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Abstract TrmB of Pyrococcus furiosus was discovered
as the trehalose/maltose-specific repressor for the genes
encoding the trehalose/maltose high-affinity ABC trans-
porter (the TM system). TrmB also represses the genes
encoding the high affinity maltodextrin-specific ABC trans-
porter (the MD system) with maltodextrin and sucrose as
inducers. In addition, TrmB binds glucose leading to an
increased repression of both, the TM and the MD system.
Thus, TrmB recognizes different promoters and depending
on the promoter it will be activated or inactivated for pro-
moter binding by different sugar effectors. The TrmB-like
protein TrmBL1 of P. furiosus is a global regulator and rec-
ognizes preferentially, but not exclusively, the TGM (for
Thermococcales—glycolytic motif) sequence that is found
upstream of the MD system as well as of genes encoding
enzymes involved in the glycolytic and the gluconeogenic
pathway. It responds to maltose and maltotriose as inducers
and functions as repressor for the genes encoding the MD
system and glycolytic enzymes, but as activator for genes
encoding gluconeogenic enzymes. The TrmB-like protein
TrmBL2 of P. furiosus lacks the sugar-binding domain that
has been determined in TrmB. It recognizes the MD
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promoter, but not all TGM harboring promoters. It is evolu-
tionary the most conserved among the Thermococcales.
The regulatory range of TrmBL2 remains unclear.
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Introduction

Pyrococcus furiosus is a strictly anaerobic hyperthermo-
philic archaeon that is able to metabolize peptides, poly-
sacccharides as well as pyruvate. For sugar metabolism the
organism relies on a modified Embden—Meyerhof pathway.
It uses an ADP-dependent glucokinase and phosphofructo-
kinase. It utilizes the classical enzyme couple (GAPDH and
PGK) for anabolic function and in addition two catabolic
enzymes GAPOR and GAPN (non-phosphorylating
GAPDH) (Siebers and Schonheit 2005). Enzymes in the
gluconeogenic pathway are expressed to a higher level in
cells grown on pyruvate than when grown on carbo-
hydrates, and glycolytic enzymes are elevated in cells grown
on carbohydrates (Schifer and Schonheit 1993). Thus, the
allosteric regulation of classical Embden—Meyerhof
enzymes of bacteria does not seem to play a major role
(Verhees et al. 2003). Instead, Pyrococcus species seem to
rely on transcriptional control. Gene expression experi-
ments using microarrays of cells grown with different car-
bon sources support this view (Schut etal. 2003).
Surprisingly, P. furiosus is unable to transport and use glu-
cose as a carbon source even though they do harbor an
ADP-dependent glucokinase (Kengen et al. 1995). How-
ever, two sugar-specific and binding protein-dependent
ABC transporters were identified and characterized in
P. furiosus.
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One is specific for trehalose and maltose (the TM sys-
tem) (Xavier et al. 1996; Horlacher et al. 1998) Fig. 1. The
operon encoding this system is nearly identical in P. furio-
sus and Thermoccus litoralis due an obvious lateral gene
transfer of a 16 Kb DNA fragment that is flanked by trans-
poson elements (DiRuggiero et al. 2000). The operon con-
sists of the genes malE malF malG treT trmB malK
(Horlacher et al. 1998; (Greller et al. 1999; Qu et al. 2004).
It is induced by growth in the presence of maltose and tre-
halose (Xavier et al. 1996). The specificity and the high
substrate affinity of the TM system for trehalose and malt-
ose (Km about 20 nM) are carried by the lipid anchored
binding protein, the product of the malE gene. Interest-
ingly, despite the low sequence identity, the structure of the
protein is nearly superimposible on the E. coli maltose
binding protein (Diez et al. 2001). The same is true for
MalK, the corrresponding ABC subunit of the system
(Diederichs et al. 2000). malF and malG encode the mem-
brane spanning subunits of the transporter (Horlacher et al.
1998). treT encodes the only enzyme of the operon. It cata-
lyzes the reversible transfer of glucose from ADPglucose
onto glucose to form trehalose. Rather than being an
enzyme involved in the synthesis of trehalose, we picture
this enzyme as a trehalose metabolizing enzyme forming
glucose and ADPglucose from trehalose. ADPglucose
would then be used to form glycogen or linear maltodex-
trins, which, via glycogen or maltodextrin phosphorylase,
would yield glucose-1-P for glycolysis (Qu et al. 2004).
There are several enzymes that might be involved in the
metabolism of maltose and maltodextrins. The cellular
extract contains the activity of an «-glucosidase splitting
maltose to glucose (Costantino et al. 1990; Xavier et al.
1999), probably identical to PFO132 (Shockley et al. 2003).
Other enzymes are amylopullulanase (PF1935), 4-alpha-

glucanotransferase (PF0272) forming glucose and larger
maltodextrins from maltose, and maltodextrin phosphory-
lase (PF1535) that are induced after growth on maltose and
starch (Schut et al. 2003).

The second identified sugar-specific and binding protein-
dependent ABC transporter is homologous to the TM sys-
tem, but recognizes with high specificity maltodextrins, but
not maltose or trehalose, the MD system (Koning et al.
2002; DiRuggiero et al. 2000) (Fig. 1). The structure of the
cognate-binding protein has also been determined with
maltotriose bound to it (Evdokimov et al. 2001). The MD
system is induced by growth on starch and maltodextrins,
but surprisingly also by maltose, even though it does not
transport maltose. In a recent review, the evolutionary ori-
gin of prokaryotic maltose and maltodextrin ABC trans-
porters has been analyzed (Noll et al. 2008) The authors
come to the conclusion that the TM and the MD system in
P. furiosus have different origins. Whereas the MD system
arose within the archaea, the TM system appears to be
derived from bacterial lineage.

The first step in maltodextrin metabolism is most likely
the 4-alpha-glucanotransferase (PF0272) mediated dispro-
portionation to glucose and longer maltodextrins followed
by maltodextrin phosphorylase (PF1535) to form glucose-
1-P (Xavier et al. 1999). From these observations, it is clear
that maltose and maltodextrin transport and metabolism in
P. furiosus is under transcriptional control. In contrast to
bacterial transcription, archaeal transcription is mediated
via a multicomponent RNA polymerase homologous to the
eucaryotic RNA polymerase II (Thomm and Hausner
2007). Essential general transcription factors are the TATA
box-binding protein (TBP) (Ouhammouch et al. 2003) and
transcription factor B (TFB) (Geiduschek and Ouhamm-
ouch 2005). This review is concerned with the transcrip-
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tional regulators that control the transcription of genes
involved in the uptake and metabolism of maltose and
maltodextrins.

TrmB is the trehalose- and maltose-specific repressor
for the TM system

In our search for a substrate-specific transcriptional regula-
tor for the TM system, we noticed that in the lateral gene
transfer between T. litoralis and P. furiosus harboring the
genes encoding the TM system, the inducibility by maltose
and trehalose had been conserved. Therefore, we reasoned
that the gene encoding the putative regulator must be con-
tained within the transferred DNA segment. We cloned
unidentified genes within the TM cluster, expressed them in
E. coli and tested the purified proteins for their ability to
bind the malE upstream DNA sequence and to shift them in
an electrophoretic mobility shift assay (EMSA). In this
way, the gene upstream of malK was identified to encode a
transcriptional regulator. We named it TrmB (transcrip-
tional regulator for the maltose system). The protein is a
homodimer (molecular weight of the monomer is
38,800 Da). Determination of the transcription start point,
EMSA tests and footprint analysis in the presence and
absence of maltose and scanning mutagenesis revealed the
perfectly palindromic sequence ATACTTTTAGTAT as the
TrmB binding site overlapping the putative BRE/TATA
box of the malE gene (Fig. 1c). In vitro transcription assays
at 80°C with purified RNA polymerase, TBP and TFB
showed that TrmB was able to block malE transcription,
and the presence of maltose, but not maltotriose, allowed
again transcription in the presence of TrmB (Fig. 2a). Simi-
larly, the presence of trehalose allowed transcription in the
presence of TrmB (not shown). These results demonstrated
that TrmB acts as transcriptional repressor for malE and
that trehalose and maltose function as inducers (Lee et al.
2003). Purified TrmB binds maltose in a positive coopera-
tive fashion (half maximal binding occurs at 20 uM) indi-
cating conformational changes upon binding maltose. The
affinity of TrmB for trehalose is at least 20 lower than for
maltose and no indication for sigmoidality in the binding
behavior can be detected. The difference in binding affinity
for the two inducers finds its explanation in the transport
and metabolism of both sugars. Trehalose and maltose are
transported with equal rate and equal high affinity (Km
about 20 nM). However, in vivo trehalose can only slowly
be metabolized since it accumulates to high internal con-
centrations when trehalose is present in the medium as
shown for T. litoralis (Lamosa et al. 1998), whereas malt-
ose is fast metabolized. Significantly, other sugars are bind-
ing substrates for TrmB. Thus, maltose, glucose, sucrose,
maltotriose and trehalose are bound by TrmB (listed in
decreasing affinities), but only maltose and trehalose act as

249
A N
& o S{&SSS S
Sugar conc. B AP ... @,ﬁ?‘ N P ®

TrmB §--‘++++++++

Maltose TI0EEEE LR A
Maltotriose
B
Sugar conc. I - a2 - .-{;:Qéﬁ .\&{9 '\w@éi .-t:é\\@&
TrmB §--+++++++++++
T
Maltose ‘
i 3
T T 8 0 B
Maltotriose "' B ’t

Fig. 2 In vitro transcription of the TM (a) and the MD (b) system.
malE (a) and mdxE (b) transcription was performed at 80°C using the
basic transcriptional components of P. furiosus. As template, linear-
ized DNA containing the malE or the mdxE promoter was used. First
lane (a), control assay with DNA for P. furiosus glutamate dehydroge-
nase. Lanes 2 and 3 malE and mdxE transcription in the presence of
maltose or maltotriose, but in the absence of TrmB. Lanes 4-6, malE
or mdxE transcription in the presence of 0.8-3.2 ug TrmB. Lanes 7-14,
transcription in the presence of 3.2 pg TrmB and 25, 100, 250 uM, 1,
2.5, 10, 25, 100 mM maltose or maltotriose. Taken from Lee et al.
(2003), with permission from the authors and the publisher

inducers on the TM promoter, as tested by EMSA or
in vitro transcription assays.

TrmB is the maltodextrin and sucrose-specific repressor
for the MD system

The gene cluster encoding the MD system is shown in
Fig. 1b. The order of genes (as well as their sequence)
encoding the transport machinery is very similar to those of
the TM system. However, upstream of mdxK, the gene
encoding the ABC subunit of the system, PF1935 is located
encoding an annotated amylopullulanase. A gene encoding
an obvious operon-specific regulator such as trmB in the
TM operon is missing. However, TrmB the regulator of the
TM system was found to also control the MD system. The
transcriptional start point was determined, and EMSA and
footprint analysis were done. The data are summarized in
Fig. 1c. TrmB binds to the upstream region of mdxE. But in
contrast to the binding site in the TM promoter (that
overlaps the BRE/TATA box), TrmB binding overlaps the
transcriptional start site of the MD operon downstream of
its putative BRE/TATA box. The sequence that is

@ Springer



250

Arch Microbiol (2008) 190:247-256

protected by TrmB from DNAse I digestion (AT
CGATGATACTAACATGGGA...) contains the first half
of the palindrome seen in the TM promoter, but it is differ-
ent otherwise. In vitro transcription assays of the mdxE
gene were done in the presence and absence of TrmB and in
the presence of different sugars (Fig. 2b). TrmB is able to
block mdxE transcription, but maltose and trehalose, the
sugars that are able to relieve repression on the TM pro-
moter, are unable to do so on the MD promoter. However,
surprisingly, maltotriose, maltotetraose, maltopentaose as
well as sucrose are able to counteract repression of the MD
operon by TrmB (only the data for maltotriose are shown in
Fig. 2b) (Lee et al. 2005). We conclude that TrmB exhibits
dual promoter specificity and is controlled by different sug-
ars depending on the promoter where TrmB is bound to. To
our knowledge, this has not been observed with any procar-
yotic transcriptional regulator.

Glucose binding by TrmB exhibits features that
are reminiscent of catabolite repression in bacteria

Glucose does not relieve repression by TrmB of the TM nor
the MD promoter, even though glucose is bound quite well
by TrmB. In contrast, when the repression by TrmB on
either the TM operon or the MD operon was relieved by
maltose (in case of the TM promoter), or by maltotriose (in
case of the MD promoter) repression was again established
by the additional presence of glucose (Fig. 3a, b). The effect
of glucose is not simply a competition to remove the
inducer maltose or maltotriose from TrmB, but in addition
it increases the repression of both operons by TrmB. This
can be seen in Fig. 4 where during EMSA the band shifting
of the TM promoter by nonsaturating amounts of TrmB is
increased by glucose. Also, TM promoter DNA increases
the affinity of TrmB to bind glucose from 73 to 27 uM.
These data show that TrmB can integrate signals that arise
from different sugars in the cytoplasm. Maltose and treha-
lose act as inducers for the TM system, whereas maltodext-
rins and sucrose act as inducers for the MD system.
Glucose functions as corepressor for both, the TM as well
as the MD system (Lee et al. 2005, 2007a). The effect of
glucose on TrmB activity is reminiscent of catabolite
repression in bacteria, where the utilization (transport) of
glucose interferes with the transcription of genes encoding
transporters for alternate sugar carbon sources (Postma
et al. 1996). There, the PEP-dependent phosphotransferase
system (PTS) mediates catabolite repression. The PTS has
not been found in archaea, but the exclusion of alternate
carbon sources by glucose has been observed (Lubelska
etal. 2006). P. furiosus does not transport glucose, but
metabolizes glucose derived from cytoplasmic dextrin
metabolism. Metabolic overflow of glucose will repress
both the MD and the TM system, even in the presence of
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Fig. 3 The effect of glucose on the induced in vitro transcription of the
TM and the MD system. a C-terminally His-tagged TrmB (0.2 pM)
was used during in vitro transcription at 80°C of a TM operon fragment
in the presence of the inducer maltose and the co-repressor glucose.
Lane 1, transcription of the operon fragment in the absence of TrmB;
lane 2, transcription in the presence of TrmB; lanes 3-8, transcription
in the presence of 500 uM maltose and increasing glucose concentra-
tions. b C-terminally His-tagged TrmB (1.6 pM) was used during
in vitro transcription at 80°C of an MD operon fragment in the pres-
ence of the inducer maltotriose and the co-repressor glucose. Lane 1,
transcription of the operon fragment in the absence of TrmB; lane 2,
transcription in the presence of TrmB; lanes 3-6, transcription in the
presence of 1 mM maltotriose and increasing glucose concentrations
Taken from Lee et al. (2007a), with permission from the authors and
the publisher
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Fig. 4 Glucose as corepressor of TrmB. EMSA of TM promoter DNA
by nonsaturating concentrations of TrmB and increasing amounts of
glucose (Lee et al. 2007a), with permission from the authors and the
publisher

inducer, to curb the uptake of glucose producing sugars.
The properties of TrmB offer a simple explanation for this
phenomenon in the absence of PTS (Lee et al. 2007a).

The crystal structure of the sugar-binding domain of TrmB

The unfavorable biochemical properties (precipitation at
high protein concentration) of full length TrmB prevented
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its crystallization so far. However, an N-terminal truncated
TrmB (A2-109) could be purified and crystallized. In con-
trast to the full-length protein, it appears to be a monomer
in solution. The protein lacks the DNA-binding domain, but
retains the sugar-binding site. The binding affinity of the
truncated protein for maltose, glucose sucrose and maltotri-
ose was determined to be 6.8, 25, 34, and 160 uM KD, sig-
nificantly higher than the affinity of full-length protein.
Cooperative binding of maltose as seen with the full-length
protein was no longer observed with the truncated version.
This may indicate that the full-length protein is under con-
formational restraints that is altered (relieved) by promoter
DNA binding. The 3D structure was solved at 1.5 A with
maltose bound to it (Krug et al. 2006). Maltose is in close
contact with seven amino acids of which six are in contact
with the nonreducing glucosyl residue of maltose Fig. 5.
The structure harboring the sugar-binding site consists of
two distinctive domains (N and C-domains). The N-domain
(to which in the full length protein the DNA-binding
domain would be attached) forms an 8-stranded pf-sheet
flanked by two large helices on one side and one large helix
crossing the f-sheet on the other side. Because the latter
helix provides the only maltose-binding residues of the
N-domain, we designate it the “sugar-binding helix”. The
C-domain forms a strand, a helix and an irregular flattened
7-stranded f-barrel with its axis roughly parallel to the
strains of the N-domain. All residues binding the nonreduc-
ing glucosyl residue of maltose are contributed by two
neighboring loops of the C-domain. Based on the observed
mode of binding for maltose, it appears likely that all sub-
strates are bound with their nonreducing a-glucosyl moiety
to the same six amino acid residues of the C-domain. Obvi-
ously, the fixation of the common non-reducing glucosyl
residue and the varying interaction with the remaining

Fig. 5 Crystal structure of the sugar binding domain of TrmB. The
protein and the bound maltose are indicated as ribbon, ball and stick
representation, respectively. Maltose is bound with its non-reducing
glucosyl residue towards the squashed barrel domain. The N (blue) and
C (orange) termini are indicated. With modifications taken from Krug
et al. (2006) with permission of the authors and the publisher

portion of the sugars on the sugar-binding helix are the
basis for the surprisingly large range of different substrates
and the differential effects of the different sugars on
promoter selection.

The maltose binding of the structure appears to be a
novel sugar-binding fold quite different from the binding
fold of well-characterized prokaryotic transcriptional regu-
lators and binding proteins of ABC transporters (Lewis
et al. 1996; Hars et al. 1998; Borths et al. 2002; Quiocho
and Ledvina 1996). The bound maltose in TrmBA2-109
sticks to the surface-exposed edge of the cleft between the
N- and the C-domain oriented with its axis roughly perpen-
dicular to the cleft (Fig. 5). The buried surface between the
two domains is rich in phenylalanines and other hydropho-
bic residues rendering a large movement of these domains
(typical for periplasmic binding proteins) in response to the
sugar binding rather unlikely. The DNA-binding domain of
the full-length TrmB is in proximity to the N-terminal end
of the sugar-binding helix suggesting transduction of differ-
ential induced-fit movements upon sugar binding via this
sliding helix. This must be the basis for the differential
sugar and promoter recognition that is so typical for TrmB.
Major efforts are under way to determine the crystal struc-
ture of full-length protein in the presence of diferent sugars
and different promotors to unravel the surprising versatility
of TrmB. The binding site for TrmB in front of the TM
operon is palindromic, necessitating a dimer of TrmB to be
recognized. Its binding site in front of the MD operon only
harbors one-half of this palindrom suggesting a different
structure of the DNA-binding domain of TrmB to be
involved. This is supported by mutational analysis of the
DNA-binding domain of TrmB that can differentiate pro-
moter recognition (unpublished).

The TrmB-like protein TrmBL1 is a global regulator
for genes encoding maltodextrin transport, as well
as for glycolytic and for gluconeogenic enzymes

in P. furiosus recognizing the TGM motif

Recently, van de Werken et al. (2006)) reported the occur-
rence of a conserved sequence motif TGM (for Thermococ-
cales—Glycolytic-Motif), upstream of genes encoding
glycolytic as well a gluconeogenic enzymes in P. furiosus,
indicating common transcriptional control of the respective
genes. This motif was also conserved in another representa-
tive of the Thermococcales, Thermococcus kodakaraensis,
but not in Pyrococcus abyssi or Pyrococcus horikoshii.
Since TrmB is not found in T. kodakaraensis, it was
unlikely that TrmB would be identical with this unknown
global regulator rcognizing TGM. Therefore, we searched
for TrmB-like proteins in the genomic sequence of P. furio-
sus and other Thermococcales. Table 1 gives a survey of
the occurrence of TrmB and the TrmB-like proteins in the
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Table 1 Distribution of TrmB family proteins in the Thermococcales

TrmB TrmBL1 TrmBL2 TrmBL3 TrmBL4
P. furiosus PF1743 PF0124 PF0496 PF0661 -
P. horikoshii PH1034 (71%) - PHO0799 (92%) - PHO751
P. abyssi - - PABO0838 (91%) - -
T. kodakaraensis - TK1769 (67%) TKO0471 (82%) - -

sequenced members of Thermococcales. The sequence
identity of one orthologue between the different organisms
is more than 70%. The percentage identity among the
different members is between 22 and 30%. Surprisingly, not
all TrmB-like proteins occur in all species. Figure 6 com-
pares the amino acid sequences of TrmBL1 (PF0124) with
TrmB and the TrmBL1 paralog TK1769 from T. kodakara-
ensis, as well as with TrmBL2 from P. furiosus. TrmB and
TrmBL1 of P. furiosus showed 29% amino acid sequence
identity over the entire length of the protein. Especially, the
N-terminus, which in TrmB of P. furiosus contains the
DNA-binding domain (amino acids 1-90) is highly con-
served (45% sequence identity). The percentage sequence
identity between TrmBL1 of P. furiosus (PF0124) and of

T. kodakaraensis (TK1769) was 67%. TrmBL1 and TrmBL2
appeared as likely candidates for the global regulator recog-
nizing TGM, since both occurred in P. furiosus as well as in
T. kodakaraensis, the two organisms that carried the TGM
motif. However, as seen in Fig. 6 TrmBL2, even though
highly conserved among the Thermococcales, lacks part of
the extended C-terminal domain, which in the crystal struc-
ture of TrmB harbors the sugar-binding domain. Therefore,
only TrmBL1 was the likely candidate for the postulated
global regulator.

TrmBL1 of P. furiosus has a molecular mass of 39 kDa
(by SDS-PAGE). By molecular sieve chromatography,
TrmBL1 appears in equilibrium of a tetrameric and an octa-
meric form that is shifted to the octamer in the presence of

Fig. 6 Sequence comparison
between the TrmB paralogues.

Amino acid sequence alignment TrmB

were done between TrmB TrmBL1

(PF1743), TrmBL1 (PF1204) TK1769

from P. furiosus, the TrmBL1- TrmBL2

paralog (TK1769) from T. koda-

karaensis and TrmBL2

(PF0496) from P. furiosus. The TrmB

position of the helix—turn—helix TrmBL1

motif in the N-terminal region is TK1765

indicated. Boxed are two amino TrmBL2

acids in the recognition helix

that are essential for target rec-

ognition. Strictly conserved resi- giﬁLl

dues between all three sequences TK1769

are indicated by an asterisk, and TrmBL2

highly and lowly conserved resi-

dues are indicated by colon and

do.ts, respectlvely. Seven amino TruB

acid residues of the maltose- TruBL1

binding site at the C-terminal re- TK1769

gion of TrmB are 1ndlcat(.td by TruBL2

black boxes. Sequence align-

ments were done by the Clu-

stalW program. Taken from Lee TrmB

et al. (2007b), with permission TymBL1

of the authors and the publisher TK1769
TrmBL2
TrmB
TrmBL1
TK1769
TrmBL2
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maltose and more effectively of maltotriose) (Lee et al.
2007b). By EMSA TrmBL1 was shown to recognize the
MD (K, about 0.2 pM) (that does carry the TGM sequence)
as well as the TM promoter DNA (K, about 1.25 pM) that
does not carry the TGM motif (Fig. 7). To determine the
TrmBL1 binding site in the MD promoter, TrmBL1 protec-
tion analysis against DNasel digestion was performed.
TrmBL1 interacted with a region downstream of the BRE-
TATA box overlapping the transcriptional start site of the
mdxE operon (Fig. 7b). The TrmBL1 binding site was
5'-TATGTATCACTATCGATGATACTAACATGGG-3’
(bold letters indicating the TGM sequence). This TrmBL1
binding sequence also partly overlaps the TrmB binding
site in the MD promoter (Fig. 7). Figure 8 shows EMSA
with TrmBL1 of promoter regions upstream of three gene
clusters encoding glycolytic enzymes that carry the TGM
sequence. These enzymes are: ADP-dependent glucoki-
nase, (PF0312), glyceraldehyde-3-phosphate ferredoxin
oxidoreductase, (PF0464), and ADP-dependent phospho-
fructokinase (PF1784). Intrerestingly, the promoter region
of the gene encoding TrmBL1 itself, PFO124 that does not
contain the TGM sequence, is also recognized by TrmBLI1.
The first three promoter regions were bound to TrmBL1
with similar high affinity. Complete shifting of the DNA
occurred below 1.25 uM of TrmBL1 (K, about 0.6 uM).
The promoter of frmBLI itself also bound TrmBLI1,
although with a lower affinity (K, around 1 pM).

As demonstrated by molecular sieve chromatography,
TrmBL1 does respond to maltose and more so to maltotriose
by shifting from a tetrameric to octameric quarternary
structure. Thus, it should bind maltotriose and maltose.

A ™

Maltose, maltotriose and fructose relieve repression by
TrmBL1 in the in vitro transcription assay driven by the
promoter upstream of the gene encoding PF1784 (phospho-
fructokinase), as shown for maltose in Fig. 9. TrmBL1
inhibits transcription; the three sugars do rescue transcrip-
tion to some extent but not in a monotonous fashion. With
maltose, induction (rescue from repression) reached two
peak value of expression between 250 M and 1 mM malt-
ose, before vanishing above 2.5 mM. All three sugars
showed this phenomenon, though not at the same sugar
concentration. Possibly, this phenomenon is due to two
different binding affinities of the tetrameric and octameric
forms of TrmBL1 to promoter DNA. High DNA-binding
affinity would be exhibited by the tetramer in the absence of
sugar that can be released by low sugar concentration. At
high sugar concentration, the octamer would form with
high affinity for promoter DNA, again preventing transcrip-
tion even in the presence of maltose.

During in vitro transcription assays using the TGM-con-
taining promoter of the gene encoding PF1784, we found
that both, TrmBL1 as well as TrmB, prevented transcrip-
tion. Yet, whereas maltose, maltotriose and fructose lifted
repression by TrmBL1 (shown for maltose in Fig. 11),
these sugars were unable to lift repression by TrmB. Never-
theless, it is clear that TrmB shows binding towards these
sugars with affinities that largely exceed the binding affinity
of TrmBL1 for these sugars. This reflects the unique
properties of TrmB to act as a repressor that is inactivated
by an inducer or as a repressor that is activated by a
corepressor depending on the operator that it is bound to
(Lee et al. 2007a).

MD Promoter

S i) | THMBLY

~onl
LQ“

- e B e v

B BRE-TATA o1
-
PF1938 : ACATTACECACAAGATATATATAGECTTAMA TACATATGAGCAC (MdxE)
(.
PFO312 : CCCATAMCARMGCTTTAACTCATCTTCCAT *TCCTT TATOCCCACTT  (ADP-g
™

PFL784 @ TAART TCAMAMAGTT TT T TAAATAATCTCATTATTATATCCC T

Conserved TGM sequence

Fig. 7 a EMSA of the TM and the MD promoter DNA in the presence
of TrmBL1. The concentration of TrmBL1 for TM was 0.375, 0.625,
1, 1.25 uM and 0.125, 0.25, 0.5, 1 uM for the MD promoter. Thus,
TrmB showed higher binding affinity for the MD promoter than for the
TM promoter. B, The position of the TGM sequence in front of three

----- ATCATAGAT (Phosp

: TATCAC-NNNNN-GTGATA

different promoters (underlined). The TGM motif was proposed by van
de Werken et al. (2006). The dashed line represents the TrmB binding
site. The start of the open reading frame (ATG) is in italics. Taken from
Lee et al. (2007b), with permission of the authors and the publisher
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PF0312 PF0464 PF1784 PF0124 Promoter

TrmBL1

Fig. 8 EMSA with TrmBL1 on the promoter regions containing TGM
sequence. The promoters of genes encoding glycolytic enzymes: ADP-
glucokinase (PF0312), glyceraldehyde-3-phosphate ferredoxin oxido-
reductase (PF0464) and ADP-phosphofructokinase (PF1784). These
promoters contain a palindromic sequence, called TGM. The promoter
of PF0124 encoding TrmBL 1 does not harbor the TGM sequence. The
concentration of TrmBL1 was in each test 0.63, 1.25, 2.5, and
3.75 uM, respectively. Taken from (Lee et al. 2007b) with permission
of the authors and the publisher

§ § s 3§ fFF
Maltose T 5§58 @ £ E'? ..f
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. e BN

Fig. 9 The effect of maltose on the in vitro transcriptional repression
by TrmBL1 on the operon encoding phosphofructokinase. The test was
done under optimized conditions in the presence of 600 mM potassium
glutamate. Taken from (Lee etal. 2007b), with permission of the
authors and the publisher

By invitro transcription assays it was shown that
TrmBLI1 not only acts as repressor for the MD operon and
genes encoding glycolytic enzymes (for instance phospho-
fructokinase), but it also acts +1 as transcriptional activator
for the genes encoding enzymes of the gluconeogenic path-
way such as fructose 1.6-bisphosphatase (PF0613)
(Fig. 10). In this case, the TGM motif is located upstream
of the BRE/TATA box.

The dual role of a TrmBL1 homologue, Tgr (for Thermo-
coccales glycolytic regulator) (TK1769, see Table 1), to act
as a repressor for genes encoding glycolytic enzymes and
as activator for genes encoding gluconeogenetic enzymes

TmBLIEM) . & & & & ST X T 2

Fig. 10 Transcriptional activation by TrmBL1 of the gene encoding
encoding fructose-1,6-bisphosphatase PF0613 (containing TGM).
Lane 1, transcription in the absence of TrmBL1 (weak transcription
signal). Lanes 2—-10, TrmBL1 was added from 0.2 to 2.0 uM (transcrip-
tion is activated)

@ Springer

has recently also been shown in 7. kodakaraensis (Kanai
et al. 2007). The authors were able to construct a deletion in
the gene encoding rgr. Micoarray analysis of wild type and
mutant strain showed indeed that the expression of a large
number of genes encoding glycolytic enzymes was elevated
in the mutant, whereas genes encoding gluconeogenic
enzymes were reduced. Figure 11 summarizes the dual
function of TrmBL1 (Tgr) in the regulation of carbohydrate
metabolism.

Cross-regulation by TrmB and TrmB-like proteins

As shown above, TrmBL1/Tgr acts as global regulator at
the crosspoint of glycolysis and gluconeogenesis. The
TGM sequence, either downstream or upstream of the
BRE/TATA, box allows binding of TrmBLI1 and deter-
mines repression or activation of the respective gene. Yet,
neither is the TGM motif exclusively used as TrmBLI1
binding site nor does the TGM sequence prevent the bind-
ing (and subsequent regulation) by TrmB (for instance:
MD, PF0464, or PF1784). All TGM-containing promoters
are recognized very well by TrmBL1. However, also the
gene encoding TrmBL1 (PF0124) itself whose promoter
does not harbor the TGM sequence is recognized by
TrmBL1 and appears to be autoregulated (repressed).
In vitro transcription assays with this promoter DNA in the
presence of TrmBL1 showed strong inhibition that was
relieved by as little as 50 uM glucose. Note that glucose
does not relieve repression by TrmBL1 when acting on
TGM containing promoters. Thus, curiously, TrmBL1 in
the absence of sugar represses its own expression, but
repression is relieved by glucose! In contrast maltose and
maltotriose, sugars that relieve repression on TGM harbo-
ring promoters, have no effect on TrmBL1 when acting on
the PFO124 promoter. Extrapolated to the in vivo situation,
this would mean that excess glucose stimulates the synthe-
sis of TrmBL1 and therefore would in turn stimulate the
expression of genes encoding gluconeogenic enzymes, but
represses those encoding glycolytic enzymes. In addition,
excess glucose would via TrmB further repress the genes
encoding the TM and the MD system as discussed above.
This emphasizes the important role of cytoplasmic glucose
in controlling transport, glycolysis and gluconeogenesis.

Considering the evolutionary aspects of maltose/malto-
dextrin ABC transporters (Noll et al. 2008), one would
speculate that TrmBL1 is the “older” regulator evolved
for the control of glycolytic and gluconeognic systems
(even though it is not present in all sequenced Thermococ-
cales), whereas TrmB would represent a more recent
aquisition (possibly from bacterial origin) initially geared
for the specific control of the TM system. Yet, obvious
homologues of TrmB in bacteria have not been recog-
nized so far.
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Fig. 11 The model for TrmBL1
function in the regulation of
genes catalyzing transport and
metabolism (acting as repressor)
and gluconeogenesis (acting as
activator)

Repression

PF1784 3’

Fructose-6-phosphate

+ ADP

+Pi

Phosphofructokinase (PF1784)

Fructose-1,6-bisphosphate + AMP
FrEctose-1 ,6-bisphosphatase (PF0613)

Gluconeogenesis

The third TrmB-like protein is TrmBL2. Only prelimi-
nary testing has been done with this interesting regulator.
As shown in Fig. 6 it lacks a large C-terminal domain,
which in the TrmB crystal structure was shown to contain
the sugar-binding site. Therefore, TrmBL2 should not be
able to bind sugar. Nevertheless, it is apparently the evolu-
tionarily the most conserved regulator and is found in all
sequenced Thermococcales, unlike the other TrmB-like
proteins (Table 1). TrmBL2 recognizes the MD promoter
very well, but no obvious pattern in respect to other TGM-
containing promoters can be deduced (Lee et al. 2007b). Of
course, there is the question of sugar specificity of
TrmBL2. In the absence of a sugar-binding site, we specu-
late on a mechanism that has been observed in the E. coli
maltose system. There, MalT the central activator of all mal
genes can be controlled by the regulatory domain of MalK,
the ABC subunit of the binding protein-dependent trans-
porter (Bohm and Boos 2004). The same “regulatory”
domain has been observed in the ABC subunit of the TM
and the MD transporter of P. furiosus (Diederichs et al.
2000). TrmBL2 could follow the same mechanism and
obtain its specificity by interacting with the regulatory
domain of the two ABC transporters.

The surprising conclusion that arises from these studies
is the multiplicity of regulatory input acting on the differ-
ent promoters. In the case of the MD promoter, no less
than three regulators are participating, two of which are
shown to be substrate controlled. The dissection of the
role of each regulator acting in vivo will be challenge for
the future.

BRE TATA ATG PF0613 3’
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