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ABSTRACT

Prr/RegA response regulator is a global transcrip-
tion regulator in purple bacteria Rhodobacter
sphaeroides and Rhodobacter capsulatus, and is
essential in controlling the metabolic changes
between aerobic and anaerobic environments. We
report here the structure determination by NMR of
the C-terminal effector domain of PrrA, PrrAC. It
forms a three-helix bundle containing a helix—turn—
helix DNA binding motif. The fold is similar to FIS
protein, but the domain architecture is different
from previously characterised response regulator
effector domains, as it is shorter than any character-
ised so far. Alignment of Prr/RegA DNA targets per-
mitted a refinement of the consensus sequence,
which contains two GCGNC inverted repeats with
variable half-site spacings. NMR titrations of PrrAC
with specific and non-specific DNA show which sur-
faces are involved in DNA binding and suggest
residues important for binding specificity. A model
of the PrrAC/DNA complex was constructed in
which two PrrAC molecules are bound to DNA in a
symmetrical manner.

INTRODUCTION

The purple, non-sulfur bacterium Rhodobacter sphaeroides
has very versatile metabolic activities. Under low oxygen
conditions, the global regulator Prr (homologous to Reg in
Rhodobacter capsulatus) coordinatively controls a number
of genes involved in the switch between aerobic and
anaerobic lifestyles. It activates genes involved in photo-
synthesis, nitrogen and carbon fixation, and regulates other
energy generating and consuming processes and its own
expression (1).

The Prr/Reg system is a bacterial two-component system
(2), and consists of the two proteins PrrB and PrrA. Proteins
homologous to PrrB and PrrA have been found in other
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proteobacteria including non-photosynthetic bacteria, sug-
gesting conserved mechanisms and/or properties, despite
different in vivo functions (3,4). PrrB, a membrane-
bound histidine kinase, is activated under low oxygen
conditions, and autophosphorylates on a conserved histidine.
It then transfers the phosphate to the response regulator
(RR) PrrA, on a conserved aspartate, which increases its
DNA-binding activity.

Sequence analysis suggests that PrrA consists of two
domains. The N-terminal receiver domain (residues 1-130)
is common to all bacterial TCS RRs, and there are a number of
structures of these domains, e.g. FixJ (5) and NtrC (6). The
C-terminal domain runs from approximately residue 141 to the
C-terminus (184), with a short proline-rich linker between the
two domains. Although sequence analysis of the C-terminal
domain suggests a helix—turn-helix (HTH) DNA-binding
motif, there are no structures of any close homologues despite
important sequence identities with other RRs and transcription
factors. The PrrA C-terminal sequence is highly conserved in a
number of bacteria, defining a Prr/Reg family of RRs (3). The
HTH motif (residues 159-179) is 100% conserved within the
family, and ~90% for the whole C-terminal domain (residues
139-184) (3). This degree of conservation is unusual for RRs,
even for RRs having the same function in related organisms.
Indeed, they are so highly conserved that PrrB and/or PrrA can
be exchanged between organisms in the PrrA family, in vivo or
in vitro, and still allow phosphate transfer and gene regulation
(3,4). The DNA sequences recognized by this family have
only weak sequence similarity, even within one organism, as
observed with DNA sequences identified by DNase I protec-
tion with the constitutively active mutant RegA* (1) and
SELEX selected DNA fragments recognised by the
Bradyrhizobium japonicum RegR protein (7).

Although all RRs share a common receiver domain, and
most are DNA-binding proteins, they function differently (2).
Binding to DNA occurs in a symmetrical manner to inverted
repeat sequences, as seen with NarL (8), but PhoB/OmpR
family effector domains as well as SpoOA bind in a tandem
arrangement to direct repeats (9,10). Many questions remain
concerning RR function due to their high versatility.
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The study of PrrA is of importance because of the lack of
structural studies on the family despite considerable bio-
chemical and genetic information. Furthermore, PrrAC is
predicted to be one of the simplest folds so far for RR effector
domains and does not belong to any of the three main effector
domain families (OmpR/PhoB, NtrC/Dcdt, NarL/FixJ). Here
we determine the structure of the C-terminal domain of PrrA
(PrrAC); map how the domain binds to DNA; identify the
residues involved in both specific DNA recognition and non-
specific DNA binding; and present a model for PrrAC binding
to its target DNA.

MATERIALS AND METHODS
PrrA and PrrAC expression and purification

The full-length R.sphaeroides PrrA protein (184 residues), and
the C-terminal domain PrrAC (125-184) were cloned into
pET14b plasmids (Novagen) between Ndel and BamHI
restriction sites and contain at the N-terminus an extra 21
residues with a Hisg-tag and a thrombin cleavage site (11).
BL21 (DE3) pLysS and BL21 (DE3) Escherichia coli cells
were transformed with pETprrA and pETprrAC, respectively.
Transformed bacteria were grown at 37°C under agitation,
induced with 0.4 mM IPTG at ODsgsp,,, = 0.8 and left at 30°C
for 3 h. Cells were disrupted by sonication and the proteins
were first purified with Ni-NTA chromatography (Qiagen)
where proteins eluted between 60 and 100 mM imidazole. A
final gel permeation chromatography step (G75, Pharmacia
Biotech) produced PrrA and PrrAC to a purity >95% (SDS-
PAGE Coomassie Blue stained). Uniformly !N- and ’N-13C-
labelled samples were produced using M9 minimal medium as
a culture medium instead of LB, supplemented with SN
(NH,4)>SO,, or 5N (NH,4),SO, and '3C glucose. The proteins
were studied in NaH,PO, (50 mM) buffer pH 6.0, NaCl
(50 mM), (NH4),SO4 (200 mM) and DTT (10 mM). MgCl,
(10 mM) was added to ensure the presence of a magnesium ion
in the active site of the full-length protein. Protein concen-
trations were 1 mM for PrrAC and 400-500 uM for PrrA. Ten
per cent D,O was added to samples for NMR experiments and
20 pl of protease inhibitor cocktail complete (Roche) to
PrrAC. PrrA was phosphorylated with BeF;~, a non-hydro-
lysable mimetic of the phosphate group (12), using BeCl,
(2 mM) and NaF (6 mM). Vivaspin (Sartorius) were used for
buffer exchanges and concentration steps.

NMR experiments and structure calculation

The NMR experiments were recorded on Bruker DRX-500
and DRX-600 spectrometers at 275 K. The spectra acquired
were N-HSQC, HNCA, HNCO, HN(CA)CO, CBCA(CO)-
NH, HNCACB, N-edited TOCSY-HSQC, 'H-TOCSY,
CCH-TOCSY, HCCH-TOCSY, !3C-HSQC (aromatic and
aliphatic versions), N and '3C-edited NOESY (100 ms
mixing time), and "N T}, T, and NOE.

Backbone assignment was performed using the asstool
package (Leicester University NMR group) by matching Ca,
CB and CO chemical shifts. TALOS (13) dihedral angle
restraints were introduced using ranges set at twice the
TALOS standard deviations. NOE restraints were calibrated
on known distances in the helices and divided into three
categories: <2.8, <3.8 and <5 A. For determination of
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Table 1. Structural statistics for PrrAC structure determination

Unrefined? H,O refined?
Restraint violations i
NOE violations >0.5 A 0.6 £ 0.7 1.7 £ 1.0
NOE violations >0.3 A 2*+1 4*1
Dihedral violations >5° 0 0
RMSD from experimental restraints
Distance restraints (A)P 0.06 = 0.02 0.06 = 0.02
Dihedral restraints (°)° 0.5 = 0.1 0.5 £ 0.1
Coordinate precision (residues 143-179) (A)d
Backbone 04 03 04 0.3
All heavy atoms 1.0 £ 0.8 1.0 £ 0.7
Ramachandran analysis®
Most favoured region (%) 81.9 83.1
Additionally allowed region (%) 14.3 139
Generously allowed region (%) 2.3 1.4
Disallowed region (%) 1.6 1.6
Energyf kcal/mol
Overall 521 = 15 -1502 = 63
Bond 6.1 £ 0.7 20 =3
Angle 46 + 4 96 = 10
Dihedral 320 x5 323 £7
Vdw 77 =5 -105 = 18
Electrostatics NA —1995 = 70
NOE 55 =13 115 £ 22
Dihedral (TALOS) 1.0 £03 1.0 £ 0.6

Difference from ideal values

Bond (A) 0.0024 = 1 X 10 0.0044 = 3 X 10*
Angle (°) 0.40 £ 0.02 0.58 * 0.03
Improper (°) 0.28 = 0.02 14 =02

2Values are calculated for 20 best structures energetically.

438 intra-residue, 211 sequential, 188 medium-range 2 < d < 4, 105 long
range d > 4.

€62 phi and psi restraints (TALOS).

dAfter alignment of backbone atoms of residues 143-179.

¢Calculated with Procheck-NMR (37).

fFrom Aria 1.2.

hydrogen bonds involving amide protons, the PrrAC sample
was diluted twice into D,O containing buffer, and hydrogen
bonds were introduced for non-overlapping N-HSQC amide
protons showing some protection after 60 min.

The final restraints list consisted of 942 unambiguous NOE
distance restraints, 62 dihedral angle restraints obtained from
TALOS (13), and 12 hydrogen bonds from H-D exchange
experiments (see Table 1). Processing, viewing and analysis of
the NMR spectra were performed with Felix2000 (Accelrys
Inc., San Diego, CA). Molecule viewing and construction of
the DNA/protein model was done with Pymol (Delaglio
Scientific).

CNS 1.1 (14) was used for structure calculation with the
anneal standard protocols using the protein-allhdg parameters.
ARIA 1.2 (15) was used for its water refinement protocol
re_h2o0 described in (16). NOE restraints were used as
unambiguous data to calculate 100 structures with the refine
protocol. The 25 best energy structures have been water
refined and the 20 best energy structures retained as final
structures. Five of these structures have been deposited in the
Protein Data Bank under the accession code lumg.

DNA titration experiments with PrrAC

DNA sequences were chosen from sequences identified by
DNase I protection experiments using the RegA* (A95S)
mutant (17). Two sequences were chosen, one from the
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R.sphaeroides cycAP2 promoter sequence 5’-tcgttgtgcggc-
aatccgtcatata-3” (18) and one from the R.capsulatus puc
promoter sequence 5’-actgcggcaaattcggccacceceg-3” (17).
Both sequences were chosen to have ~5 bp on each side of
the prrA consensus sequence and a total length of 25 bp. The
two puc half-sites were designed as follows with the
underlined regions corresponding with the wild-type oligo-
nucleotide: pucR (5'-actgcggcaaatttttttttttttt-3") and pucL
(5’-aaaaaaaaaaattcggccacccecg-3’). A non-specific 25 bp
sequence (ACTG repeat) was also chosen (5’-actgactgact-
gactgactgactga-3’).

Specific sequences (puc and cycAP2) were purchased from
Genosphere (Paris, France) after RP-HPLC purification. The
ACTG repeat and the pucR and pucL oligonucleotides were
synthesised by Dr A. Moir (Sheffield University, UK). The
DNA duplexes were formed by heating at 95°C for 5 min in
TE buffer (10 mM Tris, pH 8.0, 50 mM NaCl, 1 mM EDTA)
followed by a slow cooling for 3 h. The presence of double-
stranded DNA was checked with 15% PAGE. The DNA
duplexes were then exchanged against the PrrAC buffer using
Vivaspin (Sartorius) and concentrated for NMR titration
experiments. PrrAC (~200 uM) and DNA stock solution
(~1 mM) concentration were similar in each experiment to
minimize differences due to sample dilution. PN-HSQC
titrations were recorded by adding DNA to 60 nmol of PrrAC
in steps of 0.25 molar equivalent up to 1.5 equivalents DNA/
protein for specific DNA and up to two equivalents in steps of
1 molar equivalent for the ACTG repeat. Chemical shift
changes were classified by a [(8H)? + (8N/10)?]'? weighted
difference.

RESULTS
NMR assignment of PrrAC

The PrrAC protein corresponding to residues 125-184 of
R.sphaeroides PrrA was expressed and purified uniformly
labelled for NMR experiments (see Materials and Methods).
NMR experiments on PrrAC were acquired at 2°C in the
presence of 200 mM (NH4),SO,4 to obtain optimum quality
NMR spectra combined with maximum sample solubility and
stability. Backbone assignment is complete. Several extra
peaks in the 'N-HSQC and the backbone triple-resonance
experiments were rejected because they represented minor
conformations of the protein, mainly in the Hise-tag region
and the disordered N-terminus of PrrAC. Side chain assign-
ment is almost complete. His170 aromatic protons could not
be identified, even via through-space connectivities, probably
because of overlaps with the Hisg¢-tag signal. Argl45 and
184 He could not be assigned because of overlaps. The hydroxyl
proton Thr163 Hyl had slow enough solvent exchange to be
identifiable in NOESY spectra, probably because the residue is
completely inaccessible to solvent. To date it has not been
possible to identify a likely hydrogen bonding partner of
Thr163 Hyl. NMR assignments have been deposited with
BioMagResBank (BMRB accession code 5920).

Structure calculation

The protein studied here, PrrAC, consists of an N-terminal
21-residue His-tag, the last few residues of the N-terminal
domain (residues 125-130), the inter-domain linker (residues

131-140) and the C-terminal domain of PrrA (residues 141-
184). The initial structure calculation was carried out using
CNS 1.1 (14) with only 644 unambiguous NOE restraints (391
intra-residue, 136 sequential, 62 medium range and 51 long
range) and 76 TALOS restraints (13) based on '3C chemical
shifts (see Materials and Methods). More NOE restraints
could be assigned, based on distances in the first structures
obtained, and were added progressively. The final set of
restraints is indicated in Table 1. TALOS restraints at the edge
of the a-helices were systematically causing NOE violations
and forbidden phi and psi angles and were removed. Hydrogen
bond restraints were only introduced in the later stages of the
structure determination. Among the hydrogen bonds intro-
duced as restraints, two involve loop residues: Tyr153 O-R158
HN, forming an (7, i + 5) connectivity, and His170 O-Leul74
HN. These are particularly important in helping the loop
residues to adopt torsion angles in the accepted regions of the
Ramachandran plot. The final structures using CNS did not
present any significant nor systematic NOE or dihedral
violations. In order to refine the structure in explicit solvent,
the final set of restraints was used to calculate 100 structures
using the ARIA 1.2 standard annealing protocol (16), and the
25 lowest energy structures of these were refined using the
ARIA water refinement protocol (15). The 20 structures of
best total energy are shown overlaid in Figure 1 with the
structural statistics of the refined and unrefined structures in
Table 1. The water refinement process increases the number of
NOE violations but improves the Ramachandran plot, as
expected (15).

The N-terminus of the expressed protein (which contains
parts of the N-terminal domain and the inter-domain linker) is
disordered, and the folded domain extends between M139 and
K180. Rapid timescale motion of PrrAC was studied using N
relaxation experiments (7, T» and 'H-'SN NOE), which show
disordered N- and C-termini and no particularly mobile
residues in the structured part, even in the loops. Residues
E136 to M139 are poorly defined in the structures due to the
absence of restraints, but the relaxation data show that the
backbone here is not as mobile as the rest of the N-terminus.
This suggests that these residues retain interactions with the
folded domain and are not fully disordered in solution.

PrrAC is a three-helix bundle HTH

PrrAC forms a three-helix bundle (residues 141-156, 160-167
and 171-180), each helix forming about a 30° angle with the
next one. Helices o7 and a8 form the predicted HTH motif, of
which the recognition helix, o8, is expected to insert into the
major groove of DNA. The domain is structured via the
formation of an extensive hydrophobic core involving 1149,
1152, C156, T163, L167, M169, L174 and L178, in which side
chains are completely buried but also W146, Y153, V160,
R166 and 1177, which are only partially buried.

PrrAC belongs to the abundant family of three-helix bundle
HTH DNA-binding domains, and the program Dali shows that
it presents structural homologies with prokaryotic and
eukaryotic DNA-binding domains such as DNA polymerase
and many transcription factors (19), but with <20% identity on
average. Despite low sequence similarities with known
structures, 3DPSSM (20) predicts that PrrAC belongs to the
E.coli Fis family (Factor for Inversion Stimulation) (21).
Using Dali (19), PrrAC and Fis have 19% identity and an
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Figure 1. Stereo view of 20 overlaid PrrAC structures. The 20 best energy, water refined, structures of PrrAC calculated from NMR restraints, with the
residues in helices coloured in red. The residues N-terminal to the area represented (137-184) are disordered. PrrAC amino acid sequence and secondary

structure are indicated.

RMSD of 2.2 A using C,, atoms between residues 140 and 182
from PrrA and residues 54-96 from Fis. The most structurally
similar RR effector domain is from NtrC (22), a domain highly
similar to Fis. PrrAC is less homologous to Salmonella
typhimurium NtrCC than to Fis, having only 14% identity and
3 A RMSD on the C, of residues 140184 of PrrA.

Phosphorylated PrrA and PrrAC bind DNA

PrrA is regulated by phosphorylation, and it has been
suggested that it is able to bind DNA even when unphos-
phorylated (23). Phosphorylation of PrrA by a phosphate
analogue, BeF5;~ (12), results in PrrA dimerisation (Laguri,
Phillips-Jones and Williamson, manuscript in preparation),
similarly to many RRs. Binding of PrrA, phosphorylated PrrA
and PrrAC proteins to a 25 bp section of the cycAP2 promoter
known to be bound by RegA (18) was tested by 1D 'H-NMR.
Line broadening on addition of DNA shows that PrrA + BeF3~
and PrrAC significantly bind DNA, PrrA + BeF;™ apparently
with the higher affinity (data not shown). The lack of line
broadening for PrrA could indicate weak or no binding. This
confirms previous suggestions that the N-terminal domain has
an inhibitory activity on DNA binding of the C-terminal
domain in unphosphorylated PrrA. PrrA + BeF;~ does not
produce an NMR spectrum of sufficient quality to investigate
DNA binding at a molecular level and therefore PrrAC
was used to investigate DNA binding and specific DNA
recognition at a molecular level.

A refined consensus PrrA DNA-binding sequence

The PrrB/PrrA system is a global regulator in R.sphaeroides
and R.capsulatus. PrrA-binding sites in gene promoters known
to be regulated by the PrrB/PrrA system have been identified
by DNase I protection experiments using a hyperactive PrrA

mutant from R.capsulatus, RegA* (1,17,18,24-27), and by
in vitro selection experiments involving gel retardation assays
with wild-type B.japonicum RegR (7). The study on the RegR
NifA2-binding site defined a 17 bp minimum binding sequence
containing an inverted GCG repeat with an A/T-rich section
between the two repeats and 11 positions critical for DNA
binding (the RegR box shown at the bottom of Fig. 2). The
alignment of PrrA-binding sequences is difficult due to the low
conservation of the recognition elements but also because of
the variable distances between the half-sites. Alignments were
performed with Tcoffee (28) and additional manual adjust-
ments using the previously determined consensus sequences
(1,7), and maintaining the alignments within the DNase
protection regions. The new alignment is shown in Figure 2.

The consensus sequence found is YGCGRCRxXT,T,x-
GNCGC (Y = pyrimidine, R = purine, N = any nucleotide
and x a variable number of bases) and is in agreement with the
‘RegR box’ alignment (5-GNGRCRTTNNGNCGC-3") (7). It
differs from the alignment performed by Swem and colleagues
where the different spacing between the recognition elements
was not taken into account and where some aligned sequences
were outside the DNase protection data (1). Because of the
poor conservation of the consensus sequence the alignment
should be considered to be tentative, not least because
sometimes several PrrA-binding sites are possible within the
same DNA sequence. The main features of the PrrA-binding
sites presented in Figure 2 are: the palindromic GCGNC...
GNCGC consensus that we may safely assume forms the
specific recognition elements for the binding of two PrrA
monomers, probably as a symmetric dimer; the central AT-
rich section; and the variable distance between the left and
right sites. It can also be noticed on the alignment that the left
and right sites are not usually symmetrical. Although the
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reg R.cap
pufl R.cap
eycAl R.cap
eyce¥d R.cap
cconogp R.cap
ebbIIZ R.sph
cydABl R.cap
cydAB3 R.cap
cbbIl R.sph
pufZ R.cap
petABCZ R.cap
eyeY3 R.cap
abbII1 R.sph
cycdA P2 R.sph
cbbIZ R.sph
cycid R.cap
eycA3 R.cap
nifAZ R.cap
cbbIIZ R.cap
cbbI3 R.sph

puc R.cap cggccaco
eycAlZ R.cap goctgogge alefa = fulats fa]
abbIIl1 R.cap ggccaage g--tocegoprgoag
cbbIl R.cap gtetttigs Egcgg—— tiggkgcgg---
cydAB2 R.cap tgeottigg :g'aa—— t ug:: tgtga
hupl R.cap g a-aa-thsppcaco
aebbII5 R.sph gctga P c--sgpkpggacca
petABC3 R.cap ctaaac actg-t-d cogoa
cbbII6 R.sph ggcgtggl

aggc—tgz Fgcpgcgg
cecatetpge Ea:—at toogt
~ttgathgtcgchaaga-
tttegogoegpgc-tga
goococago aaaaag
tgatoggeo Etttate

cbbII3 R.sph
cyc¥l R.cap
cbbI4 R.sph
petABCl R.cap
aeyc¥2 R.cap

hup2 R.cap ttttetgegapatttgd ttete
abbIZ R.caps gggcttgoggggactatg ccttg
cbbIT4 R.sph gttettgopggtocattts cagg

RegR nifAZ B. jap gcgtg
RegR box B. jap
consensus

Figure 2. Alignment of DNA sequences recognised by PrrA/RegA. DNA
sequences are identified by DNase I protection with R.capsulatus RegA*
(1,17,18,24-27) and by gel retardation assays with B.japonicum RegR (7).
The consensus sequence found for RegR, the RegR box, is indicated. A con-
sensus sequence determined from this alignment is also indicated and the
identities with this sequence outlined. N stands for any nucleotide, Y for
pyrimidine, R for purine and M for A or T. The sequences have been sorted
by increasing distance (in bp) between the GCG and CGC repeats, ranging
from 3 (top) to 9 (bottom).

consensus sequence is an imperfect repeat, the PrrB/A gene
cluster site itself forms a perfect palindrome.

The number of bases between GCG and CGC motifs, which
are found more often in the sequences than the entire
palindrome and are thought to be the main recognition
elements, range from 3 (for the PrrA cluster sequence) to 9 nt.
The sequences have been represented in Figure 2 with an
increasing distance between the GCG inverted repeats. This
variable distance puts the recognition elements at different
relative positions on the B-DNA helix and suggests that the
PrrA dimer and/or the DNA itself would have to adopt
different conformations to adapt for different spacings,
probably with different affinities.

A careful study of DNA/protein complexes (29) showed
that in most such complexes the DNA is bent. Furthermore,
the bending is not usually continuous but shows kinks at

discrete sites. The kink sites are generally formed by
pyrimidine—purine (YR) steps [CA (= TG), TA or CG], a
particularly flexible combination (30), which for proteins that
bind DNA in adjacent major grooves, as many dimers do, are
usually found about one helix turn apart (§—10 bp) (31). In the
PrrA-binding sequences, whatever the distance between the
right and left repeats there are always two YR steps 8—11 bases
apart. We therefore suggest that the binding of PrrA to DNA
fits this model and is accompanied by kinking. In support of
the kink hypothesis, we note that GC-rich regions and AT-rich
regions favour compression of the major and the minor
groove, respectively, therefore are likely to encourage the
bending process (32).

Specific and non-specific DNA binding of PrrAC

BN-HSQC titrations of PrrAC with 25 bp DNA fragments
were recorded. Two specific PrrA targets were chosen for this
study, the R.sphaeroides cycAP2 (18) and R.capsulatus puc
(17) binding sites (Fig. 2), as well as a non-specific fragment,
which does not contain the consensus sequence, as a control
(see Materials and Methods). The 1N, 'H backbone (Hy) and
side chain (R He, N H62 and Q He2; Fig. 3) chemical shift
changes upon DNA binding are very similar for cycAP2 and
puc (Fig. 4). The largest variations involve the HTH motif and
especially the first half of the recognition helix, but also the
a6—07 loop and to a lesser extent the beginning of 6.
Binding to the puc sequence appears stronger than to cycAP2;
the chemical shift changes are larger, and some peaks also
experience exchange broadening, suggesting a more inter-
mediate exchange regime (Fig. 3). Some peaks disappear
before a 0.5 DNA/protein molar ratio (N159 H82 and V160,
R171 and R172 HNs).

PrrAC is also able to bind to a non-specific sequence, but
more weakly than to puc or cycAP2. The backbone residues
perturbed are similar to the ones affected by puc and cycAP2,
but the pattern of chemical shift changes for the side chains is
quite different. In particular, the side chain resonances of
R166, R172, R176 and R181 seem to be only affected in the
complexes with specific DNA, whereas R143, R158, R171
and N159 change in both specific and non-specific complexes.
This difference most likely reflects the different interactions
involved in sequence-specific contacts, and contacts with the
DNA phosphate backbone, respectively. Specific and non-
specific contacts are discussed in the model presented below.

PrrA forms a dimer when activated and is likely to bind to
the two inverted GCG motifs cooperatively, as in many DNA-
binding proteins. In the titration assays with PrrAC described
above, it is difficult to assess if the domain is able to bind one
or two sites, and also if the relative affinities vary depending
on the similarities with the consensus sequence. We investi-
gated this by repeating the NMR titrations, but using the two
half-sites of the puc sequence separately. For each DNA
sequence, the other half-site was replaced by a string of T or A
to make an efficient binding site possible only on one of the
half-sites for each DNA fragment. Furthermore, the size of the
DNA fragment was maintained to 25 bp to produce a
molecular complex of the same size, hence similar broadening
effects (see Material and Methods). PrrAC was found to bind
to both half-sites with comparable affinity, since the chemical
shift variations were of similar amplitude. However, the
decrease in N HSQC peak intensity during the titrations,
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Figure 3. 'N-HSQC titration of PrrAC with puc DNA fragment: side chain region of the spectrum. Increasing quantities of the 25 bp DNA fragment were
added to PrrAC; in black before addition, and in red, green and blue for 0.5, 1 and 1.5 DNA/protein molar ratios, respectively. The residue numbers of the
side chains involved in puc binding are represented in red. Residues involved in DNA binding have peaks exhibiting chemical shift variations and/or exchange
broadening, which alters the peak shapes. The intensity of the peaks are corrected for dilution.

reflecting the formation of a protein/DNA complex through
line broadening, goes in the order pucL < pucR < puc. The
main contribution to peak broadening is coming from pucR
(due to slower chemical exchange) but is more important
when both sites are present, probably due to the formation of a
larger complex when two PrrAC molecules are bound to DNA
at the same time. The chemical shift variations between the
two half-sites are significantly different, mainly in the areas
involved in DNA binding, which exhibit more perturbation for
pucR than for pucL (R143, T163, R166, T173, R176, A179
and R184 HN, R171, R172, R176 He). In a similar way as
between puc and the ACTG repeat binding, more side chains
are involved in binding pucR than pucL. This is expected from
the sequences of the two sites, since pucR contains the
consensus sequence (YGCGRCR) whereas pucL exhibits less
conservation, and the putative PrrAC-binding site is hard to
predict within the sequence (see Materials and Methods).
The residues involved in sequence-specific DNA recogni-
tion are located for HTH domains in the recognition helix, and
are in contact with the bases on the major groove floor. In the
PrrA recognition helix, R172, R176 and R181 have different
behaviours between specific and non-specific DNA binding,
while T173, R176, A179 Hys and R171, R172 and R176 Hgs
differ between pucR and pucL. R171, R172 and R176
positions on the recognition helix (Fig. 4B and C) associated
with their involvement in specific binding are proposed to be
the main residues important for DNA-binding specificity.
Other side chains (R143, R158 and N159) are implicated in
non-specific binding, presumably to the phosphate backbone.

Model of PrrAC bound to DNA and discussion on the
mode of PrrA DNA binding

A model of the PrrAC/DNA complex was constructed, using
the NMR-derived structure of PrrAC and DNA taken from
the structure of 434CRO complexed with DNA (33).
434CRO-bound DNA represents a good model for PrrA

binding because it is bent by kinking upon protein binding at
two YR steps 10 bases apart (32), a characteristic suggested
here to be shared by PrrA-bound DNA. Standard linear
B-DNA models, as well as several other kinked DNA
structures, could be fitted with PrrAC (e.g. 434REP, NarL).
Some other kinked structures, including a model of DNA
bound to Fis (34), fitted less well. In the successful fittings, the
most important characteristic is a sufficient width of the major
groove of the DNA to be able to accommodate PrrAC.

In order to define a model in which the residues important
for binding specificity would be positioned in close contact to
the DNA bases, a code for residue-base specific contacts in
HTH proteins has been used (35). It defines a binding score
combining a chemical merit, from observed contacts in DNA
complexes between residue types and base types, and a
stereochemical merit defined from observed contacts in HTH/
DNA complexes between residues of the recognition helix and
bases from the top and bottom strands of DNA, depending on
the size of the amino acid side chain (small, medium or large).
The HTH proteins usually recognise four bases and the
stereochemical code involves four residues from the recogni-
tion helix (residues 1 and 2 and residues 5 and 6, which are one
helix turn apart) making contacts with four bases from the top
and bottom strands. According to this recognition code, the
residues in PrrAC involved in recognising the core consensus
motif (GCG) would be R171, R172, Q175 and R176 as
represented in Figure 5. These arginines were proposed above
as being important for specific recognition; furthermore,
arginines contact guanine bases almost exclusively, with the
possibility of forming two hydrogen bonds (35). Q175 is in a
good position on the recognition helix to have contact with
bases, but without specificity. Glutamines are able to bind
bases almost indifferently (35).

A model of the complex was built, in which two PrrAC
domains were fitted to bind two GCG inverted repeats (the
bases corresponding to these positions in 434CRO-bound
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Figure 4. Representation of chemical shift variations of PrrAC (residues 137-184) upon binding to R.capsulatus puc DNA sequence. The variations were
comparable for puc and cycAP2 promoter sequences. Large and medium backbone HN chemical shift variations are, respectively, in red and orange. Side
chains experiencing chemical shift variations are shown, in green for the ones affected only by puc binding and in blue the ones affected by both specific and
non-specific DNA binding. The protein is shown with the same orientation in (A) and surface representation (B). A continuous surface is affected by DNA
binding: the recognition helix o8 and the a6—07 loop, plus the beginning of 06. A perpendicular view (C) close to the orientation that PrrAC would have
when bound in the major groove of DNA (see Fig. 6) shows that most of the contact made by PrrAC would mainly involve the floor and one side of the
major groove. The main difference between puc and cycAP?2 titrations is the Q175 He side chain, which is affected only by binding to puc.

Top strand 3»C G C N 5

Recognition helix NR;; R

Bottom strand G C G N 3
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Figure 5. Proposed contacts between PrrAC and the GCG conserved motif.
Pattern of contacts suggested between the residues proposed to be in contact
with bases and the GCG motif according to the contact code (35). The resi-
dues on the recognition helix are represented between the two strands of
DNA. The lines represent observed contacts in HTH/DNA complexes (35).
The continuous lines represent the contacts with the best chemical and
stereochemical scores and the dashed lines the possible contacts, consider-
ing the length of the amino acid side chains. The best scores contacts were
used to make the model in Figure 6. Arginines bind almost exclusively
guanine bases, so make highly specific protein/DNA contacts, whereas
glutamines are observed to be able to make contacts with any base.

DNA) separated by 6 bp (Fig. 6). The orientations of the R171,
R172, Q175 and R176 side chains are at a distance compatible
with the contacts proposed in Figure 5. DNA and PrrAC have
been manually positioned to minimize van der Waals contacts

and reflect titration results without any attempt at energy
minimisation. The arrangement of the PrrAC molecules on the
model places their N-termini 30 A apart (S140-S140 Cav), and
presents no dimer interface. The distance between the two
N-termini of the effector domain is similar to the distance of
~30 A observed between the two C-termini of phosphorylated
FixJN dimer (5), and would not be incompatible with PrrAN
adopting the same dimer conformation. The inter-domain
linker of about 10 residues would furthermore allow some
flexibility in the relative position of the two effector domains
bound on the two DNA half-sites, and therefore allow
variability in the separation of the GCG repeats.

In the model, side chains affected by both specific and non-
specific binding are in good position to contact the phosphate
backbone (R143, R158 and N159). Furthermore, side chains
affected only by specific binding, or affected differently
between pucR and pucL, are in position to make specific
contacts with bases with the exception of R166 and R181,
whose conformation does not allow contact with DNA bases
without drastic changes in backbone angles (Fig. 4). The R166
side chain has a well-defined position in the structures having
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Figure 6. Model of two PrrAC monomers bound to a 20 bp DNA fragment.
(Top) A view of both monomers. (Bottom) A detail of PrrAC/DNA inter-
actions. PrrAC monomers were fitted to respect the protein/DNA contacts
predicted in Figure 5, the DNA titrations and the DNA and protein surfaces.
R171, R172, Q175 and R176 side chain positions are at a distance where
the predicted contacts would be possible. The recognised GCG inverted
repeats have been coloured by DNA strand (brown and olive). The PrrAC
colour code is as in Figure 4. R166 and R181 have been omitted for clarity.

medium and long-range NOE restraints with o6 and o7
residues (R151, 1152, M155, E162 and T163) and is packed
against the hydrophobic core. This residue could be affected
by a conformational change (or a change in local dynamics)
occurring only when a specific DNA sequence is bound. This
residue might be reporting a conformational change important
in signalling the correct DNA binding to the N-terminal
domain or to a 6-RNA Polymerase subunit.

DISCUSSION

The Prr/Reg system has been extensively studied, both from
genetic and biochemical approaches. The way PrrA is
activated upon phosphorylation, a phenomenon still difficult
to characterise in RRs, is still unclear. We report here the
structure of the effector domain of PrrA, which belongs to the
abundant family of three-helix bundle HTH-containing
domains but is not closely homologous to any characterised
RR effector domain or DNA-binding domain. Upon phos-
phorylation, PrrA forms a dimer and must undergo an inter-
domain rearrangement, weakening inter-domain interactions,
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to allow dimerisation and correct orientation of PrrAC for
efficient DNA binding.

Alignment of the known sequences bound by PrrA/RegA
allowed a refinement of the PrrA consensus sequence showing
the presence of two inverted GCGNC repeats, which are
poorly conserved and present different spacings between the
two half-sites. An interesting characteristic shared by the
sequences is the presence of pyrimidine—purine steps, par-
ticularly flexible in DNA. It suggests that the recognition of
PrrA/RegA proteins involves also structural features of the
DNA. Analysis of the two promoter sequences cycAP2 and
puc using the program bend.it (36) shows a pronounced
bendability about 10 bases apart at the two half-sites and
predicts an intrinsic curvature of the DNA centred between the
two half-sites in the A/T-rich region (data not shown). PrrA
and homologues might not only recognise a sequence, which
is poorly conserved and often asymmetric, but also the
curvature of promoter DNA and its bendability at the binding
sites. These calculations support, on two promoter DNA
sequences demonstrated in this study to be bound specifically
by PrrAC, the hypothesis of an indirect read-out of the DNA
sequence, adding to the specific recognition elements.

Binding of PrrAC to specific, non-specific and half-site
DNA sequences showed which areas of the domain are
involved in binding DNA and what residues are involved in
specific DNA binding. The HTH is highly involved in binding,
forming a continuous binding surface (Fig. 4), both with bases
on the major groove floor but also with the phosphate
backbone. More unexpected is the involvement of the
beginning of a6 in unspecific binding, probably with the
phosphate backbone, helping the HTH in binding DNA.

The model presented in this study agrees with established
dimeric HTH/DNA interactions (32); binding occurs with
dyad symmetry on two adjacent major grooves through their
recognition helix. Whereas Suzuki and Yagi’s prediction of
recognition helix/DNA-specific contacts in Figure 5 fits well
with the model presented, it does not fully explain both the
results from the titration experiments and the consensus
sequence. It is likely that PrrA recognition involves more
residues than predicted, at the C-terminal end of the domain.
K180, in the model, is in an ideal position for the recognition
of the last cytosine (the G on the opposite strand) of the
GCGNC full consensus sequence to contribute to a more
effective binding when this element of the consensus sequence
is present. R181, which is affected by specific DNA binding
but cannot easily make contacts with bases, could be affected
because of K180 binding, or contact the phosphate backbone.
Finally, the backbone of R184, the C-terminal residue of PrrA,
undergoes chemical shift changes during puc and cycAP2
titrations and could be involved in additional specific or
non-specific binding.

The alignment of the sequences bound by PrrA suggests a
more versatile mode of DNA binding than typical HTH
proteins. First, the two DNA consensus half-sites are not
symmetrical, and rarely are both of the half-sites conserved
(Fig. 2). This has implications for the binding of a PrrA dimer
on DNA. Because PrrA is able to bind specific and less
specific sequences, a tight binding on one consensus-like half-
site could be enough to allow a rather non-specific binding on
the second half-site. The cooperativity of the binding as a
dimer would then compensate the lack of conservation. The
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different spacing between the half-sites is also uncommon
amongst proteins recognising specific DNA targets for gene
regulation. Different spacings imply not only that the two
monomers will be at different distance apart, but also that their
orientation on the double helix will be different. The inter-
domain linker as well as the dimer interface would have to
adapt to the various sequences, affecting the cooperativity of
binding and also the affinity for different DNA targets. The
structure of the DNA itself should undergo variable deform-
ations in terms of bending, compression of the grooves and
even maybe local B- to A-DNA transitions. Furthermore, even
if a symmetrical binding of the effector domain is likely, it
cannot be ruled out, for the long half-sites spacings, that
binding might be possible in a tandem arrangement.

This ability to bind differently spaced, poorly conserved
sequences but with some similar structural features might be
an advantage for PrrA activity as a global regulator,
controlling many different genes and highly conserved in
several, even non-related, organisms. The investigation of
how the full-length PrrA dimer binds DNA targets with
drastically different half-site spacings, and the influence on
DNA local structure, remain to be investigated. It could
provide important information on the strategies a transcription
activator can adopt to bind different DNA sequences and its
influence on the gene regulation exerted by the PrrA family of
RRs in bacteria.
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