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PhoB is a two-component response regulator that activates
transcription by interacting with the ¢’° subunit of
the E. coli RNA polymerase in promoters in which the
—35 ¢’%recognition element is replaced by the pho box.
The crystal structure of a transcription initiation subcom-
plex that includes the ¢, domain of ¢°° fused with the RNA
polymerase p subunit flap tip helix, the PhoB effector
domain and the pho box DNA reveals how ¢, recognizes
the upstream pho box repeat. As with the —35 element,
6, achieves this recognition through the N-terminal
portion of its DNA recognition helix, but contact with the
DNA major groove is less extensive. Unexpectedly, the
same recognition helix contacts the transactivation loop
and helices o2 and a3 of PhoB. This result shows a simple
and elegant mechanism for polymerase recruitment to
pho box promoters in which the lost —35 element contacts
are compensated by new ones with the activator. In addi-
tion, ¢4 is reoriented, thereby suggesting a remodelling
mechanism for transcription initiation.
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Introduction

Bacterial RNA synthesis is carried out by a multisubunit RNA
polymerase (RNAP) of 450kDa, which consists of a stable
catalytic core that contains two a, B, B’ and ® subunits and
a transiently bound o factor, which capacitates RNAP to
recognize the DNA promoters and initiate transcription
(Burgess, 1969; Zhang et al, 1999). The catalytic core struc-
ture is conserved from bacteria to eukaryotes (Cramer et al,
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2001). In bacteria, the RNAP core bound to a o factor
constitutes the RNA polymerase holoenzyme (RNAPH). In
E. coli, the primary o factor, 6’°, controls the transcription
of housekeeping genes during bacterial exponential growth.
The structure of the ¢’%-related o® primary factor of Thermus
aquaticus shows three all a-folded domains (o;, o3 and o4)
separated by long linkers (Campbell et al, 2002). The struc-
ture of RNAPH (Murakami et al, 2002b; Vassylyev et al, 2002)
shows that the o factor lies at one side of the crab claw-
shaped RNAP core, making extensive contacts with the RNAP
B and B’ subunits; in particular, 6, and 6, domains contact
a coiled-coil in B’ and a flap in B, respectively. The typical
o’° DNA promoter bears two conserved sequence elements,
the —10 and the —35 hexamers, separated by a spacer of
17bp (Helmann and Chamberlin, 1988). The structure of
RNAPH bound to a DNA promoter shows that the o factor
makes all the contacts with the DNA, including the —10 and
—35 elements (Murakami et al, 2002a). In particular, o,
subregion 2.4 binds the —10 element while subregion 2.3
melts the DNA around it. Subregion 3.2, located in the linker
between o3 and o4, contacts RNAP by blocking the exit of the
nascent RNA (linker o R3-4; Murakami et al, 2002b) and two
subregions located in o,—subregions 4.1 and 4.2—bind the
RNAP B-flap tip helix and the —35 element DNA, respectively
(Gardella et al, 1989; Campbell et al, 2002; Kuznedelov et al,
2002; Murakami et al, 2002b).

In E. coli and closely related bacteria, the histidine kinase
PhoR and the response regulator PhoB are part of a two-
component system that activates inorganic phosphate (P;)
uptake metabolic pathways when low concentrations of
environmental P; are present (Hsieh and Wanner, 2010).
PhoB presents two structural motifs connected by a flexible
linker: a conserved N-terminal regulatory domain that folds
in an o/f arrangement and contains a conserved aspartate,
Asp53, to which a phosphoryl group from PhoR His215 is
transferred (Makino et al, 1989; Volz, 1993; Sola et al, 1999);
and a C-terminal effector domain (PhoB®) that presents
a winged-helix fold with specific DNA binding and transacti-
vation properties turned on upon PhoBY phosphorylation
(Makino et al, 1996). However, if the regulatory domain is
removed, PhoBE can freely bind DNA and act as a constitutive
activator (Ellison and McCleary, 2000). The cellular response
after PhoB phosphorylation is transcription activation of the
Pho Regulon, a group of nearly 40 genes distributed in
S operons and 4 independent genes (Wanner, 1996; Kim
et al, 2000; Murray and Conway, 2005). In particular, PhoB
binds to specific promoters that substitute the canonical
—35 sequence recognized by the bacterial transcription
machinery. The PhoB-specific promoters contain one to
three copies of a pho box, a sequence that comprises two
11-bp direct repeats. In each repeat, the first 7bp is more
conserved than the last 4, which are rich in AT. PhoB binds as
a head-to-tail dimer to a pho box, each monomer contacting
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one direct repeat (Makino et al, 1996; Blanco et al, 2002).
Mutational and deletion studies have shown that PhoB
activates transcription by an interaction with the o, domain
of the o subunit within RNAPH (Makino et al, 1993; Kumar
et al, 1994).

Here, we describe the crystal structure of a transcription
initiation subcomplex that includes the o, domain of the
E. coli o’ RNAP factor fused with the RNAP B subunit flap
tip helix, a PhoB® tandem dimer and a DNA pho box. The
structure reveals how o, domain is recruited to the pho box
promoters by PhoB and shows a reoriented o, domain
with respect to its binding to the canonical —35 promoter
sequence. These observations suggest that PhoB enhances
transcription initiation by remodelling the RNAPH complex.

Results

A strategy for preparing a transcriptional initiation
subcomplex

After DNA binding, PhoB triggers the activation of transcrip-
tion. Mutations and C-terminal deletions of ¢’° showed the
involvement of the o, subdomain in the transcriptional
activation mediated by PhoB (Makino et al, 1993; Kumar
et al, 1994; Kim et al, 1995). We decided to characterize the
interactions between PhoB, o, and a PhoB promoter by
crystallographic methods. However, protein production of
the 6, domain resulted very difficult because of poor expres-
sion or precipitation during purification. A thorough analysis
of genetic studies (Kuznedelov et al, 2002) and two RNAPH
crystal structures (Murakami et al, 2002a; Vassylyev et al,
2002) indicated that o4 has a hydrophobic surface that
interacts with one side of the RNAP p-flap, an essential
interaction for holoenzyme formation (Geszvain et al,
2004). This finding inspired us to design a chimera by fusing
o, with the B-flap tip helix through an artificial linker (see
Figure 2B) with the aim of obtaining a soluble and stable
globular domain. Once purified, the o,4-B-flap construct was
incubated with the PhoBE-pho box DNA complex and sub-
jected to size exclusion chromatography (Supplementary
Figure 1A). SDS-PAGE of the eluting fractions showed that
the ternary complex was stable (Supplementary Figure 1B).
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The purified complex was subsequently used for structural
analysis.

o 4-B-Flap tip helix chimera binds to pho box DNA

in the presence of PhoBt

The interaction of the o4-B-flap tip helix chimera with the pho
box sequence was assayed by electrophoretic mobility shift
analysis (EMSA). The addition of increasing amounts of
purified o4-B-flap tip helix chimera to a pho box/PhoBE
complex resulted in a progressive reduction in electrophoretic
mobility (as indicated with a bracket in Figure 1A, lanes 3-5).
This change in mobility clearly reflected the formation of the
o4-p-flap tip helix/PhoB®/pho box DNA ternary complex
since the o,4-B-flap tip helix chimera did not stably interact
with the pho box DNA in the absence of PhoB (Figure 1A,
lanes 6-8; Figure 1B, lanes 2-4). In contrast, interaction of
the o4-B-flap tip helix chimera with a conventional —35 DNA
sequence was observed in the same conditions (Figure 1B,
lanes 6-8), as expected (Campbell et al, 2002).

Structure of the transcriptional initiation subcomplex
6 4-p-flap/PhoBE/pho box DNA

The crystal structure shows two PhoB® protomers and one
o4-B-flap tip helix chimera bound to a 26-mer phoA pho box
encoding DNA (Figure 3). The PhoBE dimer binds to the
26-mer double-stranded oligonucleotide in tandem, an
arrangement very similar to that previously reported by our
group using a different oligonucleotide (Blanco et al, 2002). A
PhoB® protomer consists of an N-terminal four-stranded
antiparallel B-sheet (strands f1-f4) followed by a compact
three a-helix bundle (helices a1-a3) packed against a small
C-terminal B-sheet, which includes a B-hairpin or ‘wing’
(Figure 2A). PhoB® has a winged-helix motif for DNA bind-
ing, where helix o3 is the recognition helix. Within the
modified helix-turn-helix motif between helices «2 and o3
there is a seven-residue loop which has been named the
transactivation loop since it was postulated to interact with
the ¢”° subunit to activate transcription (Makino et al, 1996;
Blanco et al, 2002). A tandem of two protomers arranged
head-to-tail sits at one side of the DNA molecule. In each
protomer, the recognition helices a3 lay along the major
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Figure 1 o,-B-Flap tip helix chimera binding to DNA. EMSA of the o4-p-flap tip helix/PhoB®/pho box DNA ternary complex. (A) Increasing
amounts of o4-B-flap tip helix chimera (0, 0.055, 0.11 and 0.18 nmol, respectively) were added to a pre-formed PhoB®/pho box DNA complex
(lanes 2-5) or to a free pho box (lanes 6-8). The positions of the PhoBE/pho box DNA complex and the cm—B»ﬂap/PhoBE/pho box DNA are
indicated (arrow and bracket, respectively). F, free DNA probe. (B) o4-B-Flap tip helix interaction with a —35 DNA probe. Increasing amounts
of o4-p-flap tip helix (0, 0.055, 0.11 and 0.18 nmol, respectively) were added either to pho box DNA (lanes 1-4) or to a DNA probe containing
the canonical —35 motif (see Materials and methods). The position of the o4-B-flap tip helix/—35 DNA probe is indicated (arrow). F, free
DNA probe.
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Figure 2 Overview of protein-DNA structures. C* traces of transcriptional activator PhoB* (A) and o4-B-flap tip helix chimera (B) highlighting

important structural elements in different colours.

Flgure 3 Electron density maps of the o4-B-flap/PhoB®/pho box DNA complex and details of the o,-B-flap tip helix chimera. (A) Experimental
o"~weighted electron density map of the ternary complex at 6 5 A after density modification (see Materials and methods), contoured at 1c. The
final model is shown fitted in the density. (B) Final refined c*-weighted electron density map of the ternary complex at 4.3 A. (C) Electrostatic
potential surface representation of o, showing the B-flap tip helix as a C* trace in pale yellow (left and middle panels) in two views 90° apart.
The B-flap tip helix fits in a hydrophobic crevice of the o4 surface. At the right panel (same view as the middle panel), the electrostatic potential

surface representation includes the attached B-flap tip helix.

groove while the wing tips contact the downstream minor
groove. The DNA is bent about 29°, which is slightly less than
in the previous binary complex structure.

In the ternary complex, the 6, domain of the E. coli ¢°°
factor presents a fold consisting of a C-shaped four-o-helix
bundle with an exposed hydrophobic core in its central region
(Figure 2B). The last three o helices show a spatial arrange-
ment identical to those found in the structure of o, bound to
its regulator Rsd (Patikoglou et al, 2007). This fold is similar
to that described for ¢* counterparts from T. aquaticus and
T. thermophilus (Campbell et al, 2002; Vassylyev et al, 2002).
Minor differences between structures are the angles bet-
ween helices ol and o2, and one turn less in helix o4 in
our E. coli structure, as a result of the presence of Pro601,
which interrupts the helix. Helices a1 and a2 comprise the
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subregion 4.1, and helices a3 and o4 comprise subregion 4.2
and constitute a helix-turn-helix motif, in which o4 is the
recognition helix (Figure 2B). As explained above, the E. coli
o4 domain was expressed in fusion with the helix from the tip
of the B-flap of the RNAP B subunit. In the three-dimensional
structure, this B-flap tip helix is buried in a deep hydrophobic
crevice between helices ol and o2 that would otherwise
be exposed (Figure 3C). The B-flap tip helix surface, which
covers the o, hydrophobic crevice, exposes hydrophilic
residues (Figure 3C, right panel), thus explaining the increa-
sed solubility and stability of the chimera during protein
production versus native o, production. Furthermore, the
fitting between the B-flap tip helix and the o, subunit shows a
good superposition with the RNAPH structures available
(data not shown).

©2011 European Molecular Biology Organization
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Figure 4 Structure of the o4-p-flap tip helix chimera/PhoB®/pho box DNA complex. (A) Ribbon diagrams of the ternary complex. The
upstream and the downstream protomers of PhoB® are shown in blue and green, respectively; the coding and template DNA strands are
coloured in yellow and orange, respectively; the chimera is shown as o, in red and the B-flap tip helix in pale yellow. Note that the o, subunit
interacts only with the upstream PhoBE. (B, C) Different orientations of the ribbon representation in (B) to show the relative positioning of the
different multisubunits of the ternary complex. (D) Alignment of an RNAPH promoter containing the canonical —35 and —10 elements (upper
sequence) and the phoA promoter containing the pho box (lower sequence). In the ternary complex reported here, the PhoB* dimer covers the
whole pho box sequence (light violet rectangle), while o4 covers the sequence from —35 to —30 (pink rectangle) which coincides with the
binding site of o4 onto the canonical —35 element (upper sequence, pink rectangle). Two conserved adenines at position —34 in both sequences

are highlighted in dark violate squares (see text).

In the crystal asymmetric unit, there are two ternary
complexes that show a o4-B-flap chimera anchored to the
major groove of the pho box DNA, at the —35-bp position,
and contacting the upstream PhoB® protomer (Figure 4A-C).
The position of the PhoB tandem is not modified by the
presence of the o4-f-flap tip helix chimera even though the
upstream PhoBF contacts the chimera. Both polypeptides
are bound to the same stretch of the DNA double helix but
at different sides. The alignment of the DNA sequences of
the phoA promoter covered by our o, chimera and that of
the o-dependent promoter present in the structure of the
RNAPH-DNA complex (Murakami et al, 2002a) shows that
the 6, domains are located exactly at the same position from
the transcription origin + 1 in both structures (Figure 4D).
No o4 domain was found in contact with the downstream
PhoBE protomer, thereby indicating that o discriminates
between the two protomers in the PhoBE-DNA complex and
binds only to the one near the —35 position. o4 Contacts the
DNA through the N-terminal end of the recognition helix a4
(Figure 5A). In addition, the central part of the recognition
helix interacts with PhoBE, in particular with helices o2 and
a3 and the transactivation loop of the activator (see below
and Figures 4 and 5B).

The downstream pho box repeat contains a nearly —35
consensus sequence TTGTCA at positions —29 to —24, which
could, in principle, be recognized by c,. However, if bound to
that stretch of the DNA, it would not be correctly placed
to establish the interaction observed between the upstream

©2011 European Molecular Biology Organization

PhoB® and o,. In order to have a similar interaction with
the downstream PhoBE protomer, o, would have to be
placed over the promoter stretch —25 to —20, which has the
sequence CACGGC, far from the —35 consensus (Figure 4D).
Note that the position of PhoBF dimer is fixed, and in tandem,
as observed in all crystal structures solved so far.

Protein—-protein and protein-DNA interactions within
the ternary complex

The PhoBF upstream protomer and o, contact each other
through an interface of 300 A%. Although the resolution of
the X-ray diffraction data does not allow a precise definition
of interacting atoms, it is clear that this interaction has a
strong electrostatic character, as deduced from the amino-
acid content of opposing surfaces at appropriate distances
(Figure 5B and C). An acidic patch on the PhoB surface
delineated by the transactivation loop and the N-terminus of
helix a2 faces a patch of basic residues from o, helix 4. This
observation supports the postulated transactivation role for
the loop as mutations on this segment or nearby (Trp184Arg,
Gly185Arg, Vall90Met and Aspl92Gly) cancel PhoB tran-
scription activation activity (Makino et al, 1996). Therefore,
the interaction occurs through a small electrostatic interface,
thus suggesting low affinity between components in a tran-
sient complex (Nooren and Thornton, 2003). It was suggested
that o4 contacted PhoB by loop a2-23 and helix a3, because
mutations on the corresponding residues (Asp570Gly,
Glu575Lys, Tyr571Ala, Thr572Leu, Val576Thr, Lys578Glu,
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3779



Structure of a transcription activation subcomplex
AG Blanco et al

B-Flap
tip helix
)

e

B-Flap a9 599 Wl

/\\‘

B-Flap
tip helix
~

Figure 5 Interactions within the ternary complex. (A) Top: ribbon stereo plot showing the interactions between o, (red) and the pho box DNA.
Interacting amino acids and DNA bases are indicated. (B) Stereo plot showing the interactions of o, (red) with the PhoB* upstream protomer
(blue). The view rotated 180° about the horizontal axis relative to (A). (C) Electrostatic potential surface representation of the o, domain
bound to the DNA (left) or to the upstream protomer of the PhoBF tandem (right) within the ternary complex. The o,/PhoB® complex has been
‘opened’ by swinging the o4 domain 180° to show the electrostatic potential of the interaction surface. The residues from each subunit that
confront the residues from the other subunit in a contacting distance have been indicated. A base from each DNA strand is also shown to make
the 180° turn of the structure clearer. The B-flap tip helix (pale yellow) and the downstream PhoB" protomer (light blue) are shown as C* traces.

and Phe580Val) cancel PhoB transcription activation (Makino
et al, 1993; Kim et al, 1995). However, these segments are
located at the opposite side of the o surface that contacts the
upstream PhoB® protomer, and although they face the down-
stream protomer, they are too far to establish an interaction
with it. One possible explanation is that this area is involved
in downstream transcription events.

Interestingly, superposition of the DNA phosphates of our
ternary complex onto the o4-DNA complex of T. aquaticus

3780 The EMBO Journal VOL 30 | NO 18| 2011

(Campbell et al, 2002) reveals that o, with the B-flap tip
helix is displaced from the DNA in our structure and reori-
ented by a 20° clockwise rotation that permits the N-terminal
portion of the recognition helix to contact the PhoBE
upstream protomer (Figure 6A). This reorientation is not
observed in the activating ternary subcomplex of o4, DNA
and the transcription factor ACI (Jain et al, 2004), where
o4 presents the same positioning as in the c4-DNA structure
of T aquaticus (Murakami et al, 2002a). In our complex

©2011 European Molecular Biology Organization
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Figure 6 Displacement of o, upon binding to the pho box. (A) Two views of the superposition of the ternary complex reported here and the
complex 6,-DNA (1KU7; Campbell et al, 2002); superposition was done by matching the DNA phosphates from the pho box (our structure) and
the —35 element (1KU7). Schematic representations of the o4 domains of ’° and ¢* are depicted in red and green, the p-flap tip helix in cream
and the PhoB® dimer in cyan. The o, domain of 6”° is partly displaced from the DNA as a result of the presence of PhoBF. (B) Fittin% of the
PhoB-DNA and o,4-B-flap tip helix chimera structure against the RNAPH structure. Colour codes for o, the p-flap tip helix and the PhoB* dimer
are as in (A) for our ternary complex. The 6, domain as it is in the RNAPH is shown in blue. RNAPH subunits are differentiated by colours and
labelled. The superposition shows that the upstream PhoB® protomer contacts and reorientates the o, domain. (C) Close-up stereo view of the
area indicated as a square in (B). The o, movement would drag the p-flap tip helix, thus facilitating the exit of nascent RNA. The black arrow
indicates the movement of the B-flap tip helix, from the position observed in the RNAPH structure (B-flap tip helix in lilac) to the position
observed in the present structure, when PhoBE is bound at the Pho promoter.

structure, the o, domain contacts the DNA through the strand. Importantly, this adenine base is conserved in the
N-terminal residues of its recognition helix a4 (Figure 5A). phoA pho box and in the —35 element (Figure 4D). Arg554
In particular, the Thr583 (like Thr408 in T aquaticus) side from helix o2 (Arg387 in T. aquaticus) is at an appropriate
chain is close to the 5-methyl group of the thymine (T) base distance and orientation for contacting the phosphate groups
located at position —34 of the leading strand; Arg586 (Arg409 of the DNA leading strand. A comparison of all these inter-
in T. aquaticus) is close to the —34T and/or —35T phosphates; actions with those observed in the crystal structure of
and the Glu585 (Glu410 in T. aquaticus) side chain faces the T. aquaticus o4 bound to the —35 sequence (Campbell et al,
DNA major groove near adenine (A) —34 in the template 2002) shows that many are conserved, in particular those at
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the recognition helix o4. However, in our complex the reor-
ientation of o, displaces the N- and C-termini of helices o1 and
a3 from the DNA, respectively (Figure 6A). This movement
causes a considerable loss of protein-DNA interactions, thus
decreasing the interface from 600 A2 in the T. aquaticus o,-DNA
binary complex to 300 A2 in our ternary complex. The contacts
established by helices a2, @3 and o4 and by the equivalent
residues to Glu585, GIn589 and Arg584 are missing. However,
the loss of interactions between o, and the DNA resulting from
the o, reorientation are compensated by new protein-protein
interactions with the PhoB® upstream protomer.

PhoB in the RNAPH-DNA scenario

Superposition of the DNA phosphates of our structure onto
those of the T aquaticus o,-DNA complex evidences the
different orientations of o4. In addition, superposition of
the o, domain of the RNAPH structure (Vassylyev et al,
2002) onto o4 of the T aquaticus structure puts our G4 in
the context of the RNA polymerase holoenzyme (Figure 6B
and C). As described, the PhoBF upstream protomer contacts
the o, domain, which holds the B-flap tip helix. Surprisingly,
upon superposition, the downstream PhoB® protomer gets
close to the bottom of the RNAPH B-flap, which traps the
linker between the ¢’ domains 3 and 4 against the RNAP
core (Figure 6B and C). In this simple superposition, the
downstream PhoB® protomer and RNAPH are close, located
at the same side of the DNA. This observation suggests that,
in addition to the contact with ¢, a direct contact between
the PhoB® and the B-subunit of RNAPH can occur.

Discussion

RNAPH recruitment and remodelling mediated

by PhoB

In general, in the multistep process of transcription initiation,
RNAPH—per se or helped by transcription factors—first en-
gages the promoter DNA to yield an RNAPH-promoter closed
complex. In a second step, RNAPH unwinds and melts about
14 bp of DNA surrounding the transcription start site to yield
an RNAPH-promoter open complex. In a third step, RNAPH
typically stacks into multiple abortive cycles of synthesis and
releases short RNA products (about 9-11 nucleotides), failing
to escape from the promoter (Revyakin et al, 2006; Goldman
et al, 2009). Finally, only when a newly synthesized RNA
molecule grows enough to cross the exit channel, located
next to the B-flap, does RNAP leave the promoter as an
elongation complex to enter productive RNA synthesis
(Murakami et al, 2002b; Kapanidis et al, 2006). A mechanistic
view of transcription initiation described from kinetic studies
distinguishes between two activation modes: (i) a transcrip-
tion activator ‘recruits’ RNAPH by establishing only a mere
adherent interaction, without any conformational change of
the latter; and (ii) an activator ‘remodels’ an inactive RNAPH
bound to the promoter DNA (Record et al, 1991; Busby and
Ebright, 1994; Ptashne and Gann, 1997). In recruiting, the
activator favours the formation of the RNAPH-DNA open
complex. This mechanism has been described for activators
that contact either aCTD, like CRP (Busby and Ebright, 1994;
Ptashne and Gann, 1997), or activators that contact oy, like
Acl (Hawley and McClure, 1982; Nickels et al, 2002; Jain et al,
2004). Available structural data show only small interaction
surface between the DNA-bound transcription factors CRP or

The EMBO Journal VOL 30 | NO 18] 2011

Acl and their targeted oCTD or o, subunits of the transcrip-
tion machinery, without any changes in respective orienta-
tions (Benoff et al, 2002; Jain et al, 2004).

The crystal structure of the ternary complex presented here
shows that the RNAPH ¢7° subunit binds the —35 position in
pho box promoters with bound PhoB. The DNA recognition
helix of o, is displaced and simultaneously binds the DNA
major groove and PhoB. In vitro DNA protection studies
showed no protection against RNAPH unless PhoB was
present, which suggests that the transcription factor, bound
to the promoter, recruits RNAPH. The polymerase was unable
to recognize the binding site on its own as a result of
sequence discrepancy between the pho box and the —35
element (Makino et al, 1993). Thus, the binding of ¢ to the
pho box depended on the DNA-PhoB complex. Our structure
shows that, when o, is bound to the pho box, a number of
contacts that o4 performed with the —35 sequence DNA are
lost but are replaced by new contacts with the DNA-bound
PhoB, that is, those of residues Lys593, GIn589 and partly
Glu585.

Our analysis also presents an additional feature, namely
the o, domain in a swung orientation when compared with
the structure in complex with the bacterial canonical —35
DNA element (Campbell et al, 2002). The orientation of
o4 bound to a canonical —35 sequence is not possible in
the pho box because the PhoB® upstream protomer hinders
the full entrance of the o, recognition helix into the DNA
major groove. Within the full-length o, this reorientation
of o, may represent remodelling. Therefore, in addition to
recruitment, a remodelling event may eventually lead to
transcription initiation. These two events, recruiting and
remodelling, are not incompatible. They have been described
for CRP which, in a first step, recruits an «CTD protomer and,
in a second step, indirectly remodels RNAPH by bridging
the oCTD subunit to o4 (Chen et al, 2003). In PhoB, the
combination of the two mechanisms would consist first
of recruitment of RNAPH (in agreement previous results of
Makino and co-workers) and, subsequently, remodelling
of o by rotating o4, as in our ternary complex structure
(Figure 6A). Remodelling of o, would drag the B-flap tip
helix closer to the RNA exit channel, by means of hydro-
phobic interactions like those observed in the chimera,
thus opening it and favouring the exit of the nascent RNA
(Figure 6B and C).

The interaction of ¢’° with PhoB and other transcription
factors

The o, domain is a specialized platform designed to contact a
wide range of transcription factors through specific residues,
integrating each input to a concrete response. Moreover,
some residues, like GIn589 and Lys593 and possibly
Glu585, at subregion 4.2, show multiple roles and have the
capacity to contact the DNA backbone (Campbell et al, 2002)
or transcription activators like Acl (Jain et al, 2004) or PhoB
(this work). Mutagenesis studies have shown that residues
located in subregion 4.2 are involved in the binding of acti-
vators like Acl, CRP and FNR (Kuldell and Hochschild, 1994;
Lonetto et al, 1998). Accordingly, this subregion provides
RNAPH with a surface for the recruitment of activators,
which we propose to name SAP1 (¢”° activating patch 1).
Furthermore, the structure of Acl contacting o, of the
T. aquaticus c* factor shows salt bridge interactions between
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basic (Argdl13, Lys418 and Arg421) and acidic residues of Acl
(Jain et al, 2004). The basic residues of the o, domain in
o® are conserved in ¢”° and are close to acidic residues
of PhoB (Glul77, Glul91 and Asp192). This observation
points to a common charge-based code among transcription
activators, which, despite not showing sequence conser-
vation or the same fold, use acidic patches to interact with
o4 SAP1.

Concluding remarks

There is increasing interest in elucidating the transcription
initiation steps that involve RNA synthesis. Three regions of
RNAPH have been reported as key players in the first events
of transcription initiation, namely the lid, the ¢ R3-4 linker
and the B-flap. The lid is an essential motif to initiate RNA
synthesis but not in the RNA transcription elongation stage
(Toulokhonov and Landick, 2003); the ¢ R3-4 linker blocks
the RNA exit channel and its deletion cancels RNA abortive
transcription (Murakami et al, 2002b); and the B-flap is
located next to the RNA exit channel and its mutations are
related to various RNAP conformational states (Kuznedelov
et al, 2006). In particular, those mutations that strengthen the
interaction with o, prevent RNA elongation (Nickels et al,
2005). The crystal structure of the complex of the 64-B-flap tip
helix, PhoB® and pho box DNA presented here shows that the
o, domain contacts the PhoB® upstream protomer, at the
—35-bp position. Remarkably, superposition with the RNAP
holoenzyme shows that o, is reoriented. This reorientation
would pull the o R3-4 linker out of the aperture of the RNA
exit channel, thus facilitating RNA release and thus reducing
the probability of abortive transcription. This notion leads us
to propose that in addition to recruiting the polymerase, the
ultimate action of PhoB as a transcription activator is to
facilitate transcript release by remodelling o,.

Table I Data collection and phasing statistics
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Materials and methods

Protein and nucleic acid preparation

PhoBF protein expression, purification and DNA complex formation
were performed as previously described (Blanco et al, 2002). After
the unsuccessful design of E. coli 7% factor constructs, which
resulted in non-soluble protein, we designed a chimeric protein
containing ©4(533-613), an artificial linker (Gly-Ser-Ser-Gly-Ser-
Gly) and the B-flap tip helix (889-898). The chimera was expressed
in E. coli BL21 (DE3) cells for 6h at 37°C. Protein purification
included a heparine Sepharose column chromatography step (GE
Biosciences), eluted with buffer 20mM BisTris (pH 6.5), 1 mM
EDTA and gradient buffer 20 mM BisTris (pH 6.5), 1 M NaCl, 1 mM
EDTA, followed by a size exclusion HiLoad 26/60 Superdex 75
column (GE Biosciences), previously equilibrated with buffer C
(20mM BisTris (pH 6.5) and 200mM NaCl). Ternary complex
formation was obtained first by mixing PhoB® with an annealed
DNA duplex containing the pho box sequence and then adding the
o4-B-flap chimera. The ternary complex appeared in one single
elution peak in a Superdex 75 10/30 (GE Biosciences) column in
buffer containing 10 mM BisTris (pH 6.5) and 50 mM KCl.

EMSA experiments

We developed a non-radioactive detection system based on
fluorescein labelling at the 5’ end of one of the strands of the
dsDNA used. In a final volume of 10pul, EMSA samples were
incubated in binding buffer containing 20 mM BisTris (pH 6.5),
100 mM NacCl, 10 mM MgCl,, 100 ug/ml BSA and 5% glycerol. The
o4-B-flap tip helix/PhoB~/pho box DNA complex was assayed using
0.1 nmol of fluorescein labelled-pho box dsDNA and 0.089 nmol of
PhoB® in the presence of 0.3nmol of a non-specific 22bp-
competitor dsDNA, also previously annealed. After 30 min incuba-
tion at room temperature, increasing amounts of o,-p-flap tip helix
chimera (0.055, 0.11 and 0.18 nmol, respectively) were added to
these samples and incubated for 30 min more. Samples were finally
loaded onto 10% polyacrylamide gels (7 cm long, 10 cm wide and
1.5mm thick) prepared in buffer containing 20 mM Tris (pH 7.9),
10mM acetate and 0.1mM EDTA, and run at 120V at room
temperature. The direct interaction of the chimera with pho box
DNA and —35 DNA was assayed in the same conditions without the
second incubation period. Pictures were taken with an Eugenius
gel-recording apparatus (Invitrogen).

o4-B-Flap tip helix
chimera/PhoB%/26-mer

o4-B-Flap tip helix
chimera /PhoBE/26-mer

o4-B-Flap tip helix
chimera/PhoBE/26-mer

o4-p-Flap tip helix
chimera/PhoBE/26-mer

DNA native DNA TagBr,, peak DNA TagBr,, inflection DNA TagBr;, remote

Data collection

Wavelength (A) 0.934 1.2542 1.2554 1.2498

Space group ) C2 C2 C2 Cc2

Cell parameters (A) a=277.3 a=279.3

b=161.4 b=163.4
c=260.1 c=264.2
. B=91.4 deg $=92.4 deg

Resolution range (A)? 80.0-4.3/4.6-4.3 78.0-6.5 78.0-7.1 78.0-7.3

Number of measurements 412235 181572 68 546 61456

Number of unique reflections 73654 45682 35614 31960

Rmergea'b 9.5/49.3 8.6/45.5 5.6/25.0 6.2/27.1
Completeness® 96.2/81.9 97.7/88.3 97.7/92.5 97.1/90.2
(Iy/<{a(D>? 10.0/3.5 8.76/2.88 8.12/2.37 7.35/2.47
Multiplicity? 5.6/3.2 3.97 1.92 1.92
Phasing

Figure of merit 0.39

Figure of merit after Solomon 0.69

and DM

Phasing power 1.102/- 0.954/0.414 0.941/0.595

(anomalous/isomorphous)

?0verall/outermost resolution shell.
meerge: (B ZilL;(hkD) — {L(RKD > | /Zhia Z; I;(hkD)) x 100 where I; is the ith measurement of reflection hkl.
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The oligonucleotides used were

pho box_leading 5'-F-GAGCTGTCATAAAGTTGTCACGG-3';
pho box_template 5-GCCGTGACAACTTTATGACAGCT-3’;
—35_leading 5'-F-GCCGCTTGACAAAAGTGTTAA-3';
—35_template 5'-TTAACACTTTTGTCAAGCGGC-3/;
Competitive_leading 5'-TCGGCGACTTTTCGGCGACTTT-3';
Competitive_template 5-AAAGTCGCCGAAAAGTCGCCGA-3'.

Crystallization and X-ray diffraction data collection

Crystals of the ternary complex o4-B-flap/PhoB®/pho box DNA were
obtained by vapour diffusion from sitting drops by mixing 2 ul of
ternary complex solution at 11 mg/ml of protein concentration with
2l of crystallization solution containing 50mM MES (pH 6.0),
100mM KCl, 10mM MgCl, and 8-10% (v/v) PEG 4000. Several
oligonucleotides, differing in length and sequence, were tested, the
best diffracting crystals being those prepared with a 26-mer DNA
duplex with two overhanging bases at each end (5-TGGCTGTCATA
AAGTTGTCACAAAAG-3'/3'-CGACAGTATTTCAACAGTGTTTTCAC-5).
Initially, the crystals diffracted to only 7 A resolution. However, after
dehydration by successive soakings in solutions with a 5% increase
in PEG 4000, the resolution improved to ~4 A. These crystals, cryo-
protected with 20% ethylene glycol, were cryo-cooled in liquid
nitrogen and diffraction data were collected at ESRF beamline ID14-4
(Table I).

Crystals of the ternary complex were very sensitive to heavy
atom derivatization. Nevertheless, a crystal was derivatized with
TagBr;, by first harvesting it in 50 mM MES (pH 6.0), 200 mM KCl,
10mM MgCl, and 15% (v/v) PEG 4000 and afterwards adding
to the solution 5mM TagBr;, and incubating the crystals for 7h.
This procedure eventually yielded a crystal suitable for MAD
data collection (6.5A resolution). Data were collected at three
wavelengths, 1.2542 A (peak), 1.2554 A (inflection) and 1.2498 A
(remote) at ID29 in the ESRF (Grenoble, France; Table I).

Structure determination

The ternary complex was solved by MAD using a TayBr;; derivative.
MAD analysis SHELXD gSheldrick et al, 2001) using the three-
wavelength data up to 7.4 A (including the highly redundant peak data
with multiplicity 8.76) showed six strong sites. Positions were refined
with SHARP (Vonrhein et al, 2007) using data up to 6.5 A (peak data).
Five additional weaker sites were found and initial SHARP phases
were improved with SOLOMON and DM (Abrahams and Leslie, 1996;
Cowtan, 1999). From the 6.5 A resolution map, all protein subunit
boundaries were easily distinguishable from the solvent. DNA density
was also clear and allowed identification of major and minor grooves.
Phase extension from 6.5 to 4.3 A followed, using solvent flattening
and averaging algorithms as implemented in Pirate (Cowtan, 2000).
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