-kb EcoR I and Hind III fragment.
Determination of the nucleotide sequence of the insert
revealed that a gene encoding a putative membrane
protein having multiple TMs was located 47-bp immedi-
ately upstream of the 5" end of aspD¢; and that this gene,
along with aspDc;, probably organized the asp operon
of C. testosteroni (Supplementary Figure 1A). We desig-
nated the gene encoding this membrane protein aspTc;.
There was no potential ORF immediately upstream
of the 5 end of aspTc; or downstream of the 3’ end of
aspDc; in this direction; the minimum size for a putative
ORF wused to analyse the sequence was 40A.A.
The organization of the C. testosteroni asp operon
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C-Glu'*?; lane 10, C-Arg™®; lane 11, C-Val?®%; lane 12, C-Lys®%3,
lane 13, C-Ser*??; lane 14, C-Trp*?%; lane 15, C-Lys**?; lane 16,
C-Leu®*%; lane 17, C-Ala*®%; lane 18, C-GIn*®?; lane 19, C-Thr*™";
lane 20, C-Arg®%?; lane 21, C-Lys®®®; and lane 22, C-Ala®!. (B)
Lane 1, molecular weight markers (Western doctor); Lane 2,
vector (pYZ4); lane 3, C-Gly?3; lane 4, C-Leu®%; lane 5, C-Leu**;
lane 6, C-Lys®'; lane 7, C-Ser®®; lane 8, C-Leu''; lane 9,
C-Glu!*?; lane 10, C-Val?*5; lane 11, C-Lys®®?; lane 12, C-Ser???
lane 13, C-Lys**%; lane 14, C-Leu*®; lane 15, C-GIn*®%; lane 16,
C-Thr*™"; lane 17, C-Arg®*%; lane 18, C-Lys®®®; and lane 19,
C-Ala®®!. (C) Lane 1, molecular weight markers (Western doctor);
lane 2, vector (pET39b); lane 3, C-Gly??; lane 4, C-Ala'; lane 5,
C-Trp*?®; lane 6, C-Ala*®®; lane 7, C-Ala®®'; lane 8, N-AspTc
(half-length); and lane 9, N-AspT¢; (full-length).

(aspTci— aspDc;) was the inverse of that of
the T. halophilus asp operon (aspDry,— aspTry)
(Supplementary Figure 1B).

Expression of the Asp Operon of C. testosteroni in

E. coli—To determine whether the gene tentatively
identified as aspTc; encoded the AspTq; transport
protein, we constructed a vector (pTrc-aspcy) that
brought protein production under the control of the trc
promoter. Production of the encoded protein and assays
of its function were then carried out in E. coli XL3.
The E. coli cells harboring pTrc-aspct expressed AspDg;
and AspTc; in the presence of IPTG. The experiments
described in Supplementary Figure 2 revealed that the
gene identified as aspT'c; encodes the AspTc; transport
protein and that the main features of AspTc; function
are retained in E. coli.

Reconstitution of AspTc, in  Proteoliposomes—We

initially focused on studying aspartate-loaded proteolipo-
somes, with the expectation that AspT¢; would catalyse
an aspartate self-exchange. The steady-state incorpora-
tion of (*H)aspartate was approximately 13.9 nmol/mg
of protein (Supplementary Figure 2A). Moreover, the
incorporated material was readily expelled by the later
addition of excess unlabeled aspartate or alanine,
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Fig. 2. Topological model of AspTc;, based on the results of PhoA fusions and BlaM fusions.

suggesting that (*H)aspartate was taken up by a self-
exchange reaction with aspartate and that alanine was
the counter-substrate for aspartate. Since accumulated
(®H)aspartate was released by addition of either aspar-
tate or alanine (Supplementary Figure 2B), it seems
feasible that both compounds served as substrates
for AspTcy.

Hydropathy Analyses of AspTc—A hydropathy profile
of AspT¢, was derived by the method of Eisenberg (17)
using a sliding window of 15A.A. Although the amino
acid sequence alignment showed that the residues of
AspTcy were 27.7% identical to those of AspTrn, the
hydropathy profile of AspTc; is similar to that of AspTry,.
Both AspTc; and AspTry, have a large hydrophilic central
loop encompassed by hydrophobic segments in their
N- and C-terminal halves (15). Further analyses of
AspTe; hydropathy by wusing the programs SOSUI
[http://sosui.proteome.bio.tuat.ac.jp/sosuiframe0.html (21)],
TMHMM [http://www.cbs.dtu.dk/servicessTMHMM/
(22, 23)], and TMPred [http://www.ch.embnet.org/
software/TMPRED_form.html (24)] predicted  the
presence of eight or nine TMs in AspTq;. Because of
the discrepancies of the results from the three
computational prediction methods, the number of TMs
is unclear.

Analysis of AspTc~PhoA Fusion Proteins—We bio-
chemically investigated the two-dimensional membrane

topology of AspTc; by using PhoA and BlaM fusion
methods. The locations of these fusions, along with their
enzymatic activities and subcellular locations, are given
in Table 1. Production of the fusion proteins was
confirmed by Western blot analyses with antibodies
against PhoA or BlaM (Fig. 1). The mobility of most of
the fusion proteins was within a range appropriate to
their expected molecular masses. Production levels of the
fusion protein with junction sites located after Lys*3® of
AspTc, were too low for detection of the band, but we
could confirm its expression by loading a larger amount
of proteins (30 pg) onto SDS—polyacrylamide gels (data
not shown). Fusion proteins with junction sites located
after Gly?3, Lys®!, Leu''®, Ser*??, GIn*%, Thr*"", and
Ala®®! of AspT¢; showed high alkaline phosphatase
activity (>10 x 10~* units/ODgs0), indicating localization
of these sites at, or close to, the periplasmic side of the
membrane. The alkaline phosphatase activity of the
AspTc—PhoA fusion construct at Glu'*? was lower than
10 x 10~* units/ODg5o. However, the AspT¢—PhoA fusion
at Thr'®® showed 14.8+2.4 x 10~ units/ODgso (data not
shown). In addition, the results of AspTc—BlaM fusion
analysis described subsequently suggest that the seg-
ment around Thr'®® and Glu'*? faced, or was close to, the
periplasmic side. The low activity of the fusion site at
Glu'*? might have been caused by disorder of the PhoA
segment at the specific locus. Low alkaline phosphatase
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Table 1. Characteristics of AspT¢; chimeric proteins.

Amino acid Activity of MIC (pg/ml)*° Localization®

residue PhoA of carbenicillin

of fusion  (10™* units/OD 650)°

position®
N-AspT <50%* In

(full-length)®

N-AspT (half) <50%* In
Gly*® 82.9+8.1 800 (400%) Out
Leu®® 0.940.1 <50 M
Leu** 0.74+0.2 <50 M
Lys®! 51.5+6.6 400 Out
Ser®® 5.824+0.93 100 In
Leu!?? 13.9+3.0 800 Out
Glu'*? 424121 800 Out
Arg!® 0.5+0.3 No Data In
Ala'® No Data <50%* In
Val?5® 0.54+0.3 <50% In
Lys383 0.34+0.3 <50% In
Ser#?? 28.5+5.0 800 Out
Trp*?® 5.2+0.7 <50% M
Lys*33 0.7+0.5 <50 M
Leu**® 0.34+0.3 <50 M
Ala*3 1.0+0.8 <50% M
Gln*%? 22.9+4.9 800 Out
Thr™” 26.5+5.2 800 Out
Arg®%? 0.34+0.3 <50 In
Lys®% 0.34£0.4 <50 In
Ala®®! 13.5+1.3 800 (400%) Out

#Last amino acid residue of original AspT¢; before the fusion point.
Alkaline phosphatase activity was measured in exponentially
growing suspension cultures. ‘Carbenicillin resistance of E. coli
XL3, or BL21(DE3) cells producing AspT¢, BlaM fusion proteins
was measured as the single-cell minimum inhibitory concentration
SMIC). *Means E. coli BL21(DE3) strain was used in the assay.
Location as determined by alkaline phosphatase specific activity
and the MIC values: Out, periplasmic; In, cytoplasmic; and M,
membrane. ¢ Since production level of the signal-less BlaM fused at
its C-terminus with full-length AspT¢, was low, this BlaM-full-length
AspTc, fusion had a low MIC in the presence of carbenicillin.

activity (<10 x 10™* units/ODgs0) was observed when the
fusion sites were located after Leu®®, Leu®*, Ser®®, Arg!®,
V3.1258, LyS383, Trp428, LyS433, Leu446, Ala453, Arg502, and
Lys®®® of AspT¢;. PhoA-fusion analysis of AspT¢, sug-
gested that AspTc; had 7 TMs, a periplasmic C-terminus,
and a large cytoplasmic loop located between TM4 and
TMS5. The large cytoplasmic loop was the unique feature
of the two-dimensional structure of AspT. But unlike the
periplasmic N-terminus of AspTry,, the N-terminus of
AspTc; seemed to be located in the cytoplasm (Fig. 2).
Analysis of AspTc~BlaM Fusion Proteins—To confirm
the unique two-dimensional structure of AspT¢; and
the structural differences between AspTq; and AspTry,
we examined the implications of the AspTci—PhoA fusion
results by using BlaM-AspT¢; fusions for N-terminal
analysis and AspTc—BlaM fusions for analysing other
junction positions with the C-terminus of AspTc;.
We designed two BlaM—-AspTc; fusion genes: one encoded
B-lactamase lacking its signal sequence and fused at its
C-terminus with the full-length of AspTc;, and the other
encoded the same protein fused with the N-terminal half
of AspTci. To examine proper expression of the fusion
proteins in the E. coli hosts, we ran SDS-PAGE of
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extracts prepared from a membrane fraction of the cells
harboring the plasmids, and we visualized the protein by
immunoblotting using antibacterial B-lactamase rabbit
polyclonal antibodies. The results (Fig. 1, B and C) show
that the fusion proteins from Gly*® through Ala®®' lined
up according to increasing molecular mass as the fusion
sites approached the C-terminal end of the full-length
protein. Some fusion proteins yielded extra bands having
lower molecular mass than expected, a result that
suggests proteolysis. Production of the signal-less BlaM
fused at its C-terminus with the N-terminal full-length
and half of AspT¢; was observed. AspTci—BlaM fusion
proteins with fusion locations at Gly?3, Lys®!, Leu'!®,
Glu'*?, Ser???, GIn*®?, Thr'”", and the C-terminal
end Ala®®! of AspT, showed carbenicillin resistance
(200-400 pg/ml), suggesting that the fusion sites includ-
ing C-termini faced the periplasm. On the contrary,
signal-less BlaM fused at its C-terminus with the
N-terminal full-length and half of AspT¢;, and the
remaining AspTci—BlaM fusion proteins with junction
sites at Leu®®, Leu®?, Ser®®, Ala'®®, val?®® Lys®®3 Trp?28,
Lys®33, Leu®%, Ala*®®, Arg®®?, and Lys®®® were sensitive
to carbenicillin at concentrations <100 pg/ml, indicating
that these fusion sites were most likely located on the
cytoplasmic side of the membrane. The fusion proteins
with junction sites at Gly®®> and Ala®®' that were
produced with pYZ showed an MIC of 800 pg/ml for
carbenicillin, and those expressed with pET showed
an MIC of 400 pg/ml (Table 1).

When BlaM fusions to the N-terminal or the
C-terminal of the full length of AspTc; were induced
with IPTG higher than 40 pM, cells producing
the fusions were unable to grow on carbenicillin-free
LB-plates. The BlaM fusion to the N-terminal half of
AspTc; survived on carbenicillin-free LB agar plates
when the fusion was highly induced in pET with 40 pM
IPTG. AspTci—BlaM fusion proteins with fusion locations
at Gly®, Ala'®®, Trp*?®, and Ala*®® were also induced in
pET with 40 uM IPTG, and the cells producing the fusion
constructs were able to grow on carbenicillin-free LB
agar plates. Cells producing the BlaM fusion to the
N-terminal half of AspT,; induced by 40 uM IPTG on pET
plasmids, was not resistant to 25pg/ml carbenicillin on
LB agar plates. All BlaM fusions which were not
resistant to 25pg/ml carbenicillin on LB agar plates
under induction conditions with 25uM IPTG were also
not resistant to 25ug/ml carbenicillin under induction
conditions with 40 uM IPTG (data not shown).

The results obtained with BlaM fusions are in agree-
ment with those obtained with AspT¢i—PhoA fusion
proteins (Table 1). For the following reasons, the results
of PhoA- and BlaM-fusion analyses indicated the possi-
bility of two reentrant loops (Phe®'-Ile*®, Phe*?6-Val*5®)
that seem to be embedded in the cytoplasmic membrane
from the outside between TM1 and TM2 and between
TM5 and TMS6, respectively. Cells expressing PhoA and
BlaM fused with AspTq at Gly?3, Lys®!, Ser???
and GIn%? obviously had alkaline phosphatase activity
and resistance to carbenicillin, suggesting a periplasmic
localization of these sites. However, cells expressing
PhoA and BlaM fused at Leu®®, Leu**, Trp*?®, Lys*®3,
and Ala®®® of AspTc, showed low levels of alkaline
phosphatase activity and resistance to carbenicillin.
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The amino acid-chains Gly?*~Lys®! and Ser*?2-GIn*? are
not long enough to traverse the cytoplasmic
membrane twice. In addition, if the Leu®® and Leu**
residues faced the cytoplasm, the putative cytoplasmic
loops seemed to lack positive-charged residues that
would contribute to retention of the cytoplasmic loops
on the cytoplasmic side of membranes, according to
the “inside positive rule” (25, 26).

The PhoA- and BlaM-fusion analyses of AspT¢; suggest
that AspTq, has 7 TMs, a large cytoplasmic loop
containing approximately 200A.A. residues between
TM4 and TM5, a cytoplasmic N-terminus, and a
periplasmic C-terminus (Fig. 2). These results suggest
that the orientation of the N-terminus of AspT¢; with
respect to the cytoplasmic membranes differs from that
of AspTry. AspTry, (described in our previous study (14))
and AspTc; (described in this study) are the only
transporters for which aspartate:alanine exchange has
been biochemically demonstrated. Although the two
AspTs carry out the same transport reactions (that is,
aspartate:aspartate homologous and aspartate:alanine
heterologous antiport reactions), the secondary struc-
tures (for example, the orientations of the TMs) of the
two AspTs are different. In particular, the N-terminus of
AspTc; appears to face the cytoplasm, whereas that of
AspTry, faces the periplasm (15).

Major differences between the topologies of the two
AspTs were observed in their N-terminal regions
(~90A.A. residues), including TM1. The topologies of
other parts (~90A.A.- C-termini) were relatively similar
in having hydrophilic large central loops. However, the
amino acid sequences of the large cytoplasmic loops had
low levels of similarity. The difference in the distribu-
tions of the charged residues in the TMs and the
orientations of the TM1s of the two AspTs may reflect
differences in their phylogenetic ancestors.

The results of a BLAST [http:/www.ncbi.nlm.nih.gov/
BLAST/(27)] search of nucleotide and protein sequences
of these asp operons against current nucleotide and
protein databases suggest that several Gram-negative
bacteria such as Zymomonas mobilis, Ralstonia eutro-
pha, and Vibrio alginolyticus have asp operons with gene
organization similar to that of the asp operon of
C. testosteroni, and some Gram-positives such as
Lactobacillus acidophilus possess asp operons similar
to that of 7. halophilus. The aspT orthologues predicted
to be clustered with aspD genes are shown in
Supplementary Table 1. Moreover, we found 90 aspT
orthologues, such as yidE and ybjL of E. coli, without
forming gene clusters with aspD orthologues in 60
bacterial or archial genomes. All of the putative AspT
orthologues possess typical conserved aspartate:alanine
exchanger  Asp-Al_Ex domains listed in the
Pfam database (http://www.sanger.ac.uk/cgi-bin/Pfam/
getacc?PF06826).

Analyses of hydropathy and sequence alignment of
the AspTs suggest that most of the AspT orthologues
have 9-11 TMs, with the large hydrophilic loops found in
AspTr, and AspTci. The large hydrophilic loops of the
AspT orthologues possess 1 or 2 TrkA C domains found
in the regulatory subunit TrkA of the bacterial potas-
sium:proton symporters TrkH and TrkG (http://www.
sanger.ac.uk/Software/Pfam/, accession no. PF06826), as

T. Fujiki et al.

well as in AspTty, and AspTc;. Although the physiological
and biochemical functions of the putative AspT ortho-
logues remain uncertain, aspT genes are categorized by
their gene organization and by whether aspT genes form
operons with aspD genes. Further functional analyses
of the remaining AspT orthologues are necessary to
increase our understanding of the physiological and
phylogenetic characteristics of the AAE family.
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