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General introduction



Chapter 1

THE ARCHAEAL DOMAIN

In the late 1970s phylogenetic analyses of small-subunit rRNA sequences showed that
there is a principal division within the prokaryotic domain (138), separating the then-called
eubacteria from the archaeabacteria. Woese and coworkers therefore proposed a three-
domain division among all living organisms, consisting of bacteria, archaea and eukarya
(139) (Fig. 1). The domain of the archaea can be further divided into two kingdoms: the
euryarchaeota and the crenarchaeota. Since the recognition of archaea as a distinct
phylogenetic domain of life, many studies have focused on the physiology and molecular
biology of archaea. First, because of the fundamental interest in unique archaeal
biochemistry and cellular processes (e.g. ether lipid-containing membranes,
methanogenesis, and transcription). Second, because of the potential application of relative
robust archaeal enzymes. Many archaea are so-called extremophiles because of their ability
to grow under various extreme conditions regarding salt concentration (halophiles),
pressure (barophiles), pH (acidophiles or alkaliphiles), or temperature (psychrophiles or
thermophiles). Enzymes from extremophilic archaea are usually intrinsically stable under
the harsh conditions of their habitat (124).

Eukarya

Crenarchaeota

Sulfolobus

Archaea

Pyrococcus

Bacteria

Halophiles

Methanogens

Euryarchaeaota

Figure 1. Universal tree of life, based on phylogenetic analysis of 165/18S rRNA sequences (139). The three
domains bacteria, eukarya, and archaea are depicted. The archaeal domain can be further divided into two
kingdoms: the crenarchaeota and the euryarchaeota.

Organisms that have an optimal growth temperature of 80°C or higher are called
hyperthermophiles. The hyperthermophilic archaea Pyrococcus  furiosus and  Sulfolobus
solfataricus are the key organisms in this thesis. P.furiosus is a euryarchaeotic marine organism
that was isolated from geothermally heated sediments at the island Vulcano, Italy (47). The

organism grows strictly anaerobically at an optimal temperature of 100°C, with a doubling
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time of about 30 min.. S.so/fataricus is a crenarchaeote, isolated from a solfataric field near
Naples, Italy. It is an aerobic thermoacidophile, growing optimally at 80°C and pH 2-4,
with a doubling time of several hours (146). Both organisms are versatile organisms, able to
grow heterotrophically on a variety of sugars and proteinaceous substrates. The genomes of
P.furiosus and S.solfataricus have been completely sequenced. They are 1.9 and 3.0 Mbp in
size, and display a GC-content of 41% and 38%, respectively (Utah Genome Center, Dept.
of Human Genetics, University of Utah, http://www.genome.utah.edu) (119).

THE ARCHAEAL TRANSCRIPTION MACHINERY

Although archaea resemble bacteria with respect to their prokaryotic cellular
organization, the biochemistry of some of their fundamental cellular processes like
transcription, translation, and replication is remarkably different (15, 91). The archaeal
transcription machinery does not resemble that of bacteria, but is rather eukaryal-like. The
first step in transcription initiation is the assembly of the preinitiation complex (PIC) at the
promoter. A schematic comparison of the PICs from the three domains of life is shown in
Fig. 2. Although eukarya have three distinct RNA polymerase (RNAP) systems, only the
type II system is shown, since this is most comparable to the archaeal system (see below).
Formation of the eukaryal type II PIC is accomplished by the interaction of multiple
general transcription factors (114), starting with the binding of the multi-subunit complex
TFIID to a promoter element called the TATA box. TFIID consists of TATA-binding
protein (TBP) that is responsible for TATA-box binding, and TBP associated factors
(TAFs). The binding of TFIID can be stabilized by TFIIA. TFIIB subsequently binds the
TFIID-DNA complex and recruits the RNA polymerase-TFIIF complex. The binding of
TFIIE and TFIIH further completes the PIC (114).

In vitro transcription systems have been developed for several archaea (39, 48, 61, 60,
09, 1006), allowing investigation of archaeal requirements for specific transcription.
Comparison of the eukaryal with the archaeal PIC shows remarkable similarities. The
archaeal PIC includes TBP, TFB (orthologous to TFIIB), and a eukaryal-like RNAP (see
below). Hence, the archaeal PIC appears to be a simplified version of the eukaryal RNAP
IT system. Interestingly, a subset of eukaryal promoters can accurately be transcribed using
a minimal transcription complex, consisting of only TBP, TFIIB, the RAP30 subunit of
TFIIF, and RNAP (129). This shows that a eukaryal transcription system with comparable

simplicity to the archaeal system also has basic transcriptional activity.
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" TAFs

Eukarya  Tria

Archaea

Bacteria

Figure 2. Schematic representation of pre-initiation complexes and promoters in the three domains of life.
Obijects with dashed lines indicate proteins absent in archaea. See text for further explanation.

The bacterial PIC is clearly different from that of archaea and eukarya. First, the
bacterial RNAP is smaller, the core enzyme consisting of five subunits in a oLBPf’®
configuration (141). Second, the bacterial RNAP holoenzyme, consisting of the core
enzyme and a o-factor, has the intrinsic ability to specifically recognize core promoter
elements of bacterial promoters, usually located at -35 and -10 bp upstream of the
transcription start site. The core RNAP is able to combine with one of the several different
o-factors, each of which enables the RNAP holoenzyme to direct transcription from a
specific subset of promoters. For example, E.co/i utilizes at least five different o-factors,

whereas no less than 18 o-factors are encoded by the B.subtilis genome (56, 77). No
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additional transcription factors are necessary for promoter recognition and initiation of
transcription. Since o-factors are absent in both eukarya and archaea, they appear to be

typical for the bacterial transcription system.

RNA polymerase

S.acidocaldarins RNAP (saRNAP) was among the first archaeal RNAPs purified, and the
subunit complexity and sequences revealed that it is more related to eukaryal than to
bacterial polymerases (82, 145). Archaeal RNAPs have at least ten subunits (Table I). Their
large subunits share homology with both bacterial and eukaryal RNAP large subunits, but
they have the highest homology with those of eukarya (82). More specifically, they are most
closely related with the RNAP II subunits, as determined by phylogenetic analysis (15).
Importantly, however, the archaecal RNAP subunit A” lacks the characteristic heptad
repeats found in the C-terminal part of the homologous eukaryal largest subunit RPB1,
where these are the targets of extensive phosphorylation after transcription initiation (36).
The SaRNAP subunits E, H, I, and N have homology only with eukaryal RNAP subunits.
Among the different archaea there are variations in RNAP subunit organization. Subunit B
is sometimes split into B> and B” (methanogens and halophiles), and subunit E is split into
E> and E” (methanogens and S.soffataricus) (14, 144). Furthermore, a comparison of
SaRNAP with Methanobacterium  thermoantotrophicumz RNAP (MtRNAP) showed that the
SaRNAP subunits G, M, and possibly N are not present in MtRNAP, and in contrast,
MtRNAP subunit P is absent in SaBRNAP (39).

Interaction studies have shown that archaeal and eukaryal RNAP subunits are not only
comparable at the amino acid sequence level, but also at the functional level. The archaeal
D and L subunits interact, as do their eukaryal homologues RPC5 and RPC9 (18, 81). In
addition, archaeal D is capable of interacting with eukaryal RPC9 (41). All these subunits
contain motifs known as "alpha motifs" from o subunits of bacterial RNAP that are
involved in the homo-dimerization of the two o subunits. Additional interactions have
been shown for archaeal F-E and P-D, and their eukaryal homologues RPB4-RPB7 and
RPB12-RPB3, respectively (136). Again, an archaeal-eukaryal F-RPB7 interaction can be
detected as well. The recently solved crystal structures of S.cerevisiae RNAP and T.aquaticus
RNAP allow for an even more detailed view of the location and interactions of the
different subunits within the RNAP (35, 141). In conclusion, interactions that take place
between eukaryal RNAP subunits also occur between the homologous archaeal subunits,
and some of the involved subunits are functionally interchangeable (D-RPC5 and F-RPB7),

at least regarding the interaction properties. It demonstrates a functional relationship
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among archaeal and eukaryal RNAP subunits, and indicates conservation across the

evolutionary domain boundary.

RNAP subunit of . Homologous RNAP subunits
M.thermoauto- RNA.P subumt.of Bacterial Eukaryal (S.cerevisiae)
trophicum S.acidocaldarius (E.coll) I " "
A’ A" A’ A B’ RPAT’ RPB1" RPC1’
B B B B RPA2 RPB2 RPC2
D D o RPC5 RPB3 RPC5
E' E - - RPB7 RPC25
F | - - RPB4 -
- G - - - -
H - RPB5 S RPB5® RPB5®
K K of RPB6 * RPB6 * RPB6*
L L o RPC9 RPB11 RPC9
- M - - - -
- N - RPB10 RPB10 RPB10
P - - RPB12 RPB12 RPB12

Table I. Archaeal RNAP subunits and their corresponding homologues in bacterial and eukaryal RNAPs
Adapted from Langer et al. (82), Darcy et al. (39), and Bell & Jackson (11, 14). {M.thermoautotrophicum B’
and B’ are homologous to the N-terminal and C-terminal 1/2 of S.acidocaldarius B, respectively; "A” and A"
are homologous to the N-terminal 2/3 and the C-terminal 1/3, respectively; SC-terminal 1/3; *Cterminal 1/2;
o is present in the core and holoenzymes of bacterial RNAPs, and is encoded by all available bacteria
genomes. It is, however, not essential for transcription in vivo and in vitro (24, 50, 64, 141).

TBP

Archaeal TATA-binding proteins (aTBPs) are homologous to eukaryal TBPs (¢TBPs).
Although aTBPs do not contain the N-terminal region of ¢TBPs that is highly variable in
sequence and length, their core domains are about 40% identical (15) (Fig. 3A). Some
aTBPs have a C-terminal stretch of six to ten highly acidic amino acid residues, but the
function of these residues is unknown (14). The homologous core domains of both ¢eTBPs
and aTBPs are composed of imperfect direct repeats, however, the symmetry between the
direct repeat elements in aTBPs is higher than in eTBPs (40% vs. 28-30% identity,
respectively) (14). The symmetry of these domains is also evident in the solved three-
dimensional structure from Pyrococcys woesei TBP (40). The structure of this aTBP is very
similar to that of €TBPs (98) (Fig. 3B). Both aTBP and ¢TBPs have a characteristic "saddle
shape". Their concave inner DNA-binding side consists of an antiparallel -sheet, while a

“stirrup loop” is present at each end of the long axis. eTBP is required for transcription by
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all three eukaryal RNAP systems, and is part of one of the three multi-subunit complexes
SL1, TFIID, or TFIIIB, specific for RNAP I, II, or III, respectively. Although aTBP exists
as a homodimer in archaeal cell extracts like TFIID, it is not complexed with any other
protein (106, 126). Moreover, archaeal genome sequences do not contain any homologues
of TBP-associated factors (T'AFs), the proteins associated with TBP in the eukaryal SL-1,
TFIID, and TFIIIB complexes.

A 28-30% 16%
eTBP > | > | eTFB—>H—7|\
40% 30% o
aTBP [—> | p faddc aTFB — T — 1
HTH

+——— core domain——

hinge ™ core domain———

human cTBP P.woesei TBP superimposition

N N
Y \ ¢
’13’\ 3’\/ /

/ DNA

) binding
stirrup

Figure 3. Structure of TBP and TFB. (A), Schematic representation of eukaryal TBP (eTBP), archaeal TBP (aTBP),
eukaryal TFB (eTFB), and archaeal TFB (aTFB). eTBPs contain an N-terminal extension of variable length,
whereas some aTBPs contain a short C-terminal acidic region. Horizontal arrows indicate imperfect direct
repeats in amino acid sequence, and the percentage of identity is indicated. (B), Three-dimensional structure of
the human core domain of TBP (98) and P.woesei TBP (40). N-termini and C-termini are indicated, as well as
the antiparallel DNA-binding B-sheet and the characteristic "stirrup" loop. The structures of human cTBP and
P.woesei TBP are superimposed to indicate their structural homology.

The essential role of aTBP in archaeal transcription was demonstrated by
immunodepletion of aTBP from Sulfolobus shibatae cell extracts. No transcription activity
was present in these extracts, but this could be restored by addition of recombinant
S.shibatae ATBP (105). In addition, aTBP can be replaced by eTBP from either yeast or
human, which both facilitate specific transcription in a Methanococcus thermolithotrophicus in

vitro transcription system (137).
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Thus, eukaryal and archaeal TBPs are structurally and functionally comparable, and

nucleate assembly of the PIC.

TFB

The second archaeal transcription factor is transcription factor B (TFB), which is
homologous to the eukaryal RNAP II-specific transcription factor IIB (TFIIB). Since
archaea have only one RNAP system, their factor B is simply referred to as TFB. Eukaryal
TFIIBs and archaeal TFBs are about 30% identical (14), and share structural homology
(74). Both proteins consist of two domains: an N-terminal Zn-ribbon domain and a larger
C-terminal core domain consisting of an imperfect direct repeat (Fig. 3A). Like TBP, TFB
is an essential archaeal transcription factor (66, 106), which has been shown to be involved
in a series of events leading to transcription initiation, as is detailed below.

First, by binding of TFB to the TBP-DNA complex, a more stable ternary TFB-TBP-
DNA complex is formed, which in turn is able to recruit RNAP. The X-ray crystal
structure of the P.woesei ternary complex containing the core domain of TFB (cTFB)
showed that TFB binds the DNA helix opposite of TBP, interacting with the C-terminal
stirrup loop of TBP (74, 86) (Fig. 4). The structure of this archaeal ternary complex is
highly comparable to the eukaryal ternary DNA-TBP-cTFIIB complex, again indicating
that the transcription systems in the two domains are very well conserved.

Second, TFB determines transcriptional polarity. It was shown that a sequence
immediately upstream of the TATA box, called the TFB-responsive element (BRE), is
important for TFB-mediated promoter strength 7z vitro (66, 107) (Fig. 2). Placement of the
BRE downstream of the TATA box instead of upstream resulted in a reversed direction of
transcription (17). Inversion of the TATA box while leaving the BRE unaffected had no
effect on transcription direction (17), which is in agreement with the observation that TBP
is a highly symmetric protein (see above), possibly capable of binding the TATA box in
both orientations, like €TBP (34). Subsequently, it was shown that there is indeed a direct
sequence-specific interaction between TFB and the BRE (17, 107). The X-ray crystal
structure of the ternary complex confirmed these results, and showed that a C-terminal
helix-turn-helix (HTH) motif of TFB makes base-specific contacts with the BRE (Fig. 4)
(80).

Third, TFB recruits RNAP. Although the N-terminal domain of TFB is dispensable
for formation and stabilization of the ternary complex, it is crucial for RNAP recruitment
(13). The structure of this domain resembles that of a Zn-ribbon (Fig. 7B) (142), a fold

usually involved in protein-DNA or protein-protein interactions. This domain was found
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to interact primarily with the RpoK subunit of saRNAP, a subunit that is conserved in all
three eukaryal RNAPs (RPB0), as well as in bacterial RNAP (®) (92). The corresponding
N-terminal domain of eukaryal TFIIB has also been shown to involved in RNAP
recruitment (23), however, eukaryal RNAP recruitment appears to be mediated by TFIIF,

which has not been identified in any of the archaeal genomes.

TBP TBP
N-terminus C-terminus

TBP-TFB
interactions

%
& .

‘ll
0

/

/
‘y"

X

\ b' oy
o AN z — . v‘.
s
/ \:‘. ]
cTFB cTFB
C-terminus TFB N-terminus

HTH

Figure 4. Three-dimensional structure of the P.woesei ternary complex consisting of TATA-BRE-DNA (black),
TBP (gray) and the core domain of TFB (white) (86). N-termini and C-termini of the proteins are indicated, as
well as the direction of transcription, the C-terminal HTH DNA-binding domain of TFB (darker helices), and
the TBP-TFB interface (arrows).

Apart from multiple roles in early stages of transcription initiation, TFB also plays a
role in promoter clearance, a late stage in transcription initiation (13). Mutation of a
conserved glutamate residue among TF(II)Bs (E46), located in a presumable flexible hinge
region between the Zn-ribbon and the core domain, abrogates clearance at some
promoters. Although the effect appears to be dictated by the DNA sequence surrounding
the transcription start site, the exact mechanism by which TEFB affects promoter clearance
is not known yet.

It is interesting to note that some archaea encode multiple copies of TBP or TFB. For
instance, Halobacterium sp. NRC-1 contains at least five genes encoding TBP paralogues and
seven genes encoding TFB paralogues, either on its plasmid or its chromosomal DNA (97).

It is tempting to speculate that these different TBPs or TEFBs facilitate transcription from
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specific subsets of promoters, in analogy to the function of bacterial sigma factors (see also
below).

Other transcription factors

The zn vitro transcription of many tested archaeal promoters has been demonstrated to
be independent of transcription factors other than TBP and TFB, and RNAP. However,
archaeal genomes encode two additional eukaryal-like transcription factors, TFS and TFE
(homologous to TFIIS and TFIIEa, respectively), both of which have been studied 7 vitro.
As described in Chapter 2, TFE plays a stimulatory role on some promoters and under
certain conditions. TFS has homology to both the eukaryal transcription elongation factor
TFIIS and small subunits of RNAP I, II, and III, but was shown to be not complexed with
archaeal RNAP. TFS induces a 3’ to 5’ transcript cleavage activity in RNAP, resulting in the
release of stalled elongation complexes, and its function is therefore similar to that of
eukaryal TFIIS (62).

Homologues of other eukaryal type 11 general transcription factors, like TFIIA, TFIIF,
and TFIIH are not encoded by archaeal genomes. The absence of an archaeal TFIIH
homologue appears to be logical: eukaryal TFIIH is involved in phosphorylation of C-
terminal heptad repeats of the RNAP largest subunit and ATP-dependent promoter
melting (114). The archaeal RNAP large subunit does not contain these repeats, and does

not require ATP hydrolysis for transcription initiation (16, 63).

Archaeal promoters and terminators

In analogy with the presence of a eukaryal-like RNAP and transcription factors in
archaea, promoter elements were also found to be eukaryal-like, resembling RNAP II
promoters and a subclass of RNAP III promoters (93, 110). Extensive mutational analyses
of archaeal promoters 7z vitro and 7n vivo allowed the definition of an archaeal consensus
promoter (38, 100, 110), which consists of three major elements: the TATA box, the BRE,
and the initiator element (INR, see Fig. 5). An 7 silico analysis of mapped archaeal
promoters confirmed the experimental mutational data and showed a non-random base
distribution at positions corresponding to TATA, BRE, and INR (122). In addition, this
analysis showed that consensus sequences vary between halophilic archaea, methanogenic
archaea, and crenarchaeota. A comparison of archaeal promoter sequence elements is
shown in Fig. 5. The TATA box is the target site for TBP, and its name refers to an often-
encountered alternating sequence consisting of As and Ts, where Cs and Gs are avoided,

except at the first position (122).

10
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Sulfolobus --—-R-WAAWYTTTAAA———————=-—————————————— TRSSSC-----
Pyrococcus =~ ----RAMA--TTWWWWA-————————————————————————— ==
Eukarya -——SIBRCGCCTATAWAW-————————==——————————— YAYYYYY----

INR

- BRE | TATA |

Figure 5. Consensus sequences of archaeal promoters. BRE, TFB-responsive element; INR, initiator element. W
= AT; Y = C/T; R = A/G; S = G/C; N = A/C/G/T. Numbers indicate the position relative to the transcription
start (+ 1). For comparison, the consensus sequences of eukaryal core promoter elements is given (19, 80). Key
positions of the BRE involved in base-specific TFB-DNA interactions are boxed in gray. The size of the TATA-
box and the BRE is eight and nine bp, respectively, as determined from structural studies, although this is not
always reflected by sequence preference. The exact size of the INR is unknown, as indicated by the dashed
box. Data was obtained from Soppa (122), Bell et al. (17), and Verhees (131).

There is some flexibility in the spacing between the TATA-box and the transcriptional start
site, so that the center of the TATA box is located at 25-30 basepairs upstream of the
transcriptional start site.

The BRE is recognized by a C-terminal HTH motif of TFB (Fig. 4). Although BRE
sizes appear to differ among the archaeal subgroups (122), they generally consist of a six-bp
purine-rich sequence (17), located directly upstream from the TATA box. Purines at
positions —3 and —6 are key determinants for specific BRE recognition, since they are the
targets for base-specific interaction with the HTH of TFB (86). The function of the TATA
box and the BRE in both archaea and eukarya are comparable (80).

Although several studies have demonstrated the presence of the archaeal INR element
(110, 122), its exact role has not been elucidated yet. In eukarya TFIID binds the INR (114,
120), however, this interaction is through one of the TAFs and not through TFB. In
addition, the INR-TFIID interaction is enhanced by TFIIA. Since there are no obvious
archaeal homologues of TAFs or TFIIA, the archaeal INR might function in a different
way compared to that of eukarya. Because the E46K mutation in TFB sensitizes
transcription initiation to sequence mutations in the INR (13) (see above), it is not unlikely
that TFB is somehow related to INR function. It should be noted, however, that eukaryal
RNAP has been shown to recognize transcription start sites (135).

In contrast to all of the above described promoter elements, the downstream promoter

element (DPE) is only present in eukarya, and not in archaea. It is a 7-bp element that is
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present in many TATA-less promoters, centered at position +30 (25). Like the INR
element of eukarya, it is recognized by TFIID, not through TBP but through the TAFs,
which are absent from archaea. In the current model, the eukaryal DPE functions as a
downstream analogue of a TATA box, thus enabling TFIID binding at the promoter (25).
In comparison with the mechanism of transcription initiation of archaea, there is
relatively little information about transcription termination. Experiments in which 3'
termini of archaecal mRNA have been mapped suggest that transcription terminates at
multiple positions within one sequence region or two closely spaced regions (37). Only in a
few cases the termination site has been mapped to a single nucleotide or dinucleotide. In
general, 3' termini map within poly-T stretches ranging from four to 30 nucleotides and an
average length of about 15 nucleotides. Inverted repeats are only present in some
experimentally determined 3' ends, but the predicted secondary structures produced by
these sequences have little in common. In addition, a computer-based analysis of complete
prokaryotic genomes showed that the hairpin-forming potential around the stop codons of
archaeal genes is very low, which confirms the experimental data mentioned above (134).
The absence of obvious hairpin-forming sequences suggests that it is unlikely that archaeal
terminators resemble the Rho-independent terminators of bacteria. Although no obvious
homologues of bacterial Rho are encoded by archaeal genomes, a variety of archaeal
genomes encode homologues of the bacterial termination factors NusA and NusG.
However, no experimental work has been reported on the characterization or function of

these proteins in archaea.

Topology of the DNA template

Whereas the DNA of bacteria, eukarya, and mesophilic archaea is negatively
supercoiled, the DNA of hyperthermophilic archaea ranges from relaxed to positively
supercoiled (26, 87). This positive supercoiling is thought to prevent denaturation of the
DNA due to the high growth temperatures of hyperthermophilic archaea. Besides, these
organisms were shown to modulate the topology of their DNA in response to thermal
stress conditions, i.e. heat shock causes (transient) positive supercoiling, whereas cold
shock causes negative supercoiling (88).

Since transcription requires local melting of DNA, it can be expected that the
topological state of the DNA template affects the efficiency of transcription, and perhaps
acts as a global regulatory mechanism. In fact, global changes in supercoiling can act locally,
by regulating supercoiling-sensitive promoters (99, 133), a phenomenon that has also been

demonstrated in archaea (6). The effect of DNA topology on transcription has been
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investigated using 7z witro transcription systems of S.soffataricus and P.furiosus (16, 65).
S.solfataricus  transcribes negatively to positively supercoiled DNA at physiological
temperatures, but only negatively supercoiled to relaxed DNA at lower temperatures, and
the block to transcription of positively supercoiled DNA at lower temperatures is at the
level of RNAP recruitment and promoter opening (16). These results are in agreement with
the observed induction of negative supercoiling upon cold shock in Swu/folobales (88), which
possibly serves as a global response that ensures efficient transcription at sub-optimal
temperatures (16). In marked contrast to S.soffataricus, P.furiosus transcribes only negatively
supercoiled to relaxed DNA at physiological temperatures, and negatively to positively
supercoiled DNA at lower temperatures. It is unclear whether this difference depends on

the type of promoter or on a particular property of one of the two systems (65).

Chromatin structure

The structure of the chromatin template plays a major role in eukaryal transcriptional
regulation. Instead of regarding the DNA template as naked DNA at which the PIC freely
assembles, the large genomes of eukarya are efficiently packaged, and therefore the
template for transcription should rather be regarded as protected or buried by histones,
together called chromatin. A variety of post-translational histone modifications and
remodeling events commonly precedes eukaryal PIC formation, and these mechanisms are
usually subject to complex regulatory processes (73). Although prokaryotes have much
smaller genomes than eukarya, they also compact their DNA. For this purpose bacteria
have histone-like proteins such as HU and H-NS (104). While these proteins are not as
actively involved in regulation of gene expression as in eukarya, they do sometimes play a
role (103).

Homologues of the eukaryal histones are also present in the euryarchaeota. Although
the small archaeal genomes presumably do not require the rigorous packaging mechanism
encountered in eukarya, archaeal histones form nucleosomes that are well comparable to
the eukaryal core nucleosomes. The four eukaryal histones H2A, H2B, H3, and H4 have a
core domain which forms the “histone fold” (4), and archaeal consensus histone sequences
are homologous to this core domain (4, 115, 123). Archaeal histones lack the typical N-
terminal and C-terminal extensions of eukaryal histones. These extensions are not strictly
required for nucleosome assembly, but rather form the targets for interaction with
regulatory proteins, acetylation, or are involved in higher-order chromatin assembly (73,
125). In general, dimerization of histones stabilizes the histone fold (70), but whereas dimer

formation in eukarya is restricted to the formation of (H2A+H2B) and (H3+H4)
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heterodimers, archaeal histones form homodimers as well as heterodimers (52). Because
the number of histone-encoding genes varies from two to five per archaeal genome, it
appears that formation of a variety of heterodimers is possible, potentially displaying
various biological activities during different growth conditions (52). Two eukaryal
(H3+H4) dimers assemble to form a (H3+H4), tetramer which recognizes nucleosome
positioning signals on the DNA. Subsequently an (H2A+H2B) dimer binds on each side of
the (H3+H4), tetramer to complete the nucleosome, which wraps 146 bp of DNA around
this core (90). The archaeal nucleosome consists of a tetramer rather than an octamer (51,
101), and it resembles the structure that is formed by the (H3+H4)> tetramer core at the
center of the eukaryal nucleosome (102) (Fig. 6). Although the eukaryal octameric
nucleosome induces only negative supercoiling of its DNA, it has been shown that the
(H3+H4)2 core tetramer is able to wrap DNA into either negative or positive supercoils
(58, 59). In analogy, the archaeal tetrameric nucleosome can induce both negative and
positive supercoiling, depending on protein-DNA ratio or salt concentration (94, 95, 109).
Since negative supercoiling is observed under more physiological high-salt conditions, is it
likely that this reflects the 7z vivo situation (94).

The effect of histone binding to a DNA template transcribed 7z vitro was tested for the
P.furiosus gdh promoter (121). It was shown that transcription was reduced by histone
binding, in a manner that was dependent on the histone-to-DNA ratio and on the DNA
template topology. Sensitivity of transcription to histones was highest with relaxed circular
DNA, lower with negatively supercoiled DNA, and lowest on linear DNA. While gdh
transcription 7z vitro is dependent on template topology, with negatively supercoiled DNA
being a better template than relaxed DNA (65), it is likely that the repressive effect of
histones is the result of a change in the DNA geometry (121). In addition, binding of

histones to the DNA template presumably provides a physical barrier for transcription.

Figure 6. Schematic representation of the

H2A 2 organization of histones within the eukaryal and
3 archaeal nucleosome. The eukaryal nucleosome

consists of an octamer containing two (H3 +H4)

- H3 dimers and two (H2A+H2B) dimers. The

14 archaeal nucleosome resembles the core eukaryal

(H3+H4)2 tetramer, and homodimers or

eukaryal archaeal heterodimers are formed by any combination of
nucleosome nucleosome the present archaeal histones.

Although histones appear to be restricted to the euryarchaeal kingdom, not all

euryarchaeal species actually possess histones. For instance, Thermoplasma species instead
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contain a protein called HTa, which is homologous to bacterial HU, and in
Methanosarcinaceae MC1 is the most abundant DN A-associated protein (27-29).

Histones have not been detected in crenarchaeota. Instead, crenarchaeota have three
classes of abundant DNA-binding proteins with molecular weights of 7, 8, and 10 kDa
(31). Sac7d and Sso7d from S.acidocaldarius and S.solfataricus, respectively, are the major
representatives of the 7-kDa class. Sso7d is a high-affinity DNA-binding protein which is 7
vivo methylated at five out of 14 lysine residues, the exact function of which is not yet
known (31). Apart from protection of DNA against melting at high temperatures (57),
binding of Sso7d leads to negative supercoiling of its bound DNA, and it is hypothesized
that this Sso7d-induced unwinding of DNA plays a role during thermal stress. Presumably,

Sso7d is therefore a functional analogue of the protein HU from E.co/7 (89).

ARCHAEAL TRANSCRIPTIONAL REGULATORS

Whereas the basal transcriptional machinery of archaea is eukaryal-like, this is not the
case for the regulatory proteins encoded by the archaeal genomes. Instead, most of the
archaeal regulators that that can be identified on the basis of homology belong to bacterial
families of regulators. In Table II the most common bacterial families of regulators are
listed, and the number of paralogues is given for all archaeal genomes sequenced to date, as
identified using BLAST. It is evident that of all listed protein families, members of the Lrp
family are most abundantly present in archaea (for a more detailed description of Lrp-like
proteins, see Chapter 3). Among the bacterial-like regulators of archaea, members of the
Lrp family are unique in that they are present in all archaeal genomes to date. Like bacteria,
most archaea possess multiple Lrp paralogues. Remarkably, in F.acidarmanus almost all of
the present bacterial-like regulators are Lrp-like proteins. Most archaeal genomes contain
homologues of the metal-responsive repressor proteins ArsR, FUR, and DtxR. Whereas
ArsR proteins bind DNA only in the absence of their metal ion ligands, FUR and DtxR
proteins require metal ions for their DNA-binding activity (5, 10, 46, 116).

In Table II the few eukaryal-like regulators present in archaea are listed as well. Multi-
protein bridging factor (MBF1) is an eukaryal-like regulator that is present in all archaeal
genomes sequenced to date. We have recently cloned, overproduced, and purified the
S.solfataricus homologue of MBF1. Preliminary analysis showed that S.soffataricus MBF1
interacts with TBP, and the conserved archaeal genomic context of the mbf7 gene suggests

that MBF1 may be involved in regulation of proteasome activity (72, 130). Sir2 is a
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deacetylase that in eukarya modulates chromatin-mediated transcriptional regulation
through post-translational modification of histones. Recently, it was shown that this
protein plays a similar role in S.so/fataricus (see below) (9). Although a homologue of Sir2 is

apparently also present in B.su#btilis, its role here is unknown.

50 \ Met)/Arc
45 lZn-ribbon\
mHTH

HTH wHTH

-

Arc/Met] Zn-ribbon

Figure 7. (A), Relative abundance of HTH, Arc/Met], and Zn-ribbon domains in archaea and bacteria,
according Aravind & Koonin (2). Vertical axis: number of detected domains per 1000 proteins. Bacteria:
Aquifex aeolicus (A.ae), Bacillus subtilis (B.s.), Mycobacterium tuberculosis (M.tu.); archaeal species:
Methanococcus jannaschii (M.j.), Methanobacterium thermoautotrophicum (M.th.), Archaeoglobus fulgidus
(A.f.), Pyrococcus horikoshii (P.h.), Aeropyrum pernix (A.p.). (B), Three-dimensional structure of the analyzed
DNA-binding domains. HTH, helix-turn-helix (LrpA) (84); wHTH, winged-helix-turn-helix (BirA) (20); Arc/Met)
(Arc repressor) (108); Zn-ribbon (P.furiosus N-terminal domain of TFB) (142).

In addition to the bacterial and eukaryal regulators listed in Table II, it can be expected
that archaea contain novel or archaeal-specific regulators. To screen archaeal genomes for
such proteins profile search methods have been employed that identify open reading
frames (ORFs) containing DNA-binding domains (2). Several conclusions could be drawn
from this study. First, all archaeal genomes encode a large number of proteins containing a
HTH DNA-binding domain, the majority of which belongs to the subclass of winged-
HTH domains (wHTH, Fig. 7A and B). In addition to the three helices of the HTH, the
wHTH contains C-terminal B-hairpin (the wing). The sequence of these HTH domains is
more closely related to bacterial than to eukaryal HTH domains like POU and
homeodomains. Second, the number and diversity of archaeal HTH domains is comparable
to that of bacteria, and it is anticipated that the majority of HTH-containing proteins are

gene or operon specific regulators. Finally, archaea contain unexpectedly large numbers of
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proteins containing Arc/Met] and Zn-ribbon domains, presumably involved in DNA
binding.

In conclusion, analysis of archaeal genomes shows that they contain many members
belonging to bacterial regulatory families. In particular, Lrp-like proteins are most
abundantly present. In addition, most of the (novel) proteins expectedly involved in DNA-
binding and transcriptional regulation contain a HTH DNA-binding domain, although

proteins containing Met]/Arc and Zn-ribbon domains are predicted as well.

TRANSCRIPTIONAL REGULATORY SYSTEMS IN ARCHAEA

Although there is relatively little information yet about transcription regulation in
archaea, some model systems have been studied in the recent decade. Especially for
mesophilic archaea genetic tools have become available, allowing 7z wivo analysis of
regulatory mechanisms. For example, heat shock response, gas vesicle formation, and
bacteriorhodopsin expression have served as model systems in halophilic archaea.
Functional genetic tools are not yet available for hyperthermophilic archaea, and studies
focusing on these organisms have been based mainly on 77 vifro molecular analyses and
comparative genomics (49). In particular, DNA-protein interaction studies have
contributed considerably to an understanding of archaeal transcription regulation
mechanisms. The most important archaeal regulatory systems are listed in Table II and

briefly discussed below.

Heat shock response

Using a plasmid-based 7z vivo reporter system, the regulation of two Haloferax volcanii
heat shock-induced promoters, P,, and P, has been studied (78). For basal transcription
and regulation of P, it was found that sequences overlapping and immediately
surrounding the TATA-element are important. The 5 upstream boundary for a fully
functional and regulated P_,, mapped at position —37 relative to the transcriptional start site
(127), presently known to coincide with the 5” boundary of the BRE (17, 86). Thus, apart
from the TATA-box, no obvious as-acting heat shock responsive element could be
identified. It is therefore possible that the mechanism of activation is independent on direct
DNA-activator interactions and relies on alternative mechanisms involving components of
the basal transcription machinery, most likely TBP and/or TFB. Interestingly, it has been

demonstrated that a paralogue of TEFB in H.vokanii, called TFB2, is induced under heat
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shock conditions (128). Perhaps this alternative TFB could specifically be involved in the
transcription of heat shock promoters like P, and P, a mechanism that would be
functionally analogous to the bacterial heat shock response, involving an alternative sigma

factor. Moreover, mechanisms like these can also be expected for Halobacterium sp. NRC-1,

transcription start

H.volcanii pcctl AACGAAGCTTTTTTATAGAATCACAAACAATCAGGCGATG
basal promoter activity

— — — heat shock response

which contains at least five genes encoding TBP paralogues and seven genes encoding TFB

paralogues, either on its plasmid or its chromosomal DNA (97).

Gas vesicle formation

Gas vesicle formation in halophilic archaea has been studied using a combination of
genetic and molecular techniques. Gas vesicles are intracellular, microbial flotation devices
that consist of mainly one structural protein (GvpA), although a total of 14 genes are
involved in the formation of gas-vesicles. All these genes are organized in two divergently
transcribed clusters, gpDEFGHIJKIM, and gpACNO, with two divergent promoters, P,
and P, ,, respectively (68). Expression of chromosomally encoded gas vesicle genes is
regulated in response to salt concentration and growth phase (42, 43, 113). The two
proteins GvpD and GvpE appear to play a key role in this regulation. GvpD apparently
acts as a repressor since its deletion leads to overproduction of gas vesicles (44). In
contrast, GvpE acts as an activator for the P, promoter (53, 76), most likely by binding to
an inverted repeat element upstream of the P, , promoter. The GvpE protein has been
analyzed using molecular modeling, and was proposed to contain a leucine-zipper domain

reminiscent of eukaryal bZIP transcription factors like yeast GCN4 (71, 706).

Expression of bacteriorhodopsin

Bacteriorhodopsin is the main component of the 'purple membrane' of Halobacterinm
species, and acts as a light-driven proton pump generating a membrane potential that is
used to drive ATP synthesis (75). Bacteriorhodopsin consists of retinal complexed with
bacterio-opsin, and synthesis of the latter is encoded by the bop gene. Regulation of bop
transcription is responsive to oxygen and light (118), and has been studied using a
Halobacterinm sp. NRC-1 in vivo system. Two genes, brp and bat, transcribed divergently from

the bgp promoter, are necessary for bop transcription (85). Whereas b7p is thought to be
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involved in the biosynthesis of retinal, the bat gene product has been shown to be a
regulator for bop transcription (54). Using saturation mutagenesis, cs-elements in the bop
promoter were identified. While wild-type promoter activity was found to reside in the 53-
bp region upstream from the transcriptional start (55) the importance of the TATA-box
and an upstream activating sequence (UAS) for bop transcription was demonstrated (7).
Subsequently, the Bat protein was identified as the #ans-acting factor of the UAS, not only
for bgp, but also for several other genes involved in bacteriorhodopsin synthesis containing

a similar UAS in their promoters (8). Most likely, Bat is an HTH-containing regulator for

Halobacterium bop ‘ bat

the bacteriorhodopsin regulon, capable of responding to light and oxygen through a
putative photo-responsive GAF domain and a redox-responsive PAS/PAC domain (8).
GAF domains are reminiscent of phytochromes, and exist in two forms that are reversibly
interconvertible by light (3), whereas PAS domains detect their signal by way of an
associated cofactor such as heme, flavin, or 4-hydroxycinnamyl chromophore (143). PAC
domains are frequently observed C-terminally of PAS domains, and are proposed to
contribute to the PAS domain fold. An interesting aspect of regulation of the bgp promoter
is its sensitivity to DNA supercoiling. Novobiocin, a DNA gyrase inhibitor reduces bop
transcription up to 10-fold, at concentrations subinhibitory for growth. An 11-bp
alternating purine-pyrimidine element (R-Y box) centered immediately downstream of the
TATA-box was shown to adopt a non-B-DNA conformation under inducing conditions
(high negative supercoiling) (140), and mutations in this R-Y-box tempered the effect of
DNA supercoiling (6). Furthermore, maximal bgp promoter activity could not be related to
the presence of a canonical BRE. Since the genome of Halobacterinm NRC-1 encodes
multiple TBP and TFB paralogues, it is possible that fgp transcription involves such an
alternative general transcription factor, as seems to be the case in H.vokanii heat shock

response (0, 97, 128) (see above). Regulation of bop transcription is thus a complex system
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involving multiple regulatory factors, and the availability of genetic tools for Halobacterium

makes it an attractive model system to study archaeal transcription regulation 7 vivo.

Nitrogen fixation

In several methanogenic archaea the expression of genes involved in nitrogen fixation
has been studied. In Methanococcus maripaludis a palindromic repressor-binding site was
identified immediately downstream the transcriptional start site of the nitrogen-regulated
nifH promoter. Mutation of this site caused marked derepression of transcription, as
determined using an iz vivo P, rlacZ reporter system (32). Subsequently, an unidentified
factor in M.maripaludis extracts was shown to bind to this site. A similar repressor-binding
site was identified in the nitrogen-regulated M.maripaludis glnA promoter, in this case just
upstream the transcriptional start (33). In Methanosarcina barkeri, a different mechanism
appears to be employed. When ammonia is present, an unidentified negatively acting factor
appears to prevent binding of one of the general transcription factors (30). This
unidentified factor itself is apparently not involved in DNA-binding, and may act indirectly

through other regulatory factors.

Carbon source utilization

The regulation of several genes involved in carbon source utilization has been studied
in hyperthermophilic archaea. For instance, several P.furiosus maltose-regulated genes were
identified on the basis of their induction during growth on maltose (111, 112). Although
the function of several of these genes is unknown, some of these were induced up to 100-
fold in response to maltose. In addition, DNA microarrays were used to determine the
effect of elemental sulfur on maltose-grown P.furiosus cells (117). 21 ORFs, most of them
encoding hydrogenase systems, were down-regulated more than five-fold, whereas nine
ORF's were upregulated at least six-fold.

In the same organism, coordinated induction of divergently oriented genes by B-linked
glucose polymers has been demonstrated (132). The locus contains ce/B (encoding an
intracellular PB-glucosidase), /mA (encoding an extracellular B-1.3-endoglucanase), and
adhAB (encoding two alcohol dehydrogenases). Although mRNA encoding these genes is
abundantly present after induction, 7z witro transcription experiments showed that both
divergently oriented promoters are intrinsically weak (132). The presence of number
of(inverted) repeat elements present in the intergenic region suggests that binding of an

activator is required for efficient transcription.
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A comparison of promoter sequences of P.furiosus glycolytic genes revealed the
presence of a common ATCACNs;GTGAT inverted repeat (131). This inverted repeat is
not only present in the promoters of glycolysis genes, but also in the promoters of other
sugar metabolism genes, e.g. encoding intracellular or extracellular o-amylases. It is
hypothesized that this inverted repeat is a regulatory element that is involved in the
coordinated regulation of these genes. The putative trans-acting factor involved in this
coordinated regulation has not been identified yet, but as most of the inverted repeats are
located downstream of the TATA-boxes of the respective promoters, it seems likely that
transcription is negatively controlled.

Another example of coordinated regulation of carbon-utilization genes has been
described for S.solffataricus. However, in contrast to the situation described above, the
involved genes are not physically linked on the S.so/fataricus genome. It was shown that the
expression of malA, (encoding an oa-glucosidase), /S (encoding a B-glycosidase), and an a-
amylase was induced when supplementary carbon sources were removed from a defined
sucrose medium (60). The effect was most prominent when yeast extract was the
supplementary carbon source. Conversely, when yeast extract was added to the defined

sucrose medium, the expression of the same genes was inhibited.

Tfx
The gene encoding Tfx was identified directly upstream from the fdECB operon of

M. thermoantotrophicum, which encodes a molybdenum formylmethanofuran dehydrogenase.

M.thermoautotrophicum fmdECB

tx fmdE H fmdC  H fmdB |

/
@

Primary sequence analysis revealed that although the protein has no obvious homologues

in the database, it contains a putative HTH DNA-binding domain. Tfx binds to a site
located 167 bp downstream of the transcriptional start site of fwdlZ, and it was proposed
that Tfx is a transcriptional activator required for the expression of fmdECB (67).

The gene encoding a homologue of Ttx in Pyrococeus species is clustered with for.4B and

acsIIA genes, encoding proteins involved in the fermentation of aromatic amino acids.
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Although experiments in our laboratory showed that the purified recombinant Tfx
homologue bound efficiently to the 7or4B-acsILA promoter, the specificity of binding was
rather low, since binding of the Pyrococcal/ TFx homologue to unrelated control promoters

occurred with comparable affinity (21).

MDR1

MDRT1 is the first example of an archaeal regulator from which the mechanism of
transcriptional repression has been characterized in detail, both zz vitro and in vive (10).
MDR1 is an _Archaeoglobus  fulgidus homologue of the bacterial metal-dependent
transcriptional repressor DtxR. The mdr! gene is clustered with three genes that putatively
encode an iron-importing ABC transport system. Transcription from the mdr! promoter
results in a polycistronic mRNA containing mdrl and the three downstream ABC

transporter-encoding genes. In addition, a monocistronic zdr! mRNA is produced. It was

ABC-transport system

| \
A.fulgidus MDR1 «WJH H H H |

‘>< +67

found that transcription from the 7dr! promoter was induced after depletion of metal ions

in the medium. Subsequent experiments showed that the MDR1 protein specifically binds
and represses the cluster’s promoter in the presence of Fe?*, Mn?*, or Ni?*, not only 7 vitro
but also 7 vive. Using a variety of footprinting techniques and mutational analysis of MDR1
binding sites, MDR1 was shown to bind cooperatively to three adjacent operators in the
promoter region, ranging from —18 to +67 relative to the transcriptional start site. Binding
of MDRI1 to this region did not abolish formation of the DNA-TBP-TFB complex;
instead, simultaneous binding of MDRI1, TBP, and TFB to the DNA was demonstrated.
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Binding of MDR1 did however prevent RNAP recruitment by acting as a physical block to
RNAP binding (10).

Lrs14

Although Lrs14 from S.solfataricns was initially annotated as a member of the Lrp
family of regulators (96), a more thorough inspection of its amino acid sequence revealed
that it is rather related to a class of DNA-binding proteins so far only encountered in
(cren)archaea (see Chapter 3). Lrs14 is mainly expressed in exponentially growing
S.solfataricus cells as a monocistronic mRNA (96). Although its physiological target gene(s)
have not been identified yet, Lrs14 has been successfully used to study the mechanism of
negative autoregulation in archaea. Lrs14 was shown to bind the /574 promoter and repress
transcription in the absence of any ligand (12, 96). In contrast to MDR1, which prevents
RNAP recruitment by binding downstream from the TATA-box, Lrs14 binds to a DNA

S.solfataricus Lrs14

Lrs14
ATA

| %;’15

sequence from position —60 to +1 relative to the transcriptional start. While Lrs14

recognizes multiple binding sites within this region, it specifically recognizes the bases -30
to —22, which also comprise the TATA-box. In agreement with these results, it was shown
the Lrs14 and the TBP/TFB complex compete for the same binding site, and that binding
of Lrs14 and TBP/TFB are indeed mutually exclusive events: either one of the protein-
DNA complexes is stable once established (12). Instead of blocking RNAP recruitment,
Lrs14 thus represses transcription by blocking TBP/TFB binding.
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Salrp

As a member of the Lrp-family of regulators (see Chapter 3), Sal.rp was identified in
the genome of S.acidocaldarius. Sal.rp is expressed predominantly during the stationary phase
as a monocistronic transcript, and binds to its own promoter with relatively weak
specificity, since binding could also be detected to the E.coki /rp and P.furiosus lpA
promoters. SaL.rp-DNA binding appears to be leucine-independent (45).

Repression by chromatin

A typical feature of eukaryal transcription is that free assembly of the PIC cannot take
place since nucleosomes prevent the binding of TBP to the TATA-box. Activation of
transcription therefore involves chromatin modification or remodeling, in many cases
initiated by the binding of an activator which access to the DNA is permitted. Thus, in
striking contrast to the situation in bacteria, a strong eukaryal core promoter is essentially
inactive because of this repressive ground state, and mechanisms of regulation are therefore
fundamentally different in the bacterial and eukaryal domain (125).

Recently, it was shown that ALBA (Acetylation Lowers Binding Affinity), one of the
chromatin-associated proteins of S.so/fataricus (previously named Sso10), is acetylated z vivo,
and that this acetylation antagonizes the repressive capacity of the protein by decreasing its
DNA-binding affinity. Sir2, a homologue of the eukaryal Sir2, interacts with and
deacetylates ALBA, thereby increasing its DNA-binding affinity and its repressive effect on
transcription (9). This clearly shows that eukaryal-like mechanisms of transcriptional
regulation also exist in archaea. Future studies are required to determine whether the role
of regulation by such chromatin-associated proteins is comparable to the role of eukaryal
chromatin in transcriptional regulation. It is tempting to assume that the complete range of
archaeal transcriptional regulatory mechanisms is a mosaic of bacterial and eukaryal

features.
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CONCLUDING REMARKS

Transcriptional regulation in archaea has been studied using a number of model
systems, but many of the responsible ¢is and #rans-acting factors still remain to be identified.
The regulatory proteins that have been characterized in more detail are either homologues
of bacterial regulators (MDRI1, SaLrp), archaeal-specific regulators with bacterial-like
DNA-binding domains (Bat, Tfx, Lrs14), or archaeal-specific with eukaryal-like DNA-
binding domains (GvpE). Only few homologues of eukaryal regulators can be identified in
archaeal genomes, and except for Sir2, detailed characterization of these proteins is still
lacking.

The fact that archaeal transcription involves eukaryal-like and bacterial-like features
evokes speculation on the evolution of transcriptional machineries and their regulators in
the three domains of life. With the current knowledge the strict terms ‘“bacterial-like
regulators” (B) and “eukaryal-like basal transcription machinery” (E) are rather confusing,
and it would be more appropriate to refine these terms as “bacterial/archaeal regulators”
(BA) and archaeal/eukaryal
transcriptional machinery” (AE)
(11). A model has been described in
which the development of basal
transcription-regulation

relationships ~ within  the three

domains of life is fitted onto the
evolutionary tree of life based on
rRNA sequences (see Fig. 8) (11).
In this model it is proposed that the
last common ancestor of all current

life possessed BA-type regulators,

E = eukaryal A = archaeal B = bacterial

since it is most likely that these
@ EA core machinery 68 B core machinery
must have been present before the

bacterial lineage diverged from the

B | E I
archaeal/eukaryal lineage (11). The A regulators . regulators

identity of the ancestral basal

transcription machinery cannot be  Figure 8. Model for evolution of relationships between basal
transcription machinery's and regulators, according Bell &
Jackson (11). LUCA, last common ancestor of all life. See
B-type or AE-type (note that all  text for further explanation.

ascertained, and could have been of
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bacterial RNAP subunits except the o-factor share homology with AE-type RNAP
subunits, Table I). In the first case the B-type RNAP gained more complexity in the lineage
that gave rise to the present-day archaea and eukarya. In the second case, the AE-type
RNAP lost its complexity in the bacterial lineage after this lineage diverged. BA-type
regulators were retained in the bacteria and archaea, but not in the eukarya. Possibly, the
increase in genome size of the latter caused the development of a highly efficient histone-
dependent DNA compaction system that was subsequently integrated in transcriptional
regulatory processes, and eventually led to a more complex and fundamentally different

mode of transcriptional regulation and the concomitant loss of BA-type regulators (125).

AIMS AND OUTLINE OF THE THESIS

The aim of the research presented here was to gain insight in the mechanisms by
which transcription in hyperthermophilic archaea is regulated. To accomplish this, we have
aimed (I) to identify transcriptional regulatory proteins from hyperthermophilic archaea,
(IT) to characterize these proteins, and (III) to determine how these proteins modulate the
process of transcription initiation.

Chapter 1 describes the characteristics of the archaeal transcription machinery, and
compiles transcription-related data that was obtained in the past two decades. The archaeal
transcription machinery appears to be a simplified version of the eukaryal RNA polymerase
IT system, lacking various general transcription factors that are essential for eukaryal
transcription initiation. However, archaeal genomes encode TFE, a homologue eukaryal
TFIIEa transcription factor. Its stimulatory role in transcription is described in Chapter 2.

Although the archaeal transcription machinery is eukaryal-like, many genes encoding
members of bacterial regulatory protein families can be found within archaeal genomes.
Members of the Lrp family are most abundantly present in archaea, and Chapter 3
describes the properties of Lrp-like proteins. When this research project was started, fully
sequenced archaeal genomes just became available (22). Only the gene encoding LrpA from
P.furiosus had previously been identified in our laboratory and by others (79, 83), and our
initial strategy included the characterization of this protein, which is described in Chapter
4. LrpA was shown to negatively autoregulate its own transcription in a ligand-independent
manner. The efficient production and purification of recombinant LrpA enabled
crystallization of the protein and Chapter 5 describes its resolved three-dimensional

structure, which is the first structure of a member of the Lrp family. Subsequently, during
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the participation of our laboratory in the S.so/fataricus P2 genome sequencing project, we
were able to identify candidate regulatory genes in a more directed, bioinformatics-based
approach, resulting in the identification and characterization of LysM and ChoR. LysM is
another example of an archaeal Lrp-like protein, and in Chapter 6 we have used the
genomic context of LysM in the S.soffataricus genome to experimentally identify its
physiological target and ligand. This study indicates for the first time that an Lrp-like
protein may activate archaeal transcription.

Besides bacterial-like regulators, archaeal genomes encode unique archaeal-specific
regulators that can be identified on the basis of a present DNA-binding domain. A putative
regulator for copper homeostasis (ChoR) was identified in the S.so/fataricus genome on the
basis of a predicted HTH DNA-binding domain and a metal-binding domain. In Chapter
7 it is demonstrated that ChoR is indeed a metal-responsive DNA-binding protein that is
most likely involved in the repression of a heavy metal-efflux system.

Chapter 8 summarizes the data presented in this thesis, and adds some concluding

remarks with respect to the implications of the work.
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Chapter 2

The archaeal TFIIEa homologue facilitates
transcription initiation by enhancing TATA-
box recognition

Stephen D. Bell
Arie B. Brinkman
John van der Oost
Stephen P. Jackson

Transcription from many archaeal promoters can be reconstituted in vitro using
recombinant TATA-box binding protein (TBP) and transcription factor B (TFB) -
homologues of eukaryal TBP and TFIIB- together with purified RNA polymerase
(RNAP). However, all archaeal genomes sequenced to date reveal the presence of
TFE, a homologue of the a-subunit of the eukaryal general transcription factor,
TFIIE. We show that, while TFE is not absolutely required for transcription in the
reconstituted in vitro system, it nonetheless plays a stimulatory role on some
promoters and under certain conditions. Mutagenesis of the TATA box or
reduction of TBP concentration in transcription reactions sensitizes a promoter to
TFE addition. Conversely, saturating reactions with TBP de-sensitizes promoters
to TFE. These results suggest that TFE facilitates or stabilizes interactions
between TBP and the TATA box.

EMBO Reports 2001 2(2): 133-138



Chapter 2

INTRODUCTION

The archaeal basal transcription machinery is fundamentally related to the eukaryal
RNA polymerase (RNAP) II machinery (5, 20, 22). A range of in wi#ro transcription assays
have demonstrated that a variety of archaeal promoters of varying strengths can be
accurately transcribed in reactions containing archaeal TATA-box binding protein (TBP),
transcription factor B (TFB) and RNAP (3, 7, 9, 21). However, it has become apparent that
all archaeal genomes sequenced to date encode a homologue of a third eukaryal general
transcription factor, TFIIE (1, 4, 14). The archaeal TFIIE homologue, TFE, is related to
the N-terminal 20 kDa of the a-subunit of TFIIE (Fig. 1A). Extensive analyses of eukaryal
TFIIE function have been performed iz vivo and in vitro (13, 19). In particular, deletion
analyses have revealed that the C-terminal portion of TFIIEa is dispensable for viability in
yeast but that the N-terminal portion is essential zz vivo (13). Remarkably, the smallest
truncated version of TFIIEa, which nonetheless permits yeast growth, corresponds closely
to full-length archaeal TFE (Fig. 1A). In addition, similar deletion analyses that examined
TFIIE function in reconstituted 7z witro transcription assays revealed an analogous
requirement for the N-terminal portion of human TFIIEa for basal and activated
transcription (19). Thus, it appears that archaeal TFE corresponds to the minimal essential
region of eukaryal TFIIEa (see Fig. 1A). Although the nature of the essential function
remains undetermined, it has been demonstrated that this region of TFIIEa can interact
with TBP and RNAP II (17, 18, 24). In archaea, the TFE open reading frame (ORF)
contains an N-terminal, weakly conserved, helix-turn-helix motif within a leucine-rich
region and a C-terminal Zn-ribbon (Fig. 1B). Intriguingly, while some archaeal TFEs
possess putative Zn-ribbons with four cysteine residues coordinating the metal ion, those
of Sulfolobus solfataricus and Archaeoglobus fulgidus have the second cysteine substituted by
aspartic acid or methionine, respectively. While these maintain the potential to coordinate a
metal ion via polar side chains, the TFEs of Pyrococci and Methanobacterinm
thermoantotrophicum possess proline or glycine in the analogous position (Fig. 1A). Thus, it is
possible that not all archaeal TFEs possess a coordinated metal ion.

The reconstituted archaeal transcription assays performed to date demonstrate
accurate transcription from a range of promoters in the presence of TBP, TFB and RNAP.
Therefore, this indicates that TFE is not required for transcription from these promoters
under the conditions employed. However, it is possible that TFE either plays a general
stimulatory role in transcription or is required for a subset of promoters or under certain

conditions. To determine whether TFE has a general role in archaeal transcription, we have
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purified recombinant S.soffataricus P2 TFE and assayed its activity in a reconstituted

Sulfolobus in vitro transcription system.
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Figure 1. Archaea possess a sequence homologue of the a-subunit of TFIIE. (A) An alignment of various
archaeal TFE and eukaryal TFIIEa subunits is shown. Pyrab, Pyrococcus abyssi, C75055; Pyrho, Pyrococcus
horikoshii, B71106; Metja, Methanococcus jannaschii, Q58187; Metth, Methanobacterium
thermoautotrophicum, A69090; Halsp, Halobacterium sp. NRC-1, AAG19231; Arcfu, Archaeoglobus fulgidus,
E69344; Sulso, Sulfolobus solfataricus, http://niji.imb.nrc.ca/sulfolobus; Aerpe, Aeropyrum pernix, F72503;
human, P29083; yeast, P36100. Identical residues are boxed in black and homologous residues are shaded in
gray. A helix-turn-helix structure is indicated by black horizontal bars. (B) Schematic representation of motifs
found in archaeal TFE. (C) Coomassie blue-stained SDS-polyacrylamide gel containing 3 wug of purified
recombinant TFE.
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RESULTS

Archaeal TFE interacts with RNAP and TBP

The ORF of S.soffataricus P2 TFE was identified in the S.soffataricus P2 genome
sequence and amplified by PCR, followed by cloning and expression zz Escherichia coli as a
C-terminally His -tagged fusion protein. This protein was purified (Fig. 1C) and then used
in protein-protein interaction assays to determine whether it could interact with
components of the archaeal basal transcription machinery. First, 100 ng of TFE were
mixed with 10 pg of S.soffataricus whole-cell extract, prior to incubation with Ni-NTA-
agarose. Beads were washed extensively and bound protein eluted by boiling in SDS-PAGE
loading buffer. Following electrophoresis, eluted proteins were detected by Western
blotting using antisera generated against TBP, TFB or the B-subunit of RNAP (21). The
interaction assays were carried out in the presence of 50 ug/ml ethidium bromide to
exclude the possibility that interactions were bridged by DNA rather than being direct (15).
The results of these assays show that TFE can interact with TBP and RNAP, but not TFB
in whole-cell extracts (Fig. 2A). The assays were repeated using purified RNAP and
purified recombinant TBP in place of extract (Fig. 2B). These assays confirmed the results
of the pull-downs from extract, indicating that TFE can interact directly with TBP and
RNAP in the absence of DNA.

A B

Control beads TFE beads Control beads TFE beads

In In In In

56 Un W El 5% Un W EI 5% Un W El 5% Un W El
-—— - —  o|RNAP [ — == —  —|RNAP
[ @ = | TBP [~ — AR M| TBP
\""" — - — ‘TFB

Figure 2. TFE interacts with RNAP and TBP. (A) Ni-NTA pull-down assays were performed with 10 ug of
S.solfataricus extract, as detailed in Experimental Procedures, in the presence (TFE beads) or absence (control
beads) of 100 ng recombinant TFE. The proteins pulled-down in the assay were detected by Western blotting
with antisera raised against TBP, TFB or RNAP B-subunit (21). Lanes contain 5% of input (In), unbound
material (Un), wash (W) or material eluted from the beads (El). (B) Assays performed as above but with purified
TBP and RNAP in place of extract.
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TFE stimulates transcription on some promoters in vitro

To determine whether TFE plays a role in transcription, reconstituted transcription
assays, using highly purified Su/folobus RNAP and purified recombinant TBP and TFB, were
performed on six different promoters, either with no added TFE or supplemented with 50
ng of TFE. As these assays contained RNAP purified from cells, Western blotting was
performed using anti-TFE antisera to confirm that the RNAP preparation was essentially
free of endogenous TFE (Fig. 3C). As seen in Figure 3A, under the reaction conditions
employed, three promoters (16, /rs14 and sdf) are largely unaffected by TFE. However, the
yield of transcript from three other promoters (ArgC, 55 and 76S5) is stimulated two- to
three-fold by the addition of TFE. Examination of the sequence of the core elements of
these three TFE-responsive promoters reveals a common deviation from the TATA-box
consensus in having a G at position 8 of the template strand of the TATA box, or the

dyad-related C at position 1 of the element (Fig. 3B).

A B
- 4+ - 4+ - 4 - 4+ - 4+ - + 50ngTFE BRE  TATA-box

: GTAAAGTTTAAATA| T6
B o |- ew |- - GARAGATTTATATA  Irs14

GAGAGTATAAAAAC sdt
GTTAGATTTATATG 5S
T6 Irs14 sdt 5S 16S argC GATACT[TTTTTAAG] 16S
ATTAAACTATATAT, argC

Figure 3. TFE stimulates transcription from some promoters.

(A) In vitro transcriptions were carried out with the indicated TFE (fmol) RNAP (10 pmol)
promoters in reactions containing 20 ng TBP, 25 ng TFB and [ [ |
200 ng RNAP for 10 min at 65°C. RNA products were
detected by primer extension. (B) Sequence of TATA box and
BRE of the promoters used in (A). (C) Western blotting was
performed using antisera generated against recombinant TFE as ’ "
described in Experimental Procedures. 100, 10 or 1 fmol of

TFE and 10 pmol purified RNAP were electrophoresed on
SDS-PAGE and transferred to nitrocellulose membrane. An
additional lane containing 10 pmol RNAP was run on the gel,
and excised prior to transfer. This was stained with silver and is shown in the right hand panel with the
identity of protein bands indicated. The membrane containing immobilized TFE and RNAP was probed with
the anti-TFE antisera, followed by goat anti-rabit IgG conjugated to horseradish peroxidase. Immunocomplexes
were then detected by enhanced chemiluminesence and exposure to film (left hand panel). To confirm the
RNAP had transferred to the membrane the membrane was stained with india ink (16) and photographed (note
that subunits A" and D have negatively stained with this dye).

N
NSENIEN

™o

G, H, 1K LN

Western blot  ink silver

Previous work with human TFIIE has revealed that the a-subunit of TFIIE can stimulate
the binding of TBP to the TATA element (24). We reasoned, therefore, that some non-
consensus TATA-elements may confer sensitivity to TFE in our experiments. We note,

however, that the sdf promoter, which appears to be unaffected by TFE addition, also
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deviates from the TATA consensus. To test our hypothesis we made a series of guanine
substitutions at positions 5, 6, 7 and 8 of the TATA box of the T6 promoter, and tested the
effect of TFE on transcription of these promoter derivatives (Fig. 4A and B). Somewhat
surprisingly, substitution of guanine for adenine at positions 6 or 8 had only a small effect
on transcription compared to wild-type T6 promoter. Furthermore, these promoters were
largely insensitive to the addition of TFE. In contrast, guanine substitution at position 7
and 5 resulted in a significant reduction of transcription relative to wild type. Importantly,
these promoters were now stimulated by the addition of TFE to transcription reactions.
This suggests that the relative affinity of TBP for the TATA box may impart sensitivity to

TFE addition to a promoter.

A B

BRE TATA-box Promoter - 4+ - 4+ - + - + - + TFE

GTAAAQTTTAAATACTTATA  wt
GTAAAGTTTAAATGCTTATA  8G
GTAAAGTTTAAAGACTTATA  7G S8 ss e
GTAAAGTTTAAGTACTTATA  6G
GTAAAGTTTAGATACTTATA  5G

wt'8c ! 76 T6G ! 5G
C D
- + - 4+ - + - + 50ngTFE

-+ - + - + - + 50ngTFE

e o | 5G .‘gﬁhﬂnl T6

180 ng TBP 200" 7 T 2 T 07 ngTBP

TR - . 16

- - - - - + + 4+ + + TFE

Figure 4. TFE stimulates transcription under sub-optimal TBP-TATA-box interactions. (A) The sequence of wild-
type and mutant T6 promoters is shown. The TATA box and BRE are boxed and the positions of sequence
substitutions shown in bold and underlined. (B) The products of in vitro transcription of the promoters shown
in (A) were detected by primer extension analysis and electrophoresed on an 8% denaturing polyacrylamide
gel. (C) In vitro transcription reactions were performed on the 55 promoter, either with no TFE or
supplemented with 50 ng of TFE as indicated. The reactions contained 25 ng TFB, 200 ng of RNAP and
varying amounts of TBP as indicated. (D) In vitro transcription reactions were performed on the T6 promoter,
either with no TFE or supplemented with 50 ng of TFE as indicated. Reaction conditions were as (C). E) In
vitro transcription assays performed on the T6 promoter. Reactions contained 20 ng TBP, 200 ng RNAP and
either 40, 20, 10, 5 or 2.5 ng TFB.
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In light of the above, we reasoned that by altering TBP concentration in transcription
assays, promoters may become either TFE-sensitive (under limiting TBP concentrations)
or TFE-insensitive (under saturating TBP concentrations). To test this idea, we varied TBP
concentration in the transcription assays programmed with 55 or 16 promoters (Fig. 4C
and D). As demonstrated above, when the 5§ promoter is transcribed in reactions
containing 20 ng of TBP, the addition of TFE stimulates transcription two-fold. However,
as increasing TBP is added to a maximum of 180 ng the stimulatory effect is no longer
detected (Fig. 4C). Similarly, we varied TBP levels in transcription reactions programmed
by the T6 promoter. The promoter is TFE-independent at 20 ng of TBP; however, at lower
TBP levels the reactions are now stimulated by TFE (Fig. 4D). In contrast, experiments in
which TFB concentration was varied and TBP levels kept constant at a saturating level
showed no significant differences in the presence or absence of TFE (Fig. 4E). Together
with the TATA-box substitution experiments in Figure 4, these data support the hypothesis
that TFE can stimulate transcription under conditions where there are sub-optimal
interactions between TBP and the TATA box.

TFE stimulates early stages in transcription initiation
We next sought to determine whether TFE stimulates early stages in promoter
recognition by performing DNasel footprinting of TBP-TFB-DNA complex formation on
the T6 promoter at a range of TBP concentrations, in the presence or absence of TFE. As
seen in Figure 5, TFE modestly enhances protection of the TATA-box region of the
promoter; specifically, protection is observed at
a two-fold lower TBP concentration in the -+ -
presence of TFE. This level of stimulation is in Dot i
agreement with the level of stimulation of "'E!m"' :
transcription seen on the T6 promoter under 1 = =

limiting TBP conditions (Fig. 4C).

i

i

i

i

Figure 5. TFE stimulates TBP-TFB-DNA complex =
formation. DNasel footprinting analysis was performed
on the T6 promoter in the presence or absence of 25 ng
TFE and 20 ng TFBc (TFB core domain) as indicated. TBP
was present at 20, 15, 10 or 5 ng per reaction (lanes 4-7
and 8-11).
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DISCUSSION

We find that TFE maximally exerts a two- to three-fold stimulatory effect on
transcription, dependent on the promoter tested and reaction conditions. There appears to
be a general correlation between detection of TFE-mediated stimulation and conditions
where TBP-TATA-box interactions are sub-optimal. In agreement with this, we find that
TFE interacts with TBP and that TFE appears to facilitate or stabilize recognition of the
basal promoter elements by the basal machinery. How might this stimulation be mediated?
One possibility is that TFE binds a DNA element in addition to TBP itself, and thereby
facilitates cooperative binding of TBP and itself to DNA. However, extensive cross-linking
analyses have been performed with the eukaryal basal transcription machinery, and there is
no evidence for direct interactions between TFIIE and promoter DNA in the vicinity of
the TATA box (10). Consistent with this, we observe that there is no detectable change in
the TBP/TFB footprint observed in the presence or absence of TFE (Fig. 5). A second
possibility is that TFE induces a conformational change in TBP, which facilitates DNA
binding. This too seems unlikely, as the crystal structures of TBP in solution and bound to
DNA have been determined and there is very little structural difference between the two
forms of the protein (8, 12). A related possibility is suggested by the observation that TBP
from eukarya and archaea exists as a dimer in solution. It has been proposed that
dimerization of TBP prevents TBP-DNA interactions. It is possible that the function of
TFE may prevent dimerization of TBP and so favor TATA-box recognition, indeed such
behavior has recently been described for eukaryal TFIIA (6).

The effect that we observe with TFE is relatively weak: while withholding TBP or
TEFB from transcription assays essentially abolishes transcription on most promoters (21),
the omission of TFE exerts a small quantitative effect zz vitro. It is conceivable that a range
of archaeal promoters exist that are more TFE dependent; based on our findings, we would
propose that such promoters would contain TATA boxes that correspond poorly to the
consensus sequence. In addition it is possible that 7z 2o, under physiological TBP
concentrations, TFE plays a more significant effect. Additionally, in archaeal cells, DNA is
compacted by interaction with a range of small basic proteins, including direct homologues
of eukaryal histones in some species (22). Some of these proteins have been observed to
repress transcription z vitro (23). It is possible that some of this repression results from
competition for access to the TATA box between TBP and these non-specific DNA-

binding proteins. If so, TFE could stimulate transcription zz vivo by facilitating interaction
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between TBP and the TATA box. Experiments to reconstitute archaeal chromatin zz vitro

are underway to address this and other related issues.
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EXPERIMENTAL PROCEDURES

Cloning and purification of S.solfataricus P2 TFE

The ORF of TFE was identified by BLAST search of the publicly available S.so/ffataricus
genome sequence (http://niji.imb.nrc.ca/sulfolobus) using the sequence of A.fulgidus TFE
as query (11). The ORF was amplified by PCR using primers TFE5 (5-GGGGAT-
CCCATATGGTTAACGCAGAGGATCGTTT-3") and TFE3 (5-GCCCTGACTCGA-
GATGATTTTTATTAGCTCCAAG-3"). The PCR product was digested with Ndel and
Xhol, and ligated to Ndel-Xhol digested pET30a (Novagen). The resultant expression
plasmid pET-ssTFE was transformed into BLR RIL and expression of Hisi-tagged TFE
was induced during logarithmic growth of cells by the addition of isopropyl-B-D-
thiogalactopyranoside (IPTG) to 1 mM for 3 h. Cells were pelleted and resuspended in
N300 (50 mM Tris pH 8.0, 300 mM NaCl, 10 mM B-mercaptoethanol), lysed by sonication
and clarified by centrifugation. The supernatant was heated to 70°C for 30 min. and re-
centrifuged. The resultant supernatant had imidazole added to 20 mM and was then applied
to a column containing Ni-NTA-agarose matrix (Qiagen). The matrix was washed with 10
column volumes of N300 + 45 mM imidazole, followed by elution by N300 + 500 mM
imidazole. One-milliliter fractions were collected and the presence of TFE determined by
SDS-PAGE and Coomassie blue staining. Positive fractions were pooled and dialyzed
extensively against N300 + 10% glycerol + 10 uM ZnSO,. Polyclonal antisera were
generated in a rabbit against TFE (three consecutive injections of 100 pg TFE at three-
week intervals). Serum was collected and tested for the presence of anti-TFE antibodies

using standard methodologies (16).
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Purification of TBP, TFB and RNAP

These proteins were purified as described previously (3, 21).

Transcription assays, EMSA and DNasel footprinting
These were performed as described previously (2) using TBP, TFB, TFBc and RNAP
purified as described (3).

Protein-protein interaction studies

These were performed in a volume of 500 pl of BB (90 mM KCI, 20 mM Tris pH 8.0,
10 % glycerol, 10 mM B-mercaptoethanol, 50 pg/ml ethidium bromide, 0.1% Triton X-
100, 20 mM imidazole, 10 pg/ml bovine serum albumin (BSA)). The reactions contained
100 ng purified TFE and either 10 pg S.soffataricus whole-cell extract, 1 pg of puritied TBP
or RNAP, as indicated in Figure 2. Reactions were shaken at room temperature together
with 20 pl of a 50% slurry of Ni-NTA-agarose in BB. Beads were collected by
centrifugation and washed 5 times with 1 ml of BB prior to resuspension in 40 ul 1x SDS-
PAGE loading buffer and boiling. Eluted protein was subjected to SDS-PAGE and
detected by Western blotting as described previously.
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Chapter 3

The prokaryotic Lrp family of transcriptional
regulators

Arie B. Brinkman
Thijs J.G. Ettema
Willem M. de Vos
John van der Oost

The Lrp family of transcriptional regulators is generally involved in the control of
amino acid metabolism in prokaryotes, both bacteria and archaea. Although the
regulon of the archetype Lrp of Escherichia coli includes dozens of genes, it
appears that the majority of Lrp-like proteins specifically controls the expression of
a single gene or operon. The recently solved three-dimensional structure of
Pyrococcus furiosus LrpA has revealed a classical helix-turn-helix DNA-binding
domain, which is connected with a hinge to a regulatory domain that constitutes
the effector binding site. The specific activity of Lrp-like proteins appears to be
modulated allosterically by amino acid effectors, affecting oligomerization and
DNA-binding characteristics. A sequence profile analysis has revealed that the Lrp
regulatory domain, called RAM, is not only present in transcriptional regulators,
but also fused to some metabolic enzymes and as isolated modules. Although the
structure and function of the RAM-domain strongly resembles that of the
ubiquitous ACT domain, it is discussed that their effector binding sites are

different, most likely reflecting convergent evolution of these regulatory modules.
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INTRODUCTION

Lrp (leucine-responsive regulatory protein) from E.co/7 is the prototype of the DNA-
binding Ltp family of transcriptional regulators, termed after the 'leucine effect' that it
mediates by affecting the expression of many different operons in the response to leucine
in the growth medium. E.co/i Lrp has been the focus of many studies because of its global
role in transcriptional regulation of several dozens of operons involved in a variety of
cellular processes that respond to the availability of amino acids in the medium (13, 50).
Regulation by E.c/i Lrp follows different patterns: Lrp may either activate or repress
transcription, while leucine (or alanine) either stimulates or reduces this effect, or has no
effect at all (13). In E.co/Z, Lrp often acts in concert with other (global) regulators like CAP
(catabolite activator proteins), IHF (integration host factor), or the histone-like protein H-
NS (37, 45, 54, 70). Furthermore, Lrp blocks DNA methylation of some E.co/f promoters
(66, 71). Although E.coli Lrp is by far the best-studied member of the Lrp family, a number
of additional Lrp-like proteins have been studied in the past decade, some of which in
considerable detail. In this review, we aim at a comparison of these Lrp-like proteins in
order to describe general characteristics of their physiological function, as well as their
mechanism of regulation. In addition, the recently solved three-dimensional structure of
P.furiosus LrpA allows for addressing structure-function relations. Moreover, a new
definition of Lrp-like proteins is provided, which may contribute to an improved

annotation of genes encoding Lrp-like proteins.

GLOBAL AND SPECIFIC FUNCTIONS

The recent availability of many complete genome sequences has made clear that Lrp-
like proteins are widely spread among prokaryotes, bacteria as well as archaea. An analysis
of all prokaryotic genomes sequenced to date reveals that obvious homologues of Lrp-like
proteins are present in 17 out of 33 bacterial genera and all 14 archaeal genera. In contrast,
no Lrp-like proteins have yet been found in eukarya. The amount of Lrp-paralogues per
genome varies, but the highest number encountered so far is 20 in Mesorbizobium loti.
Obviously, in organisms containing several paralogues some could have merely specific
functions, whereas others have a more (moderate) global role. For example, E.co/f contains
three Lrp/AsnC paralogues, Lrp, AsnC, and an open reading frame (ORF) called ybaO (10).

Lrp is a global regulator, whereas AsnC is specific for regulation of its own transcription
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and that of asnA, encoding asparagine synthetase A (34). YbaO has not yet been
characterized experimentally, but BLAST search analysis showed that it is most closely
related to a protein called Grp (74), which was identified as a regulator for glutamate
uptake in Zymomonas mobilis (Fig. 1).

Recently, Friedberg ef al. showed that Lrp-like proteins with high identity to E.co/i Lrp
(>97%) are restricted to enteric bacteria, whereas other Lrp’s have lower pair-wise
sequence identity (29% on average) (24). This is also evident from Figure 1B, which shows
that Lrp’s from enteric bacteria are closely related, but do not cluster with any of the other
characterized Lrp-like proteins from bacterial or archaeal origin. It has been proposed that
Lrp's in enteric bacteria are highly adapted for their global function, and that only few
amino acid substitutions are therefore tolerated, in agreement with the variety of functions
and interactions that these proteins are involved in (25). Lrp-like proteins with lower
sequence identity than 97% are thus less likely to be global regulators. As a case study to
test this idea, the role Haemaphilus influenzae 1.1fB was investigated. Although LrfB is one of
the most closely E.co/i-Lrp related proteins of non-enteric origin (75% identity), expression
of only two proteins was obviously affected in an H.influenzae /fB° mutant, suggesting a
specific role for this protein (24). In contrast, similar experiments performed with E.co/z /Irp
mutants showed that Lrp affects expression of 30 to 75 proteins (21, 38). The authors
propose the idea that only the enteric bacteria have a globally acting Lrp, and that Lrp-like
proteins in other non-enteric bacteria may have rather specific, or moderate global
functions. It is thought that the global function of Ltp's in enteric bacteria is to help these
organisms adjust their metabolism to the nutritionally rich or poor conditions that they
encounter inside the intestinal tract or outside the host, respectively (13, 49). However,
since large fluctuations in substrate availability are expected to occur in other ecosystems as
well, it is conceivable that non-enteric bacteria potentially utilize Lrp-like proteins as global
regulators a well. Since these might have evolved independently from E.co/f Lrp, such
regulators might lack high sequence identity to E.co/i Ltp.

Because the number of Lrp-paralogues of archaea is comparable to that of bacteria, it
is likely that Lrp’s in bacteria and archaea have comparable functions, i.e. mainly specific or
moderate global. The role of archaeal Lrp-like proteins has thus far only been studied 7
vitro, and it is therefore not possible yet to determine whether these proteins have global or

only specific functions (7, 12, 20, 48).
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Chapter 3

GENERAL FEATURES

General characteristics of Lrp-like proteins that have been characterized in more detail
have been summarized in Table I. In bacteria, identified target genes for Lrp-like proteins
are involved in amino acid metabolism, and their ligands, when identified, turned out to be
amino acids (Table I). Given the overall sequence identity between bacterial and archaeal
Lrp-like proteins it is to be expected that archaeal Lrp-like proteins have similar functions
in regulation of amino acid metabolism. Unfortunately, for most of the studied archaeal
Lrp’s no target genes have been identified, and due to the genetic inaccessibility of most
archaea, no archaeal /p mutants are yet available. Hence, studies on archaeal Lrp-like
proteins have been based on comparative genomics rather then on genetic manipulation,
and so far only ligand-independent negative autoregulation could be demonstrated in 7#
vitro experiments (7, 12). The first example of an archaeal Lrp-like protein for which a
ligand and target promoter have been established concerns LysM from the
hyperthermophilic archaecon Sulfolobus solfataricus (see Table I). The gene encoding LysM is
clustered with genes that are involved in the biosynthesis of lysine, and transcription from
one of the cluster's promoters is strongly regulated by the presence of lysine in the
medium. [z vitro and in vivo data demonstrated that LysM occupies its binding site upstream
of the promoter preferably in the absence of lysine, strongly suggesting that LysM activates
transcription from this promoter, and that lysine acts as a ligand (11). Together, these
studies indicate that archaeal Lrp’s, like bacterial Lrp’s, are potential activators or repressors
involved in the regulation of amino acid metabolism, and that amino acids serve as their
ligands. Hence, it appears that Lrp-like proteins are functionally equivalent in the bacterial
and archaeal domains, despite the fundamental differences in transcriptional machineries.

An intriguing question is how amino acids modulate the regulatory effect of Lrp-like
proteins. Analysis of random E.co/7 Lrp mutants has shown that the C-terminal part of the
protein is involved in leucine response (58), and a number of effects of amino acid ligands
on Lrp-like proteins have been observed. (I) They affect DNA binding affinity (11, 22, 30,
39, 59). While the 7z vitro effect on DNA-binding may be small and effective only within a
narrow Lrp concentration range, it could have a major effect iz vivo. (II) They alter Lrp-
induced DNA bending (13, 30, 39). Either the bend angle or the bend center can be
affected. Ligand-induced changes in the DNasel footprinting pattern may be related to this
phenomenon. (III) They cause a conformational change in the protein, as determined by

the susceptibility to limited proteolysis. (40). (IV) They affect oligomerization, as was
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shown recently for E.co/i Lrp by a leucine-promoted dissociation of a hexadecameric to an
octameric form (see also below) (14).

As noted above the effect of amino acid ligands on regulation by Lrp-like proteins is
different among target promoters. This flexibility in amino acid response is not only
restricted to E.coli Lrp, but rather appears to be a general feature of Lrp-like proteins.
Usually, Lrp-like proteins negatively regulate their own transcription independently of their
respective ligands, whereas activation of their target genes often requires the ligands (30,
31, 34, 41, 42). In some cases the location of the Lrp binding site(s) with respect to its
target promoter is an indication for its regulatory effect. Characteristic examples are
binding sites within intergenic regions containing two divergent promoters, one driving
transcription of the gene encoding the Lrp-like proteins itself, and the other driving
transcription of its target gene(s). Typically, the target gene is positively regulated in a
ligand-dependent manner, whereas the /p gene itself is negatively autoregulated,
independent of the amino acid ligand. The two promoters share the same Lrp target
sequence, but the effect is opposite for the two promoters. BkdR and PutR are examples of
such a situation (Fig. 2A).

t
A -35 -10 Figure 2. (A) Locations of binding
bde i bde] sites for bacterial and archaeal Lrp-

<O’ like  proteins.  Arrows indicate
transcription start sites and the effect
of the respective Lrp-like protein (+
or -). White rectangles indicate
promoter elements, and solid black
bars indicate binding sites for BkdR,
PutR, LrpA, and LysM, as determined
by footprinting experiments. The
exact transcriptional start of bkdR is

e TATA @ not  known  (dashed  arrow).

I SM = I SW Transcription of lysM is driven from

the more upstream lysY promoter. (B)

B Alignment of binding site sequences

for Lrp-like proteins. The binding

furi — N P A sites for M.jannaschii Ptr1, Ptr2, and

P. u”(,)sus .. LrpA TATACCTAGGTGGTTCG E.coli Lrp were determined by SELEX
P.horikoshii LrpA TATACTTAGGTGETTTG . bindi ;

: (16, 53, 65); binding sites for
P.abyssi LA  TAEACCTAGGTGETTTG P Lo e solfatar
M.jannaschii Ptr2 GGACGATTTTCETCC furiosus LrpA  and  S.s0 atar:cys
M.jannaschii Ptr1 FACGCATTGCETA LysM  were  determined  using
S.solfataricus  LysM ~ GGETE@TABAATCETACC footprinting (11, 12); binding sites for
S.tokodai LysM  GGIACTAATTTCGAACC their paralogues were determined by
S.acidocaldarius LysM ~ GGETTTAAAATCGAACC comparison  of the  respective
A.pernix LysM  GGETEGABATAGBAACC promoter  sequences.  Horizontal
E.coli Lrp %AG%A%ATTET%CT% arrows indicate (partial) inverted

T A repeat elements.

57



Chapter 3

Both proteins bind to sequences that overlap most of the -35 to -10 region of the repressed
promoters (bkdR and putR), but not the activated promoters (bkdAB and putA) (30, 41).
This suggests that repression here is a result of promoter-occupation, and as such
preventing RNA polymerase binding. Although the organization of the E.coli asnA and
asnC genes is most likely similar (34), no AsnC-DNA binding studies have been reported
yet.

Variations on the theme of repression by promoter-occlusion are found in archaea,
which have a eukaryal-like basal transcription machinery (6). In contrast to the bacterial
RNA polymerase and sigma factor (RNAP holoenzyme), which bind directly to the -35 and
-10 promoter elements, archaeal transcription initiation is preceded by the binding of
TATA-binding protein (TBP) to the TATA element, followed by the binding of
transcription factor B (TFB), which in turn recruits RNAP. LrpA from the
hyperthermophilic archaecon P.furiosus binds downstream of the TATA element of the /p.A
promoter, overlapping the transcriptional start. This blocks recruitment of RNAP, but not
formation of the ternary DNA-TBP-TFB complex (12, 17).

In contrast to repression by Lrp-like proteins, the exact mechanism for activation by
Lrp-like proteins is not completely understood. Although mutations affecting activation by
E.coli Lrp map mainly in the central and C-terminal part of the protein (58), direct contacts
between this region of Lrp and RNA polymerase have not yet been demonstrated. Since
Lrp-like proteins have shown to be capable of changing DNA secondary structure (see
below), their role in activation might as well be architectural. For instance, BkdR activates
transcription from the b&d operon only in the presence of the inducing ligands L-valine, L-
isoleucine, I-leucine and D-leucine (43). Besides a small effect on DNA binding affinity, a
conformational change in BkdR and an altered bend angle of the BkdR-DNA complex is
induced by L-valine (39, 40). It has therefore been suggested that activation depends on
BkdR-induced promoter remodeling, thereby enhancing RNA polymerase binding and
initiation of transcription. It is unclear yet whether such mechanisms are common to all
Lrp-like proteins, but since they are independent of direct interactions with RNA
polymerase, this may explain how Lrp-like proteins could achieve activation in both
bacterial and archaeal domains, where basal transcriptional machinery's are fundamentally
different (6). On the other hand, bacterial and archaeal Lrp's might have diverged
sufficiently to evolve specific functions for activating either bacterial or archaeal
transcription.

Sequences of naturally occurring binding sites for Lrp-like proteins often lack perfect

inverted repeat elements. Compared to the binding sites of global regulators such as
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catabolite activating protein (CAP) and fumarate and nitrate reduction regulator (FNR), the
recognition sequences of which appear to be almost perfect inverted repeats (4), binding
sites of Lrp-like proteins cannot be easily distinguished in target promoters. Development
of in vitro evolved optimal binding sites for Lrp-like proteins using systematic evolution of
ligands by exponential enrichment (SELEX) (65) provides a better way to screen for
sequence preferences. Such experiments have shown that individual high-affinity binding
sequences for Lrp’s do indeed contain sequence elements with dyad symmetry, and that
specific bases are preferred at some positions (16, 53) (Fig. 2B). Some wild-type Lrp-
binding sites of hyperthermophilic archaea show a remarkable homology with SELEX-
derived sequences. In particulat, a palindromic C/G base couple is virtually conserved in
these binding sites, while the wild-type binding sites for LysM appear to have a conserved
palindromic GGTTC element.

It has been suggested that cooperativity in binding to multiple sub-optimal binding
sites overcomes the lack of a single optimal binding site, and therefore allows for high
affinity binding (16). This is in agreement with most of the data obtained from footprinting
experiments with Lrp-like proteins, where stretches of hundred bp or more are typically
protected against cleavage (7, 12, 30, 41, 52, 67, 72). In addition, Lrp-like proteins bend
their target DNA sequences, as apparent from zz vitro bending assays and the induction of
DNasel hypersensitive cleavage sites in footprinting experiments. Sequence-dependent
deformability of DNA has been shown to contribute to the specificity and strength of a
protein-DNA interaction (64). In wvitro bending assays have revealed that E.c/ Lrp,
Psendomonas putida BkdR and Agrobacterium tumefaciens PutR bend their target DNA with
angles ranging from 52° to 135° (30, 39, 68), and possibly an even more drastic distortion
of DNA structure occurs. For PutR this was confirmed experimentally using atomic force
microscopy, which showed that the protein condenses more than 100 bp of its target DNA

into a nucleoprotein complex (30), suggesting DNA wrapping around the protein.

STRUCTURE OF LrpA

LrpA from P.furiosus is the first Lrp-like protein to date of which a three-dimensional
structure has been solved (306). In the crystal structure LrpA forms an octamer consisting of
four dimers (Fig. 3). The structure revealed that the N-terminal part of the protein consists
of a helix-turn-helix (HTH) domain, a fold generally responsible for DNA binding. The
HTH fold had previously been predicted for several Lrp-like proteins by computer-based
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analysis of the primary amino acid sequence, and the presence of such a domain in the N-
terminal part of the protein is in agreement with the observation that N-terminal mutations
in several Lrp-like proteins affect DNA-binding (20, 53, 58). HTH domains are not only
present in many regulatory proteins from prokaryotes, but also in eukaryal DNA-binding
proteins, such as homeodomains and (heat shock) transcription factors. The structure of
the HTH domain from LrpA closely resembles that of other prokaryotic regulators like
CAP (46), and tryptophan repressor (TrpR) (60). In LrpA the HTH forms a distinct

'headpiece' of the protein, connected with a hinge to its C-terminal domain.

Figure 3. Three-dimensional structure of the P.furiosus LrpA monomer (A), dimer (B), and octamer (C),
modified from Leonard et al. (36). LrpA consists of an N-terminal HTH domain (aA,aB,aC) and a C-terminal
RAM domain (32,aD,B3,p4,aE,B5),
connected by a hinge (31).

Although it is clear that the
HTH-domain  of  Lrp-like
proteins facilitates DNA
binding, it is not known which
of the amino acid residues in
the recognition helix (aC, Fig,
3) determine the sequence
specificity of DNA binding. To
identify  residues in  LrpA
involved  in base-specific
protein-DNA  contacts, we
applied a  structure-based
prediction method (73), in
which the HTH structure is
assigned to one of the described
structural HTH families based
on the spatial arrangement of

the three helices of the motif.

Subsequently, equivalent
residues can be identified and
predicted to have similar interactions with DNA. Obviously, this requires that the
structural family contains at least one member whose structure in complex with DNA has
been solved. Based on this method, LrpA can be assigned to the CAP-family of HTH
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domains. Although the HTH of CAP is actually a winged-HTH, containing a two-stranded

B-hairpin inserted between helix A and B, the spatial arrangement of all three helices is very
similar to that of the three helices in the LrpA HTH: 30 Ca atoms of the 42-residue LrpA
HTH motif can be superimposed on the CAP HTH with a root mean square deviation
(RMSD) of 0.94 A (Fig. 4). This value is the lowest RMSD value among members of the
CAP-HTH structural family: the HTHs of other members like BirA and LexA can be
superimposed onto each other or onto CAP with RMSD values ranging from 1.1 A to 1.3
A. Although the CAP-DNA structure (62) has revealed that 13 amino acid residues are
involved in protein-DNA contacts, only three of them are base-specific: Argl180, Glul81,

and Argl185. In the two superimposed HTHs, these residues correspond to Glu32, Thr33,

and Lys37 of LrpA (Fig. 4).

Figure 4. (A) Superimposition of
the HTH domains of P.furiosus
LrpA (36) and the E.coli CAP-DNA
complex (62). White, LrpA HTH;
gray, CAP HTH; black, DNA. aA,
aB, and aC refer to the a-helices
of the LrpA HTH (see also Fig. 3).
The residues indicated are in CAP
involved in base-specific CAP-
DNA contacts, and predicted to
have the same function in LrpA.
(B) Alignment of the HTHs of CAP
and LrpA. The three a-helices of
the LrpA HTH are indicated by
rectangles. Resdues involved in
base-specific CAP-DNA
interactions are boxed

B

P.furiosus LrpA : m

P.furiosus LrpA 2 : MDERDKIIEEIM

I o

C -

EKDARTPFTEIAKKLGIS

E.coli @Nd 139 : VTGRIAQTLLNLAKQPDAMTHPDGMQIKITRQEIGQIVGCS

T

VKALEEKG :
LEMEEDQON :

46
194
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Interestingly, as shown in the alignment of Figure 1A, the region containing these amino
acids appears to be the most variable region of the HTH domain of Lrp-like proteins,
possibly reflecting the variation in DNA-binding site specificity. It should be noted that
Glu32 of LrpA corresponds to a proline (Pro41) in enterobacterial Lrp’s and some other
Lrp-like proteins. Because the side chain of a proline is not expected to be involved in
base-specific DNA contacts, it is anticipated that protein-base contacts could possibly be
somewhat different between the various Lrp-like proteins.

The HTH of LrpA is connected with a hinge to its C-terminal domain. In E.co/i Lrp
the latter domain has been implicated in the response to leucine and activation of
transcription, as determined by a random mutational analysis of the protein (58). This C-
terminal domain has connectivity BafBaf (Fig. 5A), where the two a-helices are packed
on one side of the foutr-stranded anti-parallel B-sheet. LrpA forms a homodimer mainly
through interactions between the P-strands of the C-terminal domain, and an octamer
through further interactions between the last a-helix and B-strand of the BafBap-fold (see
Fig. 3). The C-terminal domain of Lrp-like proteins in general thus appears to be involved
in ligand-response, activation, dimerization and multimerization. Possibly, interaction of
amino acid ligands alters the multimerization properties of the protein, thereby affecting
for example the cooperativity of DNA binding. An E.co/i Lrp leucine-response mutant has
been isolated in which DNA binding activity towards upstream z#IH binding sites was not
affected, however, cooperativity for binding to additional downstream sites was strongly
reduced (58). This particular mutation corresponds to a residue located at the dimer
interface of the C-terminus of P.furiosus LrpA. In addition, other leucine-response
mutations mapped either within the dimer or octamer interface, suggesting that the action
of amino acid ligands and multimerization are somehow related. This was recently
demonstrated for E.co/i Lrp, where multimerization was studied in the presence and
absence of its ligand leucine (14). Leucine was found to promote dissociation of the Ltp
hexadecamer into the octamer. Since these different oligomeric states of the protein are
thought to prefer targets with a different binding site organization, it is conceivable that
amino acid ligands modulate binding affinity through altering the oligomeric state of Lrp’s
(14). Unfortunately, no amino acid ligand has been identified yet for P.furiosus LrpA, so at
present it is not possible to study the effect of ligand binding on the overall structure of
LrpA.
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The RAM-domain

The C-terminal amino acid regulatory domain of LrpA is connected to the HTH
domain by a flexible hinge. In a similar way ACT domains (Aspartokinase, Chorismate
mutase and TyrA) are coupled to several proteins related to amino acid or purine
metabolism (2). ACT domains are regulatory domains separated from the catalytic domains
of their respective proteins by a flexible linker region. Allosteric regulation occurs as a
consequence of the binding of an effector molecule (e.g. serine for SerA, the 3-
phosphoglycerate dehydrogenase of E.co) (27, 61) affecting enzyme activity through a
slight interdomain rearrangement. ACT domains are coupled to proteins with enzymatic

activity as well as DNA-binding activity (e.g. TyrR, regulator for tyrosine biosynthesis) (57).

A N C
Figure 5. (A) Schematic outline of the Bappap-fold of RAM
and ACT domains. (B) RAM domain of LrpA (grey) and ACT
4 domain of SerA (black). (C) Superimposition of the Ca
backbone of LrpA RAM (grey) and SerA ACT (black).
B

A comparison of ACT domains with the C-terminal domain of P.furiosus LrpA shows
that although they share no significant homology at the amino acid sequence level, both
domains have a compatable BafBap-fold. Superimposition of the C-terminal domain of
LrpA and the ACT-domains of SerA and phenylalanine hydroxylase (PheOH) (32)
confirms their structural resemblance (see Fig. 5) (23). As discussed below, the C-terminal
domain of Lrp appears to be a common regulatory structure in amino acid metabolic

enzymes and transcriptional regulators, and hence we recently proposed to refer to it as
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RAM, after Regulator of Amino acid Metabolism (23). Because the sequence of the
regulatory domain of Lrp-like proteins is not related to that of ACT domains, it should be
regarded as a novel motif. An iterative database search (1) at the NCBI (National Center
for Biotechnology Research) using the RAM-domain of P.furiosus LrpA, revealed an
ubiquitous phyletic distribution of this domain among archaea and bacteria (about 170
proteins converged after 6 iterations (23)). The proteins that were retrieved using this
search were prevailed by Lrp-like proteins, where an N-terminal HTH is fused to a C-
terminal RAM domain (HTH-hinge-RAM). Additionally, examples were found of a RAM-
domain that was fused to the C-terminus of 2-isopropylmalate synthase (IPM-RAM) in
S.solfataricus, S.tokodai, and Pyrobaculum aerophilum (Fig. 6). IPM catalyzes the first step in
leucine biosynthesis, and is anticipated to be subjected to RAM-domain mediated feedback
regulation in these species. Besides, several isolated RAM-domains were identified in this
PSI-BLAST search. This topological variability of the RAM-domain resembles that of the
ACT domain, since ACT is also found as an allosteric regulatory domain associated with
metabolic enzymes (like SerA, PheOH and TD (threonine deaminase) (26) and
transcriptional regulators of amino acid metabolism like TyrR and PhhR (activator of the
phenylalanine hydroxylase gene cluster) (63) (2). In addition, a stand-alone version of ACT
is represented by IlvH, that acts as a regulatory subunit of the acetohydroxyacid synthase
(IlvI), a key enzyme in branched chain amino acid biosynthesis that is subjected to valine
feedback inhibition (47).

Lrp-like protein
@_ RAM (archaea, bacteria)

RAM isolated RAM-domain
(archaea, bacteria)

RAM RAM hypothetical protein '
(only Streptomyces species)

< HMGL-like >_ RAM 2-isopropylmalate synthase

(only crenarchaea)

Figure 6. Topological variability of RAM domains, based on PSFBLAST database analysis using the RAM-
domain of P.furiosus LrpA (23).
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It is anticipated that the several isolated archaeal RAM domains that were retrieved during
the iterative database search, perform a function that is similar to that of IlvH: allosteric
regulation of enzymes or transcriptional regulators involved in amino acid metabolism. In
the case of TyrR the effect of the amino acid ligand tyrosine resembles the effect of leucine
on Lrp, i.e. ligand-regulated self-association (3, 14). This may indicate that RAM and ACT
domains function in a mechanistically similar way in these regulators. Apart from the
apparent structural conservation, it should be noted that the expression of some bacterial
ACT-containing enzymes (e.g. SerA, IlvH) is under control of Lrp-like (HTH-RAM)
regulators (13). Although this suggests a phylogenetic link between Lrp, SerA, and IlvH, it
should be noted that both structure-based alignments of the regulatory domains and
extensive (reverse) PSI-BLAST analyses do not reveal any significant conservation of RAM
and ACT at the protein sequence level. In addition, the ACT-domain is primarily found in
association with metabolic enzymes, whereas the RAM domain is most often associated
with transcriptional regulators, based on the currently available data. This suggests that the
RAM and ACT domains are the result of convergent evolution, although their anticipated
ligand-binding sites appear to be different (23).

It is concluded that both domains of Lrp-like proteins are independently present in
other proteins as well. The HTH motif is a very common motif, responsible for specific
DNA-binding activity, and the RAM-domain appears to be an allosteric regulatory domain
that interacts with certain amino acid ligands. All current public databases contain several
RAM-containing ORFs that are incorrectly annotated as Lrp-like proteins, since an N-
terminal HTH is lacking. Likewise, a thorough analysis of the primary sequence of the
previously annotated Lrp-like protein Lrsl4 (Table I and Figure 1) (48) shows that
although its N-terminal sequence clearly resembles a HTH motif, its C-terminal domain
lacks significant homology with a RAM domain. Moreover, Lrs14 has the highest
homology with non-Lrp-like DNA-binding proteins, especially from Su/folobales, suggesting
that this regulator is a novel type of (cren)archaeal-type regulator rather than an Lrp-like
protein. To avoid annotation problems like this, we propose to define an Lrp-like protein

as a protein with an N-terminal HTH domain connected to a C-terminal RAM domain.
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Chapter 4

An Lrp-like transcriptional regulator from the
archaeon Pyrococcus furiosus is negatively
autoregulated
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The archaeal transcriptional initiation machinery closely resembles core elements
of the eukaryal polymerase II system. However, apart from the established basal
archaeal transcription system, little is known about the modulation of gene
expression in archaea. At present, no obvious eukaryal-like transcriptional
regulators have been identified in archaea. Instead, we have previously isolated an
archaeal gene, Pyrococcus furiosus IrpA, which potentially encodes a bacterial-like
transcriptional regulator. In the present study, we have for the first time addressed
the actual involvement of an archaeal Lrp homologue in transcription modulation.
For that purpose, we have produced LrpA in Escherichia coli. In a cell-free P.
furiosus transcription system we used wild-type and mutated IrpA promoter
fragments to demonstrate that the purified LrpA negatively regulates its own
transcription. In addition, gel retardation analyses revealed a single protein-DNA
complex, in which LrpA appeared to be present in (at least) a tetrameric
conformation. The location of the LrpA binding site was further identified by
DNasel and hydroxyl radical footprinting, indicating that LrpA binds to a 46-bp
sequence that overlaps the transcriptional start site of its own promoter. The

molecular basis of the transcription inhibition by LrpA is discussed.
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INTRODUCTION

Recent studies have revealed that the archaeal transcriptional machinery represents a
simplified version of the eukaryal RNA polymerase II transcription apparatus, which
involves homologues of the TATA binding protein (TBP), the transcription factor I1I1B
(TFIIB, the archaeal homologue is called TFB) and the multi-subunit RNA polymerase 11
(for a recent review, see (2)). The initiation process starts when the TBP interacts
specifically with the core promoter element, the TATA box, which is located at positions -
25 to -30 relative to the transcriptional start site (+1). This complex is stabilized by TFB,
which interacts with TBP as well as with the nucleotides -42 to -19 that flank the TATA
box (23). In particular, a sequence upstream of the TATA-box (called the TFB-responsive
element or BRE) is essential for transcriptional polarity (3, 39). Formation of this pre-
initiation complex results in recruitment of the RNA polymerase complex (2). Although
important progress has recently been made with the elucidation of the archaeal
transcriptional mechanism, very little is yet known about the actual regulation of this
process. A limited number of studies reported that expression of genes involved in
nitrogen metabolism, methanogenesis, and sugar metabolism are subject to substrate-
dependent regulation at the transcriptional level (9, 10, 42, 45, 62). Unfortunately, data
about the molecular mechanisms underlying this regulation are still scarce. One of the few
transcriptional regulators that have recently been studied in more detail concerns GvpE, an
activator that is required for the expression of genes involved in gas vesicle synthesis in
halophilic Archaea. In a molecular modeling study, GvpE has been proposed to resemble a
eukaryal leucine-zipper dimer, that might interact with a palindrome sequence of its target
promoter, centered 40-50 bp upstream of the transcriptional start site (35). Another
putative transcriptional regulator that has been studied in more detail is Tfx from
Methanobacterinm thermoantotrophicum (26). The #fx-encoding gene is located upstream of the
operon encoding molybdenum formylmethanofuran dehydrogenase (fwdECB). Tfx binds
to a site located 167 bp downstream of the transcriptional start site of fmdE. It was
proposed that Tfx is a transcriptional activator required for the expression of fmdECB.
Obvious homologues of Tfx can only be found within the domain of the archaea.

Analysis of the available archaeal genomic sequences shows that the majority of the
identified homologues of regulators are bacterial-like (37). Recently a mechanism by which
a bacterial-like regulator affects the archaeal transcriptional machinery was described. It was
shown that MDR1 from Archaeoglobus fulgidus, a homologue of the iron-dependent bacterial

repressor DxtR, represses transcription by binding to its own promoter in a metal-
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dependent manner. Upon binding of MDRI1 to the promoter, RNA polymerase
recruitment is prevented, but not binding of TBP or TFB (1).

One particular group of bacterial-like regulators present in all available archaeal
genomes is the family of Lrp/AsnC regulators. Members of this family have been identified
in over a dozen different bacterial species, in which they generally appear to be involved in
regulation of amino acid metabolism. The most extensively studied example is the leucine-
responsive regulatory protein (Ltp) from Escherichia coli (5, 44). Lrp is a global regulator that
controls the expression of approximately 75 genes, many of which are involved in
transport, degradation or biosynthesis of amino acids. Lrp can either activate or repress
transcription, and this action can be modulated by the effector leucine, which either
decreases or increases its particular action. In some cases, like the negative autoregulation,
leucine has no effect at all. The paralogous E.coli AsnC appears to be a specific
transcriptional activator of asparagine synthetase A. Activation is reduced in the presence
of the effector asparagine, but again, the negative autoregulation of AsnC itself is not
affected by asparagine (13, 34). Two Lrp/AsnC homologues from Swulfolobus solfataricns have
been studied. One of these was cloned, sequenced, and shown to be expressed during
growth on complex medium (8). The other Lrp/AsnC homologue, called Lrs14, was
studied in more detail (43). It was shown that the purified recombinant protein binds to its
promoter at a region overlapping the TATA box. In addition, it was shown that the /rs74
transcript accumulates in the late growth stages of S.so/fataricus.

In  the genome  sequence  of  Pyrococcus  furiosus  (http://comb5-
156.umbi.umd.edu/genemate/), at least 10 homologues of genes encoding Lrp/AsnC-like
proteins can be identified (Brinkman and van der Oost, unpublished). The /pA gene,
encoding one of these homologues, was previously identified downstream of the gdh gene
that encodes glutamate dehydrogenase (15, 36). In this paper, we describe the cloning,
functional expression, and characterization of LipA, and show that LrpA binds to its own
promoter and specifically inhibits zz witro transcription from this promoter. Using the
combined data of gel-mobility shift assays, 7 vitro transcription analyses, and footprinting,
we identified the sequence elements responsible for LrpA binding, and propose a

mechanism by which LrpA binds its promoter.
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RESULTS

LrpA sequence analysis

A 2.7-kb HindIII fragment including the gene encoding glutamate dehydrogenase (gdh)
was previously isolated from a genomic library of P.furiosus (Fig. 1B) (15). Downstream of
the gdh gene, an open reading frame was found with a high degree of similarity to bacterial

transcription regulators of the Lrp/AsnC family (36). Sequence analysis of the /pA gene

>
»

A GGGCATAG(ITTATATA TCTAGTGCTGATGTTATACCT/l\GGTGGTTCGAAAAATG

+1

b = 0.5kb

TATA TATA

B —T{ adh > A >
Hindill Hindlll
G
gdh TATA h [IpA 3
A 409 bp
B 235 bp
C 259 bp
D 181 bp
E— 43 bp
F—— 30bp

Figure 1. (A) Sequence of the IrpA promoter. The transcriptional start (+1) is indicated with a horizontal
arrow. Underlined, BRE-element; boxed, TATA-element; bold Italics, ATG-startcodon of IrpA. (B) The gdh-IrpA
locus and DNA fragments used in this study. Hindlll restriction sites indicate the genomic fragment carrying
the glutamate dehydrogenase-encoding gene (gdh) and the gene encoding the Lrp-like regulator (LrpA). Filled
squares show the TATA boxes of the gdh and IrpA promoters. Dashed lines display the enlarged intergenic
region between gdh and IrpA with the TATA boxes of the IrpA promoter, the IrpA transcriptional start site
(+1), and DNA fragments (A-G) used in experiments.

identified a frameshift in the previously published sequence (accession number P42180),
which introduced a stop codon after lysine 120 in the predicted protein sequence. The
corrected P.furiosus lipA gene is predicted to encode a 141 amino acid protein with a
predicted molecular mass of 15.9 kDa. Subsequent BLLAST analysis revealed that LrpA
shares a high degree of similarity with many (hypothetical) regulatory proteins from a
number of Archaea including Pyrococcus horikoshii (93% identity), Pyrococcus abyssi (98%
identity), Methanococcus jannaschii (54% identity), Archaeoglobus fulgidus (49% identity),

74



LrpA from P.furiosus is negatively autoregulated

(E¥L/LY) AUSP! %8BT ‘616 Ld J9qUINU UOISSIIE 1100°F ‘diT "2°F {(6€1/9%) AMUBP! %EE ‘608€0d Joqunu
UOISS9IE 1]03°F ‘DUSY “D°F (L 1/9%) AMIUSP! %TE ‘9GZBOA 19qUNU UOISSIDI. SNDLIBIRYJOS'S L0010 'S'S “(T/£7) AMuULdp! % /€ ‘/880003V Jdquinu uoissadde
wnojydonoineowssyr iy ‘€6LLHIW TW (0¥1/69) AINUSP! %6+¥ ‘+860001V I2qUNU UOISSadde snpISINgy ‘€T/L4Y ¥V ‘(L L/LL) Auspl %S ‘€€1850
laquinu uoissadde Hydseuuel N ‘€TLOMW TN (L1 L/6€1) AIUSP! %86 ‘T6+6+9VD Joquinu uoIssadde IssAqe'd ‘T6£09Vd "B'd “(L¥1/TE L) Auspt % €6 '900000dV
Jagquinu UOISSedde 1YSONLIOYd ‘T6GLHd 'Y'd ‘08LTHd 19quinu uolIssedde snsounyd ‘ydil J'd ‘pexoq si jinow Sulpulg-yNd XI[9Y-uin}xijgy oyl “Jasnpd
2uo 0} SuIuo[aq sonpIsal JY31S IO USASS 9]eDIpUl S|OqUIAS papeys A9in) “19)sn|d swes sy} 0} Sui3uo|aq SPIJB OUIWE IO SINPISSI PIOB OUIWE PIAIDSUOD Alele|dwod
oredIpul sjoquiAs pspeys oe|g [O ‘N ‘A ‘31 pue [M ‘A ‘4] DI Al {IW ‘A ‘T ‘Il :s191sn]2 unoy ul pednoid a1om SpIde oulwy "paudlje ale [j03°F wolj Dusy pue di
JO 9dusanbas pide oulwe 9y} ‘uonippe uj “x[eisn|D weidoud ayy Suisn ‘ydiq snsornny 4 Jo yeyy yum psudife si ydiq snsoriny g oy ASojowoy 1seysiy yum Jojejngdal
I[HUsy/diT aAneind e Jo 9dusnbas pIde oulwe pPadnNpap oy} UosSeydJe Padusnbas Yyoes woi4 “owoual [eseydie padusanbas [[e ul psiiuspl 9q ued sioyengal
[euonduosues) Jo Ajiwey Husy/di] syl Jo sendojowoH ‘sendojowoy Husy/diq [eusioeq pue [eseydse (aaneind) yum ydiq snsonnyd Jo juswudl)y ‘g 9a4ni4

vl MM INTINSOINIE ._T:wm_m_o ATORVL “ di7 oy
zs1 d) I1HA IdN® N1\=enE N : Jusy 27
191 @O WMLSIAGINA IN TINYHAV LY L ©OE6LLHIW T
651 TINSAA PANE ONA B d 1 ” £00102 's°S
g€l QAT \SEROYEE . €CLIAY TV
g€l 1 v_»mm_._ov_ E| €TLOMN "'
L7l 1 m)umumv_ 3 76£04vd e'd
L7l 1 )um_“m_v_ 3 T6SLHd 'Ud
Ll TSEXRHAAIMEM vdi1 yd
¥6  NAOIINAIVOENT >“_>._ﬁ<o d € MERDORDISAMN di o3
98  TVSdA - OIVSH T I13] 100N AAIPONS € NGl AN “ Jusy g
16 N1 - - NOOMMAS) | Fm“% SHE el IQEEMATAAaND INN ¢ €6LLHIW TN
88 VM | ---SAdALT ISUNTIENALS e LSRN | INASAN : £00102 's°S
6/ AT - - HAdAATLSILESY -STIBMA RONE( : €TLLAY TV
08 VANTH - - -5ad31a-43L AIIDISdE RONE( : €TLOMN "'
18  VA3H1- - M3dHLals)l] AP INCISE( 1 76£09vd Bd
18  VAIHT- - M3dHLd)s)L 70 IXNE! NOSE( : T6SLHd 'Ud
18  VA3HT - - MIdMLA)3)L] AP NOSE( : vdi1 yd

X9y - wnp - XIj{y

75



Chapter 4

Methanobacterinm thermoautotrophicum (37% identity), and Sulfolobus solfataricus (32% identity,
Fig. 2). In addition, all of these Archaea contain a number of more distantly related
homologues, e.g. in P.horikoshii a total of 9 genes appear to encode LrpA homologues,
while P.furiosus itself contains at least 10 LrpA homologues. The best characterized LrpA
homologues are from bacterial origin, in particular E.co/i AsnC (33% identity) and E.co/z Lrp
(28% identity). A PROSITE pattern search with P.furiosus LrpA identified a putative helix-
turn-helix motif of the Lrp/AsnC family (Fig. 2). This motif was also predicted by the
program HELIX-TURN-HELIX (14).

Overexpression and purification of LrpA

Using a PCR approach we cloned the /pA gene into a pET9d vector, resulting in
pLUWG604. Production of LrpA was achieved after transformation of pLUWG604 to E.coli
BL21(ADE3). After O/N growth in the presence of 0.4 mM IPTG, cells were harvested
and disrupted. Tricine-SDS-PAGE analysis of membrane and soluble fractions indicated
that 50% percent of the produced LrpA was present as soluble protein (Fig. 3, lane 3 and
4). The soluble fraction containing LrpA was further subjected to a heat incubation of 30

min at 80°C, resulting in the denaturation of most of the E.co/ proteins (Fig. 3, lane 5).

Figure 3. Overexpression and purification of LrpA. 10%
1 2 3 45 6 7 M size Tricine-SDS-PAGE (52) showing extracts of E.coli BL21(DE3)
e B =3 kDA) after several steps of purification. Lane 1 and 2, insoluble and
. ot | 66.2 soluble fraction of extract from pET9d-containing strain,
- o | 45.0 respectively; lane 3 and 4, insoluble and soluble fraction of
extract from pLUWG604-containing strain, respectively. These
extracts clearly show overexpression of P.furiosus LrpA (arrow).
oo 1215 The extract shown in lane 4 was subjected to a 30’ heat-
- v 14.4 treatment at 80°C and was subsequently centrifuged to separate
6-30 denatured proteins from heat-stable proteins, resulting in a heat-
stable cell free extract (HSCFE, lane 5). This HSCFE was used

for further purification, consisting of cation-exchange chromatography (lane 6) and gel filtration (lane 7).

“~= 1310

This heat-stable cell free extract was used for further purification by cation-exchange
chromatography and gel filtration chromatography (Fig. 3, lanes 6 and 7). The calculated
molecular mass of LrpA is 15.9 kDa, which is in good agreement with its migration on
SDS-PAGE (Fig. 3). Elution patterns from gel filtration showed peaks corresponding to
molecular masses of approximately 30, 60, and 120 kDa. This suggests that LrpA exists as a
dimer, tetramer, and octamer in solution. We performed several independent gel filtration

experiments with LrpA, and the apparent oligomeric heterogeneity was always observed.
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Analysis of the IrpA promoter

We used primer extension analysis to map the transcriptional start site for /p.A4. Using
in vitro generated run-off transcript RNA (see below) we found that the transcriptional start
was located at an adenosine, located 14 bp upstream the translational start (see Fig. 1A).
We compared the /#pA promoter sequence to other known promoter sequences from
P.furiosus. Although only 14 Pyrococcus promoters have been mapped to date, a clear
consensus sequence can be derived for the Pyrococeus BRE and TATA-elements:
AAANNTTTWWWWW (-35 to -23 sequence relative to the transcriptional start (+1),
where n = any base, and W = A or T). The putative BRE and TATA-elements of the /pA

promoter match well with the consensus sequence mentioned above (see Fig. 1A).

GATC 1 2

/

; Figure 4. Analysis of the transcription start site of the IrpA
-* promoter in vitro by primer extension. The sequence of the
template DNA strand is shown the left of the primer extension
: L4 product (marked G, A, T, C). Lane 1, control experiment
: (nucleotides omitted from transcription reaction); lane 2,

.' analysis of the primer extension product.

{
POHOO>—H00>

b

We used total isolated RNA from P.furiosus grown on cellobiose, pyruvate, and
tryptone to determine the transcriptional start zz vivo. In all cases the transcriptional start
was identical to that found with 7z vitro generated RNA (not shown), however, relatively
weak signals were obtained. Although the results exhibited that /pA is expressed during
growth on above-mentioned substrates, they indicate that /p.A transcript levels are not very

abundant under these conditions.

In vitro transcription of IrpA and gdh in the presence of LrpA

Several bacterial members of the Lrp/AsnC family are negatively autoregulated (32, 34,
65). Hence, it was anticipated that P.furiosus LrpA could also be a repressor of its own
expression. In the previously established cell-free transcription system (24), the P.furiosus
purified transcription factors TBP, TFB and RNA polymerase direct efficient transcription
from a DNA template containing the (partial) gdh-encoding sequence and its promoter. We
used this 7z vitro transcription system to study the effect of LrpA on /#pA and gdb
transcription (Fig. 5). The template used in this experiment is PsA linearized pLUWG613,

which carried fragment A (Fig. 1B). Transcription from this template results in a 160-
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A B Methano-

Pyrococcus
coccus

0 0406081.21.6 template |IrpA | gdh (RNA"

||“|| LipA |- +|- + +|- + +
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173 nt— ©00Q

160nt—> | @ =

160 nt— (. - ~ »®® —39nt
123456 12345687

Figure 5. (A) Inhibition of IrpA transcription by LrpA. Linearized pLUW613 DNA containing the P.furiosus
IrpA promoter was used as template in cellfree transcription experiments. The 160-nt run-off transcripts are
indicated by an arrow. (B) Effects of LrpA on cell-free transcription from the IrpA and gdh promoter of
Pyrococcus and the tRNA' promoter of Methanococcus. Transcripts from the M.vannielii promoter were
analysed in the in vitro transcription system of Pyrococcus as shown previously (24). Addition of recombinant
LrpA (0.8 g) is indicated (+/-). The run-off transcripts are indicated by arrows, and their respective sizes are
shown.

nucleotide /#pA run-off transcript. With increasing amounts of LrpA present in the
reactions, the signal of the radiolabeled /pA PsA run-off transcripts drastically decreased
(Fig. 5A). This indicated that LrpA had a negative effect on its own transcription  vitro. A
similar experiment was performed using BazHI-digested pLUW479 as DNA template (24).
This plasmid carried the partial P.furiosus gdh gene including its 200-bp upstream sequence.
Transcription from this template resulted in a 173-nucleotide gdh run-off transcript. There
was no effect on gdh transcription when LrpA was added (Fig. 5B). Likewise, transcription
from the Methanococcus vannielii tRNAVY promoter (24) was not inhibited by LrpA (Fig. 5B).

LrpA binds specifically to its own promoter

To test whether LrpA binds to its own promoter, we performed gel-mobility shift
experiments with purified LrpA and DNA fragments containing the LrpA promoter
sequence. Three different DNA fragments (C, D, and E) were used, that contained
sequences upstream of /pA (Fig. 1B). Fragment C contained the upstream /#p.4 promoter
region including the TATA element (Fig. 1B). LrpA did not shift this fragment, indicating
that no interaction occurred between LrpA and the upstream promoter region (Fig. 0).
Fragment D contained the TATA element, the transcriptional start site, and the sequence

downstream thereof (Fig. 1B). Addition of LrpA to this fragment resulted in a shifted band
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(Fig. 6). Using LrpA concentrations of up to 810 nM (as calculated for an LrpA monomer),
we observed only one shifted band in gel-mobility shift experiments, indicating that only
one complex is formed when LrpA binds to the /#p.A4 promoter. This binding was specific,
since the addition of 2 pg poly(dl.dC).poly(dI.dC) as nonspecific competitor DNA did not
prevent LrpA-DNA binding.

Fragment: C D E F

i

Figure 6. LrpA binds specifically to IrpA promoter DNA. 0, 30, 90, 270, or 810 nM of purified LrpA was added
to fragments C and D. 2 ug of poly(dl.dC).poly(dl.dC) was present in these reactions. 0, 10, 25, 50, 100, or 200
nM of purified LrpA was added to fragments E and F. No aspecific competitor DNA was present in these
reactions.

As mentioned above, we observed dimer, tetramer, and octamer configurations of
LrpA in gel filtration chromatography experiments. We tested fractions of all these
different forms in gel-mobility shift experiments, however, there was no obvious difference
in DNA-binding activity between the fractions (not shown).

To determine the affinity of LrpA for its promoter DNA, we performed a gel-mobility
shift experiment with fragment D and increasing LrpA concentrations (not shown). The
concentration of LrpA, as calculated for an LrpA monomer, that caused half of the DNA
to become complexed under the experimental conditions used was taken as the dissociation
constant (Kg) of the LrpA-DNA complex (6). We determined a Kq of 0.3 nM, which is
about four to ten-fold lower compared to values measured for E.cof Lrp (48, 63), and
several orders of magnitude lower than that of S.so/fataricus Lrs14 (43).

We tested several smaller fragments to locate the boundaries of the LrpA binding
sequence more precisely. Fragment E (43 bp) was the smallest fragment to which LrpA
bound efficiently (Fig. 6 and 7C). LrpA also bound to fragments smaller than 43 bp, such
as fragment I (30 bp), but the affinity for these fragments was drastically decreased (Fig. 6
and 7C). LrpA binding to fragment E was specific, since addition of increasing amounts of
unlabelled fragment E prevented LrpA binding to labelled fragment D (not shown).
Altogether, these results indicated that LrpA bound specifically to its own promoter, at a

position around the transcriptional start site. Since P.furiosus grows optimally at 100°C we
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performed binding reactions for gel-mobility experiments at several temperatures. Binding
experiments performed at 0°C, 4°C, 25°C, 50°C, and 80°C resulted in identical gel-mobility
shift patterns (not shown).

Gel-mobility shift experiments were also performed with DNA fragments containing
gdh promoter sequences. Under similar conditions as the experiments with the /ZpA
promoter fragments, we observed very weak LrpA binding with fragment G (not shown).
This fragment contained 386 bp of the gdh promoter, including the TATA element (Fig.
1B). However, this binding appeared to be rather weak and nonspecific since the observed
shift disappeared upon the addition of poly(dI.dC).poly(dl.dC). This indicates that, under
the tested conditions, LrpA binds specifically to its own promoter, but not to the gdh
promoter. With promoter fragments of both /p.A and gdh several compounds were tested
for their ability to act as an effector for LrpA. Among those tested were L-leucine, L-
alanine, L-glutamate, o-ketoglutarate, pyruvate, cellobiose, and ammonium. However, none

of these compounds affected LrpA binding at either the /#p.A or the gdh promoter.

DNasel and hydroxyl radical footprinting

To study LrpA binding at its own promoter in more detail, we performed DNasel
footprinting with purified LrpA and fragment B containing the /pA promoter (Fig. 1B).
Addition of LrpA resulted in DNasel protection at a region of -19 to +21 relative to the
InpA transcriptional start (+1, Fig. 7A). This indicated that this region contained the LrpA
binding sequence. Additionally, sites hypersensitive to DNasel cleavage were observed.
Such an effect is common when DNA-binding proteins bind to their target DNA, and can
be explained as protein-induced DNA bending (27). In the case of LrpA, however,
apparent hypersensitivity appeared mainly at positions outside of the -19 to +21 region,
suggesting that binding of LrpA affected the DNA conformation upstream and
downstream of its binding site (see discussion below). DNasel footprinting experiments
were also performed with purified LrpA and fragment G containing the gdh promoter. As
in gel-mobility shift experiments, no interaction between LrpA and gdh promoter DNA
could be detected (not shown).

To further characterize the LrpA binding site(s) at its own promoter, hydroxyl radical
footprinting was performed with the /4pA promoter fragment B (Fig. 1B). Using this
technique information can be obtained about the interactions between LrpA and the DNA
sugar-phosphate backbone. The plot profiles of the relative band intensities from these
experiments revealed the presence of four regions with decreased band intensities in both

the non-template and the template strand (Fig. 7B). These regions are all located between
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Figure 7. (A) DNasel footprint analysis using purified LrpA and IrpA promoter DNA. 0, 30, 90, 270, 810,
2430, and 0 nM of purified LrpA was incubated with labeled fragment B (see Fig. 1B). After DNasel treatmen’
the DNA was analyzed in parallel with a sequencing reaction. Left, 5'-labelled non-template strand; right, 5’-
labelled template strand. Brackets indicate DNasel protection, and arrows refer to hypersensitive sites. B)
Profile plots of hydroxyl radical footprinting. Panel |, nontemplate strand; panel II, template strand.
Nucleotide positions are given relative to the IrpA transcriptional start (+1). Upper lines, no LrpA added;
lower lines (bold), 2.4 uM LrpA added, as calculated for monomeric protein. Profile plots at the bottom
indicate sequence reactions that were run in parallel with hydroxyl radical cleavage reactions. Brackets
indicate protection against hydroxyl radical cleavage in the presence of LrpA. (C). Schematic summary of
results obtained from gel-mobility shift experiments, DNasel footprinting and hydroxyl radical footprinting. A
double helical representation of the IrpA promoter region is given along the sequence of the nontemplate
strand. Filled circles, protection against hydroxyl radical cleavage; filled arrows, protection against DNase
cleavage; open arrows, DNasel hypersensitive sites. Sequence positions are relative to the IrpA transcriptional
start (+ 1). Boxed sequences indicate the BRE-element, TATA-element, and ATG-startcodon, respectively

DNasel protection

DNasel hypersensitive site
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positions -22 and +24. A spacing of approximately 10 bp was present between
disappearing bands, which indicated that interactions took place along the same face of the
double helix. A schematic summary of the data obtained from gel-mobility shifts, DNasel

and hydroxyl radical footprinting is given in Fig. 7C.

Mutational analysis of the LrpA binding sequence

Because most of the protection against DNasel cleavage occurred within the -19 to
+11 region, we tested whether LrpA was able to shift a 30-bp fragment (F, Fig. 7),
containing only this -19 to +11 sequence. This fragment is only partly shifted, even at
higher LrpA concentrations (Fig. 6). Although binding to this fragment was thus much
weaker than to larger fragments like E or D, sequence elements specifically recognized by
LrpA are present within this region. Therefore, we designed mutations in this particular
region for a more detailed analysis of the sequence elements required for the LrpA-DNA
interaction. The effects of these mutations were tested in gel-mobility shift experiments and
in the cell-free transcription system mentioned above. In gel-mobility experiments we used
mutants of fragment B (Fig. 1B), and for the cell-free transcription experiments we cloned
mutants of fragment A (Fig. 1B) into pGEM-T. Although transcriptional activities or
transcriptional start sites were slightly altered for some mutant promoters, it was possible
to study the effect of LrpA on transcription from the mutated templates.

We used different approaches to design mutations. In the first approach we mutated
four of the eight bp of the palindromic sequence ACCTAGGT present within the -19 to
+11 sequence (Fig. 8A, 621). In a gel-mobility shift experiment, however, a DNA fragment
containing this mutation shifted with an efficiency almost identical to that of the wild-type
DNA fragment (Fig. 8B). It was impossible, however, to analyse the effect of this mutation
by in vitro transcription, since no transcript was formed using this mutant DNA as a
template. A sequence element crucial for transcription is apparently disturbed in this
mutant. Most likely this element corresponds to (part of) the initiator element (INR,
previously referred to as box B) (56, 57), since it is located around the transcriptional start
site.

In the second approach we compared putative /pA promoter sequences of Pyrococcus
horikoshii (30) and Pyrococcus abyssi (http:/ /www.genoscope.cns.fr/cgi-bin/Pab.cgi) with that
of P.furiosus. All these Pyrococcus species have a similar organization of gdh and /p.A genes,
and putative promoter sequences of /pA share a high degree of homology. In Fig. 8A, the
bases that are conserved among the three Pyrococcus species are indicated with a grey

background. Upstream from the TATA boxes there is little conservation, whereas a higher
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Figure 8. (A) Analysis of mutant IrpA promoters by mobility-shift experiments, and in in vitro transcription.
Black filled arrows, eightbp palindromic sequence; sequence with gray background, conserved sequence
between IrpA promoters of P.furiosus, P.horikoshii, and P.abyssi. The -19 to +11 region protected from
DNasel cleavage is indicated (see Fig. 7). (B) LrpA-DNA binding, and in vitro transcription with mutant /rpA
promoter DNA. Wild-type and mutants of fragment B (Fig. 1B) were used in gekmobility shift experiments.
LrpA concentrations were 0, 30, 90, 270, and 810 nM, as calculated for monomeric protein. 2 ng of
poly(dl.dC).poly(dl.dC) was present in each reaction. To determine the percentage of shift, the bands were
quantified using a phosphor imager. The plasmids pLUW613 (wild type), pLUW623, pLUW629, and
pLUW®630 were linearized with Pstl and analyzed in in vitro transcription in the presence of 0, 1.1, and 2.2
pM of LrpA. The arrow indicates the 160-nucleotide-run-off-transcript from the wild type. Transcription
activities were calculated using a phosphor imager. Binding efficiency indicates the percentage of shift relative
to the wild-type that was obtained in gel-mobility shift experiments upon addition of 30 nM LrpA.
Transcription inhibition indicates the inhibition of transcription by LrpA relative to the wild-type, observed in
the presence of 1.1 uM of LrpA.
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degree of conservation is present around the TATA elements and the sequence
downstream thereof. We mutated two conserved sequence blocks present within the -19 to
+11 region (Fig. 8A, 623 and 629). When we substituted TTATAC into GGCGCA (623)
we found that the affinity of LrpA for this mutant DNA was in fact higher than for the
wild-type DNA sequence. In accordance, LrpA inhibited 7z witro transcription more
efficiently (125 percent, Fig. 8B). When we substituted TAGGTGGTT into
GCTTGTTGG (629) there was no binding of LrpA in a gel-mobility shift experiment.
This was in agreement with the affected transcription inhibition, which was only 52 percent
compared to wild-type DNA (Fig. 8B).

Finally, we focused on the right half of the substituted bases in promoter mutant 629,
since bases at the left half did not cause a drastic effect on LrpA binding (mutant 621).
Therefore, we constructed promoter mutant 630, in which GGTTC is substituted by
TTGGA (Fig. 8A). This substitution caused the same effect as in mutant 629. LrpA did not
bind the mutant promoter DNA, and in agreement with this, transcription inhibition by
LrpA was decreased to 44 percent compared to wild-type DNA (Fig. 8B). The observation
that there was still an effect in 7z witro transcription, although there was no detectable
binding to mutant fragments 629 and 630 can be explained by the fact that nonspecific
competitor DNA was only added in gel-mobility shift experiments. In the absence of

competitor DNA, very weak LrpA binding still occurred (not shown).

Chemical cross-linking

Results from gel filtration chromatography suggested that LrpA existed as a dimer,
tetramer, and octamer in solution. To further characterize the configuration of LrpA as a
free protein or in complex with /pA promoter DNA, we performed chemical cross-linking
experiments. Dimethyl suberimidate (DMSI) was used as cross-linking agent, which acts by
forming covalent amide linkages between lysine residues. This results in cross-links
primarily between the subunits of oligomeric proteins (12). Cross-linked LrpA was analysed
by SDS-PAGE, followed by Western blotting using an antiserum raised against purified
LrpA. First, cross-linking experiments were performed with LrpA as a free protein in
solution. For that purpose, LrpA was incubated with DMSI, and cross-linking was analysed
using SDS-PAGE. DMSI caused the appearance of three bands in addition to the LrpA
monomer (I, Fig. 9) corresponding to molecular masses of an LrpA dimer (II), trimer (III)
and tetramer (IV). Although the band corresponding with the dimer form (II) appears to
be the predominant species, a band corresponding with the tetrameric form (IV) is present

as well. While the results from gel filtration chromatography showed that LrpA also exists
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as an octamer in solution, this configuration was not observed in cross-linking experiments.
We tested several concentrations of LrpA (200 nM to 40 uM) under identical cross-linking
conditions, but did not observe an obvious change in the intensities of the individual bands
(not shown). This suggests that the degree of multimerization of LrpA is not
concentration-dependent under the tested conditions.

We also performed cross-linking experiments

Free LrpA LrpA -DNA
. complex with LrpA bound to its target DNA. LrpA was
incubated with /pA4 promoter DNA, DMSI was
ey . v added, and the samples were separated on a non-
n ¢ [ denaturing acrylamide gel. Subsequently the bands
“_” el representing specific LipA-DNA complexes were
o | s excised and analysed by SDS-PAGE. The pattern
DMSI - + S of cross-linked LrpA in complex with DNA was

almost similar to that of free LrpA (Fig. 9). In both

Figure 9. SDS-PAGE analysis of cross  cases bands with molecular masses corresponding
linking experiments with and free LrpA
(left) or LrpA in complex with DNA (right).
Numbers | to IV indicate molecular masses  present in addition to the monomer. However, in
corresponding to an LrpA monomer, dimer,
trimer, and tetramer, respectively.

to the dimer, trimer and tetramer or LrpA were

cross-linked LrpA that is complexed with DNA
the tetrameric form appeared to be the more
dominant species. Therefore, these results suggest that at least four LrpA monomers are in

complex with the /p.A4 promoter fragment.

DISCUSSION

The present study describes the characterization of the LrpA transcriptional regulator
from the hyperthermophilic archacon Pyrococcus furiosus. Comparison of the amino acid
sequence of LrpA reveals that it belongs to the Ltp/AsnC family of transcriptional
regulators, which consists of many bacterial proteins as well as a growing number of
putative archaeal proteins (Fig. 2; http:/ /www.ncbi.nlm.nih.gov/cgi-bin/
COG/palogrAF1148). Although gel-filtration experiments showed that the purified
recombinant LrpA exists as a mixture of dimer, tetramer, and octamer in solution, chemical
cross-linking experiments suggest that the tetrameric form of the protein was the highest
quaternary structure, both in solution and in complex with DNA (Fig. 9). In comparison,

E.coli Lrp exists as a dimer, both in solution and in complex with a single binding site.
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Psendomonas putida BkdR exists as a tetramer in solution, and three tetramers are proposed
to bind to its target DNA (11, 28, 40, 69).

In vitro analyses revealed that P.furiosus LrpA binds to its own promoter and represses
its transcription. We tested potential effectors for their ability to alter the effect of LrpA on
InpA transcription, however, both 7z vitro transcription analyses and gel-mobility shift assays
revealed that these compounds had no effect on the LrpA autoregulation efficiency.
Negative autoregulation is a common characteristic within the Lrp/AsnC family of
regulatory proteins, and in general this repression is independent of effectors (29, 34, 65).

It has been reported that the RNA polymerase of the archaeon Methanococcus
thermolithotrophicus protects a region of -30 to +20 at a number of promoters in DNasel
footprinting experiments (59). In a similar approach, Hausner ¢f a/. (23) demonstrated that
TBP and TFB together protect the -42 to -19 region of the P.furiosus gdh promoter.
Assuming that these proteins bind the same region at the /pA promoter, LrpA binding
occurs immediately downstream of the bound TBP-TFB complex (-22 to +24, Fig. 7C). In
this way, LrpA blocks at least the binding of the RNA polymerase, thereby inhibiting
completion of the archaeal transcription initiation complex. Such a mechanism of
repression has recently been demonstrated for the Archaeoglobus fulgidus metal-dependent
transcriptional repressor MDR1 (1). Repression occurs when MDRI1 binds to the -18 to
+067 sequence of its target promoter, thereby preventing RNA polymerase recruitment, but
not binding of the TBP-TFB complex. Since the 5' border of the LrpA binding sequence (-
24) is comparable to that of MDR1 (-18), a similar mechanism of repression is anticipated.

In analogy with E.coli Lrp, it is tempting to speculate that the archaeal homologues
may also act as global regulators (8), and thereby act both as transcriptional repressors and
activators. Activation of transcription would probably require binding upstream of the -42
to -19 region involved in binding of the TBP-TFB complex, as has been suggested for the
Haloferax GvpE transcriptional activator (35). In addition, a probable requirement would be
a specific interaction between the bacterial-like LrpA protein and one or more components
of the eukaryal-like (pre-)initiation complex. Although many genes encoding Lip/AsnC
homologues can be found within Archaea, their role as transcriptional global regulators or
activators remains speculative.

Hydroxyl radical footprinting analysis confirmed that LrpA protects its promoter from
position -22 to +24 (Fig. 7B). We compared the size of the protected sequence (46 bp) to
hydroxyl radical footprints obtained from E.co/ Lrp in complex with z»IH and i/hGMED.A
(48, 63). In these cases two E.co/i Lrp dimers bind to a dual binding site of about 45 bp. In

addition, it has been shown that one Lrp dimer binds to a single binding site of about 15
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bp (11). It is not unlikely that the P.furiosus LrpA binding sequence consists of two adjacent
binding sites. In gel-mobility shift experiments only one distinct LrpA-DNA complex is
present. This suggests either binding of an LrpA tetramer, or the highly co-operative
binding of two LrpA dimers. In both cases four LrpA monomers are in complex with
DNA, as was detected using chemical cross-linking of LrpA in a specific LipA-DNA
complex. Both of the above mentioned configurations (tetramer or two dimers) would
explain why a fragment of at least 43 bp is necessary for a stable LrpA-DNA complex in
gel-mobility shift experiments (see Fig. 6). In contrast, for a stable interaction between an
E.coli Lrp dimer and a single binding site, a DNA fragment of only 21 bp is necessary (11).

The 46-bp binding sequence has been analysed for sequence motifs that could
serve as targets for DNA binding proteins (e.g. palindromes, inverted or direct repeats). An
obvious 8-bp palindrome ACCTAGGT is present (Fig. 8A), but the possibility that this is a
specific recognition element for LrpA can be ruled out because LrpA binds well to
promoter mutant 621, in which the palindrome has partly been substituted (Fig 8B).
Moreover, the consensus binding sequence for E.co/i Lrp consists of at least 15 bp.
Assuming that LrpA binds to two sites, it might be expected that the two sites share similar
sequence elements. Overall, however, there is very little sequence homology between the
two halves of the 46 bp fragment. Although a CTAG motif is present in the left part of
both of these halves (position -20 and -2), the combined results from our mutational
analysis suggest that the GGTTC sequence and not the CTAG sequence is specifically
recognized by LrpA (Fig. 8). No similar sequence is present in the other half of the 46 bp
fragment. Although the LrpA binding sequence is very well conserved between P.furiosus,
P.horikoshii, and P.abyssz, we found that substitutions in some of these conserved sequences
(e.g. promoter mutant 623) had no effect on LrpA binding. It is therefore possible that
LtpA does not recognize a limited number of specific bases, but rather a relatively long
sequence with a specific secondary structure. Indeed, certain protein-DNA interactions
have been reported to be the result of a specific DNA structure and/or flexibility (60). In
addition, it should be noted that a consensus sequence for E.co/f Lrp is in many cases not
obvious at all.

The appearance of DNasel hypersensitive sites in the proximity of DNasel protected
regions is a very common phenomenon when DNA-binding proteins interact with their
target DNA, and is generally interpreted as a result of DNA bending. In some cases this
bending occurs when DNA is looped out through interaction between proteins bound to
sites spaced (far) apart (27). In many other cases, binding of a protein to a single binding

site causes bending of DNA (33, 49, 53). DNasel footprinting studies with these proteins,
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however, revealed only a small number of hypersensitive sites, generally located within the
area protected against cleavage (4, 7, 18-20, 23, 31, 38, 47, 55, 61, 67). DNasel footprints of
E. coli Lrp with several target promoter fragments show protection from DNasel over a
range of 100 bp or even longer, due to multiple binding sites. Hypersensitive sites are
located between the protected regions (16, 21, 41, 46, 63, 68). Similar patterns are generated
by the Lrp homologues BkdR from P.putida (40) and PutR from _Agrobacterium tumefaciens
(29). In the case of P. furiosus LrpA, however, two distinct footprinting techniques indicate
only a significant protection of a 46-bp fragment of the /pA promoter, whereas DNasel
hypersensitive sites are extended in both directions, in total covering approximately 88 bp
(Fig. 7). Hence, at least under the conditions used for the DNasel footprinting (elevated
LrpA concentrations), LrpA appears to affect the DNA conformation over a relatively long
distance. In the case of E.co/i Lrp and A.tumefaciens PutR it has been suggested that DNA is
somehow wrapped around the regulators (64, 68). Analysis of PutR-DNA complexes by
atomic force microscopy supports the idea that PutR condenses DNA into globular
nucleoprotein complexes (29). Although a similar looping or wrapping of DNA around P.
Suriosus LrpA is possible, we can not rule out the possibility that the observed
hypersensitivity pattern is a result of some non-specific phenomenon in the % vitro analysis.

In conclusion, we have described for the first time the actual involvement of an
archaeal Lrp homologue in transcription modulation by 7z witro analyses. The P. furiosus
LrpA interacts specifically with the /pA promoter in the proximity of the transcriptional
start site. Hence, the observed transcription inhibition is most likely a consequence of
preventing RNA polymerase recruitment, similar to that reported for the _Arhaeoglobus
Sfulgidus MDR1 (1). In addition, LrpA binds to Z#pA promoter fragments in a single
configuration, most likely as a tetramer. Alternatively, such a configuration may also be
referred to as a dimer of dimers, but we do not have any indication of cooperativity, as has
been reported for E. cii Lrp (Calvo ef al. 1994; Newman et al, 1995). Gel retardation
analysis revealed that the DNA-binding efficiency of LrpA is reduced significantly when
the DNA fragments were reduced in size below 46-bp. The interaction with this fragment
was confirmed in two distinct footprinting experiments. The actual binding site could at
least in part be identified, but as in many bacterial Lrp-target promoters, no obvious
palindromic motif(s) appear to be involved. Recent progress with crystallization of P.
furiosus LrpA (54) may be very important to confirm molecular details of the archaeal and
bacterial Lrp homologues, and as such LrpA may be a model for further understanding

structure-function relations of this widely distributed class of transcription regulators.
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EXPERIMENTAL PROCEDURES

DNA sequence analysis

Identification of LrpA homologues was done using the Advanced BLAST program at
NCBI (http://www.ncbi.nlm.nih.gov/cgi-bin/BLAST/). Alignments were made using the
program ClustalX. Motif searches were performed using the PROSITE Pattern and Profile
Searches program at the ExPaSy Molecular Biology Server (http://expasy.hcuge.ch/), and
the program HELIX-TURN-HELIX (http://pbil.ibep.fr/cgi-
bin/npsa_automat.pl?page=/NPSA /npsa_hth.html). Inverted repeats were identified using
the GeneQuest program that is part of the DNA Star package.

Plasmid and strain construction

The gene encoding /pA was PCR amplified using primers BG240 and BG241 (see
Table 1, Italic and underlined sequences indicate the restriction sites BspHI and BawHI,
respectively). The resulting 444-bp PCR fragment was cloned into pGEM-T (Promega,
Corp.), resulting in pLUWOG00, and the sequence of the insert was verified by DNA
sequencing. Subsequently, pLUWG600 was digested with BspHI and BazHI and the resulting
428-bp fragment was cloned into the T7 expression vectors pGEF+ (50), pET9d and
pET24d (58) (Novagen, Inc.), resulting in the constructs pLUWG601, pLUWG604 and
pLUWOG05, respectively. These constructs were transformed into FE.co/i BL21(DE3),
BL21(DE3) (pLysS) and BL21(DE3) (pLysE) (Novagen, Inc.) and tested for expression
(not shown). The optimal result was obtained with E.co/f BL21(DE3) in combination with
the pET9d-derivative pLUWG604. This combination was used for further expression
experiments. pLUWG613 was made by cloning fragment A into pGEM-T (Promega, Corp.).
Mutations in fragment A were introduced using Pf# polymerase in the PCR-based overlap
extension method (25). For each mutation a sense/antisense primerpair was designed.
BG730 and BG731 introduced mutation 621; BG759 and BG760 introduced mutation 623;
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BG792 and BG793
Name Sequence (5' - 3")
BG109  TTTACAGAACCGTCATCCATTTC introduced  mutation  629;
BG240  GCGCGTCATGATTGATGAGAGAGACAAAATTATAC
BG241 CGCGCGGATCCTTACTTAAGTTTTTCAAGGATTATAG BG794 and BGT795
BG289  CAGAACATAACTGGATACTACTGGA introduced mutation 630 (see
BG290  CAAGAGCCTTGACTCTCTTCCTC
BG367  GGATGGGTCAAGCACTGATTCC Table 1). BG289 and BG290
BG427  CTCTAGAATGTTCAACACTATGGCTC
BG430  GGGGCATAGCTTTATATATTCTAGTGCTGAT were used as flanking primers
BG431 ATCAGCACTAGAATATATAAAGCTATGCCCC
BG498  CATCAATCATTTTTCGAACCACCTAGGTATAAC for the PCR of fragment A
BG615  TCGAACCACCTAGGTATAACAT
BG638  TAGTGCTGATGTTATACCTA (see  below). All mutant
BG730  GCTGATGTTATAAATAAATGGTTCGAAAAA )
BG731 TTTTTCGAACCATTTATTTATAACATCAGC fragments A were cloned into
BG759  TAGTGCTGATGGGCGCACTAGGTGGTTCGA
BG760  TCGAACCACCTAGTGCGCCCATCAGCACTA pGEM-T (Promega, Corp.)
BG792 GTTATACCGCTTGTTGGCGAAAAATGATTGATGAG

and sequenced, resulting in

BG793 TTTTTCGCCAACAAGCGGTATAACATCAGCACTAG
BG794 ATACCTAGGTTTGGAGAAAAATGATTGATGAGAG

pLUWG21, pLUW623,
BG795 AATCATTTTTCTCCAAACCTAGGTATAACATC

pLUW629, and pLUW630.

Table I. Oligonucleotides used in this study

Overproduction of LrpA

The P.furiosus LrpA protein was produced in 2-liter Erlenmeyer flasks, containing 1
liter LB medium with 50 pg/ml kanamycin. The culture was inoculated with E.coi
BL21(DE3) containing pLUWG04. Cells were grown in a rotary shaker at 37 °C until an
ODsoo of 0.5 was reached, and 0.4 mM IPTG was added to induce expression. After O/N
incubation the cells were harvested, washed in 125 mM citrate buffer pH 5.0 and
resuspended in 90 ml of the same buffer. Cells were lysed by a triple passage through a
French pressure cell at 1000 psi. After lysis MgCl, and DNasel were added to final
concentrations of 10 mM and 10 pg/ml, respectively. The sample was left at room
temperature for 15 min. Subsequently, the cell-free extract was incubated at 80°C for 30
min and centrifuged at 20,000 rpm for 30 min. The remaining soluble fraction was loaded
on a 60-ml cation exchange column (S-sepharose, Pharmacia) that had been equilibrated
with 125 mM citrate buffer pH 5.0. The column was eluted with the same buffer, using a
flow rate of 3 ml/min. and a linear gradient of NaCl from 0 to 1 M. Fractions containing
LrpA, as determined by SDS-PAGE, were pooled and concentrated by centrifugation in
Centricon units (10 kDa cut-off), until a volume of 0.5 ml was reached. A 200 pl sample
was loaded on a gel filtration column (Superdex 200, Pharmacia) with 20 mM Tris pH 8.0
and 100 mM NaCl with a flowrate of 0.5 ml/min. The elution pattern from this gel
filtration showed 3 peaks, corresponding to molecular masses of approximately 30 kDa , 60
kDa, and 120 kDa, respectively. Approximately 14 mg of purified LrpA was obtained from

one litre of culture.
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Gel-mobility shift experiments

DNA probes used for gel-mobility shift experiments were generated using PCR. The
following primers were used: BG289 and BG290 for fragment A; BG367 and BG290 for
fragment B; BG289 and BG431 for fragment C; BG430 and BG290 for fragment D;
BG638 and BG498 for fragment E; BG638 and BG615 for fragment F; BG427 and
BG109 for fragment G (see Table 1). PCR reactions consisted of a 5 min. denaturation step
at 95°C, 30 cycles consisting of 95°C, 45°C and 72°C, with 30 seconds for each step,
followed by a 7 min. final extension step at 72°C. PCR products were end-labelled using T4
kinase and radioactive y32P—ATP. Binding reactions were performed in a total volume of 20
ul, containing 40 mM HEPES-NaOH pH 7.3, 200 mM KCI, 2.5 mM MgCl,, 2 mM DTT,
1 mM CaCl,, 100 mM EDTA, 10% glycerol, and varying concentrations of purified LrpA.
Standard reactions contained 2 pg of poly(dl.dC).poly(dl.dC) as nonspecific competitor
DNA, but this was omitted from reactions with smaller fragments (fragment E and F) and
during determination of the dissociation constant (Kgq) for the LrpA-DNA complex. Each
reaction contained 1 to 10 ng of y32P—ATP end-labelled DNA. Reactions were incubated at
room temperature for at least 10 min. and separated on a non-denaturing 8% acrylamide
gel, buffered in 1x Tris Borate EDTA buffer (51). In the case of fragment E a 20% gel was
used. Gels were dried, exposed to phosphor screens and analysed. Quantification was done

using Imagequant software (Molecular Dynamics, Inc.).

DNasel and hydroxyl radical footprinting

DNasel and hydroxyl radical footprinting was performed using non-radioactive probes
containing the IRD800 label, in combination with a Li-Cor sequencer (Li-Cor, Inc.). For
this purpose DNA probes were prepared as follows; fragments B and G (Fig. 1B) were
cloned into pGEM-T (Promega, Corp.), and clones were selected containing the insert in
both orientations. These constructs were used as a template in PCR reactions with a
IRD800-labelled T7 primer (MWG-Biotech, GmbH) in combination with BG290, BG367,
BG427 or BG109. These PCR reactions produced fragments B or G carrying the IRD800
label on a 68 bp extension originating from pGEM-T at the 5 end of either the non-
template or the template strand. 10 ng of this DNA was used per reaction. Binding
reactions for DNasel and hydroxyl radical footprinting were identical to the binding
reaction conditions in gel-mobility shift experiments (see above) except that glycerol and
poly(dL.dC).poly(dI.dC) were omitted. DNasel cleavage was done by adding 20 ul of a
solution containing 5 mM CaCl,, 10 mM MgCl, and 2 mU of DNasel. After 1 min. the
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DNasel reaction was stopped by the addition of 20 ul 4 M NH4Ac and 30 mM EDTA.
The DNA was extracted with 60 pl phenol, precipitated with 96% ethanol in the presence
of 20 pg glycogen and washed with 70% ethanol. The pellet was dissolved in 1 pl of
formamide loading buffer, heated at 95°C for 5 min. and chilled on ice. Subsequently, 0.8 p
1 was analysed on a Li-Cor 4000 sequencer (Li-Cor, Inc.) using a 5.5% KB™ 41 cm
denaturing sequence gel (Li-Cor, Inc) with 0.2 mm spacers and settings 2000 V, 25 mA, 50
W and 45°C.

Hydroxyl radicals were generated by adding 3 pl of 40 mM Na-Ascorbate, 3 pul of
1.2% H202, and 3 pl of 4 mM (NH4)2Fe(SO4)2:6H20, 8 mM EDTA. After 2 min. the
reaction was stopped by the addition of 26 pl of 0.1 M Thiourea, 20 mM EDTA. DNA
was extracted with phenol and precipitated as described above, and analysed on a Li-Cor
4000L sequencer (Li-Cor, Inc.), using a 66 cm denaturing sequencing gel with 0.25 mm
spacers and settings 2250 V, 30.6 mA, 68 W and 45°C. Images of the footprints were
analysed using the program Scion Image for Windows (http://rsb.info.nih.gov/nih-
image/).

In vitro transcription

Transcription reactions were performed essentially as described previously (24), except
that 300mM KCI was used instead of 250 mM. A standard reaction mixture (50ul)
contained 1lpg linearized template DNA (pLUW479 (24), pLUWG613, pLUWO621,
pLUWG623, pLUWG629, pLUWG629, or piC31/2 (22)), 250 ng recombinant TBP, 280 ng
recombinant TFB, 135 ng native RNA polymerase, and varying concentrations of LrpA.
This reaction mixture was incubated for 30 min. at 70°C. RNA purification and

electrophoresis was performed as described previously (17).

Primer extension

For analysis of the 7z vitro transcriptional start site, cell-free transcription reactions were
performed as described above but with unlabelled precursors. In a control reaction,
nucleotides were omitted from cell-free transcription reactions. The end-labelled DNA
primer  5-GTATAATTTTGTCTCTCTCATCA-3 was wused, complementary to
nucleotides +20 to +42 relative to the transcriptional start of /p.A. The primer extension
assay was performed as previously described (17, 24).

For determination of the 7z wwo transcriptional start site, primer extension was

performed with total RNA of P.fusiosus, which was isolated as described previously (606).
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Chemical cross-linking and Western blot analysis

Chemical cross-linking was performed as described by Davies e a/ (12), with the
following modifications. For cross-linking experiments with free LrpA, different
concentrations of LrpA were diluted in cross-linking buffer (80 mM triethanolamine-HCl
pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.1 mM DTT) and the final volume was adjusted to
16 pl. Dimethylsuberimidate (DMSI, 25 mg/ml freshly made in cross-linking buffer) was
added to a final concentration of 5 mg/ml so that the final volume was 20 pl. After a one-
hour incubation at room temperature SDS-PAGE loading buffer (51) was added, and 100
ng of each sample was separated on a 10% Tricine SDS-PAGE gel (52). The separated
proteins were transferred to a nitrocellulose membrane by electroblotting in 10 mM CAPS
pH 11.0 and 10% methanol, and detected immunologically using a polyclonal antiserum
raised against purified LrpA (51). For cross-linking experiments with LrpA-DNA
complexes, about 2 ug of purified LrpA was incubated with 500 ng of DNA (fragment B,
see ig. 1B) in cross-linking buffer in a final volume of 64 pl. DMSI was added as
described above so that the final volume was 80 pl. The samples were loaded on a non-
denaturing 5% acrylamide gel, buffered in 1x Tris Borate EDTA buffer (51). The gel was
stained with ethidium bromide and bands representing specific DNA-LrpA complexes
were excised, crushed, and SDS-PAGE loading buffer was added. The recovered samples
were heated for 10 min. at 100°C, and loaded on a 10% Tricine SDS-PAGE gel and

analysed as described above.
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Crystal structure of the Lrp-like
transcriptional regulator from the archaeon
Pyrococcus furiosus
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Arie B. Brinkman John B. Rafferty

The LrpA protein from the hyperthermophilic archaeon Pyrococcus firriosus
belongs to the Lrp/AsnC family of transcriptional regulatory proteins, of which the
Escherichia coli leucine-responsive regulatory protein is the archetype. Its crystal
structure has been determined at 2.9 A resolution and is the first for a member of
the Lrp/AsnC family, as well as one of the first for a transcriptional regulator from a
hyperthermophile. The structure consists of an N-terminal domain containing a
helix-turn-helix (HTH) DNA-binding motif, and a C-terminal domain of mixed
o/P character reminiscent of a number of RNA- and DNA-binding domains.
Pyrococcus furiosus LrpA forms a homodimer mainly through interactions between
the antiparallel B-sheets of the C-terminal domain, and further interactions lead to
octamer formation. The LrpA structure suggests how the protein might bind and
possibly distort its DNA substrate through use of its HTH motifs and control gene
expression. A possible location for an effector-binding site is proposed by using
sequence comparisons with other members of the family coupled to mutational

analysis.
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Chapter 5

INTRODUCTION

Proteins from the Lrp/AsnC family, which act as global or specific regulators of
transcription, have been isolated from many prokaryotes, including both bacteria and
archaea (3). The most extensively studied example of this family of proteins is the leucine-
responsive regulatory protein (Lrp) from Escherichia coli (5, 22). Lrp is a global regulator that
acts to control gene expression. The Lrp regulon consists of 75 transcriptional units, which
are either activated or repressed by Ltp, often in response to the presence or absence of the
effector leucine, which E.co/i Lrp is believed to bind (5). The proteins they encode are
mainly involved in transport, degradation or biosynthesis of amino acids. Lrp has been
shown to exhibit negative, leucine-independent autoregulation, by binding upstream of its
own promoter (-80 to -32 relative to the transcription start site as determined by DNasel
footprinting; (35)). This large footprint region is believed to encompass a number of
distinct Lrp binding sites. Lrp interacts with DNA as a homodimer, recognizing a 15-bp
imperfect inverted repeat sometimes found in multiple copies and bound in a cooperative
manner (5, 7, 22, 34). Escherichia coli Lrp shows notable sequence similarity to the E.co/
AsnC protein (25% identity) and, as a result, an evolutionary family relationship between
the two proteins has been proposed (36). AsnC is responsible for the asparagine-dependent
regulation of the asnA gene, the structural gene for asparagine synthetase A, and for its
own autoregulation (8, 15). No structures of proteins belonging to this family have been
previously reported.

In Pyrococcus furiosus a putative Lrp, LrpA, the product of the /A gene, which exhibits
28% sequence identity to E.co/z Lrp, has been isolated (3). Gel filtration experiments with
concentrated protein samples suggest that LrpA forms a mixture of dimeric, tetrameric and
octameric species at neutral pH, and an octamer below pH 6.0 (31). Pyrococcus furiosus Lip A
has also been shown to exhibit negative autoregulation and binds to the /#p.4 promoter at a
single site (-22 to +24 relative to the transcription start site; (3)), as determined by DNasel
and hydroxyl radical footprinting. Although apparently quite a large binding site, attempts
at trimming down its size from 46 to 30 bp, encompassing the most strongly protected
region, result in a substantial decrease in binding by LrpA (3). Thus, multiple copies of
LrpA may bind and possibly distort the /ZpA promoter region as suggested for its E.coli
homologue (34). The negative autoregulation exhibited by LrpA appears to be independent
of effectors, and there is no evidence for binding of leucine or any other amino acid by
LrpA (3).
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A helix-turn-helix (HTH) motif is responsible for the specific DNA interaction of
many transcriptional regulators, such as the E.co/i catabolite activator protein (20) and the
tryptophan repressor (30). Sequence alignments of proteins belonging to the Lrp/AsnC
family as well as detailed mutagenesis studies of E.co/i Lrp have suggested that these
proteins also utilize an archetypal HTH motif to interact with (27). In P.furiosus LrpA this
motif has been predicted to be located between residues 21 and 40 (3).

This paper reports the structure determination to 2.9 A resolution of P.furiosus LrpA, a
description of its overall fold, its structural similarity to other proteins and the possible
mode of interaction between LrpA and DNA. The LrpA structure is the first example of a
member of the Lrp/AsnC family, and one of the first transcriptional regulators from
archaeal or hyperthermophilic origin. The LrpA structure provides insights into the
possible location of an effector-binding site and how this widely conserved prokaryotic

transcriptional regulator controls gene expression.

RESULTS

Overall structure

The LrpA subunit has overall dimensions 60 x 30 x 45 A and comprises two domains
(Fig. 1A). The N-terminal domain is formed from three a-helices (A to aC). The C-
terminal domain is formed from a four-stranded anti-parallel B-sheet (B2-5) flanked on
one face by two a-helices (oD to oE) and a short C-terminal B-strand (6). The subunit
has the connectivity B2-aD-B3-B4-E-af35-B6 (Fig. 1B). Two 3,, helical turns ate present,
one between B1 and B2, and the other between B2 and aD. There are a limited number of
contacts between the two domains, which are linked by only a single B-strand (81).

In the crystal lattice there is an obvious octamer with approximate dimensions 96 x 96
x 110 A. The octamer has 42 symmetry and is most conveniently described as being
formed from a tetramer of dimers (Fig. 1C). The solvent-accessible surface area of an
isolated monomer, calculated using the programme AREAIMOL with a probe radius of 1.4
A (17), is 9400 A2. On formation of the octamer, 3200 A2 (34%) of the solvent-accessible
surface is buried per monomer. Of the three distinct molecular two-fold axes in the
octamer, two are crystallographic and the other is non-crystallographic. Adjacent
monomers related by the crystallographic two-fold axes in the octamer form a dimer that
buries 2100 A2 (22%) of the solvent-accessible surface per monomer (Fig. 1D). Adjacent

dimers related by the non-crystallographic two-fold axis in the octamer form a dimer-dimer
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Figure 1. The overall fold of P.furiosus LrpA. (A)
Schematic stereo representation of the Ca
backbone of a monomer with every 10th residue
labeled. (B) Schematic representation of the fold of
a monomer with a-helices and B-strands shown as
labeled coils and arrows (light and dark gray,
respectively). (C) The LrpA octamer viewed as in
(B) but with subunits successively labeled in light
and dark gray. (D) Schematic representation of the
fold of a dimer with the two monomers shown in
light and dark gray.
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interface that buries a further 1100 A2 (12%) of the solvent-accessible surface per

monomer (Fig. 1C). These interfaces are described below.

Dimer interface

The interactions that form the dimer interface can be divided into three main regions.
First, a hydrophobic core is held together by interactions between residues in strands 32,
B3, B4 and B5 from each monomer and, in addition, the B-sheets are extended to form
five-stranded antiparallel B-sheets by main chain hydrogen bonding of strand 6 to strand
B3 in the other monomer. Secondly, extensive hydrogen bonding interactions can be seen
in the anti-parallel B-tibbon formed by the B1 strands from both subunits. The third region
of contact is hydrophobic in character and is formed between the N- and C-terminal
domains of symmetry-related subunits. Specifically, residues from helix aA and the
following turn in the N-terminal domain of one monomer interact with the first 3,, helical
turn and residues from strand 1 of the inter-domain B-ribbon in the C-terminal domain of

the second monometr.

Dimer-dimer interface and octamer formation

In forming the octamer, four equivalent dimer-dimer contacts are formed that are
hydrophobic in nature. For any given monomer, contacts between subunits related by a
molecular four-fold axis involve helix oE and strand B5 with the 3,, helical turn between
strand B2 and helix oD and the turn between strands 33 and 4. Helix oE makes a further
contact with a non-crystallographically related monomer in an adjacent dimer via

interactions with the C-terminal residues.

Structure comparison

The structure of LrpA was compared with those of all the proteins in the Protein Data
Bank (PDB) (2) using the program PROTEP (10). Although there was no overall match
with the entire structure of LrpA, a number of hits were observed for the C-terminal
domain. The three best hits were found with the N-terminal domains of the archaecal DNA
polymerase B enzymes from Thermococens gorgonarins (12) and Desulfurococcus strain Tok (37),
which have been proposed to bind RNA (37), and the ribosomal protein S6 from the small
ribosomal subunit of Thermus thermophilus (18), which, in conjunction with the S18 protein,
binds the ribosomal 16S RNA (29). The structural motif common to these proteins
consists of a fout-stranded anti-parallel B-sheet with two a-helices packed on one side.

This architecture is present in a number of small single-stranded RNA-binding modules
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including S6, which, within this structural motif, contain conserved sequences known as
RNP1 and RNP2. The structure of the RNA-binding domain (RBD) of the UlA
spliceosomal protein complexed with an RNA hairpin is representative of an RBD-RNA
complex (26) and shows that the sequence motifs are positioned on the first and third B-
strand of the BaPPaf fold, making strong contacts with the bound RNA molecule. Such
conserved sequences are not present in LrpA and, given that the surface of the B-sheet that
binds the RNA in an RBD is involved in the formation of the dimer interface in LrpA, it is
unlikely that LrpA binds RNA molecules via its C-terminal domain. A Bappap fold similar
to that in the C-terminus of LrpA has also been observed in the C-terminal DNA-binding
domain of bovine papillomavirus-1 E2, whose structure has been solved at 1.7 A bound to
its smoothly bent DNA target (11). Like the C-terminal domain of LrpA, in E2 an
equivalent region of the subunit surface is also involved in the formation of a dimer, but
the subunit-subunit contacts are predominantly hydrophilic. In E2 this C-terminal domain
is also involved in binding DNA through interactions between the first helix of the
BapPap fold of each monomer and the major groove of the DNA double helix. In
contrast, the equivalent region in LrpA is involved in dimer-dimer interaction within the
octamer, further demonstrating the versatility of this structural motif.

The structure of P.furiosus LrpA reveals the presence of an HTH motif between
residues 21 and 45 in the N-terminal domain, formed by helices aB and oC. This N-
terminal region appears to form a distinct ‘headpiece’ to the molecule. The HTH motif in
LtpA can be superimposed on those from the E.co/i catabolite activator protein (20) and
the tryptophan repressor (30) with a root mean square deviation (RMSD) of 0.51 and 1.87
A, respectively, for the 20 aC atoms of the motif (residues 21-40 in LrpA). The use of
distinct HTH-containing ‘headpiece’ domains to bind the DNA has been observed in a

number of prokaryotic transcriptional regulators including the lac repressor (9).

Mutational analysis of Lrp/AsnC family proteins

The structure of P.furiosus LrpA is the first to be solved for a member of the
Lrp/AsnC family. This structural information can be used to make a structure-based
sequence alignment (Fig. 2A), allowing comparisons to be made between members of the
family, and facilitating the interpretation of biochemical data that exist for E.co/ Lrp in the
light of the current P.furiosus LrpA model. This close sequence similarity within the Lrp
family combined with mutation studies carried out on E.co/i Lrp (27) allows us to
investigate the location of both the effector and DNA binding sites. Escherichia coli Lrp has

been randomly mutated and the resulting mutants tested on the basis of their effects on
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Figure 2. Sequence alignment and
location of DNA binding, activation and
leucine response mutations. (A) Structure-
based multiple alignment of Lrp/AsnC
family sequences. Elements of secondary
structure in LrpA are shown as labeled
cylinders (a-helices) and arrows (B-

strands). Sequences are aligned from P.furiosus LrpA, E.coli Lrp and E.coli AsnC. Residues that are conserved
across all three sequences have been boxed. Those residues that are conserved between Lrp and AsnC are
shaded black. Those residues that are switched from a hydrophobic side chain in Lrp to a hydrophilic side
chain in AsnC are shaded gray. The positions of the E.coli Lrp DNA binding mutants, activation mutants and
leucine response mutants are indicated by the symbols +, $ and #, respectively. (B) The LrpA octamer as
shown in Figure 1C but with all subunits displayed as coils. The Ca atoms of DNA binding mutants, activation
mutants and leucine response mutants are shown in spacefilling style in white, gray, and black, respectively.
(C) An LrpA dimer viewed along its two-fold axis (i.e. rotated 90° around the x-axis with respect to Figure 1D).
The monomers are shown in gray and dark gray, and the equivalent residues in LrpA to those identified in
E.coli Lrp as leucine response mutants are shown in white. The residue sequence numbers are those of LrpA.
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expression of zvIH, one of the operons regulated positively by Lrp (28). The z2IH operon
encodes an enzyme involved in the biosynthesis of leucine, valine and isoleucine, and
expression of this operon is repressed when cells are grown in the presence of leucine.
Mutant strains that were resistant to the repressive effects of leucine were termed leucine-
response mutants. Those mutants for which binding to /2I[H DNA in vitro was markedly
reduced were termed DNA-binding mutants. A further class of mutants that had low z#[H
expression zz vivo but apparently normal DNA binding iz vitro were termed activation
mutants, owing to their inability to activate transcription. The positions of these mutations
have been modelled onto the LrpA structure and provide insights into the patterns of
effector molecule and DNA binding. These are described in the following sections.

Analysis of the pattern of leucine-response mutants and location of the effector-binding site in the Lip
Samily. A total of seven E.co/i Lrp mutants were isolated that were resistant to the repressive
effects of leucine (Leul07*, Asp113*, Met123*, Leul35%, Tyr146*, Vall47* and Val148%;
in the following discussion E.co/ Lrp and AsnC sequence numbers are denoted by * and ',
respectively, and correspond to SwissProt entries P19494 and P03809). When these
mutations are modelled onto the structure of the LrpA octamer (the equivalent LrpA
residues are Leu95, Met101, Glyl111, Gly123, Ala134, Ile135 and 1le136) all seven residues
are located at subunit interfaces (Fig. 2B and C). Five out of the seven are found to be
clustered in a single region across the dimer interface. The remaining two residues,
Met123*/Gly111 and Leul35%/Gly123, are located close to the positions of the other five
mutations but in adjacent dimers of the octamer rather than within the same dimer. It is
possible, therefore, that effector binding may influence formation of larger multimeric
species  through  additional interaction with residues Met123*/Gly111 and
Leul35*/Gly123, although it cannot be ruled out that mutation of these residues may have
long-range effects upon leucine binding at the remote site on the dimer interface.

In addition to the above study we attempted to locate possible effector binding sites
through comparison of the E.co/f Lrp and AsnC sequences. We reasoned that if AsnC and
Lrp bound their respective effectors at a similar site, such a site might utilize conserved
interactions possibly involving charged residues on the protein and the common amino and
carboxyl moieties of the effector. In addition, we might anticipate that the specificity for
asparagine or leucine displayed by AsnC and Lrp, respectively, might rely on a binding
pocket for the side chain of the effector, which would switch in nature from hydrophilic to
hydrophobic. Charged residues conserved between Lrp and AsnC (such conservation need
not necessarily extend to LrpA since at present there is no evidence that P.furiosus LrpA is

affected by leucine or any other molecule), and those residues that are hydrophobic in Lrp
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but hydrophilic in AsnC, were both plotted onto the LrpA structure. Three sites of
conserved charged residues designated A, B and C, which could form possible effector
molecule binding sites, were located (A, Aspl2*/Asp7', Aspl5*/Aspl0’ and
ArgdT*/Arg42"; B, Arg27*/Arg22' and Glu32*/Glu27"; C, Glul04*/Glu97' and
Lys117*/Lys110"). Close to each of these sites, a residue that switched in nature between
hydrophobic and hydrophilic could also be observed (A, Pro43*/Thr38'"; B, lle28*/Thr23';
C, Leu63*/Asp58"). The three sites are all situated within the N-terminal domain or
immediately adjacent to it. Thus, if one of the sites represents the binding pocket for an
effector molecule then it may well be that effector binding could influence the
conformation of the N-terminal domain and, therefore, the relative positions of the DNA-
binding helices. However, none of the three sites suggested by the sequence/structure
alignment overlaps with that proposed on the basis of the leucine response mutant analysis.
The sequence analysis that we have carried out does not preclude the use of main chain
atoms or hydrophilic side chains in the binding of the amino and carboxyl groups on the
amino acid effector molecule and, thus, these sites may be of little significance. However, it
is possible that the previously observed leucine response mutants may have long-range
effects and that mutation of residues in the true site is lethal and hence went undetected.
Analysis of DNA binding and activation mutants. A representation of the electrostatic
surface charge potential of LrpA as computed by GRASP (23) reveals the residues in the
recognition helix (aC) of the HTH motif to be predominantly positively charged. In
contrast, helix aD in the C-terminal domain, which is analogous to the DNA-binding helix
in the bovine papillomavirus-1 E2 DNA-binding domain, is predominantly negatively
charged, whereas in bovine papillomavirus-1 E2 it is predominantly positively charged.
This implies that P.furiosus LrpA is much more likely to bind DNA by interactions between
the recognition helices of the HTH motif and the DNA. Analysis of the positions of the
residues in the E.co/i Lrp DNA binding mutants on the structure of LrpA reveals that, of
the 10 mutants (Asp12*, Leu33*, Leu39%*, Serd0*, Pro43*, Leu45*, Argd7*, Tyr60*, Leu64*
and Leu69* in the E.co/ Lrp sequence, equivalent to Asp3, Ile24, Ile30, Ser31, Ala34,
Arg36, Arg38, Tyr51, 1le55 and Leu60 in the LrpA sequence), six are positioned in the
HTH motif. Three of these are on the recognition helix aC (Pro43*, Leu45*, Argd7*) and
are likely to be directly involved in DNA binding. The remaining four all lie close to the
HTH motif and could disturb DNA recognition through long-range conformational
effects. Analysis of the positions of the five activation mutants (Val75*%, Phe89*, Phel12*,
Thr118* and Ser124* in the E.co/i Lrp sequence, equivalent to Thr66, Leu77, His100,
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Ile106 and Glul12 in the LrpA sequence) on the structure of LrpA did not reveal any

obvious clustering of residues.

LrpA-DNA complex model

The two recognition helices (aC) of the HTH motifs in the dimer are separated by 34
A, which corresponds well to the distance between adjacent turns of the major groove in
B-form DNA. In contrast, the helices in the C-terminal domain, which are analogous to the
DNA-binding helices in the bovine papillomavirus-1 E2 DNA-binding domain, are
separated by 42 A. Thus, we have modelled straight B-form DNA onto the surface of the
LrpA dimer containing the two recognition helices, such that the two-fold axis of the dimer
is coincident with a local two-fold in the DNA, and the two recognition helices access
adjacent turns of the major groove (Fig. 3). However, inspection of the interactions within
this complex suggests that they may not be optimal, particularly when compared with the
structures of protein-DNA complexes that utilize the HTH motif. It has been
demonstrated that E.co/ Lrp can induce bending of DNA upon DNA binding (5), and
recent studies have suggested that P.furiosus LrpA may also be able to bend DNA (3). Thus,

NO

Figure 3. Modeling of DNA binding by LrpA. A straight piece of Bform DNA modelled onto an LrpA dimer
such that the two-fold axis of the dimer is coincident with a local two-fold in the DNA and the two
recognition helices access adjacent turns of the major groove.

it may be that in the true complex, DNA binding would involve interaction with a bent
rather than straight DNA. Alternatively, it is also possible that upon binding DNA some

small rearrangement of the recognition helices occurs, as there may well be some flexibility
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between the N- and C-terminal domains. Consistent with this idea, there are only limited
contacts between the two domains of LrpA, and this latter point is given some further
support by a superposition of the two molecules in the asymmetric unit, which gives an
RMSD of 0.6 A, whereas the independent superpositions of their N- and C-terminal
domains gives RMSD values of 0.5 and 0.4 A, respectively.

Thermostability

Differential scanning calorimetry measurements of the LrpA protein from P.furiosus
have shown that it is extremely thermostable, with a melting temperature, Tm, of 111.5°C
(A.B.Brinkman and J.van der Oost, unpublished data). Previous studies have suggested that
an increase in the extent of ion pair networks is a frequently observed feature of proteins
from hyperthermophiles (33). An analysis of the LrpA structure reveals there to be only
0.057 ion pairs per residue (using a distance limit of 4.0 A). This is considerably lower than
that observed for other hyperthermophilic proteins (33). The analysis is limited somewhat
by the relatively low resolution of the LrpA structure and by the absence of a number of
charged side chains on the surface of LrpA, which are disordered in the crystal but are
presumably ordered upon binding DNA or in interactions with other transcriptional
components such as RNA polymerase. Thus, a proper structural understanding of the
thermostability of LrpA must await the determination of a comparative structure from a

mesophilic member of the Lrp/AsnC family.

DISCUSSION

The work on LrpA presented here describes the first structure of a member of the
Lrp/AsnC family of proteins and one of the first structures of a transcriptional regulator
from an archaeal source. It reveals a striking octameric assembly formed from a tetramer of
dimers. Analysis of the structure and comparisons with sequences of other Lip/AsnC
family members has confirmed the presence of an N-terminal HTH motif and its likely role
in DNA binding. In addition, this study has highlighted a potential effector binding site on
LrpA via interpretation of mutational analysis of its E.co/i homologue, and three further
potential sites through sequence analysis. The first site appears to straddle the dimer and
dimer-dimer interfaces in the octamer and suggests a possible role in effecting the

multimeric state of the protein, whereas the locations of the other three possible sites
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suggest the potential to influence the conformation of the N-terminal domain and,
therefore, the relative positions of the DNA-binding helices.

Gel retardation experiments show that LrpA binds to the /pA promoter region as a
single species (3). Whilst chemical cross-linking analysis has suggested the presence of an
LrpA tetramer in the protein-DNA complex (3), solution studies (31) and the crystal
structure have shown LrpA to exist as an octamer. Further experiments are required to
resolve the discrepancy in the molecular sizes determined in these studies. One can
speculate that multimerization of the LrpA dimer contributes to stabilizing the DNA-
protein complex iz vive. At present it is not clear whether LrpA interacts with a single or a
multiple operator (3), but by comparison, E.co/i Lrp has been demonstrated to bind
cooperatively to adjacent operators (5). The generally eukaryal-like and hence multi-
component nature of the transcriptional machinery observed in the archaea (1) prompts
the suggestion that LrpA may also interact with other proteins to form macromolecular
complexes during transcriptional regulation. Interaction with DNA-bound TATA binding
protein (TBP) (32) has been proposed for the C-terminal domain of papillomavirus-1 E2
protein, which shates the Bappaf fold topology with the C-terminal domain of LrpA.
Future biochemical and crystallographic analyses will address the intriguing possibility that

LrpA is involved in the formation of larger multimeric macromolecular complexes 7z vivo.

EXPERIMENTAL PROCEDURES

Crystals of LrpA were grown by the hanging-drop vapour diffusion method from
buffered ammonium sulfate solutions, at both basic and acidic pH, over a range from 4 to
9 as described elsewhere (31). The crystals belong to space group 14,22, with cell
dimensions a = b = 104.5 A and ¢ = 245.1 A, with one dimer in the asymmetric unit and a
17, of 5.2 A’/Da corresponding to a high solvent content of 70% (19). The crystals had a
d, of 2.9 A at the CLRC Daresbury synchrotron source.

The structure was solved using MIR techniques with two isomorphous derivatives.
The first of these was prepared by co-crystallizing the protein in the presence of 0.1 mM
ethyl mercuri phosphate (EMP). Data were collected at room temperature on the native
and derivative crystals to 4.0 A on a Mar345 image plate mounted on a Rigaku RU200 X-
ray generator. Data were processed using the DENZO suite of programs (25) and
subsequently handled using CCP4 software (CCP4, 1994). The Patterson function for this

derivative was readily soluble, giving two heavy atom sites, one arising from each of the
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two monomers in the asymmetric unit. The two heavy atom sites were refined and a
preliminary phase set calculated using MLPHARE (24). A second derivative was produced
by soaking a native crystal for 2 h in mother liquor containing 1 mM potassium tetra-
cyanoplatinate (IKK,Pt(CN),). Two heavy atom sites, one arising from each of the two
monomers in the asymmetric unit, were found by difference Fourier methods, and the
derivative was subsequently refined and an improved phase set with an overall figure of

merit of 0.53 (acentric 0.51, centric 0.61) was calculated from the two derivatives.

Native Native (cryo) Hg? Hg? (cryo) Pt Pt" (cryo)
Resolution (A) 4.0 2.9 4.0 3.5 4.5 3.8
No. of observed reflections 16996 30436 10680 25216 14757 13699
No. of unique reflections 5846 13804 5707 7395 4200 6172
Completeness (%) 98.3 (99.3) 94.7 (96.2) 94.8 (96.2) 87.0 (92.6) 99.4 (100) 91.9 (94.5)
Rmerge (%)° 9.2 (34.2) 6.5 (34.6) 8.6 (33.3) 6.2 (14.9) 11.1(28.8) 8.5 (21.1)
Reflection intensities 76.8(47.5  75.5(35.4)  69.3(35.9)  74.2(30.5 653 (46.7)  69.6 (51.1)
I/l > 3 (%)
Riso (%)¢ 15.1 18.9 13.3 29.1
No. of heavy atom sites

1 1 1 1

(monomer)
Phasing power 2.40/1.89 1.26/0.90 0.96/0.75 1.53/1.09
(acentric/centric)
Reuliis (acentric/centric)f 0.57/0.48 0.79/0.77 0.87/0.77 0.74/0.70

Table I. Data proceccing and heavy atom statistics. The data for the highest resolution shells are given in
parenthesis. *Hg, ethyl mercury phosphate (C2HsHgPOs). Pt, potassium tetra-cyanoplatinate (K2Pt(Cn)a4).
“Rmerge = |/ - <I1> |2, where [ is the integrated intensity of a given reflection. Riso = 2| Fen - FP|ZFp, where
Frn and Fp are the derivative and native structure factor amplitudes. ®Phasing power = (r.m.s. heavy atom
structure factor)/(r.m.s. lack of closure).Reutis = (r.m.s. lack of closure)/(r.m.s. isomorphous difference)

In order to enhance radiation stability and hence improve the resolution of the
structural analysis, the crystals were cryoprotected in mineral oil by removing them from
the hanging drops with a cryo loop, removing excess precipitant using absorbent dental
points, dragging the loop through an oil reservoir and placing it in the cryo stream. This
enabled a 2.9 A resolution native data set and 3.8 A resolution K,Pt(CN), derivative data
set to be collected. Both data sets were collected on a Mar image plate detector on station
7.2 at the CLRC Daresbury Laboratory. Finally, a 3.5 A resolution EMP derivative data set
was collected on a Mar345 image plate mounted on a Rigaku RU200 X-ray generator. The
cryo-cooling produced a 3% shrinkage of the cell in the # and 4 dimensions (101.3 A) but
little change in ¢ (245.4 A) (Table ).

An electron density map was calculated to 3.5 A resolution and improved by solvent
flattening and two-fold non-crystallographic symmetry averaging using the program DM

(6). The resolution of the map was improved by phase extension to 2.9 A and showed
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clearly identifiable regions of regular secondary structure. The map was skeletonized using
the program MAPMAN (14) and a polyalanine model for a single subunit was constructed
with the program O (13). This model was rotated approximately into the electron density
for the second subunit in the asymmetric unit using the program PDBSET, and its position
refined using rigid body refinement in O. Subsequently, the sequence was fitted into the
model where it could be unambiguously assigned, and when 80% of the total number of
side chains had been determined with confidence the structure was submitted to maximum
likelihood refinement using the program REFMAC (21). Iterative cycles of phase
combination of the partial structure phases and those from the heavy atom derivatives,
model building and refinement were used to construct a complete model representing 280
out of 282 expected residues. NCS restraints were applied between the subunits and an
overall average B-factor (estimated from a Wilson plot of the data) of 62 A® was used. The
electron density for a total of 18 side chains in the A and B subunits of the asymmetric unit
was not observed in the final electron density map and was all truncated at the B-carbon.
The final model has an R-factor of 31.3% (R, 38.2%; (4)) for all data in the resolution
range 20-2.9 A. The model has good stereochemistry, with values for the RMSD from
standard values of the bond lengths and angles of 0.012 A and 3.0°, respectively. Model
geometry was analyzed using the program PROCHECK (16). A Ramachandran plot of the
model shows all non-glycine residues inside the normally allowed regions (87.6 and 12.4%
in the most favored and additional allowed regions, respectively) and examination of y1-x2
plots for all residue types showed no side chains in unfavourable conformations.

The coordinates and structure factor amplitudes have been submitted to the RCSB
PDB; code 111G.
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Chapter 6

The Sulfolobus solfataricus Lrp-like protein
LysM regulates lysine biosynthesis in
response to lysine availability

Arie B. Brinkman
Stephen D. Bell
Robert Jan Lebbink
Willem M. de Vos
John van der Oost

Although the archaeal transcription apparatus resembles the eukaryal RNA
polymerase II system, many bacterial-like regulators can be found in archaea.
Particularly, all archaeal genomes sequenced to date contain genes encoding
homologues of Ltp (leucine-responsive regulatory protein). Whereas Lrp-like
proteins in bacteria are involved in regulation of amino acid metabolism, their
physiological role in archaea is unknown. Although several archaeal Lrp-like
proteins have been characterized recently, no target genes apart from their own
coding genes have been discovered yet, and no ligands for these regulators have
been identified so far. In this study we show that the Lrp-like protein LysM from
Sulfolobus solfataricus is involved in the regulation of lysine, and possibly also
arginine biosynthesis, encoded by the Jys gene cluster. Exogenous lysine is the
regulatory signal for lys gene expression and specifically serves as a ligand for LysM
by altering its DNA-binding affinity. LysM binds directly upstream of the TFB-
responsive element of the intrinsically weak IysW promoter, and DNA binding is
favored in the absence of lysine, when IlysWXJK transcription is maximal. The
combined in vivo and in vitro data are most compatible with a model in which the
bacterial-like LysM activates the eukaryal-like transcriptional machinery. As with
transcriptional activation by E.coli Lrp, activation by LysM is apparently dependent

on a co-activator, the identity of which remains to be identified.
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INTRODUCTION

Since the discovery of archaea as a distinct domain of life, many studies have focussed
on archaeal transcription. It has become clear that although archaea resemble bacteria with
respect to their cellular and genetic organization, their transcriptional apparatus is
fundamentally different from that of bacteria. Their RNA polymerase (RNAP) is much
more related to the eukaryal RNAPII system regarding subunit complexity and sequence
homology (28). Thus, archaeal RNAP consists of at least 10 subunits in contrast to the five-
subunit bacterial RNAP core enzyme. As in eukarya, archaeal transcription initiation is
preceded by the binding of the TATA-binding protein (IBP) to a TATA-like sequence
called the TATA-box, and subsequent binding of transcription factor B (TTB). Archaeal
TBP and TFB are highly homologous to the eukaryal TBP and TFIIB, respectively.
However, archaeal TBP is not complexed with TBP-associated factors (TAFs) as in eukarya
(45), and there is no evidence that archaeal genomes encode TAF-homologues. The
archaeal TATA-box is eight bp in length and is located approximately 25 bp upstream of
the start of transcription. Directly upstream of the TATA-box a purine-rich sequence is
present, called the TFB responsive element (BRE). The BRE was shown to be an
important determinant in directionality of transcription and promoter strength through
interaction with a C-terminal helix-turn-helix domain of TFB (6, 32). The TF(II)B-BRE
interaction is a conserved feature between archaea and eukarya. Once TBP and TFB are
bound to the promoter, RNAP is recruited involving an interaction between the RpoK
subunit of RNAP and the N-terminal Zn-ribbon domain of TFB (35).

Although no archaeal homologues of eukaryal TFIIA, TFIIF and TFIIH have been
identified, a protein homologous to the N-terminal region of the alpha subunit of eukaryal
TFIIE is present in archaea. This archaeal TFE stimulates transcription from promoters
with sub-optimal TATA-box sequences, or in cases where TBP is limiting (2, 19). Whereas
eukaryal TFIIE is strictly necessary for transcription, archaeal TFE appears to be
dispensable for basal transcription 7z witre, although it may play a stimulatory role in
transcription initiation at specific promoters.

Although the basal components of the archaeal and eukaryal transcription machineries
are very similar, regulatory proteins do not appear to be conserved between the two
domains. Instead, archaeal genomes contain many regulators previously identified only in
bacteria, so-called bacterial-archaeal (BA) regulators (3). In particular, homologues of the
Ltp/AsnC family of regulators appear to be widely distributed among both bacteria and

archaea. Several bacterial as well as archaeal genomes contain up to ten Lrp-like paralogues.
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E.coli leucine-responsive regulatory protein (Lrp) is the paradigm that has been studied
extensively (11, 41). It is a global regulator controlling the expression of up to 75 genes (16,
31). E.coli Lrp either represses or activates transcription, the effect of which is sometimes
modulated by leucine. The target genes of E.co/i Lrp encode enzymes that are directly or
indirectly related to amino acid metabolism. This also appears to be the case for several
specific (non-global) bacterial Lrp-like regulators from different bacteria. In archaea, the
exact role of the numerous Lrp-like proteins has not been established. Several archaeal Lrp-
like proteins have been characterized recently (4, 9, 15, 40). For two of these proteins,
Lrs14 from S.solfataricus and LrpA from P.furiosus, an in vitro regulatory function could be
assigned: both showed negative autoregulation independent of any amino acid ligand (4, 9).
Moreover, the three-dimensional structure of P.furiosus LrpA was determined, providing the
structural basis for understanding LrpA-DNA as well as LrpA-ligand interactions (29).
However, neither the identity of this ligand nor the role of archaeal Lrp-like proteins in the
expression of other genes has been determined.

To provide a suitable model system for analyzing the function of Lrp-like proteins in
archaea, we have screened the genome of the hyperthermophilic archacon S.soffataricus for
the presence of Lrp-like proteins which function, target, and ligand may be readily
predicted. We have identified and characterized the Lrp-like protein LysM, the gene of
which is clustered with genes encoding lysine biosynthetic enzymes. We show here that
expression of the AsWXJK genes is regulated by the presence of lysine in the medium. Iz
vitro LysM binds to the /s promoter and binding is favored in the absence of lysine, when
Jys gene expression is maximal. A model is proposed for lysine-modulated activation of
transcription through LysM, for the first time indicating that a bacterial-like regulator may
activate the eukaryal-like archaeal transcriptional machinery. It appears that Lrp-like
proteins are functionally equivalent in the bacterial and archaeal domains, despite the

fundamental differences in transcriptional machineries.

RESULTS

Identification of the lysine biosynthesis gene cluster

In the genome of Sulfolobus solfataricus P2 (50) a gene encoding an Lrp-like protein
(sM, Sso0157, see Fig. 1A) is present. The S.soffataricus LysM protein is 29% and 33%
identical to the archaeal Lrp-like proteins Ptr2 from Methanococcus jannaschii and LrpA from

Pyrococcus furiosus, respectively, and 15% and 27% identical to the bacterial Lrp-like proteins
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Figure 1. (A), The lys gene cluster of Sulfolobus solfataricus, compared to the those of the archaea Sulfolobus
tokodai (22), Sulfolobus acidocaldarius (Q. She, personal communication), Pyrococcus furiosus
(http://www.genome.utah.edu), Pyrococcus horikoshii (24), Pyrococcus abyssi (http://www.genoscope.cns.fr),
Aeropyrum pernix (23), Ferroplasma acidarmanus (http://www.jgi.doe.gov/JGl_microbial/html), and the
thermophilic bacterium T.thermophilus (42). Patterns indicate homology between the encoded proteins.
Promoters and length of produced transcripts in S.solfataricus are indicated by arrows. (B), Multiple alignment
of archaeal LysM proteins with other archaeal and bacterial Lrp-like proteins. The helix-turn-helix motif of
Pyrococcus furiosus LrpA (29) is indicated. Ss_LysM, Sso0157; Sa_LysM, not annotated; St_LysM, Sto0193;
Ap_LysM, not annotated; Mj_Ptr2, Q58133; Pf_LrpA, P42180; Ec_Lrp, P19494; Ec_AsnC, P03809.
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Lrp and AsnC from Escherichia coli, respectively (Fig. 1B). In S.so/fataricus the gene encoding
LysM is part of a gene cluster. Four genes of this cluster are homologous to classical
arginine biosynthesis genes (a7gBCDE), one is homologous to Escherichia coli rimK, encoding
a ribosomal protein modification enzyme, and one of the genes is homologous to Thernus
thermophilus orfF, encoding a small hypothetical protein. Similar gene clusters are also present
in at least seven archaeal genomes and one bacterial genome (Fig. 1A). While argD of
T thermophilus is not clustered with a7gBCE, it is present elsewhere on the genome (39) (see
Fig. 1A). The role of the T.thermophilus cluster has been studied using gene-disruption of the
argB, argC, argD, orfl or rimK genes, which resulted in lysine auxotrophy (39, 42). Because
T thermophilus does not synthesize lysine via the diaminopimelic acid (DAA) pathway,
believed to be common to all bacteria, but via a-aminoadipic acid (AAA) as an
intermediate (26, 27), it was proposed that the T.zhermophilus orfF-rimK-argCBD genes are
involved in lysine biosynthesis through a modified AAA pathway, in which the conversion
of AAA to lysine is similar to the conversion of glutamate to ornithine in the arginine
biosynthesis pathway. The cluster was therefore renamed as the /s operon (42). Hence, we
will refer to the respective S.soffataricus gene cluster as the /s gene cluster, and we have
renamed the genes of the described S.so/ffataricus gene cluster accordingly (see Fig. 1A). The
gene encoding the Lrp-like protein LysM is only present within the /s clusters of the three
Sulfolobus species and A.pernix. S.solfataricus LysM has 74%, 79%, and 44% identity with the
S.acidocaldarins, S.tokodai, and A.pernix orthologues, respectively. BLAST and genomic
context analysis revealed that no additional genomes present in the current database
contain close homologues (=44% identity) of LysM, suggesting that LysM is restricted to
crenarchaea. Since the AsM gene is clustered with putative lysine biosynthesis genes of
S.solfataricus, we hypothesized that LysM could be involved in the regulation of these genes.
In analogy, most bacterial Lrp-like proteins are involved in regulation of amino acid

metabolism, and their regulatory effect is modulated by one or more amino acids (10).

Expression of the lys genes in vivo

To study 7z vivo expression of the /s gene cluster, Northern blotting experiments were
performed using total RNA isolated from S.so/fataricus cells grown to mid-logarithmic phase
in defined medium either lacking or containing combinations of amino acids. Probes
specific for AsY and AsM hybridized to identically sized mRNA species of about 2.3 kb
expected for a polycistronic mRNA containing /sYZM, the level of which appeared to be
almost identical under all tested growth conditions (Fig. 2A). Western blotting experiments

with a polyclonal antiserum raised against E.co/-produced LysM confirmed these results,
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Figure 2. (A), Northern blotting and (B), quantitative primer extension analysis of lys transcripts. S.solfataricus
was grown on defined medium and combinations of amino acids were added. 1, no amino acids; 2, arginine
only; 3, lysine only; 4, arginine and lysine; 5, all 20 amino acids except arginine and lysine; 6, all 20 amino
acids. Sizes of RNA marker fragments are indicated, as well as the position of 23S and 16S rRNA. (C), Western
blot analysis of LysM expression, using S.solfataricus cell extracts and an antiserum raised against recombinant
LysM. 50 ng of S.solfataricus extracts was loaded in each lane. Numbering is according to panel A. (D), primer
extension mapping of lys promoters. 1, defined medium (no amino acids added); 2, rich medium (casamino
acids and yeast extract added). (E), RNase protection analysis of S.solfataricus total RNA, to confirm the
position of the lysWXJK 5’ terminus as detected by primer extension analysis. The expected size of the resulting
radiolabeled antisense RNA fragment after RNase digestion is 177-nt (arrow). M, RNA marker fragments (sizes
are indicated at the left, additional bands in the marker lane are contaminations); 1, S.solfataricus arginine
RNA; 2, S.solfataricus arginine/lysine RNA; 3, yeast RNA; 4, yeast RNA (no RNase added); 5, untreated full
length probe (arrow). (F), results of primer extension and RNase protection promoter mapping. Transcriptional
start sites are indicated with vertical arrows (+1). Startcodons and stopcodons are indicated by bold and
underlined characters. Open arrows indicate inverted repeat elements. The transcription factor B responsive
element (BRE), and TATA-boxes are indicated by boxes.

since the LysM concentration was constant under the growth conditions tested in Northern
blotting (Fig. 2C). Using probes against fsW, hsX, and psK, we detected two mRNA
species of 2.3 and 3.2 kb, while an additional 0.2 kb transcript was detected only with a
probe against fsW (Fig. 2A). This suggested that there are three different transcripts, one
containing only 4sW, one containing AsIWX], and one containing AsWXJK. Theoretically,
probes against /s and /sX should also hybridize to the 3.2-kb AsWXJK mRNA, however,
although this mRNA species was visible on the membrane, it was less abundant compared
to the shorter 2.3-kb AslVX] mRNA. Alternatively, the larger 3.2-kb transcript could be the
result of initiation at some place within AsWXJK, and transcription read-through
downstream of /sK. To rule out this possibility, we used a probe against the ¢pds gene
immediately downstream of AsK, which encodes a putative cs-polyprenyl diphosphate
synthase. Only background levels were obtained using this probe, indicating that the ¢pds
gene is not co-transcribed with the /s gene cluster, and that AsK is the 3' terminal gene of
Jys operon. It is most likely that only a small fraction of mRNAs read through past /],
which explains the differential band intensity for 3.2 and 2.3 kb mRNAs when probed with
HsW or hsX.

The /sWXJK genes are all strongly regulated specifically by the presence of lysine in
the medium. Arginine alone or a mixture of 18 amino acids (arginine and lysine omitted)
did not affect the abundance of the AsIWXJK transcript. However, when lysine alone, both
lysine and arginine, or all 20 amino acids were present the amount of transcript decreased
drastically. Thus, transcription of /sWXJK is induced specifically in the absence of lysine.
Quantification of the results obtained from Northern blotting and primer extension

analysis revealed that transcript levels under induced conditions are over eight-fold higher

123



Chapter 6

compared to that of non-induced conditions. It is unclear why expression levels of this
mRNA are below maximum in the absence of any of the amino acids. Taken together, we
conclude that the /s genecluster is transcribed in two separate polycistronic mRNAs. The
transcription of AsYZM is almost constitutive, whereas the level of AsIZXJK mRNA falls
drastically whenever lysine is present in the medium.

To determine the 5' end of the two transcripts we performed primer extension
analysis. We found that the transcriptional start of /isY is located at an adenine preceding
the predicted ATG startcodon of /sY (Fig. 2D and F). Putative BRE and TATA promoter
sequences are present 25 bp upstream from the AsY transcriptional start. The
transcriptional start of AslW is located nine bp upstream from the predicted AslV ATG
startcodon. Non-canonical BRE and TATA sequences can be recognized 25 bp upstream
from the /sW transcriptional start. No obvious Shine-Dalgarno sequences are present
upstream the /sY and AsW translational starts. This is not uncommon in S.soffataricus; a
complete genome analysis showed that that genes at the 5' extremity of putative
polycistronic mRNAs often lack ribosome binding sites upstream their translational starts,
whereas downstream genes within operons do contain Shine-Dalgarno sequences (52). A
detailed sequence analysis of the /sl promoter revealed the presence of a perfect 15-bp
inverted repeat directly upstream the identified /sl transcriptional start that could form a
hairpin structure in the mRNA, causing stalling and eventually termination of reverse
transcriptase (Fig. 2F). Since this may have obstructed the primer extension analysis we
performed RNase protection to confirm the AsW transcriptional start detected by primer
extension. Assuming that the detected 5’ terminus is the true transcriptional start, a 177-nt
labeled antisense RNA fragment is expected in RNase protection. As shown in Figure 2E,
an RNA fragment with this size is present, confirming that the 5’ terminus detected by
primer extension is the true transcriptional start. As expected, the intensity of this band
decreased when we used RNA isolated from a culture containing lysine.

To verify the variation in transcription levels observed by Northern blotting, we
performed quantitative primer extension with the same RNA samples as used for Northern
blotting (Fig. 2B). We found the same modulation in transcript levels as shown by
Northern blotting experiments. We therefore conclude that transcription of AsYZM is
driven by the /sY promoter, while transcription and regulation of AsWXJK occurs from the

lsW promoter.
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LysM binds to the lysW promoter

To study the role of LysM in the regulation of the /s gene cluster, we overproduced
LysM in E.co/ in order to facilitate its purification. While significant LysM overproduction
was reached, its purification was severely hampered by the tendency of LysM to precipitate
irreversibly from the cell extract at a pH lower than 8.0 or in the presence of several salts
like MgCl, NaCl, KCl, or (NH4)250s4 However, using both anion exchange
chromatography and a heat-incubation we were able to purify the recombinant LysM to
homogeneity, as judged from SDS-PAGE analysis (Fig. 3A). The purified LysM protein
was used in electrophoretic mobility shift assays (EMSAs), to determine whether it binds to

the mapped promoters.
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Figure 3. (A), SDS-PAGE analysis of purified LysM. (B), electrophoretic mobility shift assay (EMSA) showing
that LysM binds to the lysW promoter (Pisw, right), but not to the lysY promoter (Pysv, left). Four distinct LysM-
DNA complexes are formed upon addition of increasing amounts of LysM, as indicated (I to IV). 0, 30, 60,
200, and 600 ng of purified LysM was added, respectively. (C), competition assay showing that LysM-Pisw
interaction is specific. Binding reactions were performed in the presence 5 ng of purified LysM, and 0.25, 0.75,
or 2.5 ug of pBluescriptll SK+ plasmid DNA with different inserts. pLUW®641 contains Pysw DNA, whereas
pT6 contains the Sulfolobus SSV1 viral T6 promoter (45). (D), EMSA with Pysw DNA, LysM, and an antiserum
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A 421-bp DNA fragment containing the /sY promoter (P,,) overlapping the BRE and
TATA sequences was used. However, no binding of LysM to this fragment was observed
(Fig. 3B). To assay LysM binding to the AsW promoter (P,;), a 199-bp DNA fragment
containing the P, ;- BRE and TATA sequences was used in the EMSA. The assay revealed
that LysM binds to this DNA fragment, forming four protein-DNA complexes of distinct
electrophoretic mobility (I-IV, Fig. 3B). Binding of LysM to P, appeared to be specific,
since pLUWG641, a plasmid containing P,,,, competed for binding, whereas no competition
occurred with the control plasmids pBluescript II SK+ (Stratagene) or pT6, containing the
Sulfolobus shibatae virus SSV1 T6 promoter (45) (Fig. 3C). Using an antiserum raised against
purified recombinant LysM, we verified whether the bands appearing upon addition of
LysM represent LysM-DNA complexes. Upon addition of the antiserum, the LysM-DNA
complexes either disappeared or supershifted, due to the binding of antibodies to the LysM
protein (Fig. 3D). This effect was not observed using the LysM pre-immune serum or an
antiserum against P.furiosus LrpA (9). To screen for additional LysM binding sites outside
the two tested fragments, 1-kb DNA fragments overlapping the /sY and /sl promoters
were digested with several restriction enzymes to obtain fragments between 50 and 500 bp.
These fragments were subsequently used in an EMSA with LysM, revealing that only a
restriction fragment overlapping the 199-bp P, fragment shifted (data not shown). We
therefore conclude that LysM binds to a single site at P,,, but not to P,,. Binding
experiments were performed at room temperature, 48°C, or 65°C, but no difference in

affinity was observed (not shown).

Lysine specifically affects LysM-DNA binding

Since transcription from P, . varies strongly in response to the presence of lysine in
the growth medium (Fig. 2), we hypothesized that lysine acts as a ligand for LysM, which in
turn regulates transcription from P, Using EMSAs we studied the effect of lysine and
several other amino acids on LysM-DNA binding. Addition of lysine in the binding
reaction decreased the affinity of LysM for P, but did not completely eliminate binding
(Fig. 4A). We tested higher lysine concentrations for complete inhibition of DNA-binding,
but we found that throughout the tested concentration range (0.2 to 30 mM) the inhibition
is constant (Fig. 4B). Binding inhibition was specific for lysine, since addition of other
amino acids had no effect on LysM-DNA binding (Fig. 4A). To rule out the possibility that
lysine is an aspecific DNA-binding inhibitor for Lrp-like proteins, we tested whether it also
affected binding of the previously characterized P.furiosus LrpA protein to its promoter (9).
However, lysine had no effect of LrpA-DNA binding (Fig. 4C). To analyze the effect of
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Figure 4. The effect of L-lysine on LysM-Pisw
interaction. (A), several different amino acids
were tested for their ability to affect LysM-Pisw
interaction. 50 ng of LysM was used, and amino
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mM. (B), different concentrations of L-lysine
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was used in the binding reaction. (C), L-lysine
does not affect binding of P.furiosus LrpA to IrpA
promoter DNA (9). 0, 50, 150,or 500 ng of
purified LrpA was added, and L-lysine was
added to a final concentration of 0.5 mM. (D),

increasing amounts of LysM were used in an EMSA with Pysw DNA, in the presence or absence of 0.5 mM L-
lysine. 0, 2.5, 5, 10, 20, 40, 80, 150, 300, or 600 ng of purified LysM was used in the binding reactions,
respectively. (E), quantification of Fig. 4D. The percentage of radiolabeled DNA present in either of the Lysm-
DNA complexes was plotted against the amount of LysM added to the binding reactions.

lysine in more detail, we performed EMSAs with gradually increasing concentrations of

LysM, in the presence or absence of lysine (Fig. 4D and E). Two major effects of lysine

were apparent.

First, lysine decreased the overall LysM-DNA binding affinity.

Quantification of the results obtained in Fig. 4D revealed that the dissociation constant

(Ka), defined as the LysM concentration at which 50% of the DNA is in complex with
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LysM, is about 10 nM in the absence of lysine and 330 nM in the presence of lysine,
reflecting a 33-fold decrease in DNA-binding affinity. Second, lysine changed the relative
abundance of individual complexes. For example, complex IV is almost absent without
lysine, whereas it is more abundant when lysine is present. This possibly reflects a structural
change in one of the LysM-DNA complexes (e.g., increased compaction), or the formation
of a novel complex, dependent on the presence of lysine. For E.co/i Lrp it has been shown
recently that its ligand, leucine, induces dissociation of the Lrp hexadecameric form to the
octameric form (12), which may alter the affinity for sites within its different target
operons. Using chemical cross-linking of LysM we analyzed its oligomeric state. LysM was
incubated with or without lysine and cross-linked using dimethyl suberimidate (DMSI) (14).
LysM cross-linked as a protein with a maximum molecular mass of about 66 kDa (not
shown), which is indicative of a LysM tetramer. The addition of lysine had no apparent
effect on cross-linking, suggesting that LysM multimerization is unaffected by lysine.
However, this interpretation should be taken with care, since DMSI specifically cross-links
the amino groups of lysine residues, and the addition of free lysine could therefore quench

or interfere with the cross-linking reaction.

LysM binds directly upstream of the BRE of Piysw

Using DNasel footprinting, we mapped the LysM binding site at the /sl promoter.
We found that LysM protects a region of at least 15 bp directly upstream of the BRE of
P, (Fig. 5A). Furthermore, bands representing sites hypersensitive to DNasel cleavage
appear outside of the LysM footprint. These sites are indicative of secondary structure
changes of DNA, induced by LysM. Addition of lysine had no obvious effect on the
footprint pattern, although some hypersensitive sites appeared to be slightly less abundant
when lysine was present.

To confirm that the LysM binding site is indeed the sequence protected from DNasel
cleavage directly upstream of the P, BRE, an EMSA was performed with LysM and a 24-
bp synthetic DNA fragment containing this LysM binding site (Fig. 5C). LysM bound to
this fragment, and as with the larger fragment used for Fig. 4AB, lysine decreased the
affinity of LysM for this fragment (Fig. 5B). In contrast to LysM binding to a larger
fragment, which gives rise to the formation of four distinct LysM-DNA complexes, only
two LysM-DNA complexes were formed (I, II). In addition, the overall affinity of LysM
for this DNA is lower that for a larger fragment (compare Fig. 4 and 5B). Most likely,
LysM specifically recognizes and binds the 24-bp sequence directly upstream of P, while
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interactions between LysM and the DNA flanking this sequence may contribute to stronger

binding and the formation of additional LysM-DNA complexes.
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In vitro transcription from Pisy and Prysw
To study the effect of LysM on transcription of the /s cluster, we performed zn vitro
transcription experiments with Su/folobus TBP, TFB, and RNAP (45). Transcription from

the previously characterized T6 control promoter (45) was efficient, and a transcript of the
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expected size was obtained (Fig. 6). Using the /sY promoter as a template also resulted in a
transcript of the expected length, but transcription was less efficient compared to T6.
Presumably, P, is an intrinsically weak promoter, and we previously showed that this

promoter (referred to as the argC promoter) could be stimulated by the transcription factor

1 2 1 2 1 2 TFE, which is dispensable for basal

i transcription 7z witro, but stimulates

- “«— - transcription from sub-optimal

promoters (2). In accordance with data

P,, control PIst PIysW obtained from EMSA experiments,
promoter

addition of LysM had no effect on

Figure 6. In vitro transcription using Pysy and Pisw. 1,2 transcription from P/ym either in the
reconstituted system with Sulfolobus TBP, TFB, and
RNAP; 2, in vitro transcription system using only crude
extracts from Sulfolobus grown on defined medium  shown). Using P/}TW in i wvitro
lacking lysine. Lower intensity of produced transcripts
in these reactions is due to lower specific activity of
transcription factors when compared to the purified  detect any transcription, and addition of
system. Arrows indicate transcripts of expected size.

presence or absence of lysine (not
transcription experiments we could not

TFE or LysM, either with or without
lysine, had no effect (not shown). Transcription reactions were therefore performed with
cell extracts from S.soffataricus grown in the absence of lysine (where transcription from P,
n vivo is maximal, see Fig. 2A), either in the presence (not shown) or absence (Fig. 6) of

purified TBP, TFB, and RNAP. However, no transcription from P, could be detected.

Pisy and Piysw are bona fide promoters in vivo

Because P, had no detectable activity under the tested conditions, it had to be
verified whether P, is a true promoter iz zivo. In an alternative model for regulation of the
HsWXJK transcript, transcription could be initiated from the (constitutive) 4sY upstream
promoter, and read-through into AsWXJK would be allowed only when lysine is absent. In
this hypothetical model LysM could act as a transcriptional roadblock which, in response to
lysine, permits RNA polymerase to read through or terminate transcription at or near the
LysM binding site. In the absence of lysine this would give rise to a transcript of about 5.5
kb containing AsYZMWXJK. Since no mRNA of this size was detected by Northern
blotting (Fig. 2A), a subsequent RNase processing event would be responsible for cleavage
of hsYZMWXJK into hsYZM and HsWX]JK, which 5 terminus we have mapped in primer
extension and RNase protection experiments (Fig. 2D and E). To investigate the validity of
this hypothetical model it was crucial to determine whether the 5” terminus of the /sWXJK

is initiated or processed. Therefore we performed ligation-mediated RT-PCR as described
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by Bensing et al. (7). Briefly, total RNA is either treated or not treated with tobacco acid
phosphatase (TAP), which converts 5’ triphosphate termini, indicative of transcription
initiation, into 5 monophosphate termini, indicative of processing. Only when a
5’monophosphate is present, an RNA adapter can subsequently be ligated to these termini.
In an RT-PCR with adapter-specific and gene-specific primers, only mRNAs that had 5
monophosphates can thus be amplified, and in this way it is possible to discriminate
between initiated and processed 5' mRNA termini. With this technique we analyzed 5'
termini of /sY, jsW, as well as the 765 gene. The latter has been shown to be processed in
S.solfataricus (13, 46). For all three tested 5' ends we obtained PCR products of expected
length, based on our primer extension and RNase protection data. As expected, 765
control RNA could be PCR-amplified both from TAP-untreated as well as for TAP-treated
samples (Fig. 7), which indicated that its 5' end is the result of RNA processing. /sY and
HsW RNA could only be PCR-amplified from TAP-treated samples, which demonstrated
that both /Y and /sl promoters have initiated 5' ends (Fig. 7). We concluded therefore
that P,, and P, are bona fide promoters zz vivo, however, under the used n witro

transcription reaction conditions transcription does not take place.

Figure 7. Discrimination between transcription initiation or
(bp) M ‘ IySY ‘ I)/SW ‘ 165 ‘ processing at the 5' termini of lysYZM and lysWX/K
396 — transcripts, using tobacco acid phosphatase (TAP) and
;gg: ligation-mediated RT-PCR. Initiated 5' termini can only be
220 PCR-amplified when their 5'-triphosphates are converted to
201 5'-monophosphates by TAP, thus enabling the ligation of
154 an RNA linker. Processed 5' termini contain 5'-
1347 " - - = o) monophosphates and an RNA linker can be ligated

independently of TAP treatment. DNA fragments were RT-
TAP: - + - + - + PCR-amplified using a linker-specific primer and a gene-

specific primer. M, DNA marker. Expected sizes of PCR
products are 146 bp for lysY, 124 bp for lysW, and 132 bp for 16S, a positive control for the detection of a
processed 5' terminus.

DISCUSSION

Genomic sequence data has revealed that Lrp-like proteins are ubiquitously present in
bacteria and archaea. Although Lrp from E.co/ is the archetype Lrp-like protein, more than
a dozen bacterial Lrp-like proteins have been studied either 7z vitro or using genetic
approaches, and it is clear that these proteins are all involved in the regulation of amino

acid metabolism, and that amino acids serve as ligands for Lrp-like proteins (10). Efficient
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genetic tools to study gene regulation (like recombination or gene-disruption) are not yet
available for hyperthermophilic archaea, and we have used a bioinformatics approach in
combination with 7z vivo and zn vitro analyses to identify and study the archaeal Lrp-like
protein LysM from S.so/fataricus, the gene of which is present in the /s gene cluster. This
allowed us for the first time to study the role and function of an archaeal Lrp-like protein in
relation to its physiological target genes.

Although most of the S.soffataricus s genes have homology to classical arginine
biosynthesis genes, the repressive effect of lysine strongly suggests that the cluster is
involved in lysine biosynthesis. This is in agreement with the lysine auxotrophic phenotype
of gene-disruption mutants in the analogous T.zhermophilus lys gene cluster, where lysine is
synthesized via a novel biosynthetic route involving a-aminoadipic acid (AAA) rather than
diaminopimelic acid (DAA), the typical bacterial precursor (26, 27, 42). Moreover, some
essential enzymes of the DAA pathway appear not to be encoded by the S.soffataricus
genome (e.g. dihydrodipicolinate  reductase, diaminopimelate epimerase, and
diaminopimelate decarboxylase). Hence, it is expected that like T.zhermophilus, S.solfataricus
uses the AAA pathway for lysine biosynthesis. However, our data does not exclude the
possibility that the encoded enzymes are also functional in arginine biosynthesis. Possibly,
the /s gene cluster encodes bi-functional enzymes, involved in both lysine and arginine
biosynthesis, as was proposed for the /s gene cluster of P.horikoshii (42). Dual activity has
been measured for Lys] and LysK of T.zhermophilus, homologues of S.soffataricus Lys] and
LysK, respectively, suggesting that it could indeed be active in arginine as well as lysine
biosynthesis (38, 39). If the /s cluster indeed encodes lysine as well as arginine biosynthesis
enzymes, arginine biosynthesis is thus regulated only by the presence of lysine, and not
arginine. The following observation supports this hypothesis. When S.soffataricus was grown
in the presence of only lysine, we found that the generation time was more than two-fold
longer than during growth in the presence of only arginine, both arginine and lysine, or in
the absence or presence of all amino acids. This suggests that the expression of arginine
biosynthesis enzymes is down-regulated while their activities are necessary under this
particular condition. These enzymes could very well be encoded by the /s gene cluster,
since part of it is downregulated by lysine. Moreover, whereas the S.soffataricus genome
encodes additional paralogues of LysY (ArgC), Lys] (ArgD), and LysK (ArgE), there is only
a singly copy of LysZ (ArgB), which means that LysZ encoded by the /As gene cluster is
essential for arginine biosynthesis. In this respect it is interesting to mention earlier work by
Van de Casteele ¢ a/ (53), who measured activities of arginine biosynthesis enzymes in

S.solfataricus cell extracts. It was shown that arginine in the medium did not reduce any of
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the measured specific enzyme activities, except for that of N-acetylglutamate kinase, which
was down-regulated three-fold. The /sZ gene is the only potential candidate gene in
S.solfataricns encoding this enzyme, but according our results there is no regulation of this
gene at the level of transcription. Since feedback inhibition of N-acetylglutamate kinase by
arginine was excluded, it has to be concluded that the expression of LysZ is regulated post-
transcriptionally.

Why is the /s gene cluster of S.soffataricus organized in a constitutive (4sYZM) and a
regulated part (HsWXJK)? Possibly, down-regulation of the AsYZM is not permitted
because this would abolish regulation of the AsWXJK genes through LysM, the gene of
which is co-transcribed with /sZY. Our data does not exclude the possibility that LysM has
additional targets in the genome of S.soffataricus, but if this were the case, down-regulation
of /sM could result in an even more serious loss of regulatory capacity in S.so/fataricus.
Alternatively, one of the enzyme activities encoded by /sYZM could be indispensable for
growth under the conditions tested. The genomic organization of AsM in the As cluster is
identical in other Su/folobus species, and functionally comparable to that of A.pernix, where
the /sYZM cluster is inverted (Fig. 1A), most likely allowing a similar mode of regulation.

Although the role of /sW and /AsX has not been demonstrated experimentally, we
speculate that they are specific for the prokaryotic AAA lysine biosynthesis route proposed
by Nishida et al. (42), since they are clustered within the /As clusters of T.thermophilus,
S.acidocaldarins, S.tokodai, A.pernix, Pyrococcus species, and T.acidarmanus, and because the
classical arginine or lysine pathways do not involve such genes. LysX is 24% identical to
RimK of E.co/z, which was shown to be a post-translational modification enzyme, catalyzing
the coupling of four glutamate residues to the C-terminus of the S6 ribosomal protein (21).
However, we found that in several prokaryotic genomes 7#K-like genes are clustered with
amino acid biosynthesis genes (not shown), suggesting that its catalytic activity here is not
utilized for a post-translational modification, but rather in amino acid biosynthesis.
Interestingly, Galperin ef a/. (18) demonstrated that RimK belongs to a superfamily of
enzymes with a so-called 'ATP-grasp' fold. This family includes enzymes like D-alanine-D-
alanine ligase, glutathione synthetase, biotin carboxylase, and carbamoyl phosphate
synthetase. All these enzymes possess ATP-dependent carboxylate-amine ligase activity, i.e.
the capacity to form a peptide bond. In the proposed AAA-dependent lysine biosynthesis
route described by Nishida ez a/ (42), LysX was predicted to catalyze a similar reaction,
namely connecting the amino group of AAA to the carboxyl group of a yet unidentified

molecule. By doing so, LysX catalyzes a reaction functionally analogous to that of ArgA
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(N-acteylglutamate synthase) in the classical arginine biosynthesis pathway, the gene of
which is absent in all /s clusters shown in Figure 1A.

The small protein encoded by AsW has no homologues in the database, apart from
lHsW-genes found in the /s clusters depicted in Figure 1A. A PSI-BLAST analysis (1) of
LysW showed that this small protein is homologous to the N-terminal domain of archaeal
TFB transcription factors (not shown). After four iterations an expect value of 210-1! was
obtained with TFB N-terminal domains from several archaea. This domain consists of a
zinc-ribbon (56), and the two CPxCG ‘zinc knuckle” motifs that bind the zinc atom are well
conserved in LysW. The zinc-ribbon domain of Sw/folobus TFB has been shown to be
involved in the recruitment of RNA polymerase (RNAP) (5), through interaction with the
RpoK subunit of RNAP (35). Generally, zinc-ribbon domains mediate protein-protein or
protein-DNA interactions and can be found for instance in several eukaryal transcription
factors. LysW may therefore interact with one of the encoded enzymes of the /s gene
cluster, perhaps acting as a regulatory subunit for the respective enzymatic activity, or it
could play a regulatory role in /s transcription. However, LysW is also encoded by the /s
gene cluster of T.thermophilus, which possesses a bacterial basal transcription machinery, and
it is questionable whether involvement in transcription here is possible. It should be noted
though that the RpoK subunit, with which the TFB zinc-ribbon interacts, is a conserved
subunit in RNAPs of eukarya (RPB6) and bacteria (®). Unfortunately, our attempts to
produce the LysW protein in E.co/i were unsuccessful.

The data presented in this study strongly suggests that LysM acts as a transcriptional
activator for P, . We found that transcription from P, is maximal when lysine is absent,
and under these conditions the affinity of LysM for binding this promoter is the highest.
Conversely, in the presence of lysine transcription is lowest, and the binding affinity of
LysM is decreased. It is most likely that LysM occupies P, preferably when lysine is
absent, thereby somehow activating this promoter. Although lysine reduces rather than
eliminates LysM-DNA binding, this reduction is expected to be physiologically important.
As shown in Figure 4D and 4E, the effect of lysine is maximal at a low LysM
concentration, presumably a relevant cellular condition (using Western blotting analysis we
roughly estimated the abundance of LysM to be about 0.01% of total soluble protein, not
shown). This reduction rather than elimination of binding has also been observed for other
(bacterial) Lrp-like proteins (17, 20, 33, 48, 55), and may therefore be a general feature of
Lrp-like  proteins. Using  wvwo formaldehyde cross-linking followed by
immunoprecipitation of cross-linked LysM-DNA complexes, we have attempted to relate

results from zz witro binding studies with 7z w0 LysM-promoter occupation, but
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unfortunately the results of these experiments were irreproducible. Nevertheless, to a
certain extent our study is comparable to the regulation of E.co/i zlvIH by Lrp. For example,
Lrp activates z2[H transcription, and this activation is decreased when leucine is present in
the medium (44). In accordance, the Lrp-zIH affinity 7z vitro is reduced but not eliminated
by leucine (47). For i/yIH this reduction of binding 7# witro could be related to an n vivo
decrease in promoter occupancy using zz vive footprinting experiments (36), and we
anticipate that this 7z vitro-in vivo relationship can also be made for LysM.

Our DNasel footprint data supports the possibility that LysM is an activator, since it
showed that LysM protects the bases -46 to -59 relative to the transcriptional start site,
whereas the TBP-TFB-RNAP pre-initiation complex has previously been shown to protect
the bases -43 to +8 at Sulfolobus viral T6 promoter (5). Hence, LysM binding is not expected
to interfere with or occupy the target sites for TBP, TFB, or RNAP, but rather binds
upstream of these proteins, as is usually the case for activators. In many cases, these
activators recruit components or stabilize binding of the pre-initiation complex (PIC)
through direct contacts. However, such direct contacts have not yet been shown for Lrp-
like proteins. Alternatively, activation could involve promoter remodeling in which the
secondary structure of the promoter DNA is changed, for instance by bending the DNA in
a certain angle. This altered DNA structure could subsequently be recognized more
efficiently by one of the components of the pre-initiation complex (PIC). In this case,
activation of transcription would be independent of direct contacts between the activator
and the PIC components. As shown in Figure 5A, binding of LysM induces several
DNasel hypersensitive sites, indicative of DNA secondary structure changes. Interestingly,
one of the hypersensitive sites is located between the BRE and TATA-box, representing a
structural alteration that is potentially able to alter the interaction properties of TBP/TFB
with the DNA. In addition, the intensity of some of the LysM-induced hypersensitive sites
is somewhat changed in the presence of lysine. However, the magnitude of this effect is
less obvious than the effect of lysine observed in EMSAs (Fig. 4). We have tested the
ability of LysM to bend its target DNA by using the pBEND2 system described by Kim e7
al. (25). For this purpose we cloned the 24-bp fragment used for Figure 5B and 5C into
pBEND?2, and used it as described (25), but no LysM-induced bending was observed,
either in the presence of absence of lysine. It cannot be ruled out, however, that low-
affinity binding to sequences outside the chosen sequence fragment contribute to the
LysM-DNA interaction and bending.

Our in vitro transcription experiments showed that compared to the T6 control

promoter (45), transcription from P, and P, is very weak. We showed previously that
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P,y could be stimulated by the addition of TFE (2) (referred to as P, but this was not
possible for P, . Apparently, both promoters are intrinsically weak promoters, which is in
agreement with the low homology to the Su/folobus consensus promoter sequence. It is
therefore possible that binding of TBP and/or TFB might be impaired at P,,. In
agreement with this, in an EMSA we could not observe any interaction between P, DNA
and (combinations of) these transcription factors, and addition of LysM or lysine had no
effect (not shown). Altogether, our results thus suggest that the intrinsic activity of P,
promoters is very low. In contrast, AslZXJK mRNA could easily be detected in Northern
blotting and primer extension experiments, suggesting efficient transcription zz vivo. Since
we have proven that both P, and Py, are true promoters 7z vivo, we suggest that at least
for P, additional factors like co-regulators may be required for efficient transcription.
Thus, under our experimental conditions LysM is not able to activate transcription, but in
the presence of such an unidentified factor transcription may take place. In comparison,
some E.co/i promoters that belong to the Lrp regulon require an additional DNA-binding
protein, e.g. integration host factor (IHF) (43), histone-like protein H-NS (30), or catabolite
activator protein (CAP) (37, 54). To identify such proteins in S.soffataricus we have taken
several approaches. First, in our 7z wvifro transcription experiments we have added cell
extracts of S.so/fataricus grown in the absence of lysine, but no stimulation of transcription
vitro was observed. Second, we have performed pull-down experiments in which
glutathione-S-transferase (GST) was fused to LysM and immobilized on glutathione
agarose beads. A S.soffataricus cell extract was subsequently screened for proteins interacting
with LysM. We found that a single protein interacted with LysM, but this protein was
identified as the LysM protein itself, most likely being the result of multimerization of
GST-LysM and wild-type LysM during the experiment (data not shown).

The observation that LysM is conserved in the /s clusters of three Sulfolobus species
and in A.pernix suggests that it plays a similar role in these organisms. We have therefore
compared the sequence of their putative /sl promoters to identify a possible consensus
LysM binding site. Indeed, a conserved GGTTC inverted repeat element is present, as
shown in Figure 8. For the putative AsW promoters of Sulfolobus species, the position of the
presumptive LysM binding site is very similar (overlapping the AsM stop codon), whereas
in A.pernix, where the /s gene cluster is organized in a somewhat different way (see Fig.
1A), the putative LysM site is centered between the AsY and psW genes. It is remarkable
that this LysM binding site is conserved and highly palindromic, since this is usually not the
case for naturally occurring binding sites of Lrp-like proteins (9, 11, 34). We have derived a

consensus LysM-site from the alignhment given in Fig. 8, and we used this sequence to
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screen the S.soffataricus and A.pernix genomes for LysM sites, but no additional LysM
binding sites could be identified.

LysM footprint BRE TATA
Ss TCCTTAGAACCTGGTTCTAAAATCGTACCACTTATTA--CTAAAAACITTTTCTALRAC
Sa TGCTTAGAGTTTGGTACTAATTTCGAACCTTTTATTT-CATAAAAGCTTTTCAACTGC
St TTCTTAGAGTCTGGTITTAAAATCGAACCATTTATTTTCATAAAAGCTTATCAACTAC
Ap GAGATACTCGAAGGTTCGAAATAGGAACCGTATTACTCCATGGGCCGGGATAGAAGGC
—— —

Consensus: GGTWYKAAWWWSGWACC
+1

Ss AAAACTAAGTTAGTATCTAACTGACCTTCAATG

Sa TTA-CTTTATATTTC-TATTCGATCCATCATG

St TTA-CTTTTTATGATATATTTGATCCAAAAATG

Ap TTAACAGGAGGGTGCTGGCAACACTGGTCTAGCCTGTGGAGGTGAAGGCCATG

Figure 8. Alignment of (putative) lysW promoters of S.solfataricus (Ss), S.acidocaldarius (Sa), S.tokodai (St), and
A.pernix (Ap). Gray shading indicates the conserved sequence of the LysM binding site, and open arrows
indicate inverted repeat elements. Bold characters display stop codons and start codons of the lysM and lysW
genes. The S.solfataricus LysM footprint as well as the Pysw BRE and TATA elements are boxed, and the
transcriptional start site (+1) is indicated (vertical arrow). A consensus LysM site was derived from the
alignment, and is given below (W = A/T; Y = C/T; K = G/T; S = G/C).

Several archaeal Lrp-like proteins have been characterized recently (4, 9, 15, 40), but
LysM is the first for which a clear physiological role has been demonstrated. Unlike
previously studied archaeal Lrp-like proteins, AsM is expressed constitutively and not
negatively autoregulated. Moreover, LysM strongly resembles bacterial Lrp-like proteins,
and appears to be a specific rather than a global regulator, since it is clustered with its target
genes. However, we cannot exclude the possibility that LysM has additional targets in the
S.solfataricns genome, and experiments are necessary to confirm this. Furthermore, all
bacterial Lrp-like proteins characterized to date act as transcriptional repressors or
activators involved in the regulation of amino acid metabolism, and all ligands identified so
far were found to be amino acids. In analogy, the previously characterized archaeal Lrp’s
are repressors, whereas our data is most compatible with LysM being an activator. Thus,
Lrp-like proteins appear to be functionally equivalent in the bacterial and archaeal domains,
despite the fundamental differences in transcriptional machineries.

In conclusion, we have studied the role of the S.so/fataricus Lrp-like protein LysM in the
regulation of the S.soffataricus lysYZMWXJK gene cluster, which is involved in lysine and
possibly arginine biosynthesis. Transcription of this cluster arises from two promoters, Py,
and P,, and addition of lysine (but not arginine) represses the internal P, activity eight-

fold without affecting P, ,. LysM binds to a site directly upstream from the BRE of P,
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and since the affinity of LysM for this binding site zz vifro is highest in the absence of lysine,
it is most likely that LysM acts as an activator for AsWXJK transcription. The fact that we
could not confirm this in an 7z witro transcription system does suggest that activation by
LysM requires one or more (yet unidentified) additional factors, as is the case for
transcriptional activation of some promoters by the homologous E.co/i Lrp. Future research
will be focused on the identification of these cofactors using the yeast two-hybrid system.
Furthermore, transcription and regulation of the P, promoter 7z vifro could be further
analyzed in conjunction with the recently characterized chromatin-associated protein Alba,

which has been shown to possess transcription regulatory potential.
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EXPERIMENTAL PROCEDURES

Growth of Sulfolobus solfataricus

Sulfolobus solfataricus P2 was grown in defined medium containing 3.1 g/1 KH>POy, 2.5
g/1 (NH4)2SO4, 0.2 g/1 MgSO4 7TH20, 0.25 g/1 CaCly' 2H20, 1.8 mg/1 MnCl>: 4H20, 4.5
mg/l NaBisO7-10H20, 0.22 mg/l ZnSO4+7H20, 0.06 mg/l CuCly, 0.03 mg/l
Na:MoOy4 2H20, 0.03 mg/l VOSO4 2H20, 0.01mg/1 CoClz, supplemented with 2 g/1
sucrose, 0.02 g/l FeCls and vitamins, adjusted to pH 3.0 with HoSO4. Amino acids, if

present, were added to a final concentration of 1 mM.

Analysis of S.solfataricus RNA

Total RNA was isolated from S.soffataricus using the RNeasy method (QIAgen). 35 ml
of mid-log phase culture (ODgoo of 0.4) was washed in 1 ml of medium and resuspended in
100 ul of TE. 5 ul of 10% Triton X-100 was added, and further purification was done
according the manufacturer's prescriptions, except that genomic DNA was sheared through
a 0.45 mm needle before the sample was applied unto the column. Columns were eluted

twice with 50 ul of water.
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For Northern analysis 15 pg of total RNA was separated on a 1.3% formaldehyde
agarose gel and blotted to a Hybond N* membrane as described by Sambrook et al. (49).
Radiolabeled DNA probes were hybridized using Ultrahyb™ solution (Ambion), according
the manufacturer's prescriptions.

For primer extension analysis 10 pg of total RNA and 2.5 ng of radiolabeled oligo
BG815 or BG876 was resuspended in 2x AMV-RT buffer (Promega) in a final volume of
25 pl. Samples were heated to 70°C for 10 min., and slowly cooled to room temperature.
MgCl,, dNTPs, RNasin, and AMV-RT (Promega) were added to a concentration of 5 mM,
0.4 mM, 0.8 U/pul, and 0.4 U/ul, respectively, in a final volume of 50 pl. The samples were
incubated at 42°C for 30 min., extracted with phenol:chloroform, precipitated with ethanol,

resuspended in formamide loading buffer, and analyzed on a 8% denaturing sequencing gel.

Name Sequence (5' — 3')

BG774 CGCGCGCCATGCGTAATGCAAATATTGATGAAAG

BG775 GCGCGCGGATCCTTAGAACCAGGTTCTAAGGATAATAG

BG876 CTCTCCCCAATCCTCACCTATTTGC

BG815 GTTATGACTGATATTTCTGTCTTCGG

BG816 GCTGAAAAATATGACTTGCTTAACGG

BG876 CTCTCCCCAATCCTCACCTATTTGC

BG877 CCATTGAAGGTCAGTTAGATACTAAC

BG878 GATTATGATATTCTAGTAATAGTTAGAGG

BG938 GCGCGCTCATCAGGCACCACCACCACCACCACGCCATGGGTAATGCAAATATTGATGAAA
GTG

BG1087 GATTAGAAGCATTCAAGGTGTTGTG

BG1088 TCTACAAGTTCTCCTGGTAACGC

BG1128 AGCCGTCCGCCACGCTCCC

BG1133  GAATAGCCCATGAGCCTTTCAG

BG1134 AAATTCGGATGTATCAATGATACTGG

BG1198  CTTTTATGGTAGGTATATAACCGG

BG1199 TATCCTGAACCTCCAACTACGGC

Table I. Oligonucleotides used in this study. Restriction sites are underlined and italic.

RNase protection was performed using RPA III™ and MAXIscript™ kits (Ambion),
according the manufacturer's prescriptions. 10 pg of total S.soffataricus RNA was used,
isolated according the method described above. For the generation of a labeled AslV”
antisense RNA probe, a 267-bp PCR fragment, amplified using the oligos BG814 and
BG876 (see Table I), was cloned into an Xezl-digested pBluescriptll SK(+)-derivative (8),
yielding pLUWG646. The orientation of the fragment was selected so that 7n witro
transcription with BamHI-digested pLUW646 and T3 RNA polymerase yielded a 367-nt
lHsW antisense RNA probe. For the generation of labeled RNA marker fragments, an
unrelated 76-bp was cloned as described above, yielding pLUWG647, which was digested

either with EwRI, EcwRV, Clal, Xhol, or Apal, and used in an 7 vitro transcription reaction
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with T7 RNA polymerase, yielding RNA marker fragments of 153, 161, 172, 186, and 199

nt, respectively. RNase protection samples were analyzed on a 8% denaturing sequencing

gel.

Production and purification of Sulfolobus solfataricus LysM

The gene encoding AsM was PCR amplified using primers BG774 and BG775 (see
Table I). Underlined sequences indicate the restriction sites Neol and BawHI. The resulting
PCR fragment was digested with Neol and BazHI and cloned into the T7 expression vector
pET24d (51) (Novagen, Inc.), resulting in the construct pLUWG632. This construct was
transformed into E.co/f BL21(DE3) (Novagen, Inc.). A single colony was used to inoculate
5 ml of LB medium with 50 pg/ml kanamycin, and the culture was incubated in a rotary
shaker at 37 °C until log-phase growth was observed. Subsequently, the culture was used to
inoculate 1 liter of identical medium, and incubation was continued until an ODgp of 0.5
was reached. Expression was induced by the addition of 0.5 mM IPTG, and incubation was
continued for 2.5 hours. After expression the cells were harvested, washed in 20 mM Tris-
HCI buffer pH 8.0. Cells from 250 ml of culture were resuspended in 15 ml of 20 mM Tris
pH 8.0, and lysed by a single passage through a French pressure cell at 1000 psi. The lysate
was centrifuged at 20,000 RPM for 20 min. and loaded on an 25-ml Q-sepharose column
(Amersham Pharmacia Biotech) that had been equilibrated with 20 mM Tris pH 8.0. The
flowthrough containing LysM was collected and subjected to a heat incubation at 80°C for
30 min., and subsequently centrifuged for 20 min. at 20,000 RPM. The supernatant
contained the purified LysM. Hiss-LysM was used for the production of a rabbit-antiserum.
For this purpose we cloned and expressed Hiss-LysM as described above, using the oligo
BGY938 instead of BG775 (see Table I). The underlined sequence indicates a BgpHI
restriction site. Hiss-LysM precipitated spontaneously from a cell extract after overnight
storage at 4°C, and we used this precipitated material to purify Hiss-LysM under denaturing
conditions using 8 M wurea and Ni-NTA spin columns (QIAgen), according the
manufacturer's prescriptions. The purified Hise-LysM  was dialyzed stepwise against 50
mM Tris pH 8.0. Hise-LysM was only used for immunization since the protein lost its

DNA-binding activity, most likely the result of unsuccessful renaturation.

EMSAs and DNasel footprinting

DNA probes used for gel-mobility shift experiments were generated using PCR. The
following primers were used: BG816 and BG815 for a 421-bp P, ;- fragment; BG878 and
BG877 for a 199-bp P, fragment; BG1087 and BG1088 for a 207-bp P, fragment (see
Table 1). PCR products were end-labeled using T4 kinase and radioactive y32P—ATP
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(Amersham Pharmacia Biotech), and purified from a 6% acrylamide gel as described (49).
Binding reactions were performed in a total volume of 10 ul, containing 50 mM Tris pH
8.0, 1 mM DTT, 10% glycerol, and varying concentrations of purified LysM. Standard
reactions contained 1 to 10 ng of v’P-ATP end-labeled DNA and 50 ng of
poly(dL.dC).poly(dI.dC) as nonspecific competitor DNA (Amersham Pharmacia Biotech).
L-lysine, if present, was added to a concentration of 0.5 mM. Reactions were incubated at
room temperature or at 48°C for at least 10 min. and separated on a non-denaturing 6%
acrylamide gel, buffered in 1x TBE buffer. Gels were dried, exposed to phosphor screens
and analyzed. Probes for DNasel footprinting were generated using PCR with the oligos
BG877 and BG878, where one of the two oligos was end-labeled using T4 kinase and
radioactive y32P—ATP. Probes were purified from 6% acrylamide (49). Binding reactions
were performed at 48°C in a volume of 50 pl containing 50 mM Tris pH 8.0, 25 mM
MgCl,, 75 mM KCI, 1 mM DTT, and 100 ng of poly(dl.dC).poly(dl.dC). L-lysine, if
present, was added to a concentration of 0.5 mM. After 10 min. 1 pl of a 1/50 dilution
(about 0.6 U) of RNase-free DNasel (Roche) was added, and incubation was continued for
1 min. The reaction was stopped and the samples were purified using phenol:chloroform
extraction and ethanol precipitation. After resuspension in formamide loading buffer the

samples were analyzed on a 8% denaturing sequencing gel.

Chemical cross-linking and Western blotting of LysM
Chemical cross-linking and Western blotting of LysM was performed as described
previously (9).

In vitro transcription

In wvitro transcription reactions with a reconstituted system contained 20 ng of
recombinant TBP, 20 ng of recombinant TFB, and 100 ng of RNAP purified from
Sulfolobus and 100 ng of undigested plasmid pT6, pLUWG637, or pLUWG648 template DNA.
In reactions with crude S.soffataricus extracts purified TBP, TFB, and RNAP were either
omitted or replaced by various amounts (up to 10 pg) of extract from S.soffataricus cells that
were grown in the absence of lysine. The templates used in the assays consisted of
promoter DNA cloned into pBluescript SK (Stratagene) or pBluescript SK derivatives (8).
pT6 contained 207 bp of the T6 promoter from the SSV1 virus (45), pLUW637 contained
421 bp (-313 to +108) of the /sY promoter (see above), pLUW648 contained 379 bp (-277
to +102) of the /sl promoter. Reactions were performed in a volume of 50 pl in 50 mM
Tris, pH 8.0, 75 mM KCl, 25 mM MgCl,,1 mM dithiothreitol, 200 pM NTPs for 20 min at
70 °C. Reactions were terminated by the addition of 250 pl of 10 mM Tris, pH 8.0, 10 mM
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EDTA, 750 mM NaCl, 1% SDS containing ~1 ng of 3°P-5-endlabeled antisense primer
and 10 pg of glycogen. Following extraction with phenol/chloroform, nucleic acids were
recovered by ethanol precipitation and resuspended in 20 pl of 1x AMV reverse
transcriptase buffer containing200 uM dNTPs. After addition of 5 units of AMV reverse
transcriptase (Roche) and incubation at 42 °C for 30 min, 20 pl of 95%formamide with
0.05% bromophenol blue were added, the reaction boiled for 3 min, and 20 pl loaded on a

8% polyacrylamide gel containing 8 M urea.

Discrimination between initiated and processed 5' mRNA termini

The method was modified from the previously described method by Bensing et al. (7).
25 pg of total RNA from S.solfataricus grown in defined medium without any amino acids,
was purified as described above and treated with 20 U of RNase-free DNasel (Ambion) at
37° for one hour, in final volume of 100 ul 1x DNasel buffer (Ambion). DNA-free RNA
was subsequently purified using RNeasy spin columns (QIAgen) according the
manufacturer's prescriptions, and 10 ug of this RNA was used in subsequent reactions.
Treatment of RNA with TAP (tobacco acid phosphatase), and ligation of 5' RNA adapters
to the 5' terminal ends was done using the FirstChoice™ RLM-RACE Kit (Ambion),
according the manufacturet's protocol. TAP-untreated control reactions were identical to
TAP-treated reactions, except that TAP was replaced by nuclease-free water. 1 ul of
adapter-ligated RNA was used for reverse transcription with 100 ng of a gene-specific oligo
(BG1134 for lysY, BG876 for lysW, and BG1133 for 16S), and 5 ul of 10x RT buffer
(Promega), in a final volume of 25 ul. Samples were heated to 70°C for 10 min. and slowly
cooled to room temperature. MgClz, dNTPs, Rnasin, and AMV-RT (Promega) were added
to a concentration of 5 mM, 0.4 mM, 0.8 U/pul, and 0.4 U/ul, respectively, in a final volume
of 50 ul. The samples were incubated at 42°C for 30 min.,, extracted with
phenol:chloroform, chloroform, precipitated and washed with ethanol, and resuspended in
25 ul of TE. This cDNA was subsequently used as a template in a PCR reaction with an
adapter-specific 5' RACE inner primer (Ambion), and a gene-specific primer (BG815 for
lysY, BG1088 for lysW, and BG1128 for 16S). PCR reactions with a final volume of 25 ul
contained 1x RedTaq buffer (Sigma), 15 mM MgCl, 20 uM dNTP's, 50 ng of each oligo,
1.25 U of RedTaq (Sigma), o*’P-dATP, and 1 ul of cDNA template. PCR reactions
consisted of 35 cycle reactions of 94°C for 30 sec., 65°C for 30 sec., 72°C for 30 sec..
Radiolabeled PCR products were analyzed on a 6% acrylamide gel buffered in 1x TBE.
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Chapter 7

Characterization of ChoR, an archaeal-
specific transcriptional regulator involved in
the control of copper homeostasis

Arie B. Brinkman
Thijs J.G. Ettema
Noor G. Kornet
John van der Oost

The archaeal transcriptional machinery, which resembles the eukaryal core system,
has recently been demonstrated to be modulated by a number of bacterial-like
transcriptional regulators. In this study we have analyzed ChoR, an archaeal-
specific transcriptional regulator of Sulfolobus solfataricus that apparently functions
as a copper-sensing regulator of copper homeostasis (cho). It is anticipated that
ChoR contains an N-terminal DNA-binding helix-turn-helix domain and a C-
terminal copper-binding domain. In the absence of copper, ChoR appears to
repress transcription of the adjacently located choCA gene cluster that potentially
encodes a copper chaperone (ChoC) and a P-type copper-exporting ATPase
(ChoA). At growth-inhibiting copper concentrations transcription of the choCA
cluster is induced, most likely as a result of derepression by ChoR. It is expected
that the coordinated action of ChoC and ChoA gives rise to the efflux of copper,
and as such to the reduction of the intracellular copper concentration to a non-toxic
level. Cysteine-rich domains with similarity to that of ChoR can also be found in
ChoC, some ChoA homologues, and a mammalian class of proteins that is related
to myeloproliferative disease and mental retardation. Its anticipated role in copper

binding is discussed.
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INTRODUCTION

The basal transcription machinery of archaea appears to be a simplified version of the
eukaryal RNA polymerase (RNAP) II system (6). It involves a eukaryal-like multi-subunit
RNAP and homologues of the eukaryal general transcription factors TBP, TFIIB, and
TFIIEa. Homologues of TFIIA, TFIIF, and TFIIH are not encoded by archaeal genomes,
and archaeal TBP is not associated with any TBP-associated factors (TAFs) like in eukaryal
TFIID (42). Besides, 7z vitro transcription from several archaeal promoters only requires
TBP, TFB, and RNAP (16, 27, 28, 42). Archaeal and eukaryal RNAP II transcription
initiation requires the binding of TBP (TFIID in eukarya) to a promoter element called the
TATA-box, which is centered at about 25 bp upstream of the transcription start site. The
resulting complex is stabilized by the binding of TFB (TFIIB in eukarya), which interacts
with TBP and the TFB-responsive element (BRE), a promoter element directly upstream
from the TATA-box (34). The latter interaction is mediated through a C-terminal helix-
turn-helix (HTH) motif of TFB and determines transcriptional polarity (9). RNAP is
subsequently recruited, which in archaea involves an interaction between the N-terminal
Zn-ribbon domain of TFB and the RpoK subunit of RNAP (8, 35). Whereas the archaeal
preinitiation complex (PIC) is completed at this point, the eukaryal PIC requires the
additional general transcription factors TFIIE, TFIIF, and TFIIH (44).

Despite the similarities between the basal transcriptional machineries of archaea and
eukarya, their regulatory mechanisms appear to be dissimilar. Although a few homologues
of eukaryal-like regulators are present in archaeal genomes, many putative regulators
belonging to bacterial regulatory families are encoded by archaeal genomes (see Chapter 1).
For instance, most archaeal genomes encode several paralogues of the bacterial DtxR,
ArsR, FUR, and Lrp family. Paralogues of Lrp are especially abundant, several of which
have recently been studied (7, 10, 11, 15, 18, 306). It seems that their function is comparable
in bacteria and archaea: bacterial as well as archaeal Lrp-like proteins appear to act as
repressors or activators, their target genes have been shown to be involved in amino acid
metabolism, and all identified ligands for Lrp-like proteins are amino acids (10, 12).

In addition to bacterial-like regulators, archaea appear to contain archaeal-specific
regulators. To identify such proteins, profile search methods have been used which detect
DNA-binding domains in proteins encoded by archaeal genomes (2). These analyses
showed that HTH DNA-binding motifs are especially abundant, their number and diversity
being comparable to that in bacteria. Besides, many Zn-ribbons are present, and to a lesser

extent Met]/Arc DNA-binding motifs (see also Chapter 1). An example of an archaeal-
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specific HTH DNA-binding protein is Ttx from Methanobacterium thermoautotrophicum. 1t was
shown to bind at a position 167 bp downstream the ATG start codon of its predicted
target gene fmdE. fmdE is the first gene of the fmdECB operon that encodes molybdenum
formylmethanofuran dehydrogenase. Although Tfx was proposed to be an activator of the
fmdECB operon, direct evidence for this is still lacking, and a mechanism for activation
remains to be clarified. Another example of an archaeal-specific regulator is GvpE, which
activates transcription of gas-vesicle synthesis genes in halophilic archaea (23). The GvpE
protein has been analyzed using molecular modeling, and was proposed to contain a
leucine-zipper domain reminiscent of eukaryal bZIP transcription factors like yeast GCN4
(32, 33).

In this study we identified and characterized ChoR from S.soffataricus, which is an
archaeal-specific DNA-binding protein. ChoR is predicted to contain an N-terminal HTH
domain and a putative C-terminal copper-binding domain. The latter domain shows
homology only to putative metal-binding domains of mammalian MYM-proteins (involved
in myeloproliferative disease and mental retardation), to putative copper chaperones
(ChoC) of archaea, and to the N-terminal domains of some archaeal and bacterial cation-
transporting ATPases like ChoA. Most ¢hoC and choA genes from archaea are clustered
with ¢hoR. We show that transcription of S.so/ffataricus choCA is induced specifically by the
addition of exogenous Cu(Il) or Cd(Il), suggesting that ChoC and ChoA are involved in
copper and cadmium homeostasis. ChoR apparently acts as a repressor for polycistronic
¢hoCA transcription, since it binds to the ¢hoCA promoter 7z vitro only in the absence of
Cu(II), conditions under which ¢hoCA is not transcribed 7z vivo. Cu(Il) inactivates ChoR, as
ChoR-DNA binding is abolished in the presence of Cu(Il). The role of ChoR, ChoC, and

ChoA in copper homeostasis is discussed.

RESULTS

Identification of the archaeal choR-choCA gene cluster and analysis of ChoR,
ChoC, and ChoA

To provide a suitable model system for analyzing the function of archaeal-specific
regulators, we have screened the genome of the hyperthermophilic archacon S.soffataricus
(47) for the presence of such proteins along with their genomic context, to enable

prediction of their function and regulatory target genes. Based on the presence of a
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putative HTH motif we identified a putative regulator (§S02652) that we called ChoR (for

copper homeostasis regulator).
Piuiosus (- )
Adulgidus S >
Halobacterium m

S.solfataricus

S.tokodai

F.acidarmanus

I

T.acidophilum

Tvolcanium  —<{il -5 S )>

B copper homeostasis regulator (ChoR)
[] putative copper chaperone (ChoC)
B P-type ATPase (ChoA)

B MYM-like metal-binding domain

Figure 1. Organization of archaeal choR-choC-choA gene clusters. Black, choR genes; white, choC genes; and
gray, choA P-type ATPase genes. Patterned rectangles indicate DNA sequences which deduced amino acid
sequences encode the MYM:-like metal-binding motif.

Genes encoding orthologues of ChoR could be found only in some archaeal genomes,
but not in the genomes of bacteria or eukarya (29-31, 37, 45)
(http:/ /www.ncbi.nlm.nih.gov, http://www.jgi.doe.gov). The majotity of the archaeal choR
genes are clustered with genes encoding a putative P-type cation-transporting ATPase
(ChoA) and a small hypothetical protein that we named ChoC (see Fig. 1). P-type
(phosphointermediate) ATPases form a large family of membrane proteins that that
function as ATP-fuelled cation-transporting pumps (3), and ChoA of S.soffataricus
(8802651) has 20 to 32% identity with several characterized copper-exporting P-type
ATPases of Enterococcus hirae (39), Escherichia coli (43), Streptococcus mutans (49), and Helicobacter
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Figure 3. (A), Alignment of MYM-like metal-binding domains occurring in P-type ATPases (ChoA, SilP), ChoCs,
archaeal ChoRs, and human MYM-proteins. Accession num-bers: Taci ChoA, T.acidophilum TA1143;
Tvol_ChoA, T.volcanium TVG1304145; Faci_ ChoA, F.acidarmanus.contig131.revised.gene6.protein; Rleg_P-
ATPase, Rhizobium leguminosarum Q9X-5V3; Mlot _P-ATPase, Mesorhizobium loti Q98C24; Ssol  ChoC,
S.solfataricus SSO10823 ; Stok ChoC, S.tokodai STS190; Taci_ChoC, T.acidophilum TA1144; Tvol ChoC,
T.volcanium TV6226; Faci_ ChoC, F.acidarmanus contig131.revised.gene5.protein; Sent SilP, Salmonella
enterica AAL68937; Smar SilP, Serratia marcescens AAL68932; Ssol ChoR, S.solfataricus SSO2652;
Stok_ChoR, S.tokodai ST1716; Pfur_ChoR, P.furiosus AE010192; Aful_ChoR, A.fulgidus AF0474; Taci_ChoR,
T.acidophilum  TA1218;  Tvol ChoR, T.volcanium  TVG0368274; Faci ChoR, F.acidarmanus
contig131.revised.gene4.protein; HNRC_ChoR, Halobacterium NRC-1 VNG1179C; Hsap ZNF198, Homo
sapiens AL137119; Hsap ZNF261, H.sapiens Q14202; Hsap ZNF262, H.sapiens O43308. (B), Schematic
structural comparison of proteins containing a HTH domain similar to that of ChoR, and proteins containing
the MYM-like metal-binding domain (M). (A), archaea; (B), bacteria; (E), eukarya.
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Pylori (4), as well as with human Menkes and Wilson disease-related proteins (13). This
strongly suggests that the archaeal ChoA is involved in the export of metal-ions.

SMART and BLAST analysis (1, 46), as well as HTH-prediction analysis (17) indicated
that the N-terminal part of ChoR contains a HTH motif that is similar to that of several
prokaryotic transcriptional regulators, such as MarR, IcIR, and Lrp (Fig. 2 and 3B).
Although S.soffataricus ChoR was annotated as an Lrp-like protein, this appears to be
incorrect as its C-terminal part has no similarity with RAM domains characteristic of the C-
terminus of Lrp-like proteins (12, 20) (Fig. 3B). Instead, its C-terminal part possesses a
putative metal-binding motif, containing five cysteine residues located within a 30-amino
acid region (Fig. 2). PSI-BLAST analysis showed that its putative metal-binding motif is
conserved in all archaeal orthologues of ChoR and is furthermore characteristic of the
mammalian proteins ZNF198, ZNF258, ZNF261, and ZNF262, in which multiple tandem
repeats of the domain (here called Zn-finger) are present (Fig. 3) (48). The exact function
of this so-called MYM family of proteins is not known, but disruption of MYM-encoding
genes leads to myeloproliferative disease and mental retardation in humans. Whereas the
N-terminal HTH motif and the C-terminal MYM-like metal-binding domain are well
conserved between archaeal ChoRs, their central parts show a higher degree of variability
(Fig. 2).

In several instances, the choA gene is clustered with an ORF encoding a small
hypothetical protein (Fig. 1). Although the function of this protein, which we called ChoC,
is not clear, PSI-BLLAST analysis showed that also ChoC contains a typical cysteine motif
that is also present in some archaeal and bacterial P-type ATPases, among them SilP, which
is involved in silver efflux (25). Remarkably, the putative cysteine motifs of ChoCs and
cation-transporting ATPases share low but significant homology with MYM-like metal-
binding domains found in ChoRs and MYMs (Fig. 3). In particular, the cysteine residues
that are expected to be involved in metal-binding are conserved, as well as some aromatic
amino acid residues. Thus, ChoR appears to be a metal-binding regulator containing an N-
terminal HTH DNA-binding domain reminiscent of bacterial regulators and a C-terminal
MYM-like metal-binding motif that is also present in ChoC and some cation-transporting
ATPases. The clustering of the choR, choC, and choA genes suggests that these genes are

involved in the translocation of metal-ions and the regulation thereof.
Expression of choR, choC, and choA

To determine the role of the genes in the choR-choC-choA locus of S.solfataricus, their

transcription was analyzed under various conditions. First, the minimal inhibitory
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concentration (MIC) of different

MIC (uM) .

Grogan et al. (24) This study metals was determined for

EDTA ND < 1000 S.solfataricus growth on defined

CuSOs 5000 5000 medium (Table I). The obtained
Ag2:SO 8 8 .

B2 MIC values were similar to the

CdClz 2000 > 4000

7ZnSO4 50000 > 75000 values found by Grogan et al.

NiSOa 600 600 (24), except for Cd(I) and

Table 1. Minimal inhibitory concentrations (MICs) of Zn(Il) (Table I). The different

various metal salts for S.solfataricus growth. metals were added o

exponentially growing
S.solfataricus cells on defined medium, at a concentration equivalent to the determined MIC.
Total RNA was isolated and analyzed using primer extension with antisense primers for
choR and choA. As shown in Figure 4, transcription of ¢hoR is constitutive under the tested
conditions, whereas transcription of ¢hoA is induced specifically in the presence of Cu(ll)
and Cd(II). Under non-induced conditions ¢hoA appears to be transcribed at a basal level,
which decreases when EDTA is added. Although addition of EDTA has no apparent effect
on choR transcription, it should be noted that addition of 1 mM EDTA immediately
abolished S.so/fataricus growth. Induction of choA transcription by Cu(II) was further studied
using a time course experiment, in which S.so/fataricus total RNA was isolated 30, 60, or 180
min. after addition of Cu(Il). Transcription of cho4 was induced after 30 min. and
increased during the 180 min. after induction to a level that is more than eight-fold higher
than the basal transcription level (Fig. 4), as determined by quantitation of the gel. To
determine whether basal choA transcription is due to the small amount (0.45 uM) of Cu(II)
already present in the defined medium without additionally added Cu(ll), we also
determined choA transcription in defined medium in which Cu(II) is omitted. Although no
significant decrease in basal transcription was observed (Fig. 4), we cannot rule out the
possibility that trace amounts of Cu(ll) were already present in the de-mineralized water
that was used to prepare the defined medium. We conclude that the genes in the choR-choC-
¢hoA locus are most likely involved in the efflux of copper and cadmium, since these metals
specifically induce transcription of the ¢hoC and choA genes. As with many transcriptional
regulators, the ¢hoR gene appears to be transcribed constitutively under the tested
conditions.
To determine the transcription start sites of ¢hoR and choA, we separated the obtained
primer extension products on a larger gel along with sequence reactions that were

performed with the same ¢hoR and choA antisense primers. As shown in Fig. 4, choR
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transcription is initiated one basepair upstream of the start codon of the ¢hoR gene, whereas
transcription of choC and choA is initiated two basepairs upstream of the choC the start
codon. Since no additional bands of smaller size then shown in Figure 4 (arrow) were
obtained using the choA antisense primer, we conclude that the ¢hoC and choA genes are
transcribed as a polycistronic mRINA, initiated from a promoter upstream choC. Sequence
elements matching S.so/fataricus consensus TATA-boxes and BREs (9) are present upstream

of the two mapped transcriptional starts (Fig. 4).

A
2 > - O
Fo & L8
A » > > 5
ISP SN o & O >0 OF F O O (C
SO YA ST F A OF & H &
-_ - - — s A
9 12 47 47 100 % induction
choA choR choA
B ACGT12 ACGT12
T bl T ]
N\ [ . 2\ (B2
T - y -
T .- T B‘
: s § e
S ... T et
re— |2 . A €— .
T - " A hna
A E T . R
c B A ’
< - g 5 o
T Al T w‘
T - - T
ChOR ChOCA
choR
BRE TATA
TGGCAATATGTGAA(‘SCCTAAGTAAAGAAGAACTCI“ATGGAAAAG
-50 -40 -30 20 -10 +1
choCA
BRE TATA
TACAAATTTA‘CAGAAATAAAAGCAZ‘-\TAATTAGTAI“TATGATAAT
-50 -40 -30 20 -10 +1

Figure 4. Analysis of choR and choA transcription using primer extension analysis. (A), Minimal inhibiting
concentrations of EDTA and various metals (see Table 1) were added to exponentially growing S.solfataricus
cells. EDTA, 1T mM; CuSOs, 5 mM; Ag2SOs4, 8 uM; CdCl2, 4 mM; ZnSO4, 75 mM. Three hours after addition of
EDTA or metals total RNA was isolated and analyzed using primer extension with choR and choA antisense
primers. choA transcript levels of a CuSOs time-course experiment (right) were quantified using a
phosphorimager. (B), Mapping of the choR and choCA transcription start sites. 1, RNA from CuSOs-induced
cells; 2, RNA from non-induced cells. The transcriptional start sites are indicated with an arrow (+1), and
presumptive BREs and TATA-boxes are rectangled.
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ChoR binds to the choCA promoter in the absence of metal-ions

The c¢hoR gene was cloned into pET24d, and functionally expressed in E.cok
BL32(ADE3)-pRIL. Purification was most efficient when ChoC was expressed as a C-
terminally His-tagged protein, and Ni-affinity chromatography was performed under non-
denaturing conditions. The purified ChoR was used in electrophoretic mobility shift assays
(EMSAS), to determine whether it binds to the mapped ¢hoR and choCA promoters. ChoR
did not bind to a DNA fragment called P, ; (Fig. 5A), containing the ¢hoR promoter and its
-150 to +50 flanking sequence (not shown). In contrast, binding of ChoR was observed to
P, containing the ¢hoC promoter and its -120 to +130 flanking sequence (Fig. 5A and B).
The EMSA revealed that ChoR binding to P, was relatively weak, and that three ChoR-
DNA complexes of distinct electrophoretic mobility were formed (Fig. 5B, I, 11, and III).
Because ChoR is expected to be a metal-responsive regulator, metal-ions that may bind
with high affinity to ChoR and potentially inhibit DNA-binding are possibly not removed
during protein purification under native conditions. Therefore, we tested the effect of
EDTA in the binding reaction. As shown in Figure 5B, scavenging such metal-ions with
EDTA drastically increased ChoR-DNA binding affinity, and quantitation of the image

revealed that the increase in affinity was at least 100-fold (not shown).

A B EDTA: - - - - - + + + 4+ +
ChoR (ng): - @Q\QQ@Q%QQ- N2 6 QP

choR Dm PR - -

<+« 1l
200 bp 300 bp 1
Pchor Pehoc m-*h‘
F.choC
C
Cu’ Zn™ Cut Cd: NiZ
Figure 5. Analysis of el el el el el
ChoR-DNA binding EDTA: - + - + + + + + + + ++ A+ ++ + A+ o+
using EMSAs. (A) ChoR: - - + + 4+ + 4+ + + + + 4+ ++ ++ 4+ ++ +
Schematic display of
the used DNA e K P ——— 1
fragments  (Pchor  and
Pchoc). (B), EMSA with 1
ChoR and Pechoc. The ]
three different ChoR- T O i L U ———
DNA complexes are p p
indicated (I, 11, and Il1). choC choC

A final concentration of 50 mM of EDTA was present in the binding reactions as indicated. (C), Effect of
various metal-ions on ChoR-DNA binding in the presence of 50 mM EDTA. Metal salts were added to a final
concentration of 20, 25, and 30 mM, respectively.

156



Characterization of ChoR

Cu(ll) decreases the affinity of ChoR for choCA promoter DNA

To identify the metal-ions that inhibit ChoR DNA-binding, we performed EMSAs
with P,
the binding reaction (Fig. 5C). Of the four metal-ions tested (Cu(Il), Zn(II), Cd(1I), Ni(IL)),
only Cu(Il) inhibited ChoR-DNA binding. Together with the observed induction of cho.A

transcription by exogenous Cu(Il), this suggests that ChoR is a repressor of choCA

< and ChoR in the presence of EDTA, and tested the effect of several metal-ions in

transcription. No effect was observed when Cd(II) was added to the binding reaction.

DISCUSSION

While copper is an essential element for living organisms, cytoplasmic copper
overexposure is highly toxic due to the generation of hydroxyl radicals which cause severe
damage to DNA, proteins, and lipids. Protection against copper overexposure in bacteria
and eukarya involves P-type cation-transporting ATPases that export excessive coppet-ions
(40). In this study we have identified an archaeal gene cluster which is obviously involved in
copper and possibly cadmium homeostasis through the use of a similar type ATPase.
Transcriptional regulation of this archaeal copper export system involves a novel archaeal-
specific regulator, containing a N-terminal HTH DNA-binding domain, and a C-terminal
cysteine-rich metal-binding domain. While transcription of ¢hoC and c¢hoA is induced upon
addition of Cu(Il) or Cd(Il) to the medium, Cu(Il) specifically affects DNA-binding of
ChoR: the presumptive apo-ChoR binds the ¢hoCA promoter with at least 100-fold higher
affinity than the putative Cu(II)-ChoR. Hence, it is anticipated that under non-inducing
conditions binding of ChoR causes repression of the ¢hoCA promoter, which is relieved
under inducing conditions.

Because transcriptional analysis showed ¢hoCA induction by both Cu(Il) and Cd(Il),
ChoR-DNA binding was expected to be responsive to both metals. However, we only
detected an obvious effect of Cu(ll). In contrast to other metalloregulatory proteins that
have various metal-ion ligands (5), ChoR thus seems to be more specific to only one metal-
ion. It is not clear how ¢hoCA transcription is induced by Cd(Il), but it may involve an
additional, yet unidentified, regulator. Since our preparation of ChoR was apparently not
totally free of metal-ions, EMSAs required the presence of EDTA in the binding reaction.
Our observation that ChoR is not responsive to Cd(Il) might therefore be an experimental
artifact. Obviously, metal-ions have become complexed with ChoR either during

expression in E.co/f or during subsequent purification of the protein, where traces of metal
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salts might have been present in the used buffers. Like other metalloregulatory proteins,
ChoR thus binds its metal-ligand with high affinity, and denaturation-renaturation of such
protein preparations in the presence of EDTA is sometimes necessary to obtain the apo-
form of these proteins (S.D. Bell, personal communication). Unfortunately, such a
procedure was unsuccessful for ChoR. In addition, it should be noted that efficient
purification of ChoR required the presence of a C-terminal His;-tag, which may interfere
with or alter the metal-response compared to the wild-type ChoR.

Because ChoR-DNA binding experiments required the presence of EDTA, DNA
footprinting experiments could not be employed, as the various DNA cleavage agents used
for footprinting are metal-complexes or require metal-ions as co-factors. To identify a
possible ChoR binding site, we aligned the S.so/fataricus choC-cta promoter with the putative
analogous promoters of other archaea, however, no homologous sequence elements were
present. Even the promoters of the most closely related organisms S.so/fataricus and
S.tokodai share no obvious homology in their core promoter elements (not shown).

Although copper is a highly toxic element to cellular components, many cytoplasmic
enzymes do require the incorporation of copper for their catalytic function. Hence,
intracellular trafficking of copper and prevention against cytoplasmic copper exposure in
bacteria and eukarya is performed by copper chaperones (26). Although a small number of
copper chaperones have been identified, it seems that each cellular copper-dependent
protein is served by a specific copper chaperone. For example, copper-export by the P-type
ATPases CopA of E.hirae and CCC2 of S.cerevisiae requires the specific copper chaperones
CopZ and ATXI, respectively (14, 38, 41). These copper chaperones are small proteins
with an N-terminal MxCxxC-motif involved in the binding of Cu(I), as determined by
structural studies (19, 22). The MxCxxC-motif is not only present in the N-terminal part of
these copper chaperones, but also in the N-terminal region of their respective P-type
ATPases and other P-type ATPases, sometimes in multiple copies (Fig. 6), although their
role here is not completely clear, since mutation of the cysteine residues does not affect the
resistance to and the transport of copper (21). For several reasons, it is possible that
archaeal ChoC functions as a copper chaperone for ChoA. First, because its gene is
clustered and co-transcribed with that of choA, and induced by the presence of exogenous
copper. Second, because ChoC contains the MYM-like metal-binding motif that is also
present N-terminally in some archaeal and bacterial P-type ATPases. This motif may be a
functional analogue of the MxCxxC motif. Interestingly, some archaeal CT'As contain the
MYM-like motif, whereas others contain the MxCxxC-motif. In other words, the presence

of either the MYM-like motif or the MxCxxC-motif in CTAs appears to be mutually
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exclusive. Like the human Menkes/Wilson proteins and their MxCxxC-motifs, human
MYM-proteins contain multiple copies of the MYM-like metal-binding domain (48), and in
analogy, they may play a role in metal-homeostasis. Further analyses are required to
elucidate the role and function of these MYM-like metal-binding motifs.

In conclusion, we have identified an archaeal gene cluster involved in the homeostasis
of copper (and cadmium). Its regulation involves a novel archaeal-specific DNA-binding
protein containing a bacterial-like HTH domain and a MYM-like metal-binding domain.
The latter domain appears to play a central role in the homeostasis of copper and cadmium

in S.solfataricus, since it is present in all three involved proteins.

copper
PP P-type ATPases
chaperones
Cu(l
E.hirae | 1
CopZ CopA
S.cerevisiae | N M1
ATX1 CCC2
H.sapiens
Hah1 Menkes/Wilson
Sulfolobus sp. =2l (1] ]
ChoC ChoA
Thermoplasma sp. e | ]
ChoC ChoA
H.sapiens ? ':'
I MxCxxC motif MYM-like metal-binding domain

Figure 6. Schematic structural comparison of copper exporting P-type ATPases and their specific copper
chaperones in Enterococcus hirae, Saccheromyces cerevisiae, Homo sapiens, and the putative copper
chaperones of archaea. Filled bars indicate MxCxxC motifs, and patterned rectangles indicate MYM-like metal-
binding domains. Accession numbers: E.hirae CopZ, Q47840; E.hirae CopA, P32113; S.cerevisiae ATX1,
P38636; S.cerevisiae CCC2, P38995; H.sapiens Hah1, 0O00244; H.sapiens Menkes (AT7A), Q04656;
H.sapiens Wilson (AT7B), P35670. See Fig. 3 for other accession numbers.
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EXPERIMENTAL PROCEDURES

Growth of S.solfataricus

Growth of S.soffataricus in defined medium was performed as described (10). For
determination of the MIC values of the different metal salts, various concentrations of
these salts were added to exponentially growing S.soffataricus cells (ODy,, of 0.3-0.4), and

growth was monitored by measuring the OD .

RNA isolation and primer extension analysis

RNA isolation and primer extension analysis were performed as described in (10). The
antisense primers used for primer extension were BG1131 (5-GTGCTCCTACTG-
ATATTAAGCC-3) for ¢hoR, and BG1130 (5-CATGTTGCACAATGCATCCC-3’) for
choA.

EMSAs

Electrophoretic mobility shift assays (EMSAs) were performed as described (10), with
minor adjustments. The binding buffer consisted of 50 mM Tris pH 8.0, 5 mM DTT, 10%
glycerol, and 5 ng/ul poly(dL.dC).poly(dL.dC). EDTA, if present, was added to a final
concentration of 50 mM. The DNA fragments used were generated using PCR with the
primers BG1081 (5-ACTAGTTGGATGGATATTAGGAATAGC-3’) and BG1082 (5’-
TCTCTTAAAATCTCCAGCGCTC-3’) for P, ;, and primers BG1079 (5-TGCACGCAA-
CAATGGCTTGC-3’) and BG1080 (5-CTTTCTTCTCAGTGGCCATGTG-3’) for P, .

Production and purification of ChoR

The choR gene was PCR-amplified from S.soffataricus genomic DNA using the primers
BG864 (5-CGCGCCATGGAAAAGTTGACAGATTTAGAGTTTAG-3") and BG1120
(5- CGCGCCTCGAGATGTAAGTGCAAGCCATTGTTGCG-3’), which contain Neol

and Xhol restriction sites, respectively (underlined), and generated a PCR fragment that was
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cloned into Neol-Xhol digested pET24d (Novagen) resulting in pWURS5S8. This construct
was subsequently transformed to E.coZ BL21(ADE3)-pRIL (Novagen) to produce C-
terminally 6xHis-tagged ChoR protein. E.co/z cells harboring pWURS8 were grown at 37°C
in one liter of LB medium to an OD, of 0.5, and ChoR expression was induced by the
addition of IPTG to a final concentration of 0.1 mM. After an additional four-hour
incubation at 37°C the cells were harvested by centrifugation for 10 min. at 6000 RPM. A
bacterial cell pellet derived from 250 ml of culture was resuspended in 20 ml of 50 mM Tris
pH 8.0, 10 mM B-mercaptoethanol. Fractions of 1 ml were sonicated three times for 15
seconds on ice and centrifuged for 10 min. at 13.000 RPM. To the pooled supernatant,
NaCl and imidazole was added to a final concentration of 300 mM of 10 mM, respectively,
and the supernatant was subsequently loaded on a chelating sepharose column (Amersham-
Pharmacia) loaded with NiSO,. After washing the column with three column volumes of
the same buffer, ChoR was eluted with a pulse of one column volume of the same buffer

containing 1 M of imidazole, and 1-ml fractions containing ChoR were collected.
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Chapter 8

Archaea comprise the third domain of life and, although they resemble bacteria with
respect to their prokaryotic cellular organization, several essential molecular processes like
transcription resemble that of eukarya. The basal archaeal transcription machinery has been
studied extensively in the past two decades. However, little is known about archaeal
mechanisms of transcriptional regulation. The research described in this thesis is aimed to
address the characterization of selected regulatory proteins involved in archaeal
transcription, as well as the mechanisms by which these regulators influence transcription.

In Chapter 1 the characteristics of the archaeal transcription machinery are described
and compared to that of bacteria and eukarya. Moreover, various transcription-related
aspects are discussed. The basal components involved in archaeal transcription initiation
(TBP, TFB, RNAP) resemble those of eukarya and function in a highly similar way. In
addition, three of the four eukaryal core promoter elements are also present in archaeal
promoters. Except for TFIIE, archaeal genomes do not encode homologues of the
numerous additional transcription factors that are required for eukaryal transcription
initiation. Archaeal TFE is homologous to the N-terminal region of the eukaryal TFIIE o.-
subunit, and corresponds to the minimal TFIIE fragment that supports yeast growth. The
characterization of S.so/fataricus TFE is described in Chapter 2, and it is shown that while
TFE is not absolutely required for transcription in a reconstituted zz witro system, it
nonetheless plays a stimulatory role when TBP is limiting or at promoters containing sub-
optimal TATA-box sequences, suggesting that TFE facilitates or stabilizes the TBP-TATA-
box interaction.

The use of bioinformatics in the analysis of several completed archaeal genome
sequences has facilitated the identification of archaeal genes encoding regulators. It has
been demonstrated that although the archaeal transcription apparatus is eukaryal-like, most
of the present regulators are bacterial-like. Members of the Lrp family and the metal-
responsive regulatory families ArsR, DtxR, and FUR are ubiquitously present in archaeal
genomes. It is anticipated that archaeal genomes do not only encode bacterial-like
regulators, but also archaeal-specific regulators. Profile search analysis of archaeal genomes
has indicated the presence of numerous putative DNA-binding domains. Whereas the
majotity of these domains are HTH domains, Met]/Arc-domains and Zn-ribbon-domains
are present as well. The most abundant class of bacterial-like regulators encountered in
archaea is that of Lrp, named after the leucine-responsive regulatory protein of E.col,
which acts as a transcriptional regulator for many genes involved mainly in amino acid
metabolism, but also in other essential processes. In Chapter 3 the properties of bacterial

and archaeal Lrp-like proteins are reviewed. In contrast to E.co/i Lrp, which acts as a global
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regulator, other bacterial Lrp-like proteins appear to be specific regulators for one gene or
operon. The number of genes encoding Lrp-like proteins is comparable for bacterial and
archaeal genomes, and varies from 1 to 10 per genome. The presently available data
suggests that Lrp-like proteins are generally involved in the regulation of amino acid
metabolism. This is in agreement with the fact that all identified ligands for Lrp-like
proteins are amino acids.

The analysis of the LrpA structure (see below) is discussed in detail. Although the
LrpA helix-turn-helix (HTH) domain is homologous to HTHs encountered in bacterial and
eukaryal DNA-binding proteins, superimposition shows that its fold is most similar to that
of the bacterial catabolite activating protein (CAP). Comparison of the LrpA HTH with the
HTH of CAP in complex with DNA allows the prediction of the LrpA amino acid residues
that make base-specific DNA contacts. However, which of the bases in the LrpA binding
site are contacted by these residues remains unclear, and requires the co-crystallization of
LrpA and its target sequence. Examination of the LrpA C-terminal domain shows that its
structure resembles that of an aspartate kinase-chorismate mutase-TyrA (ACT) domain
with respect to structure and function: both consist of the Bappaf-fold, and are regulatory
domains involved in allosteric modulation of the activity of enzymes and regulators
involved in amino acid metabolism. Because of the general physiological role of Lrp-like
proteins as regulators of amino acid metabolism, we propose to refer to this novel
regulatory module as RAM domain. It is striking that although the structures and functions
of ACT and RAM are similar, they differ with respect to their amino acid sequence and
their anticipated effector binding sites. It is concluded that the analogy between ACT and
RAM is the result of convergent evolution.

The role and function of two archaeal Lrp-like proteins was studied in detail. The first
of the two is LrpA from P.furiosus, the gene of which had been identified previously during
isolation and sequencing of the gene encoding glutamate dehydrogensase (gdh). The
characterization of LrpA is described in Chapter 4. The /pA gene is located downstream
of gdh, and since GDH plays an important role in amino acid metabolism, it was anticipated
that LrpA might act as a regulator for gdh transcription. I vitro transcription assays showed
that, although LrpA has no apparent effect on gdh transcription, it acts as a negative
regulator for transcription of the /pA gene itself. As for most bacterial Lrp-like proteins,
LrpA autoregulation is ligand-independent. In agreement with this, purified LrpA binds to
the /pA promoter, to a site downstream of the TATA-box and centered at the
transcription start site of /pA, as determined by electrophoretic gel-mobility shift assays
and different DNA footprinting techniques. The LrpA binding site is at least 43 bp long,
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and mutational analysis of this site showed that a GGTTC-element is specifically
recognized and required for efficient binding and repression by LrpA. Although LrpA
appears to exist as a dimer, tetramer, and octamer in solution, chemical cross-linking
analysis showed that LrpA assembles preferably into a tetrameric protein, both in solution
and bound to the DNA. The location of the LrpA binding site suggests that the binding of
TATA-binding protein (TBP) and transcription factor B (TFB) is not blocked by LipA,
which suggests that the mechanism of LrpA repression is prevention of RNA polymerase
(RNAP) recruitment.

Because no 3D structure of any Lrp-like protein was available, crystallization
experiments of the efficiently produced and purified of P.furiosus LrpA were initiated. We
successfully obtained LrpA crystals and were able to solve the LrpA structure at a
resolution of 2.9 A, as described in Chapter 5. Its structure comprises an N-terminal HTH
DNA-binding domain connected with a hinge to a C-terminal domain consisting of two o.-
helices packed on one side of a four-stranded anti-parallel B-sheet. The two domain-
structure of LrpA are is in agreement with an earlier mutational analysis of E.co/i Lrp, which
showed that DNA-binding activity resides in the N-terminal part of the protein, whereas
transcriptional activation and ligand response is confined to the central and C-terminal part
of the protein.

The second archaeal Lrp-like protein studied in this thesis is LysM from S.soffataricus.
Because the physiological function of the many archaeal Lrp-like proteins is unknown, we
attempted to identify Lrp-homologues for which target genes other than its own coding
gene could more easily be predicted, using genomic context analysis. In Chapter 6 the
identification and characterization of LysM is described. Its gene is clustered with /s genes
that encode a (novel) prokaryotic lysine biosynthesis pathway so far only encountered in
the thermophilic bacterium T.thermophilus and several (mostly hyperthermophilic) archaea.
The /s operon is transcribed from two different promoters. The first promoter (P,,) is
located upstream of AsYZM and is constitutive, whereas the second (P,,) is located
upstream of AsWXJK, and is highly regulated by lysine availability in the medium, with
maximum activity in the absence of lysine. Mobility shift assays and DNasel footprinting
expetiments showed that purified LysM binds to the P, promoter, at a binding site
located directly upstream of the TFB-responsive element (BRE) of Pj,. A conserved
inverted repeat element at this position appears to be recognized by LysM. In agreement
with the anticipated role of LysM in lysine biosynthesis, its DNA-binding affinity is reduced
specifically by lysine. Although evidence is provided that P, functions as a promoter 7

vivo, its activity could not be measured 7z vitro, which raises the possibility that a co-activator
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is required for activation of this intrinsically weak promoter. In a model for regulation of
the P, promoter based on our results, we conclude that both maximal promoter activity
and highest LysM-DNA binding affinity are preferred in the absence of lysine, suggesting
that LysM acts as an activator of transcription. If this proves to be the case, LysM would be
the first example of a bacterial-like regulator that is able to activate the eukaryal-like
transcription machinery of archaea.

The characterization of LysM and LrpA demonstrates that the role of Lrp-like proteins
from bacteria and archaea is very similar: they are involved in the regulation of amino acid
metabolism, and can act as potential repressors and activators. Furthermore, the ligand-
response is comparable: the induced changes in DNA-binding affinity are subtle rather
than absolute.

It is anticipated that archaeal genomes encode a number of archaeal-specific regulators
that can potentially be identified on the basis of a present DNA-binding domain. In
Chapter 7 we describe the characterization of S.soffataricus ChoR, an archaeal-specific
regulator for copper homeostasis. Genes encoding orthologues of ChoR are only present in
archaeal genomes, where most of them are clustered with genes encoding a small putative
protein (ChoC) and a putative P-type cation-transporting ATPase (ChoA). While the N-
terminal part of ChoR is homologous to HTH domains of several different bacterial
regulators, its C-terminal portion contains a putative metal-binding motif that resembles
that of mammalian myeloproliferative disease and mental retardation (MYM) proteins.
Interestingly, Choc and ChoA possess a similar motif. The choC and choA genes are
transcribed as a polycistronic mRNA, which is induced when growth-inhibiting
concentrations of either copper or cadmium are present in the medium, whereas ¢hoR is
transcribed constitutively as a monocistronic mRNA. Iz vitro, ChoR binds to the choCA
promoter and apparently functions as a copper-inactivated repressor for choCA
transcription, because its DNA-binding affinity appears optimal in the absence of metal-
ions, and lower in the presence of Cu(Il). Thus, ChoA appears to be a copper and
cadmium exporting ATPase, the transcription of which is induced by Cu(ll) through
derepression by ChoR. Copper-exporting systems in both bacteria and eukarya comprise P-
type ATPases homologous to ChoA, to which copper is delivered by specific copper
chaperones. In analogy, ChoCs most likely serve as copper chaperones for ChoAs encoded
by archaeal cho gene clusters. Moreover, the N-terminal MYM-like metal binding motifs of
archaeal ChoAs and ChoCs appear to be functional analogues of the N-terminal MxCxxC

metal-binding motifs present in bacterial and eukaryal ATPases and their chaperones.
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In this thesis, we describe the identification and characterization of transcriptional
regulators of hyperthermophilic archaea. In general, transcription initiation is a multi-step
process involving the formation of distinct intermediate complexes. The rate-limiting step
in this sequence of events varies between different promoters, and in bacteria as well as in
eukarya any of these steps can serve as the target for a transcriptional regulator. Several
detailed studies, as well as the data presented in this thesis, indicate that archaeal repression
can occur at the first step of transcription initiation: pre-initiation complex (PIC) assembly,
cither by blocking TBP/TFB binding or RNAP recruitment. Such mechanisms are most
similar to the mechanism of promoter-occlusion in bacteria, although PIC assembly in
bacteria involves fewer steps since the RNAP holoenzyme binds directly to the promoter.
It should be noted however that the studied regulators mentioned here were selected on
the basis of similarity with bacterial regulators, and they may therefore act through similar
(bacterial) mechanisms. In contrast to transcriptional repression, activation usually requires
a more specific interplay between (co-) regulators and general transcription factors, and it is
of great interest to elucidate archaeal activating mechanisms. We have provided strong
evidence for activation of archaeal transcription by a bacterial-like regulator, although we
were unable to identify an anticipated co-activator in this presumed activation.

Instead of comparing archaeal regulatory mechanisms to the many mechanisms known
to date, it more useful to assign archaeal mechanisms to one of the paradigms of
transcriptional regulation as they occur in all three domains of life (Fig. 1). In eukarya,
chromatin plays a key role in regulation of transcription. Transcription relies on the
modification or remodeling of the chromatin structure, enabling the PIC to be assembled.
Because of the repressed ground state by the chromatin, repression is generally not
necessary. However, active repression mechanisms involving chromatin modification have
been demonstrated, e.g. in silencing of developmental genes. Repression of archaeal
transcription by the chromatin-associated protein acetylation lowers binding affinity
(ALBA), as well as its post-translational modification, appears to be most comparable to
this paradigm of regulation. Although histone-like proteins sometimes affect transcription
in bacteria, they do not appear to be actively involved in regulation, and their role is
believed to be merely architectural.

Activation of transcription is in many cases dependent on direct interactions between
general transcription factors and RNA polymerase on one hand, and activators or co-
activators on the other hand, which bind upstream of the core promoter elements. Binding
sites are called upstream activating sequences (UAS) when they are in close proximity, or

enhancers when they are located relatively far upstream of the core promoter elements. In
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the case of enhancers, the above-mentioned interactions require DNA looping, which in
bacteria is sometimes facilitated by the binding of a DNA-bending protein like integration
host factor (IHF). Interactions are not always direct, but may be mediated by other proteins
or co-activators. Whereas these proteins can be single proteins, in eukarya this involves a
large multi-subunit protein complex called mediator, the size and composition of which is
highly variable between different eukarya. Likewise, the presumed activation by LysM in
archaea appears to be mediated by a yet unidentified protein (complex).

The paradigm for repression in bacteria is called promoter-occlusion. This involves the
binding of a repressor to a site ovetlapping (one of the) core promoter elements. In
contrast to eukarya, which generally do not use this mechanism, archaea have now been
shown to utilize a variety of repression mechanisms that rely on promoter-occlusion. In
contrast to the one-step process of PIC-formation in bacteria, PIC-formation in archaea is
a multi-step process. Accordingly, the promotet-occlusion occuts at two levels: TBP/TFB-
binding and RNAP recruitment.

Although examples of archaeal transcriptional regulation mechanisms are just
beginning to emerge, it seems that they are modifications of the mechanisms encountered
in both eukarya and bacteria. It is anticipated that as with many cellular processes of
archaea, the complete range of archaeal transcriptional regulatory mechanisms may be a

mosaic of bacterial and eukaryal features.

Figure 1. (next page) Paradigms for transcriptional regulation in eukarya, archaea, and bacteria. A, activator; R,
repressor; CME, chromatin-modifying enzyme; C, co-activator. See text for explanation.
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Eukaryoten, bacterién en archaea: de drie domeinen
Alle levende organismen kunnen verdeeld worden in drie groepen of “domeinen’
eukaryoten, bacterién en archaea. Het domein van de eukaryoten bevat schimmels, planten,

insecten, vogels en zoogdieren. Veel van de eukaryoten zijn complexe meercellige

Fukaryoten organismen: de mens bestaat
S‘Q}iﬂg‘:'“ bijvoorbeeld  uit miljarden  cellen.

insecten
dieren
mens

Bacterién kennen we vooral als

Archaea Ziekteverwekkers, maar er zijn minstens

Pyrococcus —,gveel  onschadelijke  bacterién — die
Sulfolobus

kunnen leven op allerlei plaatsen.

Bacterién

Bacterién zijn ééncellige, voor het blote
oog onzichtbare organismen. Archaea
lijken erg veel op bacterién. Ook dit zijn kleine, ééncellige organismen. Toch verschillen ze

zoveel van bacterién dat ze in een apart domein worden ingedeeld.

Pyrococcus furiosus en Sulfolobus solfataricus

Veel archaea zijn extremofielen; zij leven op plaatsen waarvan je zou denken dat er
geen leven mogelijk is. Zo zijn er archaea die houden van een extreem zoute omgeving,
extreme druk, pH of temperatuur. Wanneer archaea zich optimaal kunnen delen bij een
temperatuur van boven de 80°C worden ze hyperthermofiel genoemd. In deze categorie
vallen de archaea die onderzocht werden in dit proefschrift. De twee hyperthermofiele
organismen uit dit proefschrift zijn Pyrococcus furiosus en Sulfolobus solfataricus. Pyrococcus furiosus
betekent letterlijk “ziedende vuurbal”
omdat hij rond van vorm is en zich deelt
bij 100°C. Ziedend duidt in dit geval op
ecen erg snelle celdeling. P.furiosus is
gefsoleerd bij het eiland Vulcano vlakbij

Napels, Itali€. Verwante organismen van

het genus Pyrococcus leven op verschillende

s

plaatsen van de wereld in de buurt van )
Black smoker Solfatara

black smokers. Dit zijn geisers die zich op
grote diepte op de zeebodem bevinden. Sulfolobus solfataricus werd geisoleerd in een
vulkanisch gebied bij Napels dat Solfatara heet, uit zwavelrijke poelen die extreem zuur zijn

(pH 3) en een temperatuur hebben van 80°C. Verwante organismen van het genus
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Sulfolobus zijn ook te vinden in bijvoorbeeld Yellowstone National Park (USA), waar zulke

poelen ook aanwezig zijn.

DNA

Hoewel er belangrijke verschillen zijn tussen eukaryoten, bacterién en archaea, zijn er
ook overeenkomsten. Alle levende cellen bevatten DNA waarin de genetische informatie
ligt opgeslagen. Deze genetische informatie is de blauwdruk van de cel en bepaalt alle
cigenschappen die een cel heeft.
DNA Dbestaat uit slechts vier
« cel verschillende bouwstenen (A, C, G,
chromosoom, T). Deze bouwstenen —de basen—
bestaande uit kunnen in  elke  willekeurige

DNA
(dubbele helix)

volgorde achter elkaar voorkomen,

zodat ze samen een lange streng

v vormen. DNA bestaat uit twee

strengen die bij elkaar horen, om

clkaar gedraaid zitten en een

dubbele helix vormen. Zo’n paar
van om elkaar gedraaide strengen noemt men een chromosoom. Archaeéle en bacteriéle
cellen hebben één chromosoom, terwijl menselijke cellen er bijvoorbeeld 46 hebben (2 x 22
+ x+y). Ook de lengte van chromosomen varieert nogal: het chromosoom van S.solfataricus
bestaat uit 3 miljoen basen, terwijl alle menselijke chromosomen samen meer dan 3 miljard
basen tellen. Dit zijn enorme aantallen basen: het chromosoom van S.so/fataricus telt al gauw
700 pagina’s tekst aan A’s, C’s, G’s en T’s. Chromosomen zijn ingedeeld in functionele
segmenten, die genen worden genoemd. Genen worden gekenmerkt door een start— en een
stopsignaal. Een chromosoom is dus te vergelijken met een lang stuk tekst dat alleen de
letters A, C, G, of T bevat. Een gen is een zin uit deze tekst die herkend kan worden aan

een hoofdletter aan het begin en een punt aan het einde.

Transcriptie en translatie

Wat doet een cel met zijn DNA? Om gebruik te maken van zijn genen worden deze
“overgeschreven” op een tijdelijke informatiedrager die uit RNA bestaat. RNA bevat
nagenoeg dezelfde bouwstenen als DNA (A, C, G en U) maar bestaat slechts uit één streng.
Dit proces van overschrijven van DNA naar RNA heet transcriptie. De basenvolgorde van

het RNA wordt vervolgens gedecodeerd waardoor er een eiwit gemaakt kan worden. Dit
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proces heet translatie. De identiteit en de eigenschappen van het eiwit worden bepaald door
de basenvolgorde van het RNA, en omdat RNA overgeschreven is van het DNA bepaalt
de basenvolgorde van het gen op het DNA dus hoe

DNA betreffende gecodeerde eiwit eruit ziet en wat de functie

is. Eiwitten kunnen verschillende functies hebben. Zo

J hebben sommige eiwitten een structurele functie. Dit is
RNA

bijvoorbeeld het geval bij eiwitten uit de celmembraan.
J Andere eiwitten hebben een katalytische functie en

eiwit helpen bij de omzetting van stof A naar stof B. In dit
\) geval noem je het een enzym. Enzymen helpen
bijvoorbeeld bij de voedselvertering door grotere

moleculen in kleinere, bruikbare stukken te hakken. Op deze manier zijn genen, bestaande
uit DNA, verantwoordelijk voor een bepaalde functie die een cel nodig heeft om te kunnen

leven.

Regulatie van transcriptie
Nu kunnen er voor een cel allerlei redenen zijn om een gen niet a/fjjd om te zetten naar

RNA en eiwit. Transcriptie en translatie kosten de cel bijvoorbeeld energie, dus alleen als

een eiwit echt nodig is wordt het promoter
betreffende gen op het DNA J
overgeschreven naar RNA en vertaald naar DNA

1. [ 1 ! gen

een eiwit. Neem bijvoorbeeld het gen dat
codeert voor een enzym dat lactose omzet
in het voor de cel bruikbare glucose. Er zou
veel energie verspild worden als dit enzym o L W gen |
gemaakt zou worden wanneer er geen
lactose aanwezig is. Daarom worden

processen als transcriptie en translatie

gereguleerd. Alleen wanneer het nodig is 3.
worden genen overgeschreven naar RNA en
vertaald naar een eiwit.

Laten we transcriptie, oftewel het 4

overschrijven van een gen bestaande uit
DNA naar RNA, eens bekijken. Zoals

gezegd wordt een gen gekenmerkt door een

RNA
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start— en een stopteken. Archaeéle genen zijn gemiddeld zo’n 1000 tot 1500 basen lang.
Voorafgaand aan het startteken ligt een promoter. Dit is een basenvolgorde die herkend
wordt als startplaats voor transcriptie. In archaea bevatten promoters een reeks basen
waarin de volgorde “TATA” voorkomt. Deze TATA-box wordt specifiek herkend door
een eiwit dat TATA-binding protein heet. TATA-binding protein kan zo’n TATA-box
herkennen en er vervolgens aan binden. Wanneer dat gebeurt komt er een tweede eiwit,
transcriptie factor B, dat hier op zijn beurt weer aan bindt. Als laatste bindt hieraan een
groot eiwitcomplex dat RNA polymerase heet. RNA polymerase is nu in staat om,
startende vanaf de promoter, over het DNA heen te schuiven, de basenvolgorde te lezen
en te kopiéren in RNA met dezelfde basenvolgorde. Wanneer dit gebeurt vindt er dus
transcriptie plaats, en wordt er een streng RNA gemaakt waarop een gen ligt. Wanneer
RNA polymerase het stopteken van het gen gepasseerd heeft wordt transcriptie meestal
beéindigd doordat RNA polymerase het DNA loslaat. In bacterién en archaea is het echter
mogelijk dat RNA polymerase meerdere genen in één keer kopieert. In dit geval bevat één
RNA streng dus meerdere genen, en spreekt men van een operon.

Regulatie van transcriptie vindt meestal plaats bij de promoter, waar TATA-binding
protein, transcriptie factor B en RNA polymerase binden. Door de binding van deze
eiwitten aan het DNA positief of negatief te beinvloeden kan transcriptie gestimuleerd
respectievelijk geremd worden. Dit wordt bewerkstelligd door eiwitten die regulatoren
genoemd worden. Vaak zijn dit DNA-bindende eiwitten, die repressors heten als ze
transcriptie remmen en activators heten als ze transcriptie stimuleren. Regulatie van
transcriptie is van groot belang voor elke levende cel. Wanneer er geen adequate regulatie
plaatsvindt lopen cellulaire processen uit de rails. Een extreem voorbeeld hiervan is het
mislopen van regulatie van transcriptie in menselijke cellen, waardoor kanker kan ontstaan.

In dit proefschrift hebben we de regulatie van transcriptie in P.furiosus en S.solfataricus
bestudeerd. In tegenstelling tot regulatie van transcriptie in bacterién en eukaryoten is er
slechts weinig bekend over regulatie van transcriptie in deze hyperthermofiele archaea. Dit
komt omdat het basale mechanisme van transcriptie in archaea nog niet zo lang bekend is.
Vreemd genoeg lijkt dit mechanisme meer op dat van eukaryoten dan op dat van bacterién
(zie Hoofdstuk. 2, Figuur 2), iets wat je niet zou verwachten omdat archaea wat betreft
cellulaire organisatie juist meer op bacterién lijken. Het doel van dit onderzoek is daarom
vooral fundamenteel wetenschappelijk, om te begrijpen hoe een belangrijk proces als
transcriptie regulatie in archaea werkt. Aan de andere kant kan de verkregen kennis in de

tockomst nuttig zijn wanneer hyperthermofiele archaea ingezet worden in
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biotechnologische processen zoals de productie van enzymen met behulp van P.furiosus of

S.solfataricus.

De technieken

DNA, RNA en eiwitten zijn te klein om met een microscoop te bestuderen. Om een
idee te geven van hun afmetingen: een DNA fragment bestaande uit 1000 basen is slechts
0,34 duizendste millimeter lang. Om regulatie van transcriptie te bestuderen moet je dus
gebruik maken van moleculaire techniecken. Een veel gebruikte techniek in dit proefschrift
is gel-elektroforese. DNA, RNA of eiwitten kunnen hiermee bijvoorbeeld op grootte
gescheiden worden door ze in een gel te brengen en hier vervolgens een elektrische
spanning op aan te brengen. Omdat DNA, RNA en eiwitten negatief geladen zijn zullen ze
naar de positieve pool gaan bewegen. Een korte DNA streng kan dat sneller dan een lange,
en na verloop van tijd zullen fragmenten van verschillende lengte zich op verschillende
plaatsen in de gel bevinden. Dit zijn de “bandjes” die je ziet op veel van de figuren in dit
proefschrift. De gebruikte hoeveelheden DNA, RNA en eiwit zijn erg klein, variérend van
minder dan een miljardste (ng) tot een miljoenste gram (ug). Daarom is het vaak nodig
DNA zichtbaar te maken door het radioactief te labelen.

Aangezien de te bestuderen eiwitten uit P.furiosus en S.solfataricus maar in kleine
hoeveelheden aanwezig zijn in deze organismen hebben we in dit proefschrift gebruik
gemaakt van recombinant DNA technieken. Hierbij maken we gebruik van Escherichia colz,
een bacterie die hiervoor gebruikt wordt in vrijwel alle laboratoria. Het gen dat codeert
voor het eiwit van interesse wordt uit bijvoorbeeld S.soffataricus geisoleerd en ingebracht in
E.coli. Deze zal het gecodeerde eiwit in grote hoeveelheden gaan maken. Transcriptie en
translatie zijn immers processen die in elk levend organisme plaatsvinden en de DNA code
is universeel. Op deze manier is het mogelijk een grote hoeveelheid (milligrammen) eiwit te

krijgen die na zuivering gebruikt kan worden in verdere experimenten.

Resultaten

In Hoofdstuk 2 hebben we een gen gevonden op het chromosoom van S.solfataricus
waarvan de functie niet bekend was. Echter, een gen wat hierop lijkt is ook te vinden in
eukaryote organismen waar het essentieel is voor transcriptie. Het gen van S.soffataricus
codeerde voor het eiwit TFE (transcriptie factor E). Het TFE eiwit bleek transcriptie in
S.solfataricns in sommige gevallen te kunnen stimuleren. Stimulatie door TFE vond alleen
plaats wanneer transcriptie startte van een promoter die een “slechte” TATA-box had. Dit

is een TATA-box waarvan de basenvolgorde net iets afwijkt van de normale TATA-box
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zodat hij niet goed herkend wordt door TBP. Het is dan ook waarschijnlijk dat TFE
transcriptie van dit soort promoters in S.soffataricus stimuleert door de herkenning en
binding van TBP aan de TATA-box te verbeteren.

Hoofdstuk 3 is een literatuurstudie over een eiwitfamilie die de Lrp-familie heet
(leucine-responsive regulatory protein). Lrp eiwitten komen voor in bacterién en archaea.
In bacterién zijn deze eiwitten betrokken bij regulatie van transcriptie, maar hun rol in
archaea was onbekend bij aanvang van ons onderzoek.

In Hoofdstuk 4 namen we voor het eerst zo’n Lrp eiwit van P.furiosus (LrpA) onder de
loep. Ons onderzoek wees uit dat LrpA een DNA-bindend eiwit was dat kon binden aan
een specifieke basenvolgorde in de promoter van het gen coderend voor LrpA. Wanneer
LrpA daaraan bond werd transcriptie van het LrpA gen geremd. LrpA fungeerde dus als
een repressor en reguleerde daarmee zijn eigen transcriptie. De plaats waar LrpA bond aan
zijn promoter suggereerde dat transcriptieremming berustte op het uitsluiten van RNA
polymerase binding, terwijl binding van TATA-binding protein en transcriptiefactor B
ongehinderd bleef. De negatieve autoregulatie door LrpA heeft waarschijnlijk tot doel een
constante LrpA concentratie in de cel te
handhaven en werkt dus als een soort
thermostaat voor de LrpA promoter. Het is

aannemelijk dat het LrpA eiwit er niet

slechts is om zijn eigen transcriptie te

reguleren en we denken dan ook dat er in
P.furiosus nog een andere promoter is waar LrpA aan bindt. Hoewel we hiernaar hebben
gezocht hebben we zo’n promoter helaas niet kunnen vinden.

In Hoofdstuk 5 hebben we de structuur van het LrpA eiwit opgelost zodat het
mogelijk is het eiwit te bekijken. Zoals gezegd zijn DNA, RNA en eiwitten erg klein en kun
je ze met de microscoop niet zien. Toch is het voor het begrijpen van de functie van LrpA
en andere eiwitten uit de Lrp familie noodzakelijk om te weten hoe zo’n Lrp eiwit eruit ziet.
Daarom hebben we gebruik gemaakt van kristallisatie van het LrpA eiwit. Onder de juiste
condities kristalliseren eiwitten zoals ook zoutkristallen ontstaan wanneer je zeewater
indampt. Wanneer je rontgenstralen op een eiwitkristal loslaat zullen deze verspreid worden
in een bepaald patroon (rontgendiffractie). Aan de hand van dit patroon kan dan de 3D
structuur van het eiwit berekend worden en dus zichtbaar gemaakt worden. De structuur
van LrpA was de eerste structuur van een eiwit uit de Lrp familie en het is aannemelijk dat
andere Lrp eiwitten uit deze familie er ongeveer hetzelfde uitzien. De structuur van LrpA

liet onder meer zien dat LrpA twee delen heeft waarvan duidelijk is dat één deel kan binden
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aan DNA terwijl het andere deel fungeert als sensor voor een nog onbekende stof (zie
Hoofdstuk 5, Figuur 1).

In Hoofdstuk 6 hebben we LysM, een ander eiwit uit de Lrp familie, bestudeerd. LysM
is afkomstig van S.soffataricus. Het gen coderend voor LysM ligt op het DNA tussen andere
genen waarvan we vermoedden dat ze betrokken waren bij de aanmaak (biosynthese) van
het aminozuur lysine. We noemden deze genen samen dan ook het Lys-gencluster. Het

aminozuur lysine is één
\LQ van de 20 verschillende
aminozuren  die  de

+ lysine ] iWﬂ LySXﬂ Lys) ﬂLySKt bouwstenen  zijn  van

eiwitten. Lysine is dus

onmisbaar voor elke cel.

> Om te verifiéeren of het

LysX ﬂ Lys] ﬂ LysK t Lys-gencluster inderdaad

een rol speelt bij lysine

biosynthese hebben we de transcriptie van de genen uit dit cluster bestudeerd in
S.solfataricus cellen die groeiden in aan- of afwezigheid van lysine. Eén van de promoters
van het gencluster bleek inderdaad gereguleerd door lysine: in afwezigheid van lysine vond
er wel transcriptie plaats en in aanwezigheid van lysine niet. Deze promoter bleek de
startplaats te zijn voor transcriptie van vier van de zeven Lys genen uit het cluster. Verder
onderzoek wees uit dat het LysM eiwit deze promoter kon herkennen en binden.
Bovendien vonden we dat lysine de binding van LysM aan de promoter zwakker maakte.
Onze hypothese is daarom dat LysM een sensor is voor lysine en een activator is voor deze
promoter: in afwezigheid van lysine vindt er transcriptie plaats van de Lys genen om lysine
biosynthese mogelijk te maken. Om dit te bewerkstelligen bindt LysM en stimuleert
transcriptie. In afwezigheid van lysine hoeft S.so/fataricus zelf geen lysine te maken. Er vindt
geen transcriptie plaats omdat LysM niet kan binden aan de promoter en transcriptie dus
niet kan stimuleren. Helaas was het niet mogelijk om dit model direct te testen. We nemen
daarom aan dat er nog een ander (onbekend) eiwit nodig is bij de stimulatie van
transcriptie.

In de voorgaande hoofdstukken hebben we eiwitten uit de Lrp familie bestudeerd. Dit
zijn eiwitten die in bacterién en archaea voorkomen. In Hoofdstuk 7 hebben we het eiwit
ChoR bestudeerd dat alleen in archaea voorkomt. Het gen coderend voor ChoR ligt naast
twee genen (ChoC en ChoA) coderend voor eiwitten die betrokken zijn bij het handhaven

van een constante concentratie koper in S.soffataricus cellen (Cho staat voor copper
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homeostasis). Elke cel heeft koper nodig, maar

)

K

problemen. Als er in bijvoorbeeld menselijke koper % Cho Cﬁ Cho At

cellen door een defect te veel koper aanwezig is %

slechts een kleine hoeveelheid. Wanneer er te \Ty

veel koper aanwezig is ontstaan er ernstige

ontstaan er ernstige ziekten zoals de ziekten TFBD
van Menkes en Wilson. ChoA uit S.solfataricus
lijkt erg op de eiwitten die defect zijn bij

mensen met deze ziekten, en functioneert als

transport-eiwit dat koper de cel uitwerkt. ChoC %
is waarschijnlijk een nog niet eerder beschreven

chaperonne-eiwit dat het koper in de cel \)
vasthoudt en begeleidt zodat het geen schade aanricht. Wij hebben de Cho genen gebruikt
om regulatie van transcriptie in S.soffataricus te bestuderen. We vonden dat transcriptie van
de ChoC en ChoA genen startte vanaf één promoter, maar dat er normaal gesproken geen
transcriptie was vanaf deze promoter. Alleen wanneer er een hoge koper concentratie
aanwezig was vond er transcriptie van ChoC en ChoA plaats vanaf deze promoter. We
vonden dat ChoR functioneerde als negatieve regulator voor deze promoter: ChoR bond
namelijk alleen aan deze promoter in de afwezigheid van koper. In de aanwezigheid van

koper kon ChoR niet binden aan de promoter.

Conclusie

Hoewel archaeca veel overeenkomsten hebben met bacterién lijkt hun
transcriptiesysteem meer op dat van eukaryoten. Veel archaeéle regulatoren van transcriptie
lijken echter wél op die van bacterién en voorafgaand aan ons onderzoek was dan ook niet
duidelijk hoe deze bacterieel-achtige regulatoren dienst doen in een eukaryoot-achtig
transcriptiesysteem. In ons onderzoeck hebben we een viertal eiwitten uit archaea
onderzocht die transcriptie kunnen beinvloeden of reguleren. TFE stimuleert transcriptie
van promoters met slechte TATA-boxen. LrpA en LysM behoren tot de Lrp-familie van
ciwitten die ook in bacterién voorkomen. Uit ons onderzoek blijkt dat deze eiwitten
dezelfde soort functies vervullen als in bacterién. Ze kunnen transcriptie remmen (LrpA)
maar lijken ook in staat transcriptie te stimuleren (LysM). Bovendien bleek LysM een
sensor te zijn voor het aminozuur lysine. Bacteriéle Lrp-eiwitten dienen ook als sensoren
voor aminozuren. Daarnaast hebben we LrpA gekristalliseerd en de 3D structuur van LrpA

opgelost. Het vierde eiwit (ChoR) is specifick voor archaea en komt in bacterién niet voor.
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ChoR is betrokken bij handhaving van een aanvaardbare koperconcentratie in S.soffataricus
en remt transcriptie van de ChoC en ChoA genen.

De mechanismen van regulatie die wij bestudeerd hebben lijken vergelijkbaar te zijn
met bacteri€le mechanismen, waarbij remming van transcriptie bijvoorbeeld wordt
bewerkstelligd doordat het betrokken regulator-eiwit binding van TATA-binding protein,

transcriptiefactor B of RNA polymerase aan de promoter uitsluit.
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