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We have studied the uptake of maltose in the thermoacidophilic gram-positive bacterium Alicyclobacillus
acidocaldarius, which grows best at 57°C and pH 3.5. Under these conditions, accumulation of ['*C]maltose was
observed in cells grown with maltose but not in those grown with glucose. At lower temperatures or higher pH
values, the transport rates substantially decreased. Uptake of radiolabeled maltose was inhibited by maltote-
traose, acarbose, and cyclodextrins but not by lactose, sucrose, or trehalose. The kinetic parameters (K,, of
091 = 0.06 pM and V,,, ranging from 0.6 to 3.7 nmol/min/mg of protein) are consistent with a binding
protein-dependent ATP binding cassette (ABC) transporter. A corresponding binding protein (MalE) that
interacts with maltose with high affinity (K, of 1.5 pM) was purified from the culture supernatant of maltose-
grown cells. Inmunoelectron microscopy revealed distribution of the protein throughout the cell wall. The malE
gene was cloned and sequenced. Five additional open reading frames, encoding components of a maltose trans-
port system (MalF and MalG), a putative transcriptional regulator (MalR), a cyclodextrinase (CdaA), and an
a-glucosidase (GlcA), were identified downstream of malE. The malE gene lacking the DNA sequence that
encodes the signal sequence was expressed in Escherichia coli. The purified wild-type and recombinant proteins
bind maltose with high affinity over a wide pH range (2.5 to 7) and up to 80°C. Recombinant MalE cross-
reacted with an antiserum raised against the wild-type protein, thereby indicating that the latter is the product
of the malE gene. The MalE protein might be well suited as a model to study tolerance of proteins to low pH.

The thermoacidophilic gram-positive bacterium Alicycloba-
cillus acidocaldarius was first isolated by Darland and Brock
from an acidic creek in Yellowstone National Park (7). The
organism grows best at pH 3.6 and 57°C and is further char-
acterized by the presence of w-alicyclic fatty acids in the cyto-
plasmic membrane (60). A. acidocaldarius can utilize a variety
of organic compounds as sole sources of carbon and energy,
including sugars and polysaccharides, such as starch and xylan
(32, 49; U. Eckert, S. Wilken, E. Bakker, and E. Schneider,
unpublished data). Since polysaccharides cannot penetrate the
cell membrane, the bacteria excrete specific hydrolases that
degrade the macromolecules into soluble oligomers and mono-
mers that serve as substrates for the transport proteins. Thus,
exoenzymes and other extracellular proteins of A. acidocal-
darius that are exposed to the acidic environment are ideally
suited as model systems to study the mechanism of tolerance of
proteins to low pH (“acidostability”) on the molecular level. In
particular, the comparative analysis of functionally homolo-
gous proteins from acidophilic and neutrophilic organisms on
the levels of primary and, most desirably, tertiary structures,
would provide hints on how acidostability is achieved. Such a
study was recently performed with an amylopullulanase from
A. acidocaldarius, the product of the amyA gene, and a few
other proteins (35, 49). From their data, Bakker and coworkers
concluded that in acidostable proteins the number of charged
residues, especially in surface-exposed regions, is markedly
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reduced compared to that in their neutrophilic relatives (49).
Whether this notion holds for acidostable proteins in general
needs to be established. However, such analyses are hampered
by the rather limited number of candidate proteins, which is
mainly due to the fact that even acidophiles maintain a pH
value in their cytoplasm close to neutrality (2). Thus, unlike in
studies that are concerned with other extremophilic properties,
such as thermophilicity or halophilicity, cytoplasmic enzymes
are not suited for analysis of acidostability.

In an attempt to identify other extracellularly exposed pro-
teins from A. acidocaldarius, we recently purified a maltose
binding protein from the surface of maltose-grown cells that,
by metabolic labeling with [**C]palmitic acid, was identified as
a lipoprotein (24). The sequence of the N-terminal 20 amino
acids of the purified protein was found to be almost identical to
that of a peptide fragment derived from an incomplete open
reading frame (ORF2) downstream of the amyA gene (32).
The ORF2 product displays homology to the maltose binding
protein (MalE) of Escherichia coli (32, 54). Interestingly, when
compared to the translated nucleotide sequence, the purified
protein lacked 23 amino acids from the amino terminus (24),
most likely due to the action of an extracellular protease (49).
Together, these data supported a role of the protein isolated
from A. acidocaldarius as a solute binding protein component
of an ATP binding cassette (ABC) transport system for mal-
tose and maltodextrins (3). The family of ABC transporters
comprises a diverse class of transport proteins that couple the
energy of ATP hydrolysis to the translocation of solutes across
biological membranes (27). Typically, an ABC transporter is
composed of two membrane integral protein domains and two
ATP-hydrolyzing domains (47). Those ABC transport systems
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TABLE 1. Bacterial strains and plasmids

. . s Source or
Strain or plasmid Relevant genotype or description reference
Strains

A. acidocaldarius Wild type DSMZ¢

ATCC 27009
E. coli

ED169 F~ AlacU169 araD139 rpsL relA thi flbB AmalB107 37

PD28 pop3325 AmalE444 A(srlR-recA)306::Tnl0 9

Top10 F~ mcrA A(mrr-hsdRMS-mcrBC) $80lacZAM15 AlacX74 deoR recAl araD139 A(araA-lew)7697 Invitrogen

galU galK 1psL endAl nupG
XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F' proAB lacI°ZAM15 Tnl0 (Tet")] Stratagene
Plasmids

pBAD24 Arabinose promoter, Ap" 17
pBAD/HisA Arabinose promoter, histidine fusion vector, Ap" Invitrogen
pQE9 T5 promoter, histidine fusion vector, Ap” Quiagen
pSE380 trc promoter, Ap” Stratagene
pSU19 General cloning vector, P15A ori, Cm" 33
pUCI8 General cloning vector, Ap" Roche
pAHS-1 'malE as SstI-BamHI fragment on pUCIS8 This study
pAH9 'malE malF malG malR' as SstI fragment on pUCI18 This study
pAH10 'malF malG malR cdaA' as Kpnl fragment on pUCI18 This study
pAHI19 'glcA pleD' as EcoRV fragment on pUCI18 This study
pAH30 'amyA malE' as BamHI-SstI fragment on pUC18 This study
pIM30 'malR cdaA glcA' as HindIIl fragment on pUC18 34
pAHIS malE ,, (Cys-1—Met) on pBAD24 This study
pAH26-2 malG », on pPBAD/HisA This work
pAH27-3 malF malG 4, on pBAD/HisA This work
pFSA12 malF malG 4, on pQE9 This work
pFSA1l6 malEg, (codons 1-26)'-'malE ., (codons 26-427) on pSE380 This work
pFSA24 Prs malF malG 4, on pSU19 This work

“ DSMZ, Deutsche Sammlung von Mikroorganismen und Zellkulturen.

that mediate the uptake of nutrients in bacteria and archaea
are equipped with an additional component, an extracellular
solute binding protein, that, in its substrate-loaded (closed)
conformation initiates the transport process (3). In gram-neg-
ative bacteria, binding proteins are located in the periplasm,
while in gram-positives bacteria, which lack an outer mem-
brane, they are anchored to the cytoplasmic membrane via
fatty acids that are covalently bound to the N-terminal cysteine
residue (53). In the prototype maltose transporter, as is found
in E. coli and Salmonella, MalE represents the maltose binding
protein, while the membrane-associated transport complex is
composed of one copy each of MalF and MalG and of two
copies of the ATP-hydrolyzing protein, MalK (4).

Here we report on the properties of the maltose transport
system of A. acidocaldarius in vivo and on the complete cloning
and sequencing of six genes downstream of amyA, which en-
code transport components, including maltose binding protein,
a transcriptional regulator, and two starch-degrading enzymes.
Furthermore, the native and recombinant forms of the maltose
binding protein were biochemically characterized with respect
to acidostability.

MATERIALS AND METHODS

Chemicals. ['*C]maltose (13.3 GBg/mmol) was purchased from ICN (Es-
chwege, Germany). a-Cyclodextrin (cyclohexaamylose), B-cyclodextrin (cyclo-
heptaamylose), and y-cyclodextrin (cyclo-octaamylose) were purchased from
Sigma (Deisenhofen, Germany). Acarbose was a generous gift of Bayer AG
(Wuppertal, Germany).

Bacterial strains and plasmids. The bacterial strains and plasmids used in this
study are listed in Table 1.

Media and growth conditions. A. acidocaldarius strain ATCC 27009 was grown
at 57°C in minimal medium (pH 3.6) under vigorous agitation, with maltose or
glucose (each at 10 mM) as the sole source of carbon and energy (49). E. coli cells
were usually grown in Luria-Bertani (LB) medium (36). If required, ampicillin or
chloramphenicol was added at 75 and 20 wg/ml, respectively. For overproduction
of A. acidocaldarius MalE (MalE,,) strain ED169(pAH18) was grown in LB-

ampicillin to an optical density at 650 nm (ODys() of 1 and supplemented with
0.08% arabinose to induce malE expression, and growth was continued for 6 h.

Gene cloning. The DNA fragments cloned in this study were obtained by
primer walking. From the nucleotide sequence downstream of the amyA gene
(ORF2) that was known in the initial phase of this study (32), an oligonucleotide
probe was designed and labeled with digoxigenin (MWG, Ebersberg, Germany).
Genomic DNA of A. acidocaldarius was digested with BamHI and SstI, and a
fragment (1.15 kb) that hybridized with the probe was identified by Southern
blotting. Subsequently, genomic DNA was cleaved with BamHI and SstI on a
preparative scale and subjected to agarose gel electrophoresis. Fragments of 1.0
to 1.5 kb were eluted by using the JETsorb gel extraction kit (Genomed, Bad
Oeyenhausen, Germany) and ligated to BamHI- and SstI-digested and dephos-
phorylated pUCI8. Cells of E. coli strain XL1blue were transformed with the
ligation mixture, and ampicillin-resistant transformants were screened for the
presence of the malE gene by colony hybridization with the probe. From one
positive clone, designated pAHS8-1, the nucleotide sequence of the inserted DNA
fragment was determined and used to design a new oligonucleotide probe for
further cloning. By this approach, four additional subgenomic DNA libraries
consisting of SstI, Kpnl, EcoRV, or BamHI/SstI fragments were generated that
eventually yielded plasmids pAH9 (3.97-kb fragment), pAH10 (3.5-kb fragment),
PAH19 (ca. 4-kb fragment), and pAH30 (1.23-kb fragment), respectively. Plas-
mid pJM30, derived from a HindlIII digestion of chromosomal DNA, was con-
structed by J. Matzke (34).

Construction of plasmids. For heterologous expression in E. coli, the malE ,,
gene lacking the signal-peptide-encoding fragment was amplified from genomic
DNA by PCR, using VENT polymerase (NEB, Schwalbach, Germany). The 3’
oligonucleotide primer contained the recognition sequence for Xbal. The am-
plified DNA fragment (1,209 bp) was digested with Xbal and ligated with plas-
mid pBAD24 that was previously linearized with Ncol, filled in with Klenow, and
subsequently digested with Xbal. As a consequence, codon 1 was changed from
TGT to ATG, thereby replacing the N-terminal cysteine residue of the translated
mature protein with methionine. The resulting plasmid was designated pAH18.

For complementation experiments, the signal-peptide-encoding fragment of
the malFE 4, gene was replaced by the corresponding DNA fragment of the E. coli
malE gene by a three-step PCR as described previously (26). The resulting
amplification product was ligated into plasmid vector pSE380, yielding plasmid
pFSA16. The primers used to amplify malE ,, were designed in such a way that
in the translated mature polypeptide alanine substituted for the N-terminal
cysteine residue.

To clone the malF and malG genes, a fragment containing either malG or
malF malG was amplified from genomic DNA by PCR using primers that
introduced Xhol sites at the 5’ and 3’ ends. Amplified DNA fragments were
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purified, digested with X#ol, and ligated with pBAD/HisA that had been previ-
ously linearized with the same enzyme and dephosphorylated. The correct ori-
entations of the inserted fragments in the resulting plasmids pAH26-2 (malG)
and pAH27-3 (malF malG) were verified by restriction analyses using appropri-
ate endonucleases.

For complementation analysis, a restriction fragment carrying the malF malG
genes under the control of the T5 promoter was obtained by digestion of the
pQE9-based plasmid pFSA12 with Xhol and Sall and ligated into pSU19. The
resulting plasmid was designated pFSA24.

Standard DNA methods. Genomic DNA from A. acidocaldarius was isolated
as described previously (21). Plasmids were prepared from E. coli using a mini-
or midiplasmid kit (Qiagen GmbH, Hilden, Germany). Digestion by endonucle-
ases, ligation reactions, and PCR were performed by standard procedures (44).

Computer-aided sequence analyses. Nucleotide sequences were analyzed by
ConSequence (GATC, Konstanz, Germany) and by DNASIS (Amersham-Phar-
macia, Freiburg, Germany). Protein homology searches were done with BLAST
(15). Multiple alignments were performed using CLUSTAL X or W (25). SIG-
NAL P and TMHMM (both available at http://www.cbs.dtu.dk/services/) were
used for the prediction of signal sequences and membrane-spanning peptide
fragments, respectively.

Preparation of antibodies and Western blot analysis. Antiserum against MalE,, ,
was obtained by immunization of a rabbit with purified protein (Biogenes, Berlin,
Germany). Western blot analysis was performed as described previously (57),
using a 1:30,000 antiserum dilution. For immunoelectron microscopy, immuno-
globulin Gs were purified from antiserum by affinity chromatography with pro-
tein A-Sepharose CL-4B (Pharmacia, Braunschweig, Germany), according to a
published procedure (20).

The recombinant proteins Hiss-MalF and Hiss-MalG were detected in West-
ern blot analyses by primary a-PentaHis antibody (Qiagen, Hilden, Germany).

Immunoelectron microscopy. A. acidocaldarius was grown in minimal salt
medium containing maltose to an ODgs, 1. Bacteria were pelleted and fixed by
resuspension in 0.8% formaldehyde and 0.2% glutaraldehyde in phosphate-
buffered saline (pH 7.4) for 1 h on ice. Fixed cells were washed three times in
phosphate-buffered saline (pH 7.4) and embedded in soft agar (2%). Subse-
quently, cells were dehydrated in a graded series of alcohol solutions (10 to 100%
[vol/vol] in H,O). During incubation in 50% ethanol, the cells were stained with
uranyl acetate (2%). Bacterial pellets were embedded in LR gold resin (Plano)
by light polymerization. Thin sections were prepared with a Reichert Ultracut E
ultramicrotome, transferred to copper grids, and washed once with 20 mM
Tris-HCI (pH 7.5) containing 0.8% NaCl. Nonspecific binding sites were blocked
by incubation with 0.6% bovine serum albumin. The grids were then incubated
for 2 h at room temperature with either polyclonal rabbit antibodies to MalE,,
or antibodies unspecific to A. acidocaldarius protein, at a concentration of 0.76
mg/ml. Subsequently, the grids were quickly washed four times in buffer con-
taining bovine serum albumin, followed by an incubation with 10-nm-diameter-
gold-conjugated protein A/G (British-Bio Cell) (1/10 dilution) for 2 h at room
temperature. After an additional washing step, the grids were poststained in 2%
(vol/vol) uranyl acetate in H,O and examined in a Philips CM transmission
electron microscope at 100 kV.

Transport assays. A. acidocaldarius cells were grown in minimal salt medium
(pH 3.6) with 10 mM maltose or glucose and harvested in the exponential phase
(ODgsp = 0.6 to 1). Cells were washed twice in minimal salt medium, resus-
pended in the same medium supplemented with 100 wM chloramphenicol to an
ODgs of 1.2, and stored on ice until use. Aliquots (100 wl) were diluted with 890
wl of minimal salts and preheated for 1 min to 57°C (or other temperatures, as
indicated) under vigorous shaking. The assay was started by addition of 10 .l of
[**C]maltose (3 uM final concentration). Aliquots of 180 .l were taken at the
indicated times, rapidly filtered through nitrocellulose filters (OE 67, 0.45-pm-
pore-size, Schleicher & Schiill), and washed with 5 ml of minimal salt medium.
Subsequently, the retained radioactivity was determined in a liquid scintillation
counter. In competition experiments, unlabeled carbohydrates (1 mM final con-
centration) were incubated for 2 min with the cells prior to the addition of
labeled maltose. To determine maltose uptake at different pH values, the min-
imal salt medium was adjusted with 0.5 N NaOH to the desired pH.

Binding assays. Binding of ['*C]maltose to purified MalE , was performed by
the method of Richarme and Kepes (41). Standard assay mixtures (100 pl)
containing 10 mM sodium acetate buffer (pH 3.6), 9.8 mM (NH,),SO,, and
purified binding protein (5 ng) were preheated at 57°C for 1 min prior to the
addition of ['*C]maltose (5 M final concentration). After 1 min, the reaction
was terminated by adding 2 ml of an ice-cold saturated (NH,),SO, solution, and
the mixture was immediately filtered through a nitrocellulose filter (0.45-pum
pore size). The filter was washed once with the same solution, followed by
distilled water, and retained radioactivity was determined in a liquid scintillation
counter.

In competition experiments, unlabeled sugars (1 mM) were added 1 min prior
to the addition of ['*C]maltose. Binding experiments at various pH values were
performed in citrate-phosphate buffer.

To determine the binding constant, MalE was first subjected to a denaturation-
renaturation procedure using guanidinium hydrochloride (6 M) to remove excess
bound unlabeled maltose (18). In all other experiments, the protein was exten-
sively dialyzed against assay buffer prior to use.
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FIG. 1. Maltose uptake by A. acidocaldarius cells. Cells were grown in min-
imal medium supplemented with maltose (10 mM) (O), glucose (10 mM) (OJ), or
maltose and glucose (10 mM each) (@) as a carbon source. Uptake assays were
performed at 57°C, pH 3.6, and 3 pM ['*C]maltose.

Miscellaneous methods. Wild-type and recombinant MalE,, proteins were
purified by affinity chromatography with agarose-coupled amylose as described
previously (12). MalE from S. enterica serovar Typhimurium was isolated as
described previously (29). Sodium dodecyl sulfate (SDS) gel electrophoresis and
protein determination were performed as described previously (57).

Nucleotide sequence accession number. The sequences reported in this paper
have been deposited in the EMBL database and assigned accession number
AJ252161.

RESULTS

Maltose uptake in A. acidocaldarius is mediated by a high-
affinity transport system. When grown with maltose as the sole
source of carbon and energy, but not with glucose, cells of A.
acidocaldarius produce an extracellular lipoprotein, designated
MalE,,, that, when released from the cell wall by Triton
X-100, binds to immobilized amylose (24). This observation
was taken as evidence for a maltose and maltodextrin binding
activity of the protein and thus indicated the existence of a
binding-protein-dependent ABC type of transport system for
these sugars in A. acidocaldarius. To obtain further proof for
this notion, we studied the uptake of ['*C]maltose in intact
cells under growth conditions, that is, at 57°C and pH 3.6. In a
representative experiment, maltose-grown cells accumulated
the radiolabeled substrate at a linear rate of 1.6 nmol/min/mg
of protein. In contrast, only little transport activity was ob-
served with cells that were grown in minimal medium contain-
ing glucose (0.07 nmol/min/mg). However, when the cells were
cultivated in a combination of maltose and glucose (10 mM
each), a substantial transport rate (1 nmol/min/mg, corre-
sponding to 62.5% of that of maltose-grown cells) was ob-
served (Fig. 1). These results suggest that the mechanism of
glucose repression in A. acidocaldarius is different from those
operating in E. coli and Bacillus subtilis (52).

Next, we investigated the temperature and pH dependencies
of the observed transport activity. At 57°C and pH 5.5, the
transport rate dropped to 44% relative to that of control cells
measured at pH 3, while at pH 6, the transport rate corre-
sponded to only 11%. A similar low rate of maltose uptake
(7.7%) was observed at pH 3.6 and 37°C. Thus, both high
temperature and low pH are required for optimal maltose
uptake.
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FIG. 2. Determination of apparent K,,, and V,,,,, values of maltose transport
in A. acidocaldarius cells (Lineweaver-Burk plot). Cells were grown in minimal
medium in the presence of 10 mM maltose and assayed at 57°C and pH 3.6 as
described in Materials and Methods. Data are from a single experiment. The K,
is 1 M, and the V,,, is 1.25 nmol/min/mg of protein.

The apparent K,,,s for maltose uptake were found to be 0.86,
0.89, and 0.99 uM in three independent experiments at pH 3.6
and 57°C, with V., values ranging from 0.6 to 3.7 nmol/
min/mg of protein (Fig. 2). The reason for less reproducible
Vmax Values is not known, but varying oxygen supply at the
assay temperature, and thus changes in the energy status of the
cells, seems to be a likely explanation.

To study the specificity of the transport system, we moni-
tored the linear rate of uptake of radiolabeled maltose (3 wM)
in the presence of various sugars. As shown in Fig. 3A, trans-
port was substantially inhibited by linear maltodextrins, such as
maltotetraose and acarbose, and by a-, 3-, and y-cyclodextrins,
while glucose and trehalose caused only minor inhibition (27
and 13%, respectively). In contrast, sucrose and lactose were
ineffective. The strongest inhibition was achieved by acarbose,
a pseudomaltotetraose consisting of an unsaturated aminocy-
clitol moiety, a deoxyhexose, and a maltose, which is also a
substrate of the E. coli maltose transporter (5).

Together, these results are consistent with a binding-pro-
tein-dependent ABC type of transport system that accepts
maltose and maltodextrins as substrates. Furthermore, the ob-
served absence of maltose transport activity in glucose-grown
cells suggests that the previously identified maltose binding
lipoprotein might be a component of the transporter, as glu-
cose-grown cells lack this protein (24).

Purified maltose binding protein displays high binding af-
finity and specificity. Next, we directly examined the maltose
binding activity of MalE,,. While in the previous study the
protein was purified from a Triton X-100 extract of intact
maltose-grown cells (24), we now took advantage of the ob-
servation that after overnight growth, the majority of the pro-
tein could be recovered with the culture supernatant. After a
one-step purification by affinity chromatography through an
amylose column (Fig. 4, lane 1), the protein was subjected to a
denaturation-renaturation procedure using 6 M guanidinium
hydrochloride to remove bound unlabeled maltose (18) and
subsequently was assayed for maltose binding activity. To this
end, samples were incubated at pH 3.6 and 57°C in the pres-
ence of increasing concentrations of [**C]maltose, followed by
ammonium sulfate precipitation, filtration, and liquid scintil-
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lation counting. As a control, maltose binding protein of S.
enterica serovar Typhimurium (MalEg,) was included in the
study. Scatchard plot analysis of the data yielded curves with
two slopes. For the high-affinity binding sites, apparent K,
values of 1.5 uM (MalE,,) (Fig. 5) and 1.3 pM (MalEg,) were
calculated. These data are in good agreement with dissociation
constants reported for the E. coli and serovar Typhimurium
proteins that were obtained by different binding assays (3, 4,
14). The nonlinear binding curve (Fig. 5) may be explained by
the presence of unlabeled ligand still bound to the protein (3)
or, more likely, by the correct refolding of only a subpopulation
(about 20% when one binding site per polypeptide chain is
assumed [Fig. 5]) of protein molecules after denaturation in 6
M guanidinium hydrochloride.

When binding assays were performed in the presence of
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FIG. 3. Maltose uptake by A. acidocaldarius cells (A) and maltose binding
activity of MalE, (B) in the presence of competing substrates. (A) Uptake was
performed at 57°C, pH 3.6, and 3 pM ["*C]maltose in the presence of the
indicated sugars at a concentration of 1 mM each. Cells were preincubated for 2
min with nonlabeled sugars in minimal medium without a carbon source, and
uptake was stopped after 1 min. (B) Binding assays were performed at 57°C, pH
3.6, and 5 pM ['*C]maltose in the presence of the indicated sugars at a concen-
tration of 1 mM each. MalE 5, (5 pg) was preincubated for 1 min with nonlabeled
sugars in buffer (pH 3.6), and the binding reaction was stopped after 1 min.
Shaded bars, wild type MalE 5 ,; black bars, recombinant MalE 5.
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FIG. 4. SDS gel of purified MalE,,. Wild-type and recombinant MalE 4,
proteins were purified from the culture supernatant of A. acidocaldarius cells and
from the cytosol of E. coli strain ED169(pAH18), respectively, by affinity chro-
matography through agarose-coupled amylose. Aliquots were subjected to SDS-
polyacrylamide gel electrophoresis, and the gel was subsequently stained with
Coomassie brilliant blue. Lane 1, wild-type MalE 5, (2.5 p.g); lane 2, recombinant
MalE,, (5 pg); lane St, molecular weight standards (in thousands). The ob-
served difference in molecular weight is due to exposure of the wild-type protein
to an extracellular protease that clips 23 amino acids from the N terminus (24).

various unlabeled sugars, only those that were found to inhibit
maltose uptake in intact cells (Fig. 3A) prevented binding of
[**C]maltose to the protein (Fig. 3B). Thus, these experiments
strengthen the notion that MalE ,, is a component of an ABC
transporter involved in maltose and maltodextrin uptake.

The majority of maltose binding protein (MalE,,) is dis-
tributed throughout the cell wall. In order to determine the
exact cellular location of MalE,, thin sections of maltose-
grown cells from the log phase were immunogold labeled with
a rabbit monospecific antibody (see Materials and Methods for
details). Figure 6A shows that the majority of the protein is
distributed throughout the cell wall, while only smaller quan-
tities were located in the cytoplasmic membrane. Sections in-
cubated with an irrelevant antiserum showed minimal labeling
with protein A-gold (Fig. 6B).
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0 0,2 0.4 06
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FIG. 5. Scatchard plot of maltose binding by MalE .. The affinity of maltose
binding was determined by a precipitation assay as described in Materials and
Methods. The line fitted to a K, of 1.5 pM is indicated.
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FIG. 6. Electron micrographs of thin sections of A. acidocaldarius cells re-
acted with monospecific antiserum to purified wild-type MalE .. (A) Sections
reacted with monospecific rabbit anti-MalE 5, and protein A-gold conjugate; (B)
sections reacted with irrelevant rabbit serum and protein A-gold conjugate.
Representative pictures are shown.

Synthesis of MalE,, is induced by maltose and related sug-
ars but repressed by glucose. The available polyclonal anti-
serum raised against the purified protein allowed us to study
the synthesis of MalE,, in the presence of different carbon
sources. When cells of A. acidocaldarius were grown in mini-
mal medium supplemented with maltose, linear maltodextrins,
a- and B-cyclodextrins, and starch, respectively, comparable
amounts of MalE protein could be detected by immunoblot-
ting (Fig. 7, lanes 2 to 6). In contrast, but in agreement with
earlier findings (24), MalE was absent in glucose-grown cells
(Fig. 7, lane 1). However, when cultivated in the presence of
both glucose and maltose (10 mM each), synthesis of MalE
clearly occurred (Fig. 7, lane 7). Together, these data are con-
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FIG. 7. Synthesis of MalE,, in the presence of different sugars. Wild-type
A. acidocaldarius was grown in minimal salt medium supplemented with the
following sugars (10 mM each): glucose (lane 1), maltose (lane 2), starch (0.2%,
wt/vol) (lane 3), maltotetraose (lane 4), a-cyclodextrin (lane 5), B-cyclodextrin
(lane 6), and maltose plus glucose (lane 7). Proteins from whole-cell extracts
were separated by SDS-polyacrylamide gel electrophoresis and subsequently
subjected to immunoblot analysis.
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FIG. 8. Organization of the genomic region around malE ,,. ORFs were named according their homologs identified by database searches using BLAST. The
sequence at the 3’ end of the glcA4 gene, including the predicted transcriptional termination structure (underlined), is also shown. Arrows indicate the predicted direction
of transcription. Genes encoding maltose transport components are shaded. p, putative promoter region upstream of amyA (32).

sistent with the results from transport assays presented in
Fig. 1.

The genes encoding MalE and other ABC transport compo-
nents are clustered. The observed sequence identity of the N
terminus of MalE,, with a translated peptide fragment from
ORF2 downstream of the amyA gene suggested that ORF2 was
part of the gene encoding MalE ,,. Consequently, an oligonu-
cleotide probe was designed in order to clone the missing part
of the putative malE gene as an SstI-BamHI fragment from
genomic DNA of A. acidocaldarius into pUCI18, resulting in
plasmid pAHS8-1. After determination of the complete nucle-
otide sequence of the 1.2-kb insert, chromosomal DNA was
probed with an oligonucleotide that was now derived from
the 3’ end of the malE gene. By the same approach, plasmids
pAH9, pAHI10, pAH30, pJM30 (34), and pAH19 were ob-
tained. Together with a DNA fragment encompassing the 5’
end of the malE gene (pAH30), a total of 10.5 kb of chromo-
somal DNA was cloned (Table 1). Analysis of the nucleotide
sequence downstream of amyA revealed, in addition to malE,
five ORFs whose products (MalF, MalG, MalR, CdaA, and
GlcA) resemble proteins involved in maltose and maltodextrin
transport and utilization in other bacteria (Fig. 8). All of the
genes are likely to be unidirectionally transcribed from the
putative promoter that was identified upstream of amyA (32).
Other promoter-like sequences could not be detected. At the
3" end of the glcA gene, an imperfect palindromic sequence
was predicted by DNASIS (AG = —28.3 kcal/mol), which
might function as a transcription terminator. Moreover, adja-
cent to glcA, an incomplete ORF that is predicted to be diver-
gently transcribed was identified. The putative gene product
displays similarity to bacterial response regulators (22), and
the gene was designated accordingly (pleD). Thus, from se-
quence analysis, it is tempting to speculate that amyA and the
six succeeding genes may constitute an operon. However, ex-
perimental evidence from transcript analyses will be required
to strengthen this view.

The complete malE gene is composed of 1,284 bp that trans-
late into a 427-amino-acid propeptide with a likely 25-amino-
acid signal sequence at its N terminus (predicted using SIG-
NALP V1.1). Compared to the data reported by Koivula et al.
(32), our sequence analysis revealed an additional nucleotide

resulting in a frameshift upstream of codon —2 (relative to the
codon that translates into the N-terminal cysteine residue of
the mature protein). As a consequence, a GTG rather than an
ATG is used as translation initiation codon. Moreover, the
newly predicted signal sequence (VSVRRWGIVSTGVAA
LVLAGGAIAGC, ) better matches the characteristic fea-
tures of signal peptides from gram-positive bacteria (11). The
putative N-terminal cysteine residue of the mature protein,
typical for solute binding proteins of gram-positive bacteria, is
preceded by a recognition sequence for signal peptidase II (38)
(underlined above). A database search revealed significant ho-
mology of the mature protein to a maltose binding protein of
Thermotoga maritima (35% identical amino acids) and to a
putative maltose binding protein of Deinococcus radiodurans
(37% identical amino acids), but also to MalE of E. coli (33%
sequence identity).

The malF and malG genes, located 69 bp downstream of
malE, are composed of 966 and 906 nucleotides that translate
into proteins of 321 and 301 amino acids, respectively. The
genes are most likely translationally coupled, as their coding
regions overlap by one nucleotide. The encoded proteins are
hydrophobic membrane proteins that each may span the mem-
brane six times (predicted by TMHMM). They share highest
sequence identity with putative membrane proteins of 7. ma-
ritima (MalF, 41% with TM1203; MalG, 39% with TM1202).
Compared to the E. coli MalF protein and consistent with
membrane components of maltose transport systems from
other gram-positive bacteria, MalF 4, is lacking an extended
extracellularly exposed peptide loop (3). Both proteins are
further characterized by the existence of the conserved EAA
motif, which is common to bacterial ABC transporters involved
in the uptake of solutes (3) and is thought to interact with the
ATP-hydrolyzing component (30, 37).

The product of the malR gene, located 25 bp downstream of
malG, is composed of 342 amino acids and displays sequence
homology with bacterial transcriptional regulator proteins of
the LacI-GalR family (59). MalR ,, shares 41 and 40% iden-
tical amino acids with MalR of Streptococcus pneumoniae (40)
and CebR of Streptomyces reticuli (45), respectively. Conserved
sequence motifs, including a helix-turn-helix motif at the N
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terminus (ATVSRYV), as well as effector binding and dimer-
ization domains, can be identified (59).

Two genes, cdaA and glcA, occur downstream of malR (Fig.
8). The cda gene, separated from malR by 26 bp, encodes a
protein of 578 amino acids that was identified as a cytoplasmic
cyclomaltodextrinase with low pullulanase activity (34). This
finding is consistent with the apparent lack of a signal se-
quence.

The product of the glcA gene, located 118 bp downstream of
cdaA, is composed of 728 amino acids and resembles glycosyl-
hydrolases of family 31 (23). Strikingly, a database search
revealed most significant sequence homologies with a-glu-
cosidases of the archaeon Sulfolobus solfataricus (42) and of
mammals.

The transport components are heterologously expressed in
E. coli. At present, A. acidocaldarius cannot be stably trans-
formed by plasmids, nor do protocols exist that would allow the
isolation of mutant strains, e.g., those with defects in the chro-
mosomally carried mal genes. Thus, in order to prove that the
OREFs translate into the predicted transport proteins, we stud-
ied their heterologous expression in E. coli. To this end, we
cloned malE (lacking the signal sequence-encoding fragment),
malF, malG, and malG into plasmid vectors under the control
of the pgap promoter (see Materials and Methods for details).
The constructed plasmids (Table 1) were introduced into
E. coli strains ED169 and Top10. Subsequently, the result-
ing transformants were grown in LB medium, induced with
arabinose, and analyzed for expression of plasmid-borne genes
by immunoblotting. Using a polyclonal antiserum raised against
the purified MalE protein from A. acidocaldarius as a probe, a
protein of the expected size was identified in cells of ED169
(pAH18). After cell fractionation, about half of the total pro-
tein was recovered with the soluble (cytoplasmic) fraction (data
not shown). The observation that recombinant MalE ,, protein
cross-reacted with the antiserum provides further proof for its
identity with the maltose binding protein isolated from wild
type cells (24).

Expression of the malF and malG genes in cells of Top10
(pAH27-3) and Topl0(pAH26-2), respectively, was verified by
using an antiserum raised against a pentahistidine peptide. In
both cases, proteins with the predicted molecular masses were
recovered with the cytoplasmic membrane (not shown).

The malEFG genes fail to restore the transport defect of
E. coli mal mutants. Next, we investigated the capability of the
heterologously expressed A. acidocaldarius proteins to restore
maltose transport in appropriate E. coli mal mutants. For this
purpose, plasmid pFSA16, carrying malE ,, with the fragment
encoding the signal peptide replaced by the corresponding
sequence of the E. coli malE gene was used to transform E. coli
strain PD28 (AmalE444). The transformants did not grow on
minimal maltose plates supplemented with IPTG (isopropyl-
B-D-thiogalactopyranoside) (at 37°C), nor did transport assays
reveal any maltose uptake activity. Similarly, the malF malG
genes (on plasmid pFSA24) failed to substitute for the corre-
sponding E. coli genes (not shown).

Purified native and recombinant MalE,, proteins are aci-
dostable and bind maltose over a wide pH range. With both,
the (N-terminally truncated) wild-type and the (mature) re-
combinant forms of the MalE protein at hand, we character-
ized their binding activities for ['“C]maltose with respect to pH
and temperature. First, we determined the dissociation con-
stant for maltose and the specificity of binding of the recom-
binant protein. To this end, the protein was purified from the
cytosolic fraction of E. coli strain ED169(pAH18) by amylose
affinity chromatography. From the binding data obtained un-
der standard conditions (57°C, pH 3.6), a K, value of 2.4 uM
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FIG. 9. Temperature (A) and pH (B) dependence of maltose binding to
purified wild-type (A) and recombinant (@) MalE,,. Binding assays were per-
formed at the indicated temperatures in Na-acetate buffer (pH 3.6) and in the
presence of 5 uM ['*C]maltose. (B) Binding assays were performed at 57°C in
citrate-phosphate buffer of the indicated pH. MalE of S. enterica serovar Typhi-
murium (m) was assayed at pH 7.4 (A) and 37°C (B). MBP, maltose binding
protein.

was calculated, which is close to that determined for the wild-
type protein. Moreover, the same substrate specificity was ob-
served (Fig. 3B).

Next, binding of ['*C]maltose was studied at different tem-
peratures, ranging from 30 to 90°C (pH 3.6), and at pH values
varying from 2.5 to 7 (with the temperature kept at 57°C). The
results are shown in Fig. 9. The two proteins displayed similar
binding activities at temperatures of up to 80°C but failed to
bind the substrate at 90°C. In contrast, the purified MalE
protein from S. enterica serovar Typhimurium that was used as
a control (at pH 7.4!) exhibited only half of its binding activity
at 60°C, while at 70°C, binding of ['*C]maltose could no longer
be detected (Fig. 9A). Furthermore, wild-type and recombi-
nant MalE 4, exhibited constant binding activities between pH
2.5 and 7, whereas MalEg, (assayed at 37°C) showed some
activity at pH 4 and full activity only at pH values of >5 (Fig.
9B).

The proteins were also analyzed for their functional stabil-
ities at different temperatures and pH values. To this end, wild-
type and recombinant MalE ,, proteins were incubated for 3 h
at pH 3.6 and 80°C or at pH 7 and 60°C. Subsequently, the
assay mixtures were adjusted to 60°C and pH 3.6, respectively,
and again analyzed for binding of [**C]maltose. While both
proteins had lost almost all binding activity when incubated at
80°C (2 and 5% of the control value for wild-type and recom-
binant MalE, respectively), 96% (wild type) and 88% (recom-
binant protein), respectively, of their binding activities were
recovered after exposure to pH 7. Together, these data suggest
that MalE,, is acidostable and pH tolerant but only moder-
ately thermostable.
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DISCUSSION

In this study we have investigated the mechanism of maltose
transport in the gram-positive thermoacidophilic bacterium A.
acidocaldarius. Uptake of maltose is mediated by a high-affinity
binding-protein-dependent ABC transport system that is spe-
cific for maltose and maltodextrins. Both, the kinetic parame-
ters of transport and the chemical nature of inhibiting sugars
clearly suggest that the transporter is more closely related to
that of enterobacteria than to the maltose-trehalose transport
system found in the archaeon Thermococcus litoralis (61) or to
a transporter in the thermophilic anaerobic bacterium Ther-
moanaerobacter ethanolicus that accepts maltose, maltotriose,
and trehalose (31). This notion is further supported by the
properties of the purified binding protein, such as a dissocia-
tion constant for maltose in the low micromolar range and its
sensitivity to the same competing sugars. Here, the protein also
differs from maltose binding proteins of other thermophilic
and hyperthermophilic microorganisms, which often display K,
values in the nanomolar range (1, 28, 31, 58).

The uptake of maltose was found to be optimal under ex-
perimental conditions that resemble those of the natural hab-
itat of A. acidocaldarius. At pH values above 3.6, the transport
rates substantially decreased. Similarly, strong inhibition of
glucose transport was reported at higher pH values in the
acidophilic archaeon Sulfolobus solfataricus (1). Acidophilic
bacteria and archaea, including A. acidocaldarius, maintain
their cytoplasmic pH at a value close to neutrality, resulting in
a large ApH across the cell membrane. The latter is maintained
by an active process that exchanges protons against inwardly
moving potassium ions (2). Consequently, the proton motive
force of acidophiles consists mainly of a ApH component,
while the membrane potential is low. Accordingly, Albers et al.
(1) explained their data by assuming that at higher pH values,
the observed decrease of the internal ATP pool causes a tran-
sient solute uptake or no transport at all. In A. acidocaldarius
cells, the internal ATP concentration was demonstrated to
drop significantly at external pH values of above 5, even when
energized by glycerol (35a). Thus, the above-described sce-
nario is also likely to hold true for the results presented here,
especially when taking into account that the transport assays
were performed in the absence of an external carbon source.

The observed sensitivity to lower temperatures is most likely
due to specific properties of the transport components. While
the binding protein exhibited virtually the same maltose bind-
ing activity at between 30 and 80°C, the enzymatic activity of
the yet-to-be identified ATP-hydrolyzing subunit of the trans-
porter (see also below) that is required to energize the trans-
port process might be temperature dependent. This notion is in
line with the finding that the ATPase activity of MalK of the
hyperthermophilic archaeon T. litoralis, which grows best at
85°C, was optimal at 80°C, while only little activity was ob-
served at 37°C (16).

The genes encoding maltose binding protein and two puta-
tive membrane-integral components of the maltose transporter
are organized in a cluster, together with genes that encode
starch-degrading enzymes. Unlike the genetic organization in
enterobacteria (3) but rather common to gram-positive ABC
sugar transporters (39, 55), a gene encoding a cognate ATP-
hydrolyzing subunit is lacking. This finding could imply that the
ATPase subunit not only is engaged in maltose transport but
also might power other transport systems. Experimental evi-
dence in favor of such a view exists for the MsiK protein of
Streptomycesz, which was demonstrated to assist two distinct
transport systems for maltose and cellobiose (46).

The malEFG genes, when expressed in E. coli mutants lack-
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ing the homologous genes, failed to restore growth of the
transformants on maltose. Possible explanations for these re-
sults may include insufficient sequence identity between the
A. acidocaldarius and E. coli proteins to allow functional inter-
actions and, in the case of MalE,,, poor translocation of the
protein to the periplasm. In fact, only small amounts of MalE,,
could be determined in the periplasmic fraction after treat-
ment of cells by osmotic shock (not shown). A similar result
was also reported for the maltose-trehalose binding protein of
T. litoralis (28). Thus, since gene expression experiments with
A. acidocaldarius are not yet feasible, the transport functions of
the proteins might alternatively be analyzed in proteolipo-
somes. However, such experiments must await cloning of a
gene encoding the cognate ATPase component.

A. acidocaldarius can utilize a- or B-cyclodextrins as sole
sources of carbon and energy (Fig. 7). Together with the exis-
tence of a cyclodextrinase, the product of the cdaA gene, in the
cytoplasm (34), this finding indicates that cyclodextrins are
transported across the cell membrane. Whether uptake is me-
diated by a distinct transport system as in Klebsiella oxytoca
(13) or by the maltose transporter described here remains to
be established. Although cyclodextrins were demonstrated to
inhibit maltose uptake and to compete with maltose for bind-
ing to purified MalE ,,, these data nonetheless do not provide
direct prove for uptake of cyclodextrins. The E. coli maltose
binding protein binds B-cyclodextrin, which, however, is not
transported due to its failure to induce closure of the binding
cleft (19, 50), which is essential to initiate the transport process
(3, 8).

An unusual aspect of the identified gene cluster is the local-
ization of the malR gene, encoding a putative transcriptional
regulator within the predicted operon structure. Genes encod-
ing homologous proteins from other gram-positive bacteria are
usually transcribed from their own promoter (10, 43, 45, 56).
One exception appears to be the malR gene of S. pneumoniae,
which probably belongs to the same transcriptional unit as
malA, necessary for growth on maltotetraose (40). However,
the malA-malR operon is clearly separated from the malXCD
and the malMP operons, carrying genes for maltose transport
and degradation, respectively (39). Interestingly enough, MalR ,,
shares the highest number of identical amino acids with MalR of
S. pneumoniae. Clearly, further work will be required to elucidate
the role of MalR in maltose utilization by A. acidocaldarius.

In this respect, it is also of interest that glucose repression of
mal genes appears to be different from that in E. coli (4) and
in gram-positive bacteria with low GC contents, such as B.
subtilis (48). In these organisms, components of the phospho-
transferase system for glucose are central to carbon catabolite
repression, albeit by different mechanisms (recently reviewed
in reference 52). Through complex signaling cascades, glucose
largely prevents the expression of target genes, even in the
presence of their respective inducers. In E. coli and other
enterobacteria, the activity of transport systems for other car-
bon sources, including maltose, is additionally inhibited by the
EIIA®" component of the phosphotransferase system to pre-
vent the uptake of inducer molecules. In contrast, in A. acido-
caldarius, substantial rates of maltose uptake were measured in
cells that were cultured in a medium containing maltose and
glucose (Fig. 1), suggesting that inducer exclusion is absent.
Moreover, our results also differ from mal gene regulation in
B. subtilis. In this organism, no activity of the maltose-inducible
a-glucosidase was detected in cells grown in glucose or in a
combination of maltose and glucose (48). Rather, our findings
are similar to results obtained with the ABC transporter for
cellobiose of S. reticuli (45). In that study, the cellobiose bind-
ing protein CebE was demonstrated to be absent in cells grown
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in glucose but occurred in the presence of cellobiose or a
combination of both. In Streptomyces, glucose repression is
poorly understood but was proposed to be mediated by glucose
kinase, which is thought to negatively influence the specific
regulators of other catabolic genes (5). Whether a similar
mechanism operates in A. acidocaldarius remains to be estab-
lished.

Our data clearly indicate that the previously identified mal-
tose binding lipoprotein (24) is encoded by the malE gene and
thus is a component of the maltose transport system of A.
acidocaldarius. Moreover, the N-terminally truncated natural
gene product that can be purified from the supernatant of an
A. acidocaldarius culture and the recombinant mature MalE
protein are virtually indistinguishable with respect to their mal-
tose binding activities and biochemical properties. Thus, the
N-terminal 23 amino acids, including the fatty acid modifica-
tion of Cys-1, are apparently dispensable for function in vitro.
However, whether the truncated binding protein is capable of
initiating transport remains to be established. Under the lab-
oratory conditions used here, several forms of the protein
are simultaneously detectable during cell growth. Besides the
membrane-associated species that can be released by detergent
(24), immunochemical analysis of the culture supernatant re-
vealed, in addition to the truncated protein, a slower-migrating
band that likely is identical to the mature maltose binding
protein (data not shown). Thus, it is tempting to speculate that
a certain portion of the protein might constantly be released
into the cell wall, where it could assist in scavenging substrate
molecules that penetrate the S-layer by which A. acidocaldarius
is surrounded (unpublished observation) (E. Bakker, personal
communication). The distribution of binding protein mole-
cules throughout the cell wall as observed by immunoelectron
microscopy is consistent with this notion. Whether the ob-
served release into the medium is due to slow penetration
through the pores of the S-layer is not known. Similar results
have been reported for a lipoprotein involved in iron transport
in Staphylococcus epidermis (6).

An unusual and most interesting aspect of the MalE ,, pro-
tein is the relative insensitivity of its maltose binding activity to
pH. Unlike the (neutrophilic) Salmonella MalE protein, which
displayed significant maltose binding only at pH values of =5,
MalE,, exhibited about the same maltose binding activity at
pH values ranging from 2.5 to 7. This is also in contrast to the
glucose binding protein of the extremely acidophilic archaecon
S. solfataricus, which failed to bind glucose at above pH 3 (1).
Moreover, MalE ,, also displayed extreme functional stability
at pH 7. Thus, MalE,, appears to be a neutrophilic protein
that tolerates acidic pH rather than an acidophilic solute bind-
ing protein.

The molecular basis of acidostability and acidophilicity of
proteins is still poorly understood. Sequence analysis, however,
revealed a reduced density of charged residues at the surface
of proteins from acidophiles compared to their functionally
equivalent homologs from neutrophilic organisms. Schwer-
mann et al. (49) interpreted this finding to mean that electro-
static repulsion at low pH is thereby prevented. Those authors
also included in their study a comparative analysis of the pro-
tein sequence encoded by ORF2 of A. acidocaldarius with the
corresponding E. coli MalE sequence. In accordance with their
overall conclusion, the number of charged residues was de-
creased in favor of polar but uncharged residues. This analysis
is now fully confirmed by the examination of the complete
amino acid sequence of MalE,,. Compared to the E. coli
protein, the total number of charged residues (K, R, H, E, and
D) is reduced (MalE,,, 15%; MalEg., 27%), while the total
number of polar uncharged amino acids (N, Q, T, S, and C) is

J. BACTERIOL.

increased (MalE,,, 26%; MalEg_, 18%). Others, especially
hydrophobic residues, are unchanged. Although it is attractive,
ultimate proof of the above hypothesis will require a compar-
ative analysis of the tertiary structure of MalE ,, with that of
E. coli MalE (51). Thus, attempts to solve the crystal structure
of MalE,, are under way.

Taking our results together, we have shown that 4. acido-
caldarius is equipped with a maltose and maltodextrin trans-
port system of the ABC family that allows the organism to feed
on products that are released from starch by the action of its
secreted amylopullulanase. In the cytoplasm, an a-glucosidase
liberates glucose for further degradation. As a characteristic
aspect, the transporter contains an acidostable and moderately
thermostable substrate binding protein that will be a useful
tool in the elucidation of the molecular mechanism of acidosta-
bility of proteins.
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