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The degree of sequence conservation of arginine repressor proteins (ArgR)
and of the cognate operators (tandem pairs of 18 bp imperfect palin-
dromes, ARG boxes) in evolutionarily distant bacteria is unusually high,
and the global mechanism of ArgR-mediated regulation appears to be
similar. However, here we demonstrate that the arginine repressor from
the hyperthermophilic bacterium Thermotoga neapolitana (ArgRy.,) exhibits
characteristics that clearly distinguish this regulator from the well-studied
homologues from Escherichia coli, Bacillus subtilis and B. stearothermophilus.
A high-resolution contact map of ArgRy, binding to the operator of the
biosynthetic argGHCJBD operon of Thermotoga maritima indicates that
ArgRy, establishes all of its strong contacts with a single ARG box-like
sequence of the operator only. Protein array and electrophoretic mobility-
shift data demonstrate that ArgRr, has a remarkable capacity to bind to
arginine operators from Gram-negative and Gram-positive bacteria, and
to single ARG box-bearing targets. Moreover, the overall effect of L-argi-
nine on the apparent Ky of ArgRy, binding to various cognate and heter-
ologous operator fragments was minor with respect to that observed
with diverse bacterial arginine repressors. We demonstrate that this unu-
sual behaviour for an ArgR protein can, to a large extent, be ascribed to
the presence of a serine residue at position 107 of ArgRy,, instead of the
highly conserved glutamine that is involved in arginine binding in the
E. coli repressor. Consistent with these results, ArRy, was found to behave
as a superrepressor in E. coli, inhibiting growth in minimal medium, even
supplemented with arginine, whereas similar constructs bearing the
S107Q mutant allele did not inhibit growth. We assume that ArgRq,,
owing to its broad target specificity and its ability to bind single ARG
box sequences, might play a more general regulatory role in Thermotoga
© 2003 Elsevier Ltd. All rights reserved.
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Introduction

maritima) and Gram-positives (various Bacillus and
Streptomyces species, Enterococcus faecalis) belong to

Structural studies, sequence comparisons and
functional analyses indicate that arginine repres-
sors from very divergent bacteria, Gram-negatives
(Escherichia coli, Salmonella typhimurium, Moritella
profunda, Thermotoga mneapolitana and Thermotoga

Abbreviations used: EMSA, electrophoretic mobility-
shift assay; IRDyes, near-infrared fluorescence dyes.
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dcharlie@vub.ac.be

the superfamily of wHTH transcriptional regula-
tors, are surprisingly well conserved and bind to
similar operators.'”* The Pseudomonas aeruginosa
repressor, however, is an exception, as it belongs
to the AraC/XylS family*** The three resolved
ArgR structures, from E. coli, B. stearothermophilus
and B. subtilis, show great similarity in their fold-
ing patterns, even though the enterobacterial and
bacillar proteins share only 27% sequence
identity.'*'*>'"** Sequence alignments and secondary

0022-2836/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.
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structure predictions indicate that the repressor of
T. neapolitana and T. maritima belongs to the same
family.'® ArgR proteins can act as repressor of the
arginine biosynthesis and as activator of the differ-
ent catabolic pathways.”®~** Moreover, E. coli ArgR
plays an essential role in the assemblage of the
nucleoprotein complex that resolves multimeric
forms of ColEl-type plasmids in the monomeric
constituents.>*

Purified ArgR proteins have been isolated as
homohexamers or lower oligomeric forms (mainly
trimers) that can form hexamers at high concen-
trations of protein and/or in the presence of argi-
nine, the co-repressor.">'"1#>*?>35% The N-terminal
domain of ArgR provides binding to DNA,
whereas the C-terminal domain is responsible for
oligomerization and arginine binding; these
domains are connected by a short linker.'*'*'72>38
Six arginine molecules bind at the trimer—trimer
interface; they reinforce the interactions between
subunits within one trimer and between trimers.
Ligand binding has been shown to induce a
rotation of one trimer with respect to the other in
the B. stearothermophilus repressor. This confor-
mational change is assumed to improve the affinity
of the hexameric repressor for operator DNA."

Biosynthetic arginine operators generally consist
of a tandem pair of ARG boxes, 18 bp imperfect
palindromes separated by a short spacer (2 or
3 bp) that exhibits a specific length and cognate
base-pair composition; 3 bp spacers are composed
exclusively of weak base-pairs, whereas 2 bp long
spacers contain at least one strong pair.** Stoichi-
ometry measurements of the E. coli ArgR—operator
binding and in vitro contact probing analyses with
the ArgR molecules of E. coli (ArgRg,.), S. typhimur-
ium (ArgRsy), B. subtilis (AhrC), B. stearothermophilus
(ArgRg.), and M. profunda (ArgRy;,) indicate that a
single ArgR holohexamer binds to the tandem
pair of boxes and establishes contacts with two
major groove segments and the intervening minor
groove of each box, all aligned on the same face of
the helix.>~®!"'#?*> The ArgR protein from the
hyperthermophilic T. neapolitana (ArgRr,), how-
ever, exhibits remarkable deviations from this gen-
eral pattern. Mobility-shift assays, DNase I
footprinting and high-resolution contact mapping
of ArgRy, binding to its own operator (argRo) indi-
cate that arginine does not stimulate complex for-
mation but instead exerts a slight negative effect,
that structurally different complexes are formed in
the absence and in the presence of the co-factor,
and that the vast majority of the strongest contacts
are clustered within a shorter region of the oper-
ator as compared to other bacterial ArgR
proteins.'’*** Moreover, recently ArgRr, has been
shown to bind to a single ARG box-bearing frag-
ment of the B. stearothermophilus argC operator
(argCo) nearly as efficiently as to the intact oper-
ator, whereas ArgRg,; does so only with a reduced
affinity.>*°

The unusual degree of structural and functional
conservation of bacterial ArgR proteins and their

targets in general, and the distinct features
detected recently for ArgR:, make the arginine
regulatory system being an attractive test case for
the study of evolution of microbial transcription
regulation. In this study, we aimed at a better
understanding of the atypical behaviour of the
Thermotoga repressor and of the molecular strat-
egies of adaptation occurring in the arginine regu-
latory mechanism. We have analyzed ArgRq,
binding to various cognate and heterologous argi-
nine operators, established a high-resolution con-
tact map of the protein binding to the operator
sequence involved in regulation of the biosynthetic
argGHCJBD operon in T. maritima, studied complex
formation with a mutant T. neapolitana ArgR pro-
tein affected in the arginine-binding domain
(5107Q), and determined the capacity of ArgRy, to
repress transcription in vitro and in vivo. The data
indicate that ArgRy, establishes all of its important
contacts with a single ARG box-like sequence of
the T. maritima argGo operator and is able to bind
to a wide variety of arginine-specific operators
composed of single and tandem pairs of ARG
boxes in an arginine-independent fashion, an
observation that suggests a more global regulatory
role for ArgRy,, supported also by growth inhi-
bition occasioned upon introduction of the argRr,
gene in E. coli cells.

Results

High resolution in vitro contact probing of
ArgR, binding to the argG, operator

Previously, we have shown that ArgRy, contacts
an unusually short sequence stretch in its own con-
trol region (Figure 1(f))** and that the repressor
binds a DNA fragment bearing the sole down-
stream box of the heterologous argC operator of
B. stearothermophilus rather efficiently.*® To deter-
mine whether this binding pattern constitutes a
general characteristic of the Thermotoga repressor—
operator interaction or whether it is restricted to
particular operators, we analyzed the interaction
of ArgRy, with a cognate biosynthetic operator. A
sequence bearing a putative promoter—operator
region has been identified upstream of the
argGHCJBD operon'® in the T.maritima genome
sequence.*’ Attempts to clone the equivalent
operon from T. neapolitana were unsuccessful, how-
ever, likely due to the presence of a strong promo-
ter (AM., FB. and V.S, unpublished results) that
causes high-level expression of the cytotoxic arg/
encoded ornithine acetyltransferase.*> Therefore,
we used the argG promoter—operator region from
T. maritima to analyze in vitro the binding of ArgRy,
to the biosynthetic Thermotoga operator.

Electrophoretic mobility-shift assays (EMSA)
performed at 37 °C and in the presence of arginine
indicate that ArgRy, binds specifically to the
T. maritima argG control region (argGo) with an
apparent equilibrium dissociation constant (Kg) of
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Figure 1. (a) and (b) EMSA and (c) and (d) DNase I footprinting of ArgRy, (as indicated, in nM monomer equiva-
lents) binding to the (5'-**P)-single-end-labelled argGo operator DNA probe (bottom strand labelled) in the presence
((a) and (c)) and in the absence ((b) and (d)) of arginine. Labelled operator DNA was incubated at 37 °C and in the pre-
sence of an excess non-specific competitor with increasing concentrations of ArgRy, for 25 minutes in a total volume of
100 pl. Then, 10 pl aliquots were removed and immediately loaded onto pre-electrophoresed 5% polyacrylamide gels
(with arginine in the gel and the running buffer for those assays performed in the presence of arginine, without argi-
nine for the others). The positions of free DNA (F), of complexes (B) and of supershifted material (S) are indicated.
The remaining 90 pl was used for DNase I footprinting and the reaction products analyzed by gel electrophoresis in
denaturing conditions on 6% polyacrylamide gels. A + G and C + T are the corresponding Maxam-Gilbert sequen-
cing ladders. Rectangles represent ARG box sequences, the global area of protection is indicated with a vertical bar.
(e) and (f) Nucleotide sequence of the argG and argR (for comparison) control regions. Transcription proceeds in both
cases to the right. ARG box sequences are numbered, rectangles represent regions protected against DNase I digestion
by ArgRy, in the presence of arginine, vertical bars with a dot represent sites that become hyper-reactive to DNase I in
the presence of the repressor (filled symbol for a strong effect, open symbol for a weaker effect). Potential promoter
elements are underlined.
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Figure 2. (a) Alignment of operator sequences and their dissection in ARG box equivalents for E. coli carABo and
consensus, T. maritima argGo, T. neapolitana argRo and B. stearothermophilus argCo. Bases that are highly conserved
among the various E. coli operators studied are indicated in red, also when occurring in the operators from other
organisms. Note that in this alignment the argR operator has been inverted with respect to the direction of transcrip-
tion (to the left for argR, to the right for the others) to maximally align the sites of strong contacts established by ArgRr,
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around 100 nM (Figure 1(a)). The retarded material
consists of a doublet, but the differences between
the two poorly resolved complexes are not clear.
Both bands correspond to specific complexes,
since their formations were equally resistant to
increasing concentrations of non-specific competi-
tor (not shown). No qualitative differences (extent
of protected region, hyper-reactivity) could be
observed in DNase I footprints at increasing con-
centrations of repressor, resulting in different ratios
of the two complexes (Figure 1(a) and (c)), and no
differences could be detected in the binding inter-
ference patterns of the separated upper and lower
parts of the doublet in missing contact probing
experiments (see below) or in the footprints of the
DNA-protein complexes performed in the gel,
using the 1,10-phenanthroline-copper ion (not
shown). Therefore, it appears unlikely that this
minor difference in migration velocities (not
detected on agarose gels, see below) could be
ascribed to binding of trimeric and hexameric
repressor molecules. Possibly, the complexes corre-
spond to the binding of liganded and unliganded
hexameric ArgRr, molecules. The slight difference
in net charge of the apo- and holorepressor, and
small differences that might exist in the overall
DNA bending induced by the two ArgRr, protein
populations due to differences in the communi-
cation between subunits in the arginine-bound
and unbound repressor molecules, could result in
slightly different velocities. It is noteworthy that a
similar kind of poorly resolved doublets has been
observed in the presence of arginine upon binding
of E. coli ArgR mutant proteins (S44F and S47L)
affected in the DNA-binding domain and which
still bind arginine normally, but no explanation
was provided.® Later, binding of the trimeric form
of wild-type and mutant E. coli ArgR proteins has
been proposed,”* but alternative explanations are
not excluded and have been advanced since.”

In the absence of arginine, ArgRy, binding was
less specific and the complexes less stable, as indi-
cated by the appearance of supershifts at higher
concentrations of protein and an important smear
(Figure 1(b)) but the effect on the apparent Ky was
minor.

DNase I footprinting performed on the very
same samples used for EMSAs in the presence
and in the absence of arginine indicate that in
both conditions ArgRy, protects against digestion
34-36 nt stretches that are offset by 3—5 nt towards
the 3-end on complementary strands of the ar¢Go
operator (Figure 1(c)—(e)). This region, composed
of between 21 nt and 59 nt upstream of the ATG

initiation codon of argG, overlaps the potential
—10 and —35 promoter elements (Figure 1(e)).
The sequence analysis of this stretch and compari-
sons with the T. neapolitana argRo and other bac-
terial operator sequences, indicated that the argGo
operator can be dissected into two 18bp long
ARG box-like sequences separated by a 3 bp spacer
(Figures 1(f) and 2(a)). The latter is composed
exclusively of A-T and T-A base-pairs, as found in
the argRy, operator, and in all 3 bp long spacers of
arginine operators in general.*** ArgRy, binding
induced the appearance of two sites hyper-reactive
for DNase I, both located on the top strand of the
downstream box, between residues T5 and A6
(strongest effect) and between T16 and Al7
(weaker effect) (Figure 1(e)). The lack of qualitative
differences in the footprints obtained in the pre-
sence and in the absence of arginine (Figure 1(c)
and (d)) contrasts with our previous observations
on binding of ArgRy, to its own control region
(argRo), where DNase I footprints of complexes
formed in both conditions were significantly differ-
ent, both in the extent of the protected regions and
in the pattern of ArgRr.-induced hyper-reactivity
(see also Discussion).**

To identify the bases that play a primordial role
in the ArgRr,—argGo complex formation, we have
performed missing contact probing experiments*
applied to purines and pyrimidines. Sparingly
depurinated or depyrimidated operator DNA mol-
ecules were incubated in the presence of arginine
with ArgRr, at concentrations suited to obtain
approximately 50% binding. ArgRy,—operator
complexes (B1, B2) were separated from free DNA
molecules (F1, F2) by mobility-shift electrophoresis
(Figure 3(a) and (d)), both forms recovered from
the gel, treated with piperidine to induce strand
scission at abasic sites, and the reaction products
analyzed by gel electrophoresis in denaturing con-
ditions, alongside a similar amount of input
material (I) representing all possible sites of modi-
fication (Figure 3(b), (c), (e) and (f)). In those con-
ditions, a molecule modified at a site essential for
ArgRy, recognition is supposed to be under-rep-
resented in the bound form and therefore to enrich
the free DNA population with respect to the input
material, whereas a molecule modified at a site
irrelevant for ArgRy, binding is expected to be dis-
tributed evenly. Citrate-induced depurination
binding interference experiments indicated that
the removal of either one of nine purines of the
downstream box (A6, A8, A9, A12, G14 of the top
strand and A6/, A8, A9, and A12 of the bottom
strand) interfered strongly with repressor binding

with the argR,* and argGo operator fragments (this work, Figure 3). (b) Alignment of the C-terminal domain of the
ArgR proteins from E. coli, T. neapolitana, T. maritima and B. stearothermophilus. The six highly conserved amino acids
involved in binding of arginine are indicated in red bold. The serine residue at position 107 in ArgRy, is underlined.
(c) Location of primers used for the synthesis of labelled probes containing full-length operators (tandem pairs of
ARG boxes) or single ARG box derivatives of the argR, and argGo operators. ARG box sequences are underlined in

red.
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(Figure 3(b), (e) and (g)). Additional moderate
effects were observed upon removal of Al12 and
A18 of the upstream box, and of Al, A3, G4,
G15, G16/ and A17 of the downstream box,
whereas a weak effect was observed at A8, A9,
Al17, G¥, A4, A5, G8 and AY of the upstream
box, A17, and A1’ of the downstream box, and at
three positions in the spacer separating the two
boxes (Figure 3(g)). The same interference patterns
were observed when, in a separate experiment,
the upper and lower parts of the doublet of com-
plexes were recovered and analyzed separately
(not shown). Hydrazine-induced depyrimidation
revealed that the removal of either one of seven
thymine bases, all located in the downstream box
(T7, T10, T11, T13, T10/, T11' and T13') severely
affected complex formation (Figure 3(c), (f) and
(g)). Moderate effects were observed at positions
T10, C11, and T13, of the upstream box and at
C15, T2, C5, and T7 of the downstream box,
whereas weak effects occurred at T1/, T2/, T11’ and
T12' of the upstream box, at T18' of the down-
stream box, and at three T residues in the spacer
(Figure 3(g)). Clearly, ArgRy, establishes the vast
majority of its crucial contacts with one ARG box-
like sequence of the argGo, operator, as it does in
argRo.** It is noteworthy that the location of that
box within the tandem pair of boxes constituting
the full-length operator (see also binding to single
boxes, below) is inverted with respect to the orien-
tation of transcription in argRo (upstream box)
and argGo (downstream box). A helical presen-
tation of the data indicates that nearly all the criti-
cal contacts are restricted to two major-groove
segments and the intervening minor groove, all
aligned on one face of the helix (Figure 4).

ArgR:, binding to heterologous
arginine operators

To further analyze the DNA-binding character-
istics of ArgRr, we performed a comparative
study of its interaction with the operators argRo,
argCo and carABo from T. neapolitana, B. stearother-
mophilus and E. coli, respectively. Complex for-
mation at 37 °C in the presence and in the absence
of arginine was monitored by EMSA on agarose
gels. As observed for argRo,'® binding of ArgRy, in
the presence of arginine resulted in the formation
of a single retarded species (Figure 5(a)) (which
appears to be split into two poorly resolved bands
on polyacrylamide gels), whereas binding in the
absence of arginine resulted in two complexes
exhibiting distinct migration velocities with all
three operators (Figure 5(b)). In the absence of argi-
nine, higher concentrations of repressor resulted in
the formation of a more slowly migrating complex
that might correspond to the apohexamer—oper-
ator complex, whereas the faster-migrating band
might correspond to the apotrimer—operator com-
plex, as suggested previously by some of us.'®

The ability of ArgRy, to bind to the argRo, argCo
and carAB, operators in the absence and in the pre-

Table 1. Affinity of ArgR proteins for E.coli carAB,,
B. stearothermophilus argC, and T. neapolitana argR, oper-
ators in the absence and in the presence of arginine

K4 (M, monomer)

ArgR protein carAB, argC, argR,
ArgRy, —Arg 1.4x107° 49x10°° 1.3x107°
+Arg 1.4%x107° 38x107° 1.4x107°
5107Q —Arg 83x10°° 20x10°® 79%x107°
+Arg 1.1x10°"° 48x107° 43x10°"
ArgRe. —Arg - - -
+Arg 3.6x107° 6.6x10°° 51x10°¢
ArgRgq —Arg 1.1x10°® 1.6x10°® 1.2x107°8
+Arg 42x107° 44x107° 1.1x10°°

sence of arginine was further investigated by the
surface plasmon resonance technique. The DNA
binding affinity of ArgRy, for the three operators
was found to be almost identical in the absence
and in the presence of arginine (Table 1). Under
similar conditions, arginine stimulated binding of
ArgRg,, to the argCo and carABo operators nearly
three- to fourfold,” whereas binding to the argRo
operator was similar in the absence and in the pre-
sence of arginine, but approximately tenfold
weaker than binding of ArgRy, to the same target
(Table 1). As expected from previous
observations,*?**%°% 3 significant binding of
ArgRg. was observed only to the carABo DNA and
solely in the presence of arginine (Table 1).

These results indicate that ArgRy, binds to all, its
own operator, the biosynthetic Thermotoga argGo
operator (see above) and the heterologous biosyn-
thetic operators from E. coli and B. stearothermophi-
lus with similar apparent affinities in the presence
and in the absence of arginine. These features
clearly distinguish ArgRy, from the E.coli and
M. profunda repressors that are strongly arginine-
dependent and hardly bind to arginine operators
from heterologous origin,***?**~*® but are, to
some extent, reminiscent of the B. stearothermophi-
lus repressor, which is less arginine-dependent
under similar conditions.* Thus, ArgRs, seem-
ingly occupies a position in between ArgRg. and
ArgRy,.

The S107Q substitution results in an enhanced
arginine-dependence of ArgR,—operator
binding

An inspection of the C-terminal arginine-binding
domain of ArgRy, reveals that five out of the six
highly conserved amino acids involved in binding
of arginine are present in the repressor from
hyperthermophilic origin (see Figure 2(b)), but the
glutamine residue at position 106 of the E. coli pro-
tein is a serine in ArgRy, (position 107) and in the
T. maritima repressor protein.'”® To verify whether
this substitution might be responsible, in part, for
the atypical arginine-independent behaviour of
the Thermotoga repressor, we have constructed the
5107Q derivative of ArgRy, and compared binding
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Figure 3. Base-specific missing contact probing of ArgRy, binding to the T. maritima argG operator in the presence of
arginine. (a) Mobility-shift electrophoresis of ArgRy, to sparingly depurinated (citrate) and depyrimidated (hydrazine)
DNA, top strand labelled. Lane 1, in the absence of repressor, lanes 2—-5, with increasing concentrations of ArgRy,, as
indicated (in nM). (b) and (c) Depurination and depyrimidation missing contact probing, top strand visualized. The
different forms, input DNA (I), free DNA (F1, F2) and repressor-bound DNA molecules (B1, B2) were recovered from
the gel in (a), cleaved at abasic sites with piperidine and equal amount of the reaction products analyzed by gel electro-
phoresis in denaturing conditions. Rectangles indicate the ARG box sequences; positions of particular interest are
marked. (d) Mobility-shift experiment with ArgRy, binding to sparingly depurinated and depyrimidated DNA, bottom
strand labelled. (e) and (f) Depurination and depyrimidation missing contact probing, bottom strand visualized. DNAs
extracted from (d) were further treated and analyzed as in (b) and (c). (g) Nucleotide sequence of the argG operator
and compilation of the DNase I footprint and base-specific contact probing data. ARG box sequences are numbered,
rectangles indicate regions protected against DNase I, vertical bars with a dot indicate sites that become hyper-reactive
for DNase I (filled symbol for a strong effect, open symbol for a weaker effect). Red squares and blue triangles rep-
resent purines and pyrimidines, respectively, the removal of which interferes strongly (dark-colored filled symbols),
moderately (light-colored filled symbols) or weakly (open symbols) with repressor binding.
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Figure 4. Helical presentation of the most salient
results of DNase I footprinting and base-specific ArgRy,-
argGo operator contact probing. Red arrows represent
the limits of DNase I protection, arrows with a dot rep-
resent sites that become hyper-reactive to DNase I upon
ArgRy, binding (filled symbol for a strong effect, open
symbol for a weaker effect). Red and blue balls inside
the helix represent purines and pyrimidines, respect-
ively, that interfere strongly (dark-colored symbols) to
moderately (light-colored) with ArgRy, binding.

constants of the wild-type and mutant proteins to
various operators in the presence and in the
absence of arginine by surface plasmon resonance.

Arginine proved to increase the affinity of the
5107Q mutant protein for the carABo, argCo and
argRo operators by 75-fold, 4-fold and 18-fold,
respectively (Table 1). Besides indicating a marked
need for arginine of the 5107Q mutant protein in
binding to the argRo and carABo operators and, to
a lesser extent, to the argCo operator, these results
further indicated that in the absence of arginine,
binding of the mutant repressor to these operators

was four- to sixfold less efficient than binding of
the wild-type protein. In contrast, in the presence
of arginine, binding of the mutant repressor to the
carABo and argRo operators (but not argCo) was
respectively threefold and 12-fold better than bind-
ing of wild-type ArgRy, to the same targets.

Binding of wild-type and S107Q mutant ArgR,
proteins to single ARG boxes

Analysis of the high-resolution contact map of
ArgRy, binding to its own operator argRo** and to
the biosynthetic argGo operator (see above) indi-
cated that ArgRy, establishes its most essential
interactions with one box of the operator only,
suggesting that binding to a single box-bearing
fragment might be rather efficient. To evaluate the
capacity of the wild-type and S107Q mutant
ArgRy, proteins to recognize and bind single
ARG boxes, we compared their binding to three
argG operator fragments, argGo, argGopoxuyy and
argGopoxdown, corresponding to the full-length
operator, and derivatives thereof carrying the sole
upstream or downstream box, respectively (as
defined by the in vitro contact probing mapping),
and similar constructs (a7gRoboxup aNd a7gRopoxdown)
derived from argR, (Figure 6). As a matter of com-
parison, the ArgRg. and ArgRg, proteins and the
E. coli carAB, operator were included in this study.

To assess protein binding to various DNA targets
in parallel, we applied the protein array method
using DNA probes labelled with near-infrared flu-
orescence dyes (IRDyes) as described.* Purified
ArgRg., ArgRg,, ArgRr, and the mutant S107Q pro-
teins were serially diluted fourfold and spotted
onto NC membranes and then incubated with
each DNA probe, in the presence of arginine. Sig-
nals of similar intensity were detected from spots
corresponding to binding of ArgRy, or its S107Q
derivative to the three full-length operators argGo,
argRo and carAB, (Figure 6). A rather strong signal
was detected for wild-type ArgRy, and its S107Q
derivative binding to the argGopoxup, A7§Goboxdown
and argRovoxup Probes, containing a single ARG
box, but not to argRopoxdown (NOt shown). Complex
formation was detected with ArgRg, binding to the
full-length operators argGo, argRo and carABo, and
the shortened operators argRopoxup and argGoboxdown,
but not with argRopoxdown and argGopoxup, Whereas
significant binding of ArgRg. was observed with
full-length carAB, operator DNA only (Figure 6).

To further analyze the nature of some of these
protein—-DNA complexes and to determine more
precisely the apparent K4 values, binding of wild-
type ArgRy, to the same IRDye-labelled DNA tar-
gets from Thermotaga was probed in the presence
of arginine by EMSA. The migration profiles of
the retarded complexes formed with the full-length
and single ARG box-bearing argGo probes were
similar (doublet nature; Figure 7). Moreover, the
results indicate that ArgRy, bound to the single
ARG box probes argGopoxyp (Ka 1660 nM) and
argGopoxdown (Ka 590 nM) 16-fold and sixfold less
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Figure 5. Gel retardation of ArgRy, binding to the T. neapolitana argRo, B. stearothermophilus argCo and E. coli carABo
DNA probes in the presence (a) and in the absence of arginine (b). Labelled probes were obtained by PCR amplifica-
tion using the oligonucleotides 3 and 4 for argRo, 12 and 13 for carABo and 16 and 17 for argCo (see Table 4). Binding
to the T. neapolitana argRo operator: lanes 1, without repressor, lanes 2—6 with 100, 300, 600, 1000 and 2000 nM ArgRy,.
Binding to the B. stearothermophilus argCo operator: lanes 7, without repressor, lanes 8—12 with 50, 100, 200, 400 and
800 nM ArgRy,. Binding to the E. coli carABo operator: lanes 13, without repressor, lanes 14-18 with 100, 200, 550,
1000 and 1600 nM ArgRy,. The position of free DNA (F) and of protein—-DNA complexes (B) are indicated.
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Figure 6. Evaluation of the ability of ArgR proteins to bind single and tandem pairs of ARG boxes by protein array.
Purified ArgR proteins from E. coli (ArgRg.), B. stearothermophilus (ArgRgs), T. neapolitana (ArgRr,) and its 5107Q
derivative were serially fourfold diluted and spotted on NC membranes. The amount of repressor protein spotted is
indicated on top of each panel. Binding reactions were performed with equal quantities of IRdye800 or IRDye700
labelled probes obtained by PCR amplification using the oligonucleotides 10 and 11 for argGo, 7 and 8 for argGopoxup,
9 and 10 for argGopoxdowns 2 and 4 for argRo, 2 and 1 for argRopoxup and 14 and 15 for carAB, target DNAs.
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Figure 7. ArgRy, binding to the argG,, a7gGopoxup and argGopoxdown DNA probes. IRDye labelled DNA fragments
(3.0 ng) were incubated with increasing amounts of purified ArgRr, at 37 °C for 30 minutes in the presence of 10 mM
L-arginine. Lanes 1, without repressor. Lanes 2-6, with 100, 200, 400, 800 and 1600 nM ArgRy,.
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efficiently, respectively, than to the intact operator
argGo (K4 nearly 100 nM) (Figure 7). ArgRy, bind-
ing to the full-length argR, probe proved to be
only about twofold more efficient (Ky 120 nM)
than to the argRopoxsp fragment (K4 200 nM; not
shown). Consistent with the in vitro contact prob-
ing results, ArgRy, bound the downstream ARG
box more efficiently than the upstream one, though
this quantitative difference was not detected in the
protein array experiment (see above).

Combined, the results indicate that ArgRy, exhi-
bits a high affinity for binding to various full-
length operators, and it has a remarkable capacity
to bind at least some single ARG box fragments.

ArgR:, represses transcription at the argR,,
argGr,, and argCs,; promoter—operators in
vitro

To evaluate whether ArgRy, exerts repression or
activation on transcription we analyzed reporter
gene expression in a coupled transcription—trans-
lation system of E. coli in the absence and in the
presence of purified ArgRr,. The potential regulat-
ory effect of ArgRy, was tested on the expression
of the T. maritima argG and B. stearothermophilus
argC genes transcribed from the T. maritima PargG
and B. stearothermophilus PargC promoter—operator
regions, respectively. To avoid the autoregulatory
interference of ArgRy, in the assay with the T. nea-
politana argR template encoding the regulatory pro-
tein itself, the argR, promoter—operator region was
fused to the B. stearothermophilus argC reporter
gene. In parallel, the B. stearothermophilus amaB
gene encoding L-carbamoylase fused to the phage
T7 promoter region* was used as a negative
control.

A significant decrease in protein synthesis was
observed for all constructs bearing arginine-
specific promoter—operator regions, proportional
to the amount of ArgRy, added (Figure 8). At
110 pmol, the ArgRy, protein reduced the
expression initiated from the B. stearothermophilus

12 3 4 5 6 7 8 9 10 11 12
ST -— - — 9

PT7 argGg argCqy argRo

Figure 8. Autoradiogram of the in wvitro protein
expression from fused reporter genes in the presence of
exogenous ArgRy,. Lanes 1-3, B. stearothermophilus amaB
expressing from the phage T7 promoter (negative con-
trol); lanes 4-6, T. maritima argG expression from the
argGo promoter—operator region; lanes 7-9, B. stearother-
mophilus argC expression from the argCo promoter—oper-
ator region; lanes 10-12, B. stearothermophilus argC
expression from the T. neapolitana argRo promoter—oper-
ator region. Lanes 1, 4, 7 and 10 without repressor, lanes
2, 5, 8 and 11 with 55 pmol of purified ArgRq, and
lanes 3, 6, 9 and 12 with 110 pmol of ArgRy,,.

argC and the T. maritima argG promoter—operator
regions by 11-fold and sixfold, respectively, and
55 pmol of the protein diminished the argC repor-
ter gene expression initiated from the T. neapolitana
argR control region by sixfold. Only a very slight
negative effect (about 1.2-fold) was detected for
the T7-amaB control. These data indicate that
ArgRy, can act as a transcriptional regulator that
represses both native and heterologous arginine
promoters.

Wild-type and S107Q mutant ArgR, proteins
act as a repressor in E. coli cells

The capacity of recombinant ArgR proteins from
T. neapolitana, B. stearothermophilus as well as
T. maritima(ArgRr,,,) to repress gene transcription
was further confirmed in E. coli cells bearing two
compatible plasmids, one carrying a heterologous
argR gene, the other bearing the lacZ reporter gene
put under the control of the B. stearothermophilus
argC  promoter—operator.* As demonstrated
previously,*~*** ArgRg. is unable to repress the
B. stearothermophilus argC promoter activity. Hence,
the B-galactosidase levels detected with the fusion
construct in E. coli reflect the capacity of the heter-
ologous repressor to block the B. stearothermophilus
argC promoter activity. The results indicate that
the expression of both Thermotoga argR genes had
a weak negative effect on [B-galactosidase pro-
duction (1.5-fold), whereas the mutant argRy, allele
(5107Q) occasioned an almost fivefold drop in
enzyme activity (Table 2). In similar conditions,
the B. stearothermophilus argR gene occasioned an
almost 14-fold reduction.

Moreover, we observed that E. coli transformants
bearing the wild-type ar¢Ry, gene on a multi-copy
vector hardly grew in defined minimal medium,
even when supplemented with arginine (Table 2).
In contrast, recombinant cells carrying the plasmid
bearing the S107Q mutant construct grew well,
with and without arginine. Therefore, it appears
that the S107Q substitution leads to the production
of a mutant ArgRy, repressor protein with a higher
specific binding and repression capacity in the pre-
sence of arginine (see above), but that has lost the
growth-inhibitory effect when overexpressed in
E. coli cells. As shown previously,*® E. coli transfor-
mants overexpressing the B. stearothermophilus
argR gene hardly grow on minimal medium sup-
plemented or not with arginine.

Discussion

Arginine regulation in Thermotoga species is
extremely poorly documented, but a small
reduction (about twofold) in argB and argH-
encoded enzyme activities has been observed
upon addition of 5mM arginine to T.maritima
cells grown in a medium containing 0.05% yeast
extract.”® In this study, the data obtained both in
vitro and in vivo indicate that the ArgRy, regulatory
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Table 2. B-Galactosidase activity and repression levels mediated in vivo by the Thermotoga ArgR proteins

Growth in minimal

medium
supplemented
Plasmid Source of the argRgene B-Galactosidase® Repression coefficient” Arg + Arg —
PCR2.1Topo - 949 + 83 - nd® nd
pCRargRy, T. neapolitana 633 + 6.1 15 + +
PCRargRrus1070 T. neapolitana Ser107GIn 18.0 = 2.0 5.3 +++ +
pCRargRy,, T. maritima 60.7 £ 5.8 1.5 + +
pCRargRgs; B. stearothermophilus 6.8+ 1.1 14.0 + +

* Expressed as nmol/minute per 1 mg of protein.

" The repression level is calculated as a ratio of the enzymatic activity displayed in extracts of cells carrying the pCR2.1Topo vector
without insert and cells carrying recombinant plasmids with a wild-type or mutant argR gene.

¢ Not determined.

protein is able to exert transcriptional repression of
reporter genes, as do other bacterial arginine
repressors. However, several features clearly dis-
tinguish complex formation with the hyperthermo-
philic Thermotoga ArgR protein from similar
interactions in evolutionarily distant bacteria, even
though sequence comparisons indicate that ArgRy,
belongs to the structurally and functionally well-
conserved family of bacterial wHTH arginine
repressors.

Here, we demonstrate that ArgRy, bound the
operators from E. coli and B. stearothermophilus effi-
ciently, whereas ArgRg. hardly binds the operators
from Thermotoga, B. subtilis or B. stearothermophilus.
Moreover, we found that ArgRy, has the remark-
able property to establish all its strong contacts
with a single ARG box of the Thermotoga argG oper-
ator. ArgRy, interacts primarily with two major-
groove segments and the intervening minor
groove, all aligned on one face of the helix in
argGo (Figure 4) and the argRo, operators.*The
hyper-reactivity for DNase I induced between resi-
dues 5 and 6 of the ARG boxes in the argGo and
argRo operators constitutes another signature of
ArgRy, binding. It is noteworthy that ArgRy, inter-
acts mainly with the downstream ARG box of the
argGo operator, whereas in the argRo operator the
upstream box constitutes the major recognition
element. Therefore, this particular binding mode
of ArgRy, is not restricted to autoregulation but
instead constitutes a general property of the
ArgRr,—operator complex. Consistent with this
observation, ArgRr, was found to bind the single
ARG box-bearing fragments ar¢Gopoxdown and
argRopoxup Tather well, as indicated by protein
array binding experiments and mobility-shift
assays. The ArgRy, protein presents an affinity
only twofold and sixfold lower for the operators
bearing the single a7¢Gopoxdown and argRopoxup than
for the full-length operators containing a pair of
ARG boxes. ArgRy, has been shown to bind to a
DNA fragment bearing the single downstream
ARG box of the B.stearothermophilus argC
operator.*’ In contrast, in the presence of arginine,
binding of the E.coli repressor shows a chelate
effect that characterizes binding of a single homo-

hexameric repressor molecule to a tandem pair of
correctly spaced ARG boxes.>* Binding of ArgRg.
to a single box or to a pair of incorrectly spaced
boxes is possible, but with a significantly reduced
affinity.3'4'34'37'43

It has been shown that ArgRy, is able to bind its
own operator with a high degree of efficiency in
the absence of arginine.'®** In contrast, no binding
of the ArgRg. repressor was observed in the
absence of arginine and the affinity of the AhrC
repressor of B. subtilis was found to be reduced by
100-fold.”" Our data indicate that the ligand has
only a minor effect on the overall apparent Ky of
ArgRy, binding to cognate and heterologous argi-
nine operators, even though arginine affects the
ratio of sequence-specific to non-specific DNA
binding and the stability of the ArgRr,—operator
complexes. Moreover, we have demonstrated that
the arginine-independent binding of ArgRy, is
related, at least in part, with the presence of a ser-
ine residue at position 107 of the repressors from
T. neapolitana and T. maritima,'® instead of the
highly conserved glutamine known to be involved
in arginine binding in the E. coli and B. stearother-
mophilus repressors.'”” Overexpression of the
wild-type argRr, gene leads to growth inhibition
of E. coli transformants, even in the presence of
arginine, whereas the 5107Q allele does not affect
cell growth. These observations indicate that the
substitution of serine 107 by glutamine might
narrow the capacity of the Thermotoga repressor to
bind potential (single) ARG-box like targets not
belonging to the arginine regulon in E. coli.

A single amino acid substitution distinguishes
the ArgR proteins from E. coli K-12 and E. coli B (L
instead of P at position 70), which show different
ratios of ArgR binding in the presence and in the
absence of arginine, a property that alters the regu-
latory response significantly, the E. coli B repressor
being a super-repressor that largely inhibits tran-
scription even at limiting concentrations of
arginine.” In E. coli-K12, the concentration of ArgR
molecules (about 600/cell in minimal medium,
300 when supplemented with arginine), the K4 of
the liganded ArgR-operator binding (sub-nano-
molar range), the affinity of the repressor for arginine
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(Kq 107* M) and the large differences in binding of
the liganded and unliganded repressor molecules
are such that in vivo repression is dictated primar-
ily by the concentration of activated ArgR mol-
ecules, and thus by the concentration of the co-
repressor, arginine.”® As in vitro the efficiency of
ArgRr,—operator binding is influenced by arginine
only marginally, we may expect a different situ-
ation in Thermotoga, though it is still possible that
the increase in binding specificity observed in the
presence of arginine is sufficiently important to be
determinant for the in vivo response. Alternatively,
arginine might exert its effect mainly by influen-
cing the synthesis of ArgR, and/or operator-
bound liganded and unliganded ArgRy, molecules
might differently affect the argG promoter activity,
possibly by direct contact with the polymerase or
through subtle (since not detected in DNase I foot-
printing on linear molecules) alterations of the
DNA structure. A comparison of the contact maps
of ArgRy, binding to the argR, and argG, operators
in conjunction with the differential effect of argi-
nine on complex formation with the two Thermo-
toga operators allows us to propose that
Thermotoga can use two different molecular strat-
egies to modulate expression of the arginine bio-
synthetic operon and to autoregulate repressor
synthesis. The property of ArgRy, to bind to native
and heterologous arginine operators with similar
efficiency in the presence and in the absence of
arginine is likely related to its capacity to establish
tight contacts with a single ARG box, a binding
mode that does not require the arginine-induced
transition that improves target recognition of the
other bacterial arginine repressors to various
extents. Therefore, it appears that ArgRy, can
behave as a kind of global regulator in Thermotoga
cells, as has been postulated by Maas® for arginine
regulators.

On the basis of the arginine-dependence and the
target specificity, bacterial arginine repressors of
the wHTH family can be grouped into three major
classes. Class I repressors are highly arginine-
dependent and very sequence-specific binders.
The E. coli, S. typhimurium and M. profunda proteins
belong to this class. These repressors exhibit a high
degree of sequence conservation (=70% amino
acid sequence identity) and exist primarily as hex-
amers, even in the absence of arginine and at
rather low concentrations of protein."**>*” Arginine
strongly improves their binding to the cognate
operators (about 200-1000-fold) and to operators
from other class I organisms, but they hardly inter-
act with operators from the two other classes (rep-
resented by Bacillus and Thermotoga systems). The
arginine-mediated allosteric activation involves an
alteration in the quaternary structure and requires
communication among subunits of the ArgR hex-
amer, but subunit assembly appears to play no
role in activation.” The targets of class I repressors
consist of a tandem pair of ARG boxes, ideally sep-
arated by a 3 bp long spacer composed exclusively
of A-T and T-A base-pairs. Class I repressors

induce DNA bending by approximately 70—
90°*°%7 and exert repression by competing with
RNA polymerase for binding to partially overlap-
ping sites,” but they are unable to block an elonga-
ting polymerase.”*"**

Class II comprises the repressor from various
Gram-positive Bacillus species and the less well
studied repressors from Streptomyces might belong
to the same class as well. Class II and class I repres-
sors share only 25-30% amino acid sequence iden-
tity but they adopt the same fold and show a
similar organization,"”** and both classes function
as repressors and as co-activators for arginine cata-
bolism. Purified B. subtilis AhrC and B. stearother-
mophilus ArgR are trimers, but they can form
hexamers at high concentrations of protein and/or
in the presence of arginine."”** Their binding to
DNA is moderately arginine-dependent (between
fourfold and 100-fold stimulation, dependent on
the protein and the buffer composition). Their cog-
nate targets consist of a tandem pair of ARG-box
like sequences, separated by a 2 bp spacer that con-
tains at least one G-C or C-G pair. Repressors of
this class show a broad target specificity and can
bind operators from all three classes rather effi-
ciently, both in vitro and in vivo. The B. stearothermo-
philus repressor is able to bind a single ARG box
but with a reduced affinity as compared to the full
length operator.”

The repressor from T. neapolitana and likely
T. maritima (97% identity) constitute a third class
of proteins that interact primarily with a single
ARG box-like sequence of the cognate operators
and exhibit a remarkable capacity to bind to argi-
nine operators from heterologous origin and to
single ARG box-bearing fragments. Their binding
is influenced by arginine only marginally.

Thus, arginine repressors can be of different
kinds; at one extreme there are the global kind of
regulators exhibiting low repression efficiency and
poor target specificity, as postulated for the Thermo-
toga ArgR. At the other extreme there are the
highly specified arginine-dependent repressors
present in the y group of Proteobacteria, the Bacil-
lus repressors being somewhere in between. Evi-
dently, the degree of arginine-dependence and the
potential to bind heterologous operators do not
constitute sharp borderlines separating class II
and class III repressors. It is even likely that the
identification and characterization of an even lar-
ger variety of organisms would reveal the existence
of a continuum in nature. The Bacillus and Thermo-
toga proteins differ, however, in the way they con-
tact the targets; Bacillus repressors establish strong
contacts with both boxes of the naturally occurring
biosynthetic operators, whereas the Thermotoga
repressor exhibit a strong bias in the distribution
of the strong contacts to a single box, as if ArgRy,
were not optimally suited to contact a pair of adja-
cent boxes simultaneously.

The existence of functionally different classes of
ArgR molecules in evolutionarily distant bacteria
might reflect the evolution of regulatory mechanisms
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and networks, from a general regulator exhibiting
poor target specificity and low efficiency into
highly specialized and efficient molecules that
may provide a selective advantage. Though the
wHTH motif of the DNA-binding domain predo-
minantly determines recognition/binding to
specific operator sequences, other structures as the
a4 helix in the oligomerization/arginine-binding
domain can modulate the ARG box recognition via
interdomain contacts in oligomeric repressor
molecules.”” Even point mutations in this oligomer-
ization/arginine-binding domain affect the DNA-
binding parameters of the repressors from E. coli
and B. stearothermophilus.*** Reciprocal exchange
of the linkers connecting the N and C-terminal
domains of ArgRg. and ArgRg, weakly affect the
DNA-binding characteristics® and, moreover, a
single amino acid difference in the linker region
(position 70) appears to be responsible for the
different behaviour of the E. coli K-12 and E. coli B
repressors (see above).” Thus, in spite of a pro-
nounced degree of structural conservation of bac-
terial ArgR molecules and of their wHTH motif in
diverse evolutionarily distant organisms, the
ArgRy, protein exhibits a rather high degree of
plasticity to adapt to full-length operators and
half-site targets. Consequently, it is possible that
transcriptional arginine repressors that do not cor-
respond by their DNA-binding pattern to the
three classes of binders already identified might

Table 3. Bacterial strains and plasmids used in this study

be found among other representatives of the bac-
terial domain.

Materials and Methods

Bacterial strains, plasmids and growth conditions

Bacterial strains and plasmids are described in Table 3.
E. coli strains were grown at 28 °C or 37 °C in Luria—
Bertani media® supplemented with the appropriate anti-
biotics. Ampicillin was added at 100 wg/ml, kanamycin
at 30 wg/ml and chloramphenicol at 25 pg/ml. Minimal
medium M9* supplemented or not with arginine was
used to assess arginine auxotrophy of E.coli Topl0F
transformants carrying plasmid pCR-TOPO or deriva-
tives thereof bearing an argR gene by cultivation at
37 °C for 48 hours, as described.*®

Construction, overexpression and purification of the
mutant S107Q ArgRy, protein

The mutant argRr, allele was obtained by the overlap
extension method® using Pfu DNA polymerase (Strata-
gene). DNA regions extending upstream and down-
stream of the site of interest were amplified by PCR,
using as primers the pairs of oligonucleotides ArgRDeb
(5-AAGATGGAGGTGTTCAAC-3)-SerGInDn  (5'-GGA-
ACTGCCCAAGGGATCGCCCGT-3) and  ArgRFin
(5-CGAATCAGAGTATAGACG-3)-SerGInUp  (5-GGC-
GATCCCTTGGGCAGTTCCTGG-3'). The two amplified
fragments were subsequently combined in a PCR

Strain or plasmid

Relevant genotype or description

Reference or source

E. coli XL1-blue MRF A(mcrA)183 A(mrr-hsd RMS-mcrBC)173 end A1 supE44 sthi- Stratagene
1 recA1 gyrA96 relAl lac [F' proAB lacl"ZAM15:Tn10(Tet")]

E. coli BL21(DE3) F~ ompT [lon] hsdSg (15~ mp ) gal dem (DE3) Novagen

E. coli TOP10 F mcrA A(mrr-hsd RMS-mcrBC) ®80 lacZAM15AlacX74 Invitrogen
deoR recAl araD139 A(ara-leu)7697 galll galK rpsL endAl
nupG

B. stearothermophilus NCIB8224 Wild-type 46

T. maritima MSB8 Wild-type 18

T. neapolitana DSM5068 Wild-Type 18

pET21d(+) bla, T7 promoter expression vector Novagen

pET21d-argR-His bla, T7 promoter, the T. neapolitana DSM5068 wild-type 18
argR gene fused to a C-terminal His-tag

pET21d-argRS107Q-His bla, T7 promoter, carrying the T. neapolitana Ser107GIn This work
argR mutant gene fused to a C-terminal His-tag

pTN52 bla, kan, pCR2.1-TOPO carrying a 3 kb argR gene region 18
from T. neapolitana

pHAS65 cat, argC-lacZ fusion in the pACYC184 vector under the 11
control of the B. stearothermophilus Parg promoter

pETamaB bla, pET3 T7 promoter, carrying the amaB gene from 49
B. stearothermophilus

pHAV2 bla, pBTac2 carrying the B. stearothermophilus PargC,argC 46
region

pCR2.1-TOPO bla, kan, T7 and Plac promoters, PCR cloning vector Invitrogen

pCR-argRm pCR2.1-TOPO, carrying the T. maritima MSB8 wild-type This work
argR gene with its own Shine-Dalgarno and stop codon

pCR-argRr, pCR2.1-TOPO, carrying the T. neapolitana DSM5068 wild- This work
type argR gene with its own Shine-Dalgarno and stop
codon

pCR-argRg,, pCR2.1-TOPO, carrying the B. stearothermophilus This work
NCIB8224 wild-type argR gene with its own Shine
Dalgarno and stop codon

pCR-argRsi07q pCR2.1-TOPO, carrying the T. neapolitana Ser107GIn argR This work

mutant gene with its own Shine-Dalgarno and stop

codon
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Table 4. Oligonucleotide primers used for amplification
of operator DNA regions labeled with IRDye or Dig

Primer Loc.? Sequence 5'-3

3 argRo Up 1 TATACAGCATAAATATAACACC

5 argRo 800 2 GTTACTCTTGAGTTACC

5 argRo Dig 3 CTCTTGAGTTACCAAAAC

3 argRo 4 TTATGAGTTCCTGTCTTC

3 argRo 700 5 TTATGAGTTCCTGTCTTC

5" argRo Down 6 ATAATTGTATGTGTTTTCAATCTG
5 argGo 800 7 CGAAAATAATATGTGGATTTCATCC
3 argGoUp 8 TATTTGAAATGATTTATATGAAG
5 argGo Down 9 ATAATGCTATAATTATGCTATC

3 argGo 700 10 GTATCGAGACCACCACTGTATGC
5 argGo 11 GACGGAGATTGTCTTTTCCG

3 carAB 12 CCGCCGAACCTG

5 carAB Dig 13 ACGTCATCATTGTGAATTAA

5 carAB 14 ACGTCATCATTGTGAATTAA

3 carAB 800 15 GCGCTGACTTAATCAAAACACCC
5 argCo Dig 16 GGCTGCCGGGACAAATCGG

3 argCo 17 CCCGTATGCCTCATGTAG

* Location of primers, numbered from 1 to 11, is illustrated in
Figure 2(c). DNA templates used for PCR amplifications are the
plasmid pTN52 for primers 1-6, genomic DNAs from T. mari-
tima for primers 7-11, from E. coli XL1 for primers 12-15 and
from B. stearothermophilus for primers 16 and 17.

reaction using Goldstar Taqg DNA polymerase (Eurogen-
tec) with the flanking primers ArgRDeb and ArgRFin to
amplify the full-length mutant argR gene, which was
then inserted in the pCR2.1-TOPO vector (TOPO TA
Cloning kit, Invitrogen). The presence of the mutation in
the recombinant vector was verified by DNA
sequencing.®® To construct the expression vector, the cod-
ing part of the mutant argR allele was amplified using the
TnR-Ncol (5-TTCACCATGGAGGTGTCGAAAAAAAG)
and TnR-Xhol (5-AACGAACTCGAGTATAGACG-
AGAGQG) oligonucleotides as primers, and cloned into the
Nceol and Xhol sites of pET21d + (Novagen) to obtain a
C-terminal His¢-tagged protein. Expression was performed
in E. coli BL21(DE3) induced with 0.1 mM IPTG at Asy nm
of 1.0 and further incubated for six to eight hours at 30 °C.
The Hiss-tagged repressor proteins were purified by
affinity-chromatography on a Ni*'-NTA column as
recommended (QIAexpressionist, Qiagen). Purified
samples were analyzed by SDS-PAGE as described™ and
the concentration determined as described.*

DNase | footprinting and missing contact probing

DNase I footprinting and missing contact probing
experiments were performed with single (5-*P)-end
labelled DNA fragments and non-tagged purified
ArgRy, repressor, as described.'**

Electrophoretic mobility-shift assay (EMSA)

Mobility-shifty assays were performed either with
single **P-end-labelled argG, fragments (see footprinting),
DIG-labelled fragments®' or fluorescent IRDye-labelled
DNA probes. The T. neapolitana argRo, T. maritima argGo,
B. stearothermophilus argCo and E. coli carAB, operator frag-
ments were amplified by PCR using as templates the plas-
mid pTIN52, and genomic DNA from T. maritima MSBS,
B. stearothermophilus NCIB8224 and E. coli XL1, respect-
ively, and a pair of primers, one of which was (5-*°P)-
labelled, 5-end-DIG-labelled or labelled at the first

position with IRDye700 or 800 (Table 4). The PCR products
were purified by polyacrylamide or agarose gel electro-
phoresis. Purified repressor proteins were diluted in the
DNA-binding buffer (20 mM Tris—HCI (pH 7.9), 50 mM
KCl, 50 mM NaCl, 0.1 mM DTT and 0.005% (v/v) surfac-
tant P20 from Biacore). EMSA was performed as
described,* except for the experiments containing IRDye-
labelled fluorescent probes, when gels were screened
immediately after migration with an Odyssey Imager
(LI-COR, Inc.). The apparent equilibrium dissociation con-
stants of the ArgR-DNA complexes (Kj, in monomer
equivalents) correspond to the protein concentrations
resulting in 50% binding.

Surface plasmon resonance

Biotin-labelled argCo, argRo and carAB, operator frag-
ments were prepared as described for the EMSA exper-
iments, with a 5'-biotinylated oligonucleotide as primer.
The fragments were injected at 5ng/pl and a flow-rate
of 5 pl/minute over the streptavidin-coated biosensor
chip (Biacore BA). Binding assays were conducted in
the DNA-binding buffer (see above) by injection of
wild-type and mutant ArgRy, proteins at 10, 25, 50 and
100 nM (monomer equivalents) for eight minutes (associ-
ation phase) followed by the injection of protein-free buf-
fer for 15 minutes (dissociation phase) at a flow rate of
20 pl/minute, at room temperature, using a Biacore
2000 (Biacore AB) apparatus. When mentioned, L-argi-
nine (at 10 mM) was included in the binding buffer.
Data for protein—-DNA interactions were evaluated from
sensograms using the 1:1 binding model (BIA evaluation
Software Handbook, 1999) and K, values estimated for
the ArgR monomer equivalents.

Protein arrays and fluorescent detection of DNA-
protein interactions

Hise-tagged ArgR proteins were dialyzed against PBS,
0.3M NaCl, 20% (v/v) glycerol and their concentration
determined using the lab-on-chip protein 200 plus assay
kit in the Bioanalyzer 2100 from Agilent technologies.
Proteins at 30 uM were serially diluted fourfold and
1.0 nl was printed with a GSM 417 arrayer (Affymetrix)
onto a BAS83 nitrocellulose membrane (Schleicher &
Schuell) attached manually to a glass slide.** Membranes
were incubated in DNA-binding buffer (20 mM Tris—
HCI (pH 7.9), 50 mM KCl, 50 mM NaCl, 0.1 mM DTT,
25 pg/ml of sonicated salmon sperm DNA) with 10 mM
L-arginine. The labelled probes (at 1.0ng/ml) were
added to the pre-binding solution and incubated for 12
hours at room temperature, and rotated slowly. Mem-
branes were washed with PBS containing 0.1% (v/v)
Tween and fluorescent signals were detected at 700 nm
or 800 nm with the Odyssey Imager (LI-COR, Inc.).

In vitro argGs.,, argR:, and argCgs promoter—
operator driven synthesis and ArgR,-mediated
repression

The structural argC gene with its control region was
amplified from genomic DNA of B. stearothermophilus
NCIB8224 with the primers upCo (5-CATAGACTTAGG-
GAGGGGC-3') and downargC (5-CCGCTTGAAATCCT-
TCCG-3'; located 95nt downstream of the argC open
reading frame), whereas the coding part was amplified
with the primers upargC (5-GATGGAGGTGTTCAACA-
TGATGAACGTAGCCATTATCGGG-3) and downargC.
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The argG gene and its corresponding control region was
amplified from genomic DNA of T. maritima MSB8 with
as primers the oligonucleotides upGo (5-CCATACCCC-
CACGGCGAAAACG-3) and downargG (5-CCTGGAG-
TGTACTATGGAGGCC-3), whereas the argRey,
promoter—operator region was amplified with pTNR52
plasmid DNA as template and as primers the oligonu-
cleotides upRo (5-GATCATTCTTTGCACCCCC-3') and
downRo (5-GTTGAACACCTCCATCTTTC-3'). To obtain
the argRy, promoter—operator-argC fusion construct, the
two fragments were mixed and amplified by overlap
extension with the oligonucleotides upRo and downargC
as primers. The pT7amaB template, used as a control,
was amplified with the pETamaB plasmid as template,
and the universal primers PT7 and PT7ter. In vitro tran-
scription—translation assays were performed with S30
extracts prepared essentially as described®® but with
minor modifications. Protein synthesis was performed
with 60 ng of linear template DNA, at 37 °C for 90 min-
utes with 10 uCi of L-[*S]-methionine (specific activity
of 1000 Ci/mmol; 37 TBq/mmol; Amersham Pharmacia
Biotech), when indicated in the presence of increasing
amounts of ArgRy, previously dialyzed against DNA-
binding buffer. The synthesized products were separated
by SDS-PAGE Gels were fixed on 3 mm paper and auto-
radiographs were made after treatment of the gels with
an amplifier solution (Amersham Pharmacia Biotech).
Quantification was performed with a Phosphor-Imager
6445 SI (Molecular Dynamics).

Detection of ArgR;,-mediated repression in
E. coli cells

It has been demonstrated that ArgRg. is unable to
repress the  B.stearothermophilus —argC  promoter
activity.**** The high copy number plasmid pCR-TOPO
and derivatives carrying the wild-type or 5107Q mutant
argRy, transcribed from the P, promoter were trans-
formed into E. coli Topl0F cells harboring the compati-
ble low copy number plasmid pHAS65, bearing the
argCpy :: lacZ reporter gene construct, in which lacZ
transcription is driven by the B. stearothermophilus argC
promoter-operator.** Hence, the B-galactosidase levels
provided by the lacZ fusion construct in E. coli reflect
the capacity of the heterologous ArgR protein to modu-
late the B. stearothermophilus argC promoter activity. A
single colony of the transformants was taken from a
fresh plate and used directly for growth to mid-exponen-
tial phase (Asp nm 0.4-0.6) in LB broth supplemented
with chloramphenicol and kanamycin. To evaluate
ArgRy,-mediated repression, [-galactosidase assays
were performed as described.”
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