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Figure 8. (A) DNase I footprinting analysis of the binding of wild-type and N-terminally truncated derivatives of SimR to the simR—simX intergenic
region. A DNA fragment containing the simR—simX intergenic region, 5'-end labelled on either the upper strand (left panel) or the lower strand (right
panel), was exposed to DNase I in the presence of saturating concentrations of SimR protein (200nM for wild-type SimR, SimR NI10 and
SimR N15; 400nM for SimR N22 and SimR N25). The sequencing ladders were generated by subjecting the probes to Maxam-Gilbert G+A
chemical sequencing. Regions protected from DNase I cleavage (operators Oy and Op) by wild-type SimR are indicated by solid vertical bars, and
those protected by the N-terminally truncated SimR derivatives are indicated by open bars. Inverted repeats within the DNase I protected regions are
indicated by convergent arrows. (B) Sequence of the simR—simX intergenic region summarizing the DNase I footprinting data. Regions protected by
wild-type SimR are indicated by solid lines, and those protected by the N-terminally truncated SimR derivatives are indicated by dotted lines. Also
indicated are the simRp and simXp transcription start points and putative —10 sequences, the simR and simX ribosome-binding sites (RBS), and the
imperfect inverted repeats within the footprints.

produced the same footprint, regardless of whether 10, 15,
22 or 25 amino acids had been deleted from the
N-terminus, consistent with the idea that residues 8-10,
(i.e. the anchor string), are needed for the TFR arm to
be fully functional, as discussed above. Note that the re-
traction of the footprint occurs at both ends of the
operator, suggesting that the TFR arms of both
monomers in the SimR dimer function in solution.

We also performed a complementary experiment to
determine the binding affinity of wild-type SimR to
three DNA duplexes of different lengths (15, 17 and
23bp) spanning the Oy inverted repeat sequence.
The 23-bp duplex bound SimR more strongly than the
minimal 17-bp duplex, showing that DNA flanking the
core 17-bp inverted repeat contributes to SimR binding
(Supplementary Figure SS5A). The 15-bp duplex failed to
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bind SimR (Supplementary Figure SS5A). In addition,
although the minimal 17-bp duplex binds to SimR rela-
tively well (Supplementary Figure S5A), it is unable to
protect the TFR arm of SimR from tryptic digestion,
while a 23-mer reduced the rate of proteolysis consider-
ably (Supplementary Figure S8). Taken together, these
observations suggest that, in solution, the TFR arm inter-
acts with DNA outside the core 17-bp Oy operator, con-
sistent with the SimR-DNA structure, which shows
dimer—DNA interactions spanning 21 bp.

Among the five TFRs for which protein—-DNA crystal
structures are available (DesT, TetR, CgmR, QacR and
SimR; Figure 1), only SimR possesses a flexible TFR arm
that undergoes a transition to an ordered state upon DNA
binding. DesT has a 12 amino acid residue N-terminal
extension (Figure 1) but it is not disordered, instead
forming part of an extended helix ol. Residues Arg5
and Lys9 of this short N-terminal extension in DesT
nevertheless contribute to DNA binding (15), which is
unusual because the main role of helix a1 is in stabilizing
the HTH motif (22— 3). Residues N-terminal to the core
DBD in two other TFRs, Neisseria gonorrhoeae MtrR (11
amino acids) and Streptomyces coelicolor ActR (32 amino
acids) have also been suggested to be involved in DNA
binding (38,39), implying a possible common role for TFR
N-terminal extensions when present (see also the global
TFR bioinformatic analysis presented below). Similar
kinds of extensions have been identified in at least two
other families of DNA-binding proteins. For example,
members of the eukaryotic Hox family recognize nearly
identical major groove sequences through the recognition
helix of their homeodomain but use an extended arm to
insert into the minor groove to enhance binding specificity
(40). A related example is phage lambda repressor, which
has a conventional HTH motif and an additional
N-terminal extension that promotes DNA binding, in
this case by interacting with the major groove (41). A
comprehensive analysis of all available protein—-DNA
structures has shown that the binding of arginine
residues to narrow minor grooves is a widely used mech-
anism in protein—DNA recognition. This readout mechan-
ism exploits the fact that narrow minor grooves, often
associated with A-tracts, strongly enhance the negative
electrostatic potential of the DNA (36,37). However, it
should be noted that the minor groove bound by the
TFR arm of SimR is not associated with an A-tract, and
has a slightly enlarged width with respect to canonical B
DNA (Supplementary Figure S10C).

The arginine- and lysine-rich TFR arm is likely to be a
common feature of TetR family members

We searched the PFAM database (http://pfam.sanger.ac
.uk/) for proteins that match the Hidden Markov Model
profile PF00440, identifying 12715 non-redundant TFRs
(see Materials and methods for further details). The amino
acid sequences of these TFRs were then aligned using
MUSCLE (31) to identify the core DBD and any
N-terminal extension. Twenty-eight per cent had
N-terminal extensions of less than 10 amino acids, 44%
had N-terminal extensions of 11-20 amino acids, 17% had

N-terminal extensions of 21-30 amino acids and 11% had
N-terminal extensions >31 amino acids. Further, the
fraction of Arg and Lys residues in these N-terminal ex-
tensions (mean value = 20.5%) was almost double the fre-
quency found in the globular body of the TFRs (mean
value = 11.4%) (Supplementary Figure S9A). Finally,
the RONN server predicts that the majority of these
N-terminal extensions are likely to be disordered in
solution (Supplementary Figure S9B). It therefore seems
likely that a conformationally malleable, DNA-binding
N-terminal extension is a common feature of TFRs.

DNA bending induced by SimR binding

DNA helical parameters were analysed using the Curves—+
programme (27). The overall conformation of the 17-bp
duplex is B-DNA, with an average helical twist of 33.7°
(compared to a helical twist value of 36.0° for an idealized
B-form DNA). It should be noted that individual steps
might show significant deviations from the average
value. The global bending of DNA is ~I15°
(Supplementary Figure S10A). Since bending is most
affected by the base step roll and twist angles (42), we
plotted the roll and twist angles against the base steps to
pinpoint the source of bending (Supplementary Figure
S10B). There are two significant positive rolls (10-10.7°)
centred around base steps 6-7-8 in the operator half-site
and symmetrically around steps 9—10-11 of the opposite
half-site (Supplementary Figure S10B). The increase in
roll angle coincides with the decrease in twist angle
(26.7- 26.9°) (Supplementary Figure S10B). The average
global roll and twist angles are 2.9° and 33.4°, respectively.
Thus local kinks around those base steps produce a global
bend in the DNA, rather than a smooth bending.
Moreover, there is a significant increase in the width of
the minor groove from base step 6 through to base step 12,
while the major groove width is just below the value for an
idealized B-form DNA (Supplementary Figure S10C).
Since the average distance between the two recognition
helices in the SimR-DNA complex is 36.8 A [assessed as
the distance between the Co atom of Tyr65 in each subunit
(13)], greater than the distance between two consecutive
major grooves in idealized B-DNA (34 A), it is likely that
the bending and the unwinding of the central DNA steps
might be necessary for optimal positioning of the HTH
motifs in adjacent major grooves. Lastly, although the
sequence of the 17-bp duplex used in this study is a
perfect inverted repeat with the exception of the central
GC base pair, the groove width and roll parameters are
not symmetrical across this central base pair. This reflects
the non-equivalent end-to-end interactions between neigh-
bouring DNA duplexes described above (Figure 7).

Comparison of the SimR-DNA and SimR-simocyclinone
complexes suggests the mechanism of derepression

In a previous report, we speculated about the mechanism
of simocyclinone-mediated derepression, based on a com-
parison of the structures of SimR—apo and the SimR-SDS§
complex (18). However, it was apparent that SimR—apo
had not crystallized in its DNA-binding form, since
the distance between its recognition helices was 42.3 A,
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Side view

Figure 9. Structures of SimR-simocyclinone and SimR-DNA together with schematic representations illustrating the rigid-body rotation of the
subunits relative to one another. In order to emphasize the subunit rotation, the grey coloured subunits are shown fixed in the same relative
orientations. This can be clearly seen in the side view where the green subunit rotates by ~16° relative to the grey subunit; the approximate pivot
point is indicated by the asterisk (see also Supplementary Figures S11 and S12). The distances separating the recognition helices o3 and o3’ in the two

structures are indicated.

a spacing incompatible with binding to two consecutive
major grooves (18). Moreover, this spacing was compar-
able to the corresponding value of 41.7 A obtained for the
SimR-SDS8 complex. Indeed, TFR apo-proteins in general
do not crystallize in their DNA-binding form (13). The
helix separation obtained for SimR-DNA was significant-
ly shorter at 36.8 A (averaged over the two complexes in
the asymmetric unit), this value lying within the range of
34.7-38.8 A observed in other TFR-DNA complexes
(13,15). The major structural differences between the re-
pressed, DNA-bound conformation of SimR and the de-
repressed, SD8-bound conformation, result from a 16°
rotation of the subunits relative to one another roughly
about the centre of the dimer interface (Figure 9 and
Supplementary Figure S11). This re-defines many of the
inter-subunit contacts, although the interface areas remain
similar at 2795 and 2640 A” for SimR-SD8 and SimR-
DNA, respectively [as calculated by the Protein
Interactions, Surfaces and Assemblies server (PISA,
http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html) (43)].
However, five reciprocated inter-subunit hydrogen bonds
(i.e. 10 in total) are preserved between the two conform-
ational states. These link the C-terminal end of o8 and the
9-0.10 wrapping arm to the LBD of the adjacent subunit.
As a consequence, when the subunits rotate, the a9—a10
wrapping arm moves with the adjacent subunit and the
C-terminal end of a8 bends (Supplementary Figure S11).
Pair-wise superpositions of individual subunits taken from

the SimR-SD8 and SimR-DNA structures based on the
subunit cores (i.e., inclusive of residues 29-168 plus 222—
247 and exclusive of the TFR arm, the C-terminal end of
a8 and the a9-al0 wrapping arm) gave RMSD values in
the range 0.85-0.96 A, indicating that the cores move es-
sentially as rigid bodies at the protein backbone level and,
importantly, there is no significant re-orientation of the
DBD with respect to the LBD, in contrast to the
‘pendulum-like’ motion seen in TetR (Supplementary
Figure S12) (12,16). Nevertheless, the crystal structures
do not convey the dynamic behaviour of the system and,
as has been illustrated for other TFRs (13,44), in the
absence of ligands or DNA, the protein is generally
highly flexible and capable of sampling a variety of con-
formations, presumably including those akin to both the
ligand- and DNA-bound states. The binding of SDS, a
relatively hydrophobic molecule, contributes to the hydro-
phobic core of the SimR dimer; this will have a stabilizing
effect on the overall structure, locking it into a relatively
rigid, low-energy state. Moreover, the combination of the
threading of the ligand through both subunits and the
projection of the side chain of Argl22 into the opposing
subunit contribute to the rigidification of the system (18).
The flexibility of the apo form is important to enable the
TFR arms and the recognition helices to engage optimally
with the DNA. The resulting favourable protein—-DNA
interactions will have a stabilizing effect on this conform-
ation of SimR. Moreover, in the DNA binding
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conformation, the repositioning of the C-terminal end of
helix a8 appropriately places it to make salt bridges to the
DBD of the same subunit and to that of the opposing
subunit, specifically between Argl79 and Glu46, and
between Argl80 and Glu72, respectively. These inter-
actions, not present in the SD8-bound form, will further
stabilize the DNA-bound conformation of SimR.
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