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A Gene Encoding a Putative Membrane Protein Homologous
to the Major Facilitator Superfamily of Transporters Maps
Upstream of the b-Glycosidase Gene in the Archaeon

Sulfolobus solfataricus
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We have identified a gene encoding a putative membrane protein homologous to the major facilitator
superfamily, mapping upstream of the lacS gene in Sulfolobus solfataricus. Permeases from this family mediate
secondary transport and are widely distributed among eubacteria and eukaryotes; the finding of an archaeal
member suggests that this mechanism of transport evolved before the divergence of the three living domains.
We also report a transcriptional mapping of the gene cluster.

Despite the interest recently devoted to Archaea molecular
evolution and genetics, the regulation of gene expression in
these organisms has not yet been extensively investigated. It is
now clear that the archaeal basal transcription machinery is
strikingly similar to the eukaryotic one (5, 10, 13, 19, 24, 29);
however, in some cases the organization of analogous genes is
colinear in Archaea and Eubacteria, with functionally related
genes cotranscribed or physically linked (for a review, see
reference 4).
We have previously reported studies on the lacS gene from

the extreme thermoacidophilic archaeon Sulfolobus solfatari-
cus, coding for a thermostable b-glycosidase (S-bgly) (6, 17, 18,
20; for a recent review, see reference 16). S. solfataricus is able
to grow on b-glycosides, such as lactose and cellobiose (9), that
are potential substrates for S-bgly. S. solfataricus mutants con-
taining insertion sequences in the lacS gene have been isolated
recently (27), but the function and regulation of S-bgly in vivo
have not been investigated.
In bacteria, classical operons for carbohydrate utilization

include genes for regulatory and transport proteins. The latter
are membrane proteins that mediate substrate uptake by one
of the three major transport mechanisms: ATP-dependent
transport (1), secondary transport (15), and transport by the
phosphoenolpyruvate-dependent phosphotransferase system
or PTS (21). The Escherichia coli homolog of lacS, called bglB
(11), maps in the cryptic operon bgl, immediately downstream
of bglF, coding for a permease of the PTS (28).
The structure and regulation of genes involved in carbohy-

drate uptake in Archaea have not been studied so far. Here we
report the identification, immediately upstream of lacS, of a
gene coding for a putative membrane protein homologous to
the major facilitator superfamily (MFS).
S. solfataricus MT4 was grown at 858C in rich medium (23);

E. coli HB101 (25) was the host for plasmids. DNA manipu-
lations were performed by standard techniques (25). Sequenc-
ing was done by the dideoxy-chain termination method (26).
For RNA extraction, aliquots (500 ml) of S. solfataricus cul-

tures were centrifuged, resuspended in 7 ml of extraction
buffer (20 mM sodium acetate [pH 5.3], 1% sodium dodecyl
sulfate, 0.1% diethylpyrocarbonate), extracted at 658C with the
same volume of a mixture of phenol-chloroform-isoamyl alco-
hol (24:24:1) equilibrated in 20 mM sodium acetate (pH 5.3),
and ethanol precipitated. Contaminating DNA was eliminated
by digestion with DNase I (Worthington). Electrophoresis,
Northern (RNA) blotting, hybridization, labeling, and RNase
protection were done as described previously (25). For primer
extensions, end-labeled primers (0.5 to 1 pmol) (about 105

cpm) were ethanol precipitated together with 5 mg of RNA,
resuspended in 3 ml of reverse transcriptase buffer (50 mM
Tris-HCl [pH 8.3], 6 mM MgCl2, 10 mM dithiothreitol, 100
mM NaCl), denatured for 5 min at 658C, frozen on dry ice, and
annealed for 45 min at 458C; deoxynucleoside triphosphates
(final concentration of 0.4 mM each), 10 U of RNAsin (Pro-
mega) and 8 U of avian leukosis virus reverse transcriptase
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FIG. 1. (A) The 12-kb insert of the lC1 clone, showing the 2.8-kb XbaI
fragment containing lacS (6) and the adjacent 5.6-kb XbaI fragment that was
subcloned in this study. (B) Positions and relative orientations of the ORFs in the
sequenced region. (C) Probes used for transcription analysis (see the legends to
Fig. 4 to 6). Abbreviations for selected restriction enzyme sites: E, EcoRI; H,
HindIII; S, SalI; B, BglII; X, XbaI.
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were added. The reaction mixture was incubated at 488C for 30
min; samples were denatured and loaded on sequencing gels.
The sequence of pORF was compared with those in the Swiss
Prot, PIR, and GenEMBL libraries by using the programs
FASTA, Tfasta, and BLAST of the University of Wisconsin
Genetics Computer Group. Sequence alignments were ob-
tained with the program PILEUP (8).
Cloning and sequence analysis of ORF2. In a previous re-

port (6), we found, upstream of the lacS gene, the 39 end of an
open reading frame (ORF), contained in a 2.8-kb XbaI S.
solfataricus genomic fragment partially sequenced. We first
completed the sequencing of the 411 bp from the region pre-
viously sequenced up to the 59 XbaI site; then, by using a probe
containing the 59 end of the 2.8-kb XbaI fragment, we sub-
cloned the adjacent 5.6-kb XbaI genomic fragment from the
lC1 clone (Fig. 1A); within this, we sequenced a region of
about 1.2 kb. We found a complete ORF (ORF2), and, further
upstream, an ORF of 125 codons on the opposite strand (Fig.

1B). ORF2 potentially codes for a 378-amino-acid protein
(pORF) starting from a TTG codon (Fig. 2). The predicted
amino acid composition of pORF is 45% hydrophobic, and its
hydrophobicity pattern is typical of those of integral membrane
proteins. A computer search for sequence homology showed a
significant sequence similarity between pORF and members of
the major facilitator superfamily or MFS, including over 50
symporters, antiporters, and uniporters found so far in eubac-
teria and eukaryotes (15). Comparison of the sequence of
pORF to that of the E. coli arabinose/H1 symporter, AraE,
reveals 24% identity and 51% similarity; this degree of se-
quence homology is comparable to that found among evolu-
tionarily distant members of the MFS (3, 14). More impressive
than the sequence homology is the structural similarity be-
tween these two proteins, as shown by their hydropathy plots
(Fig. 3A and B); both proteins contain two blocks of six puta-
tive transmembrane domains, separated by a hydrophilic loop
that is larger in the E. coli protein. pORF shows a similar

FIG. 2. Nucleotide and deduced amino acid sequences of ORF2 and surrounding regions (GenBank accession number L36201). Consensus sequences for the
archaeal promoter are boxed. The lysine-rich sequence motifs conserved in MFS proteins are indicated in bold type. The 59 end of lacS is underlined. The arrows
indicate the 59 ends of lacS and ORF2 transcripts, as mapped by RNase protection and primer extension experiments.
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degree of sequence and structural similarity with other MFS
proteins. The signature of the MFS family is a sequence motif
found twice in almost all the members, whose consensus is
(K/R)X2–3(K/R) (15); in pORF, the motifs KSKAK and RI-
VAK were found in corresponding positions (Fig. 2 and 3).
The organization of the ORF2-lacS region resembles the

structure of bacterial operons; however, this region seems not
to be the archaeal counterpart of the E. coli bgl operon. First,
no potential regulatory genes were found in the region se-
quenced, suggesting that either the cluster is not regulated, or
regulatory gene(s) are not strictly linked. Second, the b-glu-
coside permease BglF, whose gene maps in a position corre-
sponding to ORF2 (with respect to the structural genes bglB
and lacS) is a phoshotransferase of PTS, rather then a sym-
porter, and also has regulatory functions (2). We noticed that
S-bgly, unlike BglB, is not able to hydrolyze phosphorylated
sugars (18); therefore, its substrate(s) are not expected to be
phosphorylated during transport. Transport by PTS has been
demonstrated so far only in Eubacteria and could be a mech-
anism peculiar to this living domain; in contrast, permeases of
the MFS are widely distributed among eubacteria and eu-
karyotes. After the finding of an archaeal member of the fam-
ily, it is tempting to speculate that secondary transport is a
more ancient mechanism and evolved before the separation of
the three domains. MFS proteins show a 12-transmembrane
segment structure with internal symmetry; it has been sug-
gested that MFS genes have evolved by duplication of a six-
helix ancestor gene (15). The same internal symmetry can be
recognized in pORF (Fig. 3), suggesting that the duplication of
the ancestor gene occurred before the divergence of the three
domains.
Transcription analysis. By inspecting the sequences, poten-

tial archaeal terminator sequences (22) were found upstream
of ORF2 and downstream of lacS, but not between the two
genes, suggesting that they might be cotranscribed. To test this

possibility, RNA prepared from S. solfataricus cultures at dif-
ferent growth stages were analyzed by Northern blotting with
antisense RNA probes specific for lacS and ORF2 (Fig. 4A and
B, respectively). Transcripts of about 1.1 and 1.5 kb were
detected, whose sizes are in agreement with the lengths of the
corresponding genes; no abundant larger transcripts were ev-
ident. Both transcripts show a peak of expression at the expo-
nential phase of growth, but their relative abundance is very

FIG. 3. Hydropathic profiles of pORF (A) and AraE (B); hydropathy values for a window of 19 amino acid residues were averaged and plotted by the position of
the middle residue (12). X indicates the position of the MFS motifs; the arrow indicates the axis of symmetry of pORF. pORF can be considered a duplication of two
portions, from positions 1 to 180 and 181 to 378, which show about 20% identity and 47% similarity with each other; the hydrophobicity patterns and the position of
the MFS motifs overlap. (C). In pORF, as in bacterial integral membrane proteins, positively charged amino acids (indicated by vertical lines) are clustered in
hydrophilic loops.

FIG. 4. Northern blots showing lacS (A) and ORF2 (B) transcripts. S. solfa-
taricus RNAs were extracted at different growth stages: lanes 1, optical density at
600 nm (OD600) of 0.3; lanes 2, OD600 of 0.4; lanes 3, OD600 of 0.6; lanes 4,
OD600 of 0.8. The same amount of RNA (2 mg) was loaded on each lane; each
filter was hybrydized with riboprobes labeled at the same specific activity and
exposed for the same time span. Longer exposures of filter B revealed that ORF2
transcript is also present in lane 1. Riboprobes were prepared from the 185-bp
HindIII-BglII fragment (probe 4 of Fig. 1C) for lacS and the 420-bp EcoRI-XbaI
fragment (probe 2 of Fig. 1C) for ORF2.
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different (the lacS RNA is at least 10-fold more abundant than
ORF2 RNA). Both genes are transcribed in cultures grown in
complete medium as well as in minimal medium containing
glucose (unpublished results). A screening on minimal medium
containing different carbohydrates as the carbon source is re-
quired to establish whether transcription of the two genes is
coordinated and somehow regulated.
We have mapped the 59 ends of the lacS and ORF2 tran-

scripts by RNase protection and primer extension experiments.
For ORF2, both techniques identified a unique 59 end, located
10 bp from the first TTG (Fig. 5). The 59 ends of lacS RNA are
heterogeneous, with two major sites identified both by primer
extension (Fig. 6A) and by RNase protection (Fig. 6B), map-
ping at 29 and 11 with respect to the A of the start codon,
respectively. In the primer extension experiment, an additional
band corresponding to a 59 end mapping at 2168, was evident,
and is likely to be a technical artifact. Consensus sequences for
the archaeal promoter (10) can be found at a canonical dis-
tance from the 59 end of ORF2 and from position 11 of lacS
(Fig. 2); these 59 ends therefore possess the prerequisites to be
true transcription start sites; surprisingly, position 2168 of
lacS, which was not identified by RNase protection, is at a
proper distance from a promoter sequence, whereas position
29, identified by both techniques, is not. Taken together, tran-
scription analysis data show that, unlike bacterial operons, the
two genes may be transcribed from independent promoters. By
reverse PCR, we could also detect a rare transcript(s) that
transverses the junction between the two genes (not shown);
therefore, we cannot rule out the possibility that an additional
polycistronic messenger is transcribed from a common pro-
moter and either processively degraded from the 59 to the 39

end or specifically cleaved; in this latter view, the 59 end
mapped at 29 in lacS, which is not at a proper distance from
a promoter sequence, could be a processing site. It is also
possible that transcripts comprising sequences of the two genes
arise by read-through of ORF2 transcripts, caused by the lack
of a strong terminator sequence. Additional experiments are
required to elucidate the role of each transcript.
Heterologous expression of pORF. In order to gain infor-

mation about the function of pORF, we tried to obtain its
expression in E. coli; however, the protein is strongly toxic,
inducing block of growth and filamentation after 30 min of
induction (not shown). This phenotype suggests that insertion
into the membrane of pORF interferes with essential func-
tion(s). The archaeal membrane is peculiar among those of all
living organisms in its lipidic components (7); it is not unlikely
that a protein evolved to functionally interact with such a
particular environment is dangerous in a different context.
Additional experiments are required to elucidate the role of

pORF. The study of the function of protein in vivo requires
molecular genetic tools that are still not available for thermo-
philic Archaea; on the other hand, the high toxicity of the
protein rules out both the complementation of E. coli transport
mutants and easy protein production. Possible approaches are
in vivo transport studies by using different labeled substrates
and eventually toxic analogs and in vitro studies on reconsti-
tuted membranes using the protein purified from S. solfatari-
cus.
Nucleotide sequence accession number. The nucleotide se-

quence of the ORF2 region has been assigned GenBank ac-
cession number L36201.

FIG. 5. 59 mapping of ORF2 RNA. (A) Primer extension. Five micrograms of total RNA (template) and 0.5 pmol of the 17-mer annealing to the sequence from
1125 to 1141 with respect to the start codon (lane 1) were used. (B) RNase protection. Five micrograms of total RNA was hybridized to 104 cpm of the 32P-labeled
riboprobe prepared from the 160-bp BglII-EcoRI fragment (probe 1 of Fig. 1C), annealing to the sequence from 260 to 1100 with respect to the start codon (lane
1). RNA was extracted from cultures grown at an optical density at 600 nm of 0.4. The arrows show the lengths of bands corresponding to the 59 end. The numbers
indicate molecular weight markers (in nucleotides). P, undigested probe; G, A, T, C, sequence ladder obtained with the same primer used for primer extension.
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