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A novel gene encoding a small neutral amino acid transporter was cloned from the
genome of the hyperthermophilic archaeon Thermococcus sp. KS-1 by functional
cloning using Escherichia coli strain AK430, which is defective in transporting gly-
cine and D-alanine. The cloned gene, snatA, encoded a protein of 216 amino acid resi-
dues, SnatA, and was predicted to be a membrane protein with six membrane-
spanning segments. E. coli AK430 cells transformed with snatA transported glycine
with an apparent K, value of 24 pM, which was one order of magnitude higher than
that of other known glycine/alanine transporters, including cycA of E. coli and acp of
thermophilic bacterium PS3. Competition studies revealed that SnatA transported
various L-type neutral amino acids, but its substrate specificity was different from
that of CycA or ACP. The glycine transport was inhibited by a protonophore, FCCP, or
valinomycin plus nigericin, indicating that the process is dependent on an electro-
chemical potential of H*. Homology searches revealed no homology with any trans-
porters known to date. However, several hypothetical genes in prokaryote cells
enrolled in the gene bank showed significantly high homology scores, indicating that
snatA and its homologues form a family of prokaryotes. To our knowledge, this is the
first report on the cloning of a gene of an amino acid transporter from a hyperther-

mophilic archaeon.
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Abbreviations: ACP, alanine carrier protein; FCCP, carbonylcyanide p-trifluoromethoxyphenylhydrazone; SnatA,

small neutral amino acid transporter A.

Most amino acid transporters belong to secondary trans-
porter families driven by an electrochemical potential of
H* or Na* formed by primary active transporters, and are
composed of 400 to 700 amino acid residues with 10 to 12
membrane-spanning segments (for a recent review, see
Ref. 1). Among them, a typical protein family specific for
transporting small neutral amino acids, such as alanine,
glycine, and serine, includes products of the cycA gene in
Escherichia coli (2, 3), the dagA gene in Alteromonas
haloplanktis (4) and the acp gene in thermophilic bacte-
rium PS3 (5). Besides these, it has been shown that ser-
ine and threonine are specifically transported by a
transporter family including TdcC (6, 7) and SdaC (8).
Although none of the transporter proteins have been
crystallized or subjected to X-ray analysis, they are
thought to be composed of two major hydrophobic
domains, each consisting of 5 to 6 membrane-spanning
segments, separated by a hydrophilic domain (9-11).
Intriguingly, LysE in Corynebacterium, which is involved
in the export of lysine, consists of 236 amino acids and is
predicted to contain only 6 membrane-spanning seg-
ments based on hydrophathy analysis (12). Similarly,
genes involved in resistance to homoserine (rht¢B) or thre-
onine (rhtC) in E. coli have been cloned and revealed to
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be transporters with six membrane-spanning segments
(13, 14). Although it is not known how the LysE family
transporters work, it has been proposed that they form a
dimer, analogous to mitochondrial carriers such as the
ADP/ATP translocater (15-17), resulting in a functional
unit similar to those with 10 to 12 membrane-spanning
segments.

Microorganisms that can grow at and above 100°C
were discovered a decade ago in geothermal heated envi-
ronments such as deep-sea hydrothermal vents. Based on
the sequence of the small subunit ribosomal RNA (16S
rRNA) (18, 19), all except two bacterial genera have been
classified as archaea (for recent reviews, see Refs. 20 and
21). A number of genes and proteins in these hyperther-
mophiles have been identified, isolated and character-
ized, and it has been suggested that proteins encoded by
these genes work at extremely high temperatures
(>100°C). However, they are built with ordinary amino
acids and work with the same enzyme mechanistics as
their mesophilic counterparts [for a review, see Ref. 22].
Since both hyperthermophilic proteins and thermophilic
proteins are generally stable against various physico-
chemical treatments (22, 23), the identification and isola-
tion of genes and proteins from hyperthermophiles will
provide powerful information on the structure—function
relationship of those from mesophiles. In this context, it
should be noted that genome projects on several ther-
mophilic archaea have been completed recently (24, 25)
and the genetic information is now available on the Web.

© 2003 The Japanese Biochemical Society.

2T0Z ‘62 Joqueldes uo A1sleAlun pezy diwes| e /Biosfeudnolpioxorql//:dny wouy papeojumoq


http://jb.oxfordjournals.org/

174

Thermococcus sp. KS-1, which belongs to the Thermo-
coccaceae group of Archaea (26), is a hyperthermophilic
sulfur—dependent heterotroph archaeon that was iso-
lated from a shallow submarine hydrothermal vent (27).
It grows on proteinaceous mixtures, such as yeast
extract, casein hydrolysate, or purified proteins (e.g.,
casein and gelatin), but not on carbohydrates or organic
acids as the sole carbon and energy source at 60 to 97°C,
with the optimum temperature being between 85 and
90°C. Furthermore, it has been shown that nine amino
acids (Thr, Leu, Ile, Val, Met, Phe, His, Tyr, and Arg) are
essential for its growth (27). This clearly indicates that
the organism imports amino acids via some kind of trans-
porter. Although several genes and proteins from KS-1
have been identified, isolated and characterized (28, 29),
none of the amino acid transporters has been described
yet. In this report, we describe the functional cloning of a
gene encoding the glycine transporter from the KS-1
genome for the first time using a newly established E.
coli strain defective in the glycine/D-alanine transporter
(CycA).

MATERIALS AND METHODS

Materials—[U-*C]Glycine (103 mCi/mmol) was obtained
from Amersham (Buckinghamshire, UK). Restriction
endonucleases and other DNA-modifying enzymes were
purchased from Toyobo (Tokyo) and Takara Shuzo
(Shiga). Amino acids were purchased from Nacalai
Tesque (Kyoto). Carbonylcyanide p-trifluoromethoxyphe-
nylhydrazone (FCCP) was obtained from Sigma (St.
Louis, MO). Bacto-Tryptone and Bactoyeast extract were
obtained from Difco Lab (Sparks, MD).

Construction of cycA Mutant AK430 of E. coli—The
chromosomal DNA fragment carrying the cycA gene,
which encodes a specific transporter for glycine, alanine
and serine, was isolated from a phage clone 7E9 in
Kohara’s genomic library of E. coli (30), and was cloned in
a temperature-sensitive plasmid, pMANO031 (31). Then
the kanamycin-resistant (kan’) gene was inserted into
the cycA gene at the Pvull site in this plasmid. E. coli K-
12 cells were then transformed with the resulting plas-
mid, which showed both an ampicillin- and kanamycin-
resistant phenotype. Following incubation at 42°C for 12
h, we isolated a kanamycin-resistant but ampicillin-sen-
sitive clone, which was generated by homologous recom-
bination between chromosomal DNA and plasmid DNA.
The disruption of the cycA gene in the chromosome was
confirmed by Southern blot analysis. The cycA-disrupted
E. coli strain thus obtained is named AK430.

Cloning of a Novel Glycine Transporter Gene from KS-1
Genome—Genomic DNA (150 pg) from Thermococcus sp.
KS-1, kindly donated by Dr. T. Ohta (Tsukuba Univ), was
partially digested with Sau3AI (2U) for 30 s at 37°C. The
DNA fragments generated were fractionated by electro-
phoresis on 0.7% low melting agarose gel (SeaPlaque
GTG Agarose, FMC, Rockland, ME), and fragments of
between 2 and 8 kbp were recovered from the gel. The
KS-1 genome library was constructed by ligating these
DNA fragments to BamHI-digested pUC19 vectors. The
library generated contained 1.3 x 104 clones carrying KS-
1 genome DNA fragments of an average size of about 3
kbp. The cycA-disrupted E. coli strain, AK430, was trans-
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formed with the library, and the transformed cells were
incubated on plates of M9 medium containing 5 mg/ml D-
alanine as a carbon source and 50 pg/ml ampicillin at
37°C for a week. Colonies grown on the plates were
picked up and cultured in LB medium containing 50 pg/
ml ampicillin. Plasmids were recovered from the cells
and analyzed.

Southern Hybridization Analysis and DNA Sequenc-
ing—DNA fragments (5 pg) of the KS-1 genome digested
with restriction enzymes were fractionated by electro-
phoresis on a 0.7% agarose gel and then transferred to a
nylon filter (Hybond-N*, Amersham, Buckinghamshire,
UK) by capillary blotting. The filter was hybridized with
a DNA probe for snatA, which was prepared by labeling
with a-[32P]dCTP using the Random Primer DNA Labe-
ling Kit Ver. 2 (Takara Shuzo, Shiga). DNA sequences
were determined by the dideoxy chain termination
method using a DNA sequencer (ABI PRISM 377 DNA
sequencing system, Applied Biosystems, Foster City, CA).

Glycine Transport Assay—E. coli cells grown in LB
medium at 37°C under aerobic conditions were harvested
by centrifugation and washed twice with buffer A (100
mM HEPES/Tris, pH 7.4, 2 mM MgSO4). Then the cells
were suspended in buffer A supplemented with 50 pg/ml
chloramphenicol, and the density of cells was adjusted to
1.6 x 10° cells per ml (ODgyy, = 2.0). The reaction was
started by adding 200 pl of the cell suspension to 800 pl of
buffer A containing 0.1 pCi [*C]glycine and 4 mM
Tris-lactate, pH 7.4, and allowed to proceed at 37°C with
vigorous shaking. Aliquots of 200 pul of the suspension
were withdrawn at appropriate time intervals, and the
reaction was terminated by filtering through nitrocellu-
lose membrane filters (pore size 0.45 pm) (Schleicher&
Schuell, Dassel, Germany). The filters were immediately
washed twice with buffer A, and the radioactivity
retained on the filters was measured with a scintillation
counter (Beckman LS 6000TA-2, Beckman, Fullerton,
CA) in Clear-Sol II (Nacalai Tesque, Kyoto).

RESULTS

Construction of the E. coli cycA Mutant—E. coli cells
transport small neutral amino acids such as glycine,
alanine and serine by a specific transporter that is
encoded by the cycA gene (2, 32). A homology search of
cycA revealed that its homologous genes are widely dis-
tributed among the genomes of various bacteria and
archaea. However, we could not find any homologous
genes in the genomes of Pyrococcus horikoshii, Pyrococ-
cus abyssi, or Pyrococcus furiosus, which are classified in
the Thermococcales group of Archaea (26). This prompted
us to isolate a novel transporter gene from the genome of
KS-1, which belongs to the Pyrococcus group, using a
functional cloning technique. We first constructed a sta-
ble deletion mutant of ¢cycA by homologous recombination
using a temperature-sensitive replicon following a
method as described (31). E. coli K12 was transformed
with the plasmid encoding the disrupted cycA gene, in
which a kanamycin-resistance gene had been inserted,
and its franking regions. Then we isolated the cycA
mutant by screening for kanamycin-resistant but ampi-
cillin-sensitive cells (Fig. 1A). The disruption of the cycA
gene on the chromosome was confirmed by Southern blot
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Fig. 1. Isolation of the cycA mutant by homologous recombi-
nation. A: The chromosomal 11-kbp DNA fragment carrying the
cycA gene was cloned in a temperature-sensitive plasmid, and then
the kanamycin-resistant (kan®) gene was inserted into the cycA
gene to generate a cycA targeting construct. E. coli K-12 cells were
transformed with the resulting plasmid. Homologous recombina-
tion between the chromosome and the plasmid would insert the
kan® gene into chromosome, thus disrupting the cycA gene on the
chromosome. The resulting disruption mutant was designated
AK430. B: Southern blot analysis. Chromosomal DNA was digested
with PstI and fractionated on 0.8% agarose gel by electrophoresis.
Southern blot hybridization analysis was performed using the DNA
fragment encoding cycA gene as a probe. C: Glycine transport activ-
ity of E. coli K12 and AK430. The transport activity of E. coli K12
(closed circles), AK430 (open circles), and AK430 harboring the
plasmid encoding cycA (open square) was assayed as described
under “MATERIALS AND METHODS”.

hybridization analysis using a DNA fragment encoding
cycA gene as the probe (Fig. 1B). The cycA mutant thus
obtained, designated AK430, was defective in glycine
transport, and transformation of this strain with a
plasmid encoding cycA restored the transporter activity
(Fig. 10).

Cloning of a Gene(s) for the Glycine Transporter from
the KS-1 Genome Library—Using the AK430 strain, we
cloned the gene(s) for the glycine transporter from the
genome library of Thermococcus sp. KS-1. After trans-
forming the library into AK430 cells, colonies formed on
agar plates of minimal medium containing D-alanine as a
carbon source were isolated and tested for glycine
transport. It should be noted that it took a week to iden-
tify colonies grown on the plate as described under
“MATERIALS AND METHODS”, which in turn indi-
cated that D-alanine served as a poor substrate for the
transformed cells (see below). We obtained several clones
capable of glycine transport and selected a single clone
with the highest activity for further analysis. The plas-
mid pSA28, recovered from the clone, contained a DNA
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Fig. 2. Physical map of plasmid pSA28 and its derivatives. A:
Physical map of snatA and its flanking region on the KS-1 chromo-
some and plasmids used in this study. The arrow represents ORF
and the direction of transcription. The hatched box represents the
DNA fragment probe used for Southern hybridization analysis. The
lines below the chromosomal map represent the regions of DNA
fragments carried by the plasmid. B: Southern hybridization analy-
sis of the genome DNA of KS-1 using a DNA probe of snatA. KS-1
genome DNA (5 pg) was digested with EcoRI or Sacl, then fraction-
ated on 0.8% agarose gel. The DNA was transferred to a filter, and
the filter was hybridized with the DNA probe.

insert of about 2.8 kbp (Fig. 2A). Southern hybridization
analysis revealed that it hybridized with either a 4.1-kbp
fragment of EcoRI-digested or a 1.6-kbp fragment of
Sacl-digested KS-1 genome (Fig. 2B). We next prepared
four deletion plasmids (pSA17, pSA14, pSA10, and
pSA08) from pSA28 and tested for both glycine transport
activity and colony forming capability on minimal
medium containing D-alanine as described. Of these plas-
mids, only pSA17 was facilitated both transport activity
and colony formation (Fig. 2A). It was thus obvious that
this plasmid contained the gene(s) for the glycine trans-
porter of Thermococcus sp. KS-1.

Primary structure of the snatA Gene—Upon determi-
nation of the DNA sequence of pSA17, we found an open
reading frame coding for 216 amino acids (snatA) (Fig.
3A). A Shine-Dalgarno box-like sequence was found
upstream of an initiation codon ATG. The DNA sequence
analysis of pSA14, which showed no transport activity,
revealed that it started from 97 bp upstream of the initi-
ation codon of snatA and contained its full open reading
frame. This indicated that the snatA promoter is located
more than 100 bp and less than 300 bp upstream of the
initiation codon of snatA. Indeed, Pribnow box-like
sequences (TTGAAT—AAGTAT and GTACCA-TATAAT)
were found in this region. Although the reason was
unclear, the [G+C] content of snatA was calculated to be
52.2%, which was significantly higher than that of the
total genome of KS-1, 42% (27).
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Fig. 3. Nucleotide and predicted
amino acid sequences of snatA.
A: Nucleotide sequence of the DNA
fragment carried by pSA17 plas-
mid and the predicted amino acid
sequence of snatA. Pribnow box-
like sequences and the Shine-Dal-
garno sequence (SD) are shown by
dotted lines and a box, respectively.
The deduced amino acid sequences
of SnatA are shown below the DNA
sequence. Bold letters represent
the start codon of snatA. The pre-
dicted membrane-spanning seg-
ments, TM1-TM6, are underlined.
B: Hydropathy plot of SnatA. The
amino acid sequence of SnatA was
analyzed using the TMpred pro-
gram. The numbers on the profile
represent the predicted membrane-
spanning segments.

The apparent molecular mass of SnatA was 23,500 Da,
and hydropathy analysis using a TMpred program
(ISREC TMpred server) (33) revealed that it was a mem-
brane protein consisting of six membrane-spanning seg-
ments with both the N- and C-terminals facing the
cytoplasmic side of the membrane (Fig. 3B).

Characteristics of Glycine Transport by SnatA—AK430
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cells harboring the plasmid pSA28 were used for charac-  potential of H* across the membrane.

terization of SnatA-mediated glycine transport. As shown
in Fig. 4A, glycine transport was severely suppressed
when an uncoupling agent, carbonylcyanide p-trifluor-
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omethoxyphenylhydrazone (FCCP), was present. It was
not affected by the K+ ionophore valinomycin, but it was
inhibited when nigericin, a K*/H* exchanger, was added
together with valinomycin (Fig. 4B). It was also not influ-
enced by Na* or K* (data not shown). This suggested that
the glycine transport mediated by SnatA in E. coli cells is
energy dependent and driven by an electrochemical

Kinetic studies (Table 1) revealed that the apparent Kt
value for glycine is 24 uM, which is up to one order of
magnitude higher than those of CycA-mediated trans-
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Table 1. Apparent K, values of SnatA, CycA, and ACP.

Transporter K, for glycine (UM)
SnatA 24.0
CycA 2.4
ACP 4.0

The transport assays were carried out using various concentrations
of glycine as described under “MATERIALS AND METHODS”. The
initial velocities were determined by sampling at 30 s after the
addition of [“C]glycine at 37°C. Apparent K, values (apparent affin-
ity constants of transport) obtained by Lineweaver-Burk plotting
are shown.

Table 2. Substrate specificities of SnatA, CycA, and ACP.

Inhibition (%)
Competitor added SnatA CycA ACP
Glycine 100 100 100
D-Alanine 15 92 80
L-Alanine 84 76 85
L-Cysteine 95 10 n.d.
L-Threonine 100 22 51
L-Serine 90 0 86
L-Methionine 65 0 51
L-Tryptophan 60 0 19
L-Phenylalanine 37 0 17
L-Proline 24 0 0
L-Leucine 35 0 0
L-Isoleucine 20 0 0
L-Valine 18 0 14
L-Tyrosine 22 0 0
L-Asparagine 20 0 0
L-Glutamine 0 44 37
L-Aspartic acid 0 0 70
L-Glutamic acid 0 0 66
L-Lysine 0 0 0
L-Histidine 14 0 73
L-Arginine 0 n.d. n.d.

SnatA: AK430 cells harboring plasmid pSA28 were incubated for 60
min with 4 uM [*Clglycine in the presence of each competitor at a
concentration of 830 pM. CycA: AK430 cells harboring plasmid
pYN5108, which encodes cycA, were incubated for 40 sec with 4 uM
[1C]glycine in the presence of each competitor at a concentration of
500 uM. ACP: AK430 cells harboring plasmid pAC5629 (60) were
incubated for 40 s with 4 uM [“C]glycine in the presence of each
competitor at a concentration of 500 uM. The inhibitory effect of
each amino acid on glycine transport is shown as a percentage that
of glycine. n.d.: not determined.

port (2.4 uM) and ACP-mediated transport (4 uM). The
substrate specificity of the glycine transport by SnatA
was determined by means of competition studies and
compared with those of CycA and ACP (Table 2). More
than 80% inhibition was observed when L-alanine, L-
cysteine, L-threonine, or L-serine was used as competitor.
Also, L-methionine and L-tryptophan showed significant
inhibitory effects (more than 50%), indicating that SnatA
has a relatively broad substrate specificity toward neu-
tral amino acids. A similar broad substrate specificity
toward neutral amino acids was observed in AK430 cells
transformed with the acp gene, while CycA showed
rather strict substrate specificity (Table 2). Both SnatA
and ACP transported glycine, L-alanine, L-threonine, and
L-serine effectively, but SnatA was unable to transport
acidic amino acids, while ACP transported them fairly
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Table 3. Expression of snatA caused growth inhibition of
WAT9.

Carbon source

Serine (TS) Lactose (TL)
WAT9/pUC119 + ++
WAT9/pSA28 (snatA) - ++
WAT9/pMST321 (sstT) - ++
W3133-2 - ++

A serine transport—defective mutant WAT9 was transformed with
plasmid pUC119, pSA28, or pMST321. W3133-2 is the wild-type
strain. Cells were grown on a minimal agar plate containing 5 mg/
ml L-serine (T'S) or 40 mM lactose (TL) as carbon source for 24 h at
37°C. (-) indicates no growth and (+) indicates of good growth of
cells.

well. Furthermore, the mode of competition by D-alanine
was different among these three glycine transporters: D-
alanine showed strong competition with glycine in the
ACP or CycA system, indicating that D-alanine behaves
as a good substrate for either transporter, while it is a
poor substrate for SnatA.

It is intriguing that both serine and threonine served
as good substrates for either SnatA or ACP but not for
CycA (Table 2). In E. coli, it has been shown that the
transport of serine/threonine is catalyzed by the Na*-spe-
cific transporter SstT (34). Here, we used an sstT deletion
mutant WAT9 to test how efficiently SnatA transports
serine: efficient transport should suppress growth,
because the accumulation of serine through SstT results
in severe feedback inhibition of the serine/threonine
metabolism, thereby suppressing the growth of cells on
minimal medium with L-serine as a carbon source. As
shown in Table 3, while WAT9 was able to form colonies
on minimal medium containing L-serine, wild-type cells
(W3133-2) as well as WAT? cells transformed with either
pSA28 or pMST321 carrying the sstT gene (34) failed to
grow on the medium. This indicates that SnatA mediates
serine transport as efficiently as SstT in E. coli cells.

DISCUSSION

In this report we describe for the first time, to our knowl-
edge, the cloning of the amino acid transporter gene from
the hyperthermophilic Archaeon Thermococcus sp. KS-1
by means of functional cloning using the newly estab-
lished E. coli mutant AK430, which is defective in gly-
cine/alanine transport. A numbers of genes and proteins
have been isolated and characterized from hyperther-
mophilic archaea and bacteria (for review see Ref. 22).
However, except for a few proteins related to energy
metabolism (35-39) and sugar transporters (40—42),
membrane proteins have not yet been sufficiently ana-
lyzed. In particular, none of the proteins involved in the
secondary active transport of amino acid has been identi-
fied in hyperthermophiles.

The cloned gene snatA facilitates glycine transport in
AK430 cells and encodes a postulated hydrophobic mem-
brane protein with six membrane-spanning segments.
The majority of molecules involved in the active trans-
port of sugars and amino acids are structurally similar in
having 10 to 12 membrane-spanning segments. However,
there are several exceptions, such as carriers in mito-
chondrial inner membranes (43—45) and some of the
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Fig. 4. Characterization of the glycine transport activity of
SnatA expressed in AK430 cells. A: The transport activity of
AK430 cells harboring plasmid pSA28 (AK430/pSA28) (closed cir-
cles), AK430 harboring control vector pUC119 (open squares) and
AK430/pSA28 cells in the presence of 10 pg/ml FCCP (open circles)
was assayed as described under “MATERIALS AND METHODS”.
B: Effect of valinomycin and nigericin on glycine transport by
SnatA. AK430/pSA28 cells were incubated in the absence (closed
circles) or presence of valinomycin (open triangles) or valinomycin
plus nigericin (closed triangles).

transporters containing the ATP-binding cassette (ABC)
transporters (46, 47). The latter proteins consist of about
half of the amino acid residues of the former and are pos-
tulated to span the membrane five to six times. For this
reason, ABC transporters with 6 transmembrane seg-
ments are called “half transporters” and are thought to
form dimers when functioning (48-50). Similar findings
have been reported with enzyme II of the phosphoe-
nolpyruvate : sugar phosphotransferase system specific
for mannitol transport (mannitol permease) in E. coli
(51-54). Although no direct evidence is available at
present, it is plausible that SnatA forms a dimer to func-
tion as a glycine transporter.

The transport of glycine by SnatA seems to be driven
by an electrochemical potential of H*, since it was abol-
ished by the addition of either the protonophore FCCP or
valinomycin together with nigericin (Fig. 4, A and B) and
was not influenced by the presence of Nat* (data not
shown). This is in contrast to ACP in the thermophilic
bacterium PS3, which is driven by an electrochemical
potential of Na* (55, 56). Furthermore, this seems to be
somewhat contradictory to the report that Thermococcus
sp. KS-1 was isolated from a submarine hydrothermal
vent and strictly requires Na* for growth (27). It is possi-
ble that the electrochemical potential of Na* is converted
to one of H* by an Na*/H* exchanger, which may be
present in KS-1membranes.

Another feature of SnatA is that its substrate specifi-
city is different from those of ACP and CycA (Table 2).
While glycine transport by ACP and CycA is efficiently
inhibited by both L-alanine and D-alanine, glycine trans-
port by SnatA is only partially inhibited by D-alanine,
indicating that the substrate specificity of SnatA is
stereo-specific. Thus, SnatA is a novel type of alanine/gly-
cine transporter. Indeed, snatA does not show significant
homology to acp or cycA. Enzymes derived from hyper-
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thermophiles are generally not only thermostable (resist-
ant to irreversible inactivation at high temperatures
>80°C) but also optimally active at high temperatures
and almost inactive below 40°C (22). Several enzymes
isolated from Thermococcus sp. KS-1 have been shown to
be most active at temperatures >70°C (28, 29). In this
context, it is interesting that AK430 cells transformed
with snatA show significant glycine transport activity at
the optimal temperature for E. coli growth (37°C). Pre-
liminary studies revealed that SnatA in E. coli cells
seemed to be more active at higher temperatures and
permissive for growth below 45°C (data not shown). How-
ever, it is obviously necessary to establish a hyperther-
mophilic system for genetic manipulation and/or an in
vitro artificial system to clarify these points.

Homology searches of SnatA using BLAST [Basic
Local Alignment Search Tool (57)] have revealed that
SnatA is a novel protein without any homologous protein
enrolled in the protein bank to date. However, several
hypothetical proteins proposed recently in genome
projects of various organisms have shown high homology
scores with SnatA: E82125 (VC2035) of Vibrio cholerae
(58), YchE of E. coli (59), Y760 (PHO0760) of Pyrococcus
horikoshii (25), PF0745 of Pyrococcus furios (published
on http:/www.genome.utah.edu/sequence.html), Y863 of
Pyrococcus abyssi (Heilig, R., unpublished), and YG77
(MJ1677) of Methanococcus jannaschii (24). The latter
four organisms are classified as hyperthermophilic
archaea (22), and these four hypothetical proteins show
significantly high homology scores with more than 40%
identity in the amino acid sequences. Furthermore, there
are several homologues of these proteins found in the
respective genomes (Y214 of P. horikoshii, and YhgN and
MarC in E. coli), indicating that these, including SnatA,
form a family of prokaryote cells. Characterization of
homologues in E. coli is now under investigation.
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