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Insights Into ABC Transport in Archaea

Sonja-Verena Albers! Sonja M. Koning,>? Wil N. Konings,* and Arnold J. M. Driessen?

In archaea, ATP-binding cassette (ABC) transporters play a crucial role in substrate uptake, export,
and osmoregulation. Archaeal substrate-binding-protein-dependent ABC transporters are equipped
with a very high affinity for their cognate substrates which provide these organisms with the ability to
efficiently scavenge substrates from their environment even when present only at low concentration.
Further adaptations to the archaeal way of life are especially found in the domain organization and
anchoring of the substrate-binding proteins to the membrane. Examination of the signal peptides
of binding proteins of 14 archaeal genomes showed clear differences between euryarchaeotes and
crenarchaeotes. Furthermore, a profiling and comparison of ABC transporters in the three sequenced
pyrococcal strains was performed.
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INTRODUCTION substrate-binding protein, which binds the substrate and
delivers it to the permease domain (Fig. 1(A)).
ATP-binding cassette (ABC) transporters are an In contrast to secondary transporters, which depend

important class of transport proteins, which are widely on the electrochemical gradient of protons or sodium
distributed in all domains of life and are involved in ions across the cytoplasmic membrane, ABC transporter
varying processes such as substrate uptake or exportcan accumulate substrates to much higher concentrations
osmosensing and osmoregulation, and antigen processindnside the cell. Moreover, binding-protein-dependent
(Holland and Blight, 1999). In humans, mutations in ABC ABC transporters often have a very high affinity to their
transporter often result in severe diseases such as cystic fisubstrates, which is mainly achieved by the high binding
brosis, adrenoleukodystrophy, while ABC transporters are affinity of the substrate-binding protein. In particular,
also associated with multidrug resistance of tumor cells. archaeal ABC sugar transporters appear to be equipped
The domain structure of these transporters compriseswith an exceptional high affinity for the substrate which is
two integral membrane proteins and two cytoplasmically in the subnanomolar. This might especially be beneficial
located ATPases, which drive the translocation of the for these organisms as they often inhabit carbon source
substrate by the hydrolysis of ATP. In eukaryotes these deprived ecological niches.

four domains are often found in one polypeptide chain Here we provide an overview of the progress in
whereas in prokaryotes the subunits are often translatedthe studies of archaeal ABC transporters as well as the
as single proteins. In prokaryotes the membrane proteinscomparative analysis of ABC transporters in three pyro-
(permeases) and the ATPases can be present either asoccal genomes. Furthermore, we present new data on the
homo or heterodimers. Bacterial and archaeal ABC (putative) signal peptides of substrate-binding proteins of
uptake systems comprise a fifth domain, the extracellular ABC transporters of 14 sequenced archaeal genomes.
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Fig. 1. Domain structure of archaeal ABC transporter. (A) Typical ABC transporter consisting of two permeases, two
ATPases, and one membrane anchored substrate-binding protein. The substrate-binding proteins belong to either the sugar
or the di/oligopeptide class which differ in membrane topology. (B) Cartoon of the domain organization of precursors of
substrate-binding proteins of the sugar and di/oligopeptide class showing the signal peptide.

percentage of ABC transporters in relation to secondary (Higgings, 1992). Table | summarizes the uptake systems
transporters in archaea varies between 39%harmo- in archaea described sofar. Sugar uptake systems have
plasma volcanicurand 79% inPyrobaculum aerophilum  extensively been studied 8ulfolobus solfataricys?yro-
(Paulseret al, 2000). The subunits of these transporters coccus furiosusandThermococus litoraligAlberset al,,
share a number of typical consensus sequence motifs1999a,b; Elferinket al, 2001; Horlacheret al,, 1998;

with their bacterial counterparts. The membrane domains Koning et al, 2001, 2002; Xavieet al, 1996). These
contain the EAAA3Gx9IxLP motif which has been  studies concentrated on the identification of substrate, the
implicated in the interaction with the ATPase subunit properties of the substrate-binding proteins, their domain
(Dassa and Hofnung, 1985). The ATPase subunits exhibit organization, and the nature of the signal peptides (see
the typical Walker sequences, the Q-loop and the H-region below).

Table I. Described Solute Transporters in Archaea

ABC transporter

Substrate Km for uptake (nM) Kg for solute binding (nM) Reference
T. litoralis Maltose/trehalose 22/17 160 Horlacletmal. (1998);
Xavier et al. (1996)

S. solfataricus Glucose 2000 480 Albeset al. (1999a,b)
Cellobiose+ cellooligomers -0 — Elferink et al. (2001)
Trehalose — — Elferinlet al. (2001)
Maltose/maltotriose — — Elferinkt al. (2001)
Arabinose — 130 Elferinlet al. (2001)

P. furiosus Cellobiose+ cellooligomers 175 45 Koningt al. (2001)
Maltose/trehalose Koning et. (2002)
Maltotrios, maltodextrin — 270 Evdokimaet al. (2001);

Haloferax volcanii Glucose (anaerobic)
Molybdate

Inorganic anions

Koning etal. (2002)
Wannetal. (1999)
Wanneet al. (1999)
Wannet al. (1999)

Methanococcus thermoautrophicumPhosphate 25 — Krueget al. (1986)
M. mazei ®1 Glycine betaine — — Roesslet al.(2002)
M. portucalensis Glycine betaine 23000 — Lait al. (2000)

M. thermophila TM-1 Glycine betaine 10000 — Proctet al. (1997)

aSolute binding to binding protein.
PNot determined.
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In bacteria ABC uptake systems are divided into Binding Protein
two main classes: thearbohydrateuptaketransporters,
the CUT class and the di/oligopeptide class (Schnei- The component of archaeal ABC transporter, which
der, 2001). Interestingly, archaeal sugar ABC transportersshows the most pronounced difference in comparison
are found in both classes. Archaeal sugar transporters,with the bacterial counterparts are the substrate-binding
which transport mono- or disaccharides (see Table I), proteins. As in the bacterial system the extracellular
indeed belong functionally and structurally to the CUT binding protein captures the substrate and after docking to
class. However, sugar ABC transporters involved in the permeases, the substrate is released and translocated
the uptake of disaccharide and oligosaccharides as theacross the membrane. The structure of substrate-binding
cellobiosep-glucoside transport system & furiosus proteins contains two lobs which are drawn nearer to
(Koning et al, 2001) and the maltose/maltodextrin and each other in a “venus-flytrap-like fashion upon binding
the cellobiose/cello-oligomer transportersSfsolfatari- of the substrate (Quiocho and Ledvina, 1996). Archaeal
cus(Elferinket al., 2001) show homologies to transporters substrate-binding proteins have particularly been studied
inthe di/oligopeptide class. As in bacterial di/oligopeptide in the hyperthermophileB. furiosus T. litoralis, andS.
uptake systems (Detmessal,, 2000; Lanfermeijeet al,, solfataricus (Tabel ). A common feature of all these
2000) the binding proteins can accommodate a broad binding proteins is their glycosylation. Glycosylation
range of substrates, which vary in length and composi- was believed to be absent in prokaryotes, but most
tion from each other (Koningt al, 2001). Interestingly,  studied extracellular proteins of archaea have been shown
the genomes of hyperthermophilic archaea and bacteriato be glycosylated (Erra-Pujadet al, 1999; Greller
contain a great number of transport operons assigned ast al, 2001; Hettmanmet al., 1998; Sumpeet al., 1990).
di/oligopeptide transporter, which are in the vicinity of Binding proteins isolated fror. furiosuscontain glucose
sugar-degrading enzymes (Nelsral, 1999). Takento-  moieties (Koningtal, 2002), whereas mannose, glucose,
gether, it is likely that most of these transporters are not galactose, antll-acetylglucosamine have been identified
involved in di/oligopeptide transport but instead catalyze in binding proteins ofS. solfataricus(Elferink et al,
the uptake of di- and oligosaccharides. 2001). Glycosylation is, however, not required for sub-

A set of ABC transporters involved in osmoadapta- strate binding as archaeal binding proteins heterologously
tion have been described for methanogens. These high-expressed ift.coli are active in sugar binding (Horlacher
affinity transport systems for glycine betaine are activated et al, 1998; Koninget al, 2001, 2002). Glycosylation
upon osmotic upshock (Lait al, 2000; Proctoret al, may stabilize the extracellular proteins against proteolytic
1997; Roessleet al, 2002). InMethanosarcina mazei  degradation, influence the interaction of the binding pro-
Goel it was shown that the expression of tiaA/B/C teins with the cell envelope, or affect their thermostability.
gene cluster, which encodes a putative ABC transporter, As described before the ABC transporters are
was highly induced upon growth in medium containing divided into two main classes: the CUT class and the
high salt concentrations (Roességral., 2002). di/oligopeptide class. This is particularly evident when the

The trehalose/maltose ABC transporter of the hyper- domain organization of the binding proteins is examined
thermophilicT. litoralis has been studied in considerable (Fig. 1(A) and (B)). Binding proteins belonging to the
detail. In early studies the trehalose-maltose-binding pro- CUT class exhibit an N-terminal signal peptide often
tein (TMBP) was identified, and transport was shown to followed by a long stretch of hydroxylated amino acids
occur with a very high affinity of 20 nM at 8C (Xavier up to 60 residues long, which might act as a flexible
etal, 1996). Later TMBP and MalK, the ATPase domain linker region between the membrane and the binding

of this transporter, were crystallized (Diederiattsal, domain. A similar site in the S-layer éfalobacteriaalso
2000; Diezet al, 2001; see below). Finally, the entire has been shown to be highly glycosylated (Sungtex,,
transporter was heterologously expressedt.ircoli and 1990). Binding proteins of archaea need to be attached

purified (Grelleret al., 2001). The solubilized complex to the cytoplasmic membrane as these organisms lack
showed intrinsic ATPase activity, but the ATPase was not an outer membrane, whereas the S-layer is permeable
further stimulated by the addition of TMBP as observed for small proteins. It is believed that binding proteins
for the bacterial system (Reich-Slotky al, 2000). The of the CUT class are lipidated after translocation across
lack of stimulation might be explained by the difficultiesto the membrane in analogy to binding proteins of Gram
find detergents which are not precipitating at high temper- positive bacteria. A conserved cysteine residue directly
atures and the absence of archaeal ether-lipids which haveollowing the signal sequence cleavage site confirms
been shown to increase the stability of archaeal membranethis idea (see below). Members of the CUT classSof
proteins (Elferinket al,, 1992). solfataricusconstitute a special case: they do not contain
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secretory signal peptides, but type IV pili like signal substrate-binding proteins are always found in an operon
peptides (Alberset al, 1999a,b; Elferinket al., 2001). together with the other ABC transporter subunits or in the
These signal peptides are normally only found in pilin close vicinity of such genes. In halobacteria, the described
subunits of bacteria or archaeal flagella. Until now it substrate-binding proteins BasB (branched amino acids)
remains unclear whether these binding proteins assembleand CosB (compatible solutes) are found in transcriptional
to a macromolecular structure like pili or flagella. Nor is  units with their cognate transducer protein (Koeketal.,
it clear what the function of such a structure would be.  2002).

The binding proteins of the di/oligopeptide class con-
tain a normal bacterial like signal peptide and, in contrast
to the binding proteins of the CUT class, a hydrophobic Signal Peptides
domain at the extreme C-terminal end, which is preceded
by a stretch of hydroxylated amino acids. Therefore, it is Substrate-binding proteins are extracellular proteins
assumed that the catalytic domain is membrane anchoredhat have to be secreted across the cytoplasmic membrane.
by a carboxyl-terminal transmembrane domain. We N-terminal signal peptides target the binding proteins to
analyzed the 14 archaeal genomes of the transport datathe membrane for translocation. After translocation, the
base (http://66.93.129.133/transporter/wb/index2.html) signal peptide is removed by a signal peptidase. In Gram
(Paulseret al., 2000) and found that most of the archaeal negative bacteria substrate-binding proteins have a typical
substrate-binding proteins belong to the CUT class secretory signal peptide with a consensus sequence around
(Table 1I). S. solfataricusshows the highest amount the cleavage site, which is recognized by the type | signal
of di/oligopeptide class binding proteins, whereas in peptidase. These signal peptides usually have a positively
methanogens this class is absent. charged N-terminus, a stretch of hydrophobic amino acids,

In addition to the function in uptake of substrates which is followed by the cleavage site which contains
it has recently been shown that some archaeal substratesmall polar amino acids at positiord and—3. Substrate-
binding proteins function as receptors in chemotaxis binding proteins of Gram positive bacteria often contain a
(Koekovaet al, 2002). This is in contrast to bacterial so-called “lipobox” motif ([I/L/G/A]-[A/G/S]-C) around
systems, where the primary role is always the function in the cleavage site. This cysteine is lipidated prior to the
uptake. For example, the maltose-binding protein of the removal of the signal peptide by a type Il signal peptidase.
maltose ABC transporter is mainly involved in maltose The lipid moiety ensures anchoring of the protein to the
uptake but also in sensing the extracellular concentration membrane.
of maltose in interaction with the chemotaxis transducer As described above the archaeal substrate-binding
Tar (Stock and Surette, 1996). In general, genes encodingproteins fall into two classes: the sugar class and the

Table Il. Distribution of Sugar Class and Di/Oligopeptide Binding Proteins in Various Archaea

Total number of Sugar Oligopeptide

Organism binding proteins  class class Ungrouped Remarks
A. pernix 17 15 2 Sugar class: two type IV
A. fulgidus 13 12 1
Halobacterium sp. NRC-1 13 12 1 (very short one/two
hydrophobic parts)
M. acetivorans 51 50 1 (very short one/two
hydrophobic domains)
M. kandlerii 3 3 0
M. jannashii 3 3 0
M. mazei Goel 17 16 1 (very short one/two
hydrophobic parts)
P. aerophilum 22 20 2
P. abyssii 15 11 4 Sugar class: CGI motif at C-terminus
P. horikoshii 13 10 3 Sugar class: CGI motif at C-terminus
S. solfataricus 15 6 8 1 Sugar class: all type 1V pili signal peptides
S. tokodaii 6 1(?) 3 2
T. volcanicum 5 5 0 Sugar class: 3 type IV-like peptides
T. acidophilum 7 4 2 1
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di/oligopeptide class. These classes differ both in do-
main organization and the type of signal peptides. As
the amino-terminal amino acid sequences of only a few
mature secreted archaeal proteins have been determinec
experimentally, we used the transport class database
(http://66.93.129.133/transporter/wb/index2.html) to ex-
amine the signal peptides of substrate-binding proteins
of 14 archaeal genomes (Table Il and Fig. 2). Most of
the substrate-binding proteins belong to the sugar class
(Table 1) implying that these proteins need some means
of membrane anchoring upon the cleavage of the signal
peptide. Analysis of the halocyanin of the archaeblan
tronobacter pharaonisdy mass spectroscopy indicated
that the N-terminal cysteine of halocyanin is covalently
modified by Gg diphytanyl diether lipids (Mattaet al,,
1994). However, archaeal genomes do not contain homo-
logues of the bacterial lipoprotein signal peptidase. They
presumably contain a paralogue with a distinct amino acid
sequence. One reason for a new type of enzyme might be
the difference of the lipid substrate as the linkage of a
Cyo diphytanlyl diether lipid to a cysteine. This probably
involves an entirely distinct enzymatic reaction than the

attachment of a fatty acid. Nevertheless, most signal pep-
tides of the examined euryarchaeal substrate-binding pro-

teins contain a clear “lipobox” motif with a cysteine that
is preceded by small hydrophobic amino acids (Fig. 2).

Halobacteriapresent an interesting case: it has been pro-
posed that probably nearly all extracellular proteins are
secreted by the twin arginine (Tat) translocation pathway

(Bolhuis, 2002; Roset al., 2002). Proteins recognized by

the Tat translocation pathway contain a double arginine at
their extreme N-termini. These proteins are translocated

in a folded state (Berkst al, 2000). It is believed that
halobacterial proteins already have to fold in the cyto-
plasm to circumvent precipitation caused by the high in-

ternal salt concentration. The halobacterial signal peptides

shown in Fig. 2 contain indeed the Tat-motif and in ad-
dition after the hydrophobic stretch the lipobox for the
attachment of the lipid modification. The cleavage site of
the signal peptide of the twdhermoplasmatrains and
Methanopyrus kandlerseem to differ quite substantially
from the other euryarchaeota.Methanopyrus kandelerii
the hydrophobic part is directly followed by a stretch of
three tyrosine residues. This s less pronounced fouiid in
acidophilumandT. volcanicumThe signal peptides of the

N-termini of sugar class

AF0231
AF0432

------ MKKVVPILVLLAALLLL
_______ MRKVSLLALALAILI

TQQAEQKEEKAQIKLVEPGYLTVGS
QQPAQVKEGGKVTVTDMLGRTVEV

VNG2086G -MDRRNFLKTAGAAGTIGISGLSEELGVLGGGGEDADVRFVLTPAESDVN
vng2395c --- DYLRAVGGGATGVAAAEELOMGGNSAETLRVGTYDSFVGEGSA

MM0298 —----] MKFRFIIVLLLAASLFFSE@AENNONRENNTQPAEKVVIGTKLEFQ
MM1362 ~--MRKSSILILALLLIASIFV. DNEDEITELNIGYQPSTHQIAYMT
MA2280 —-----] MRKELIVLLVLLGVFLA ENGSEAVNETGTPTAETAVPEQES
MA3455 --MKKKYIWAITVSALSLVLLL SNQASNNAPNDTSVSSAAPVTTVS
MJ1266 ------- MPYYWGAILIGGVFLAG®TONQETTTTQSGSKENVIKVGLLVD
MJ0085 ----MLKKLIGLLTILIIAVGFC[E®MEQNIEKQTPTASEAPNTIKVVDLY
PAB0119 --MKRGIYAVLLVGVLIFSVV. TQTQTETQTPEKTQTPTTTQPS
PAB1871 --MNRALLSLLLVGVLVLGTV. GTQTQSPTQTASPTQTQTTTQP
PF0119 —---MKHKAVFLLVVLISGVL. ETKETQASKKVQLTGDFAKDVI
PF1408 --MKKGLLAILLVGVMVLGTF GTQTQTQTPTETGSPTQTTTPS
PH0025 ---MRSGLKVLIAALIGMAVV GGPAKIVWASTQLNPPEERAFV
PH1409 —-MNRALLSLLLVGVLVLGT IGTQTQSPTQTQSPTQTQSPTQT
MK1521 ----MRKVPIAIGILAVVVIAAAAGYYYTSSNQLTVFAAASLKKPLTKLAK
MK1690 MGGEILKKYLIAAVVAIAVIAGGAAYYYSTAGAVKTQLRIGGSTSLMPFMM

TVG0210789 MESSSSDIKPKRKIWSYIVIVVVLAAVIGGVVYYYSTLPHPTKQVTITV

TVG0299008 ------- MINMKGATKIAVAVIIVIAIVATSAYYYEHGIGKGNQAAIYL
Ta0l171 MKSMNRNSVLAIAIIIVVVVAGVSYFYYKEGIGTNDVAQVYAPNAKLPFTH
Ta0447 ------ MGRYSRIVSLSPAVTEILYMIGESDNIAGNSAFCVHPEEARKKKK

APE1303
APE2521

MLKVAQNRTLIYAAAAIVALIVIAAAAFFLMGGEEARAGEGGEAEKTITINV
MGSLSQSRNLALAAIVVLVIVIVAAVAFLRGGGGEVSEIKIGVILPLSGRL

PAE2391
PAE3268

MSRSLLIGLVVLIVLLAVVAVLMMQPRPAQTPTPTPTASPSPTTPSVTSLT
MTSKKNLYIIVGVVVVIILAIIGILLASGQKPQTSPTVQPTAPPTTPTTTT

ST0840
ST2539
$502847
SS01171

MDDLSIRMKIWGIVLAVVVIIAILAGVIYTYMRANNNVSTTSSHNLRIISL
~MNRKLTRGVS[@AVIAAIVVVIIIIAAVAAIMLTSHKTTPTTVSTTSITST
MKRKYPYSLA] TSTQIAVIVAVIVIVIIIGVVAGFVLTKGPSTTAVTTT
MGRKGKKIDY SKTLVAVIIVVVIVIAIGGVYAFLSSQHSPAAPSSTTT

N-termini of di/oligopeptide class

PAB0627
PH0807
AF1983
Ta0727

MHTLEVORMKKLVAAIVVGLFILSI SHYVVAGE IQLPRNETLYVGGGLW
MKKRSLFVI TLFLVLVVLGIAKAS EVKVFPGVKRIGGTLIVLYWGDPKS
MWEENSGGEKVRPVIIAALSLFLLLSTAEASTIVVTVPDFKPIVEAVAGDG
MIGVVLITAI FIGTSFVALSEQSVSGIPQNVQANAYSSSGTI FSDPN

APE0917
PAE3088

MNVAKIGAVLLALALIAPVLFAT PALYTAAPTT ITIGALLPLTGDLQSY
MKAKTALLAILILNI LLLYT PPHTNPGPAADRIIGKSVPIEQAASAVKA

S$S03053
$S02669
ST2091
ST2534

~MNKKIKNVIGLTALILMALSAFMPFIISSRVVNE]e
—————— MRKELVLEVGVIFSISVMLFSISGIMIAN]

POQLNPAASYS
SSPFPSTLYLG
J)LPLPESLVFYK
MIIYFYFVIGMKTKILYSIPLLILLLGLILPSVTIVTNEETSNVLTIGWVT

C-terminus of di/oligopeptide class

PAB0627 PTSTPTPTQTPSTSSPTATSTSPTETTTKEEMNEPALLVGIAVVPILLRKRRK
PF1209 TTTTEEKTETIVQTVTVTPTETATSSTETe{eale{éPATLVGLAVVPLLLRRRRS
PH1962 TTSSPSPTQTTSPSQTTTTTTSPSQTKTGEei{e{e PALIVGLAAIPLILRRRR

Fig. 2. Different signal peptides of archaeal substrate-binding proteins.
The predicted cleavage sites are indicated by white letters on black
background. Signal peptides, which have been determined experimen-
tally, are shown in bold. APEAeropyrum pernixAF, Archaeoglobus
fulgidus VNG, Halobacteriumsp. NRC-1; MJ,Methanococcus jan-
nashii MA, Methanosarchina acetovirandlM, Methanosarcina mazei

MK, Methanopyrus kandleriPAE, Pyrobaculum aerophiluiPAB, Py-
rococcus abyssiiPF, Pyrococcus furiosysPH, Pyrococcus horikoshii

SSO, Sulfolobus solfataricysST, Sulfolobus tokodaji TA, Thermo-

sugar class in the group of analyzed crenarchaeota seem t@lasma acidophilumiTVG, Thermoplasma volcanicum

be even more variable. Pyrobaculum aerophilurthe re-
gion after the hydrophobic stretch is enriched in glutamine
residues, which have been showrSnsolfataricugo be

at the+1 site of the cleavage site of two binding protein
of the di/oligopeptide class (Fig. 2; Albers and Driessen,
2002; Elferinket al., 2001). One of the signal peptides of

S. tokodaiappears similar to the one foundvh kandlerij,
whereas all signal peptides of binding proteins from the
sugar class 08. solfataricusare homologous to type IV
prepilin signal peptides (Alberst al., 1999a,b; Elferink
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et al, 2001). In vitro assays showed that the binding pro- an important function in the dimerization process upon
teins and the flagellin are indeed processed by a type IV ATP binding (Moody et al, 2002). Several archaeal
pilin signal peptidase, PibD (Albegs al, 2003). Itis un- ATP-binding proteins such as LolD (MJ0769) and LivG
clear why these signal peptides, which otherwise appear(MJ1267) fromMethanococcus jannashiifuannet al.,
only in archaeal flagellins, are so frequently used on ex- 2001), MalK from the trehalose/maltose transporter of
tracellular proteins o§. solfataricus T. litoralis (Diederichset al, 2000) and GlcV from the

Taken together it seems that euryarchaeal precursorsglucose transporter o§. solfataricus(Verdon et al,
of the sugar-binding proteins belonging to the sugar class 2003) have been crystallized. The overall structure of the
are processed by a lipoprotein peptidase whereas in theATP-binding domain in all four proteins is very similar
crenarchaeota it remains uncertain how these proteins areand comparable to bacterial and eukaryal ATP-binding
attached to the membrane. Since detergents are requiredlomains. However, MalK and GlcV exhibit an additional
to extract these proteins from the membrane, it appearsC-terminal domain, showing predominangysheets or-
that they are membrane integral (unpublished results).  ganized in an OB (oligonucleotide/oligosaccharide bind-

As described above the di/oligopeptide class of bind- ing) fold like structure. This C-terminal extension is found
ing proteins is mainly present 8 solfataricusnd thePy- in several bacterial and archaeal ATP-binding proteins. In
rococcusstrains. As these proteins contain a C-terminal MalK of E. colithis domain has been shown to directly in-
transmembrane domain to anchor them to the membraneteract with the positive activator of thmal operon, MalT
they do not need to be lipid modified at their N-termini. So, (Panagiotidi®t al,, 1998). In the MalK bound state, MalT
it is not surprising that the signal peptides do not contain cannot induce expression of thmeal genes and MalK
the lipobox motif (Fig. 2), although it is difficult to pre- is directly involved in the regulation of this transporter.
dict a consensus sequence for the type | signal peptidaseA MalT homologue has not been found in archaea. The
Four extracellular proteins, the S-layer protein and three trehalose/maltose operon ®f litoralis contains the so-
substrate-binding proteins were N-terminally sequenced calledtrmB gene that encodes a negative regulator of the
(Albers and Driessen, 2002; Elferirét al., 2001). Two maltose/trehalose system (Leeal, 2003). This would
of the resulting signal peptide cleavage sites are shown inargue against a bacterial-like regulation system of the
Fig. 2. The amino acid residues were found to be either maltose system and would make the C-terminal extension
alanine or serine at thel position and either valine, glu-  of MalK obsolete. However, DNA microarray studies in
tamine, or alanine at the 1 position. According to these  P. furiosus which contains the identical genomic region
results cleavage sites are indicated in the N-termini of the as T. litoralis (DiRuggiero et al, 2000), showed that
other proteins of the di/oligopeptide class (Fig. 2). all the genes are upregulated upon growth on maltose

Interestingly, the pyrococcal-binding proteins while trmBandmalK stay upregulated even upon growth
contain a GGICG sequence motif just preceding the on peptide sources (Schet al, 2003). This suggests
C-terminal hydrophobic region (Fig. 2). The presence that MalK also in the archaeal system is involved in the
of lipid modifications close to the C-terminus of gly- regulation of the expression of tmeal operon, although
cosylated S-layer proteins has been described for somethis hypothesis awaits further experimental proof.
halophilic archaea (Kikuchet al, 1999; Konrad and
Eichler, 2002). This might suggest that the pyrococcal
binding proteins are lipid modified at their C-termini. Genomic Survey of ABC Transporters

in PyroccocusSpecies

The ATP-Binding Protein During the last few years the genomes of a large
number of prokaryotes have been sequenced, among

The ATP-binding subunit of ABC transporters which three differentPyrococcusspecies (http://www.
energizes substrate translocation by the hydrolysis of genoscope.cns.fr/) (Kawarabayasi al, 1998; Robb
ATP. Conformational changes in this subunit, presumably et al, 2001). The availability of threePyrococcus
caused by the binding of ATP and not its hydrolysis genomes,P. abyssi P. furiosus and P. horikoshij
(Verdon et al, 2003), open the translocation pore and provides the unique possibility for species comparison.
allow passage of the substrate. ATP-binding proteins The three genomes have been compared at the total
of all domains of life are highly homologous to each genome level (Maedeet al, 1999; Zivanovicet al,
other, in particular in the Walker A and B motifs (Walker 2002). However, specific information is lacking about
et al, 1982) and the ABC signature motif (Boos and the conservation of certain protein families within the
Shuman, 1998), LSGGQ, which has been shown to havespecies, in particular the solute transporters.



Insights Into ABC Transport in Archaea 11

So far three different ABC transporters have been other putative transport cluster, presentin all three species,
described inP. furiosus all of which are involved in contains a single permease gene. Although the two trans-
organic solute uptake, namely a cellobigsglucoside, port clusters show high sequence homology, it seems un-
a trehalose/maltose and a maltodextrin ABC-transporter likely that the transporter present on the 16-kb genomic
(Koning et al, 2001, 2002). Genome analysis suggests fragment has evolved from the common transporter by a
that there are also systems involved in transport of pep- gene duplication event.
tides, inorganic solutes, and drugs. Since in none of the In P. abyssiandP. furiosusonly a single gene clus-
otherPyrococcuspecies, transport studies have been con- ter seems to be involved in multidrug resistance, while
ducted, a genomic survey was performed to provide more P. horikoshiicontains two transport clusters that relate to
insightin the presence of different ABC transporters in the this activity. OnlyP. endeavoriand P. glycovoranshave
three complet®yrococcuggenomes. AlthougPR. abyssi been tested for sensitivity to antibiotics. Both species are
P. furiosus andP. horikoshiiare closely related, the or- insensitive to a diverse range of antibiotics (Barleieal.,
ganisms differ in the total number of putative ABC trans- 1999; Pledger and Baross, 1991), and this has been at-
porters, which is 18 folP. abyssi19 forP. furiosusand 17 tributed to the high impermeable archaeal cell envelope
for P. horikoshii The genes encoding the different com- structure which might prevent entry of these antibiotics
ponents of the putative ABC transporter are usually orga- into the cell. In contrast, thermophilic bacteria are sensi-
nized within gene clusters. In these studies, a set of genedive toward the same range of antibiotics (Barkeeal,
is called a putative ABC transporter when the genes en- 1999; Pledger and Baross, 1991). The presence of the mul-
coding the different components are in close vicinity to tidrug transporters, however, now suggests that the high
each other. About half of the putative ABC transporters is resistance could be caused by the ability to expel these
predicted to be involved in organic solute uptake. Table [l compounds from the cell.
shows an overview of the different ABC transport clusters
present in the three completed pyrococcal genomes.

Only P. furiosusof the three sequenced species has COMPARISONS OF DI/OLIGOPEPTIDE
beenreportedto be able to grow on alimited number of car- BINDING PROTEIN FAMILY
bohydrates. However, all three species contain members
of the ABC carbohydrate transport family (Table Il1). Itis One of the fourP. furiosusORFs encoding a bind-
not clear whyP. abyssandP. horikoshiiare not able to uti- ing protein of the di/oligopeptide binding protein fam-
lize carbohydrates as growth substrates. Both organismsily, PF1209, has been characterized previously as a
contain orthologs of all genes encoding enzymes involved cellobioseB-glucoside binding protein (Koningt al.,
in the Embden—Meyerhof pathway as foundPifiuriosus 2001). Although this binding protein is a member of the
P. abysscontains a homolog of the cellobiogeglucoside di/oligopeptide binding protein family, it recognizes sev-
transporter oP. furiosus WhenP. abyssis grown in the eral carbohydrates of thieglucoside clas$. abysscon-
presence of cellobiose, this gene cluster is not induced intains a homolog of PF1209, i.e., PAB0627 (72% identity,
contrast toP. furiosus(Koning et al, 2001). The inabil- 79% homology), while a similar gene is missing i
ity of P. abyssiandP. horikoshiito utilize carbohydrates  horikoshii The gene encoding PAB0627 is, however, not
may therefore reside in a deficiency to induce the genesinduced under conditions where PF1209 is expressiEd in
encoding the required enzymes. furiosus(Koningetal, 2001). The ORF encoding the puta-

Several transporters seem to be involved in the trans- tive binding protein PF0357 shows the highest amino acid
port of ions (Table 1) P. furiosuscontains two gene clus-  homology to PF1209 (38% identity, 54% homology). As
ters that belong to the iron/thiamin transport family, while observed for the cellobiosg/glucoside transporter where
the other two pyrococci harbor only a single member of a sugar utilization gene (i.e.,A/gmannosidase) is present
this family. One of these systemd#rfuriosuds presenton upstream of the transporter gene cluster, a putagive
a 16-kb fragment that is flanked by IS elements. On this galactosidase is located upstream of PF0357. Therefore,
fragment also the characterized trehalose/maltose transPF0357 might also encode a carbohydrate binding protein.
port operon is located (DiRuggiest al,, 2000). This pu- Likewise,P. abyssandP. horikoshiicontain a homolog of
tative iron/thiamin transporter is highly homologous to the PF0357 within its vicinity genes encoding sugar metabo-
system found if. abyssandP. horikoshiiand the second  lizing proteins. The function of these binding proteins is,
system inP. furiosus However, the putative iron/thiamin  however, not known.
transporter present on the 16-kb fragment is encoded by The binding proteins PF0190 and PF1408 show only
four genes that specify a binding protein, two transmem- weak homology to PF1209 and PF0357, although these
brane domains, and one nucleotide binding domain. The are members of the same binding protein family. PF0190
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shows the highest homology with bacterial oligopeptide The remaining three ORFs, PF0119, PF1695, and
binding proteins, while PF1408 shows highest homology PF1967, seem to belong to the carbohydrate-binding pro-
to dipeptide binding proteins. In both cases, no ORFs tein family but the identity of the substrate is unknown.
encoding carbohydrate hydrolyzing enzymes are locatedHomologs of all three ORFs can be found in bBtlabyssi

in the vicinity of the transport clusters. This may imply (PAB2439, PAB0302, and PAB2333, respectively) &énd
that these ORFs are involved in di- and oligopeptide horikoshii(PH0206, PH1714, and PH0O025, respectively).
transport. A homolog of the putative oligopeptide binding P. horikoshiicontains an additional unique ORF, PHO753.
protein PF0190 is found iR. horikoshii(PH1962). InP. For all ORFs close homologs can be found in other ar-
abyssj the N-terminal part of PAB1193 is homologous to chaea and bacteria, but in none of these cases, a clear hint
the C-terminal part of PF0190, while the C-terminal part for a possible function of the transport clusters is obtained.
of PAB1193 shows homology to the N-terminal part of

PF0190. Apparently, gene shuffling has occurred which
may have led to a reorientation of the binding protein EXPRESSION AND INDUCTION OF BINDING

domains. PROTEINS IN P. furiosus
Homologs of the putative dipeptide binding protein _ _ _ _
PF1408 are found both iR. abyssi(PAB1871) andP. To assign a potential function to the different un-

horikoshii(PH1409). The genome & abyssccontainsa ~ known transport clusters iR. furiosus mRNA levels of
second putative dipeptide binding protein, PAB0091, that the binding proteins were determined using Northern hy-

appears absent in the othéyrococcu$pecies' AlsoP. bridization techniques. DIG-labeled DNA probes of the
horiskohii seems to contain a unique additional putative different ORFs were used to hybridize Northern blots con-
dipeptide binding protein (PHO807). taining total RNA isolated frorR. furiosuscells grown on

different substrates, both carbohydrates and peptides.
Of the ORFs which are members of the di/oligo-
COMPARISONS OF THE CARBOHYDRATE- peptide-binding protein family, PF0190 and PF1408 are
BINDING PROTEIN FAMILY induced when cells are grown on peptides and pyruvate
(Table 1V). PF1408, a putative dipeptide binding pro-
Five gene clusters iP. furiosusseem to encode tein, is also induced after growth on cellobiose and mal-
putative transporters belonging to the carbohydrate ABC tose. PF1209, the cellobiogegjlucoside binding protein
transport families. Two of these have been characterized (CbtA), is induced not only when cells are grown on cel-
previously as the trehalose/maltose and maltodextrin lobiose but also on peptone, tryptone, and casein. The
transporters (Koningt al, 2002). The binding proteins  fourth pyrococcal member of this carbohydrate-binding
of these transporters, PF1738 and PF1938, show a highprotein family, PF0357, is not induced under any of the
homology with the maltose/maltodextrin binding protein, tested growth conditions.
MalE, of E. coli. The trehalose/maltose-binding protein, The characterized members of the carbohydrate-
PF1738, is unique fdp. furiosus while P. abysstontains binding protein family, PF1739 (TMBP) and PF1938
a homolog (PAB0123) of the maltodextrin-binding (MDBP), are induced when cells are grown on maltose
protein encoded by PF1938. and starch (Table 1V) (Koninget al, 2002). PF1739,

Table IV. Expression of the Predictdd furiosusOrganic Solute Binding Proteins After Growth on Different Substrates

Predicted binding proteins

Growth

substrate PFO119 PF0190 PF0357 PF1209 PF1408 PF1695 PF1739 PF1938 PF1967
Casein — ++ — + ++ - — + ++
Cellobiose - - - ++ + - — - -

Maltose - - - - + - ++ ++ ++

Peptone - ++ - ++ ++ - - + ++

Pyruvate - —+ - — + — — _ 4

Starch - - - - - - ++ ++ -

Tryptone - ++ - ++ ++ - - - ++

Yeast extract - + — - — + ++ — +

Note.— not induced:+ slightly induced:++ highly induced. Experiments were performed in duplicate.
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however, is also expressed when cells are grown on yeasBarbier, G., Godfroy, A., Meunier, J. R., Querellou, J., Cambon, M. A.,

extract, most likely because yeast extract contains tre-

Lesongeur, F., Grimont, P.A., and Raguenes, G. (1988)J. Syst.
Bacteriol.49, 1829-1837.

halose. PF1938, on the other hand, is also induced at IoWgeys 8. c., sargent, F., and Palmer, T. (20009l. Microbiol. 35,

levels when cells are grown on casein and peptone. PF0119

is not induced under any of the tested growth conditions,
while PF1695 is induced only at low levels when cells

are grown on yeast extract. PF1967 is induced under all
growth conditions except when cells are grown on cel-
lobiose and starch.

The results obtained with the Northern hybridization
techniques do not provide conclusive evidence about the
substrate of the uncharacterized ABC transporterB. of
furiosus but the studies suggest that this organism is able
to accumulate, and possibly utilize, a greater variety of
carbohydrates than previously anticipated.

CONCLUSIONS
Archaea employ binding-protein-dependent ABC

transporters for carbon source uptake. The high affinity of
the binding proteins may enable them to survive in habitats

with low concentration of carbon sources such as sugars

and peptides. Interestingly, a number of sugar ABC sys-
tems involved in transport of oligosaccharides are struc-
turally and functionally homologous to di/oligopeptide
ABC transporter. The examination of putative signal pep-
tides of substrate-binding proteins from archaeal genome

260-274.

Bolhuis, A. (2002) Microbiology 148 3335-3346.
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Elterink, M. G., Albers, S. V., Konings, W. N., and Driessen, A. J. M.
(2001).Mol. Microbiol. 39, 1494-1503.

Elferink, M. G. L., De Wit, J. G., Demel, R., Driessen, A. J. M., and
Konings, W. N. (1992)J. Biol. Chem267, 1375-1381.

Erdokimov, A. G., Anderson, D. E., Routzahn, K. M., and Wough, D. S.
(2001).J. Mol. Biol. 305 891-904.

Erra-Pujada, M., Debeire, P., Duchiron, F., and O’Donohue, M. J. (1999).
J. Bacteriol.181, 3284-3287.

Greller, G., Riek, R., and Boos, W. (200Eur. J. Biochem268 4011—
4018.

Hettmann, T., Schmidt, C. L., Anemuller, S., Zahringer, U., Moll, H.,
Petersen, A., and Schafer, G. (1998)Biol. Chem273 12032—
12040.

Higgings, C. F. (1992)Annu. Rev. Cell Biol3, 67-113.

Holland, I. B., and Blight, M. A. (1999)J. Mol. Biol.293 381-399.

Horlacher, R., Xavier, K. B., Santos, H., DiRuggiero, J., Kossmann, M.,
and Boos, W. (1998)]. Bacteriol.180, 680—689.
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nal peptides differ substantially from each other. It will be
interesting in the future to prove that the binding proteins
of the sugar class are indeed anchored by lipidation and
to identify the lipoprotein signal peptidase of archaea.
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