












Instead, a peak at �81ml was observed, consistent with
free (unbound) csoR-EXT (Figure 4F). Likewise, the
R54A mutant does not give a complex peak, or a clear
band shift in the electrophoretic mobility shift assay ex-
periment (Supplementary Figure S2), suggesting that the
binding affinity for csoR-EXT by this mutant is also

significantly decreased. This is further confirmed from
ITC experiments where initial titrations of DNA into
apo-R54A resulted in smaller exothermic heat releases
(Figure 4D) compared with the wt apo-CsoRSl

(Figure 2A). Fitting the isotherm to a single-site binding
model gave a poor fit with an inconsistent N value and

Figure 3. DNA binding predictions and CsoR sequence alignments. (A) Venn diagram depicting the CsoRSl residues predicted from DP-bind and
DP-dock to be involved in DNA binding. Chosen residues for mutational studies are marked with asterisks, and their location and conservation on
the CsoRSl tetrameric assembly are highlighted in (B) and (C), respectively. The indicated secondary structure in (C) is relative to the S. lividans
CsoR. The location of residues corresponding to the consensus prediction between both DP-dock and DP-bind that were not mutated in this study
are coloured grey in (B).

Figure 4. Effects of Ala mutations on DNA binding. (A) Far-UV CD profiles of Ala mutants at pH 7.5 showing no considerable conformational
differences from the wild-type CsoRSl. (B–E) ITC data at 25�C and fit to a one set of sites binding model (solid line) of CsoRSl Ala mutants on
binding to csoR-EXT. (B, C, D) Helix a1 and a2 mutants show the most dramatic reduction in affinity, with R54A showing weak binding.
(E) Mutations of helix a3 Arg residues whereby R132A changes the binding affinity, and R129A changes the apparent CsoRSl:DNA stoichiometry.
(F) Gel-filtration elution profiles of the ITC products reveal the absence of a complex peak eluting at 68ml for the helix a1 and a2 mutations,
whereas the helix a3 mutations appear to retain the bound 2:1 complex with DNA.
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the thermodynamic parameters reported in Table 2. The
detection by ITC of heats of binding for R54A suggests
that R57 and perhaps surprisingly, Q81, provide an
overall greater contribution to binding affinity.
The helix a3 mutants, R129A and R132A, show con-

trasting behaviour compared with the helices a1 and a2
mutants (Figure 4E and Supplementary Figure S1I and J).
ITC profiles were obtained for both of these mutants on
titrating in csoR-EXT. The R132A mutant displays a �4-
fold decrease in affinity for csoR-EXT compared with wt
CsoRSl, but retains relatively similar �Hb and –T�S
values (Table 2). R132 is located at the centre of the tetra-
meric face on helix a3 (Figure 3B), and these results
indicate that it clearly contributes to DNA binding
affinity, but to a significantly lesser extent than the helix
a1 Arg residues R54 and R57. The lower affinity for the
R132A is further reflected in the ratios of the ‘complex’
and ‘dsDNA’ peaks in the gel filtration profile (Figure 4F).
For the R129A mutant, a �2-fold decrease in affinity for
csoR-EXT is observed from the ITC data (Table 2). This
highlights that R132 has the greater contribution to DNA
binding of these two helix a3 residues. It is also noted for
the R129A mutant that DNA binding coincides with a
�Hb that is significantly more favourable compared with
the wt CsoRSl, but the –T�S term becomes more un-
favourable (Table 2). Also of note is the N value of 0.75
(Table 2). Although this indicates that the stoichiometry
of the complex is no longer 2:1, gel filtration data are
inconsistent with this and shows a clear 2:1 complex
(Figure 4F). Because unfavourable entropy can be
equated to a loss of conformational freedom, it may be
that in the absence of R129, the 2:1 complex whilst still
highly favourable exhibits compromised dynamics that do
not favour the formation of the ‘wt complex’ resulting in
an anomalous N value obtained form ITC. Thus, R129
can be perceived as being important for specificity with
R132 contributing to affinity.

CsoRSl binding increases the A-DNA properties of the
operator site

The CD spectrum of A-DNA is characterized by positive
and negative ellipticity at 260 and 210 nm, respectively,
whereas B-DNA is characterized by positive ellipticity at
280 nm, and negative ellipticity at 240 nm (35,36). True
A-DNA can only be induced under dehydrating condi-
tions (e.g. with TFE), whereas DNA duplexes of hetero-
geneous sequence typically exhibit a B-form CD spectrum
(35,36). The type 2 operator binding sites of CsoR
proteins contain TA-repeats that flank G-tracts of
variable lengths (Figure 2B). These duplexes both contrib-
ute to positive ellipticity at 260 nm and negative ellipticity
at 240 nm, although the contribution at 260 nm for poly-
d(G) duplexes is much more dominant (35,36). The high
peak intensity at 260 for poly-d(G) duplexes is associated
with a distinct A-DNA propensity that imparts a B/A-
intermediate conformation in solution (37–39). In agree-
ment with such trends, the CD spectrum of csoR-EXT in
aqueous solution exhibits a distinct maximum at
263.5 nm, and minima at 245 nm, and 215 nm (inset
Figure 5). The max/min at 263.5/215 nm are strong

indicators of A-form character that is attributed to the
poly-d(G) tracts, whereas the minimum at 245 nm illus-
trates that B-DNA character is still retained in such
duplexes (csoR-EXT). In 80%, TFE csoR-EXT effectively
attains a ‘true’ A-DNA conformation as indicated by the
increase in positive ellipiticity at the 260 nm region (peak
maxima at 265.5 nm) as well as the appearance of a
strong, dominant, negative ellipticity at the 210 nm
region (peak minima at 212 nm) that is signature of
A-DNA (inset Figure 5). As protein signals do not typic-
ally persist in the near UV region (250–300 nm), the effect
of protein binding on DNA conformational changes may
be observed with out interference from the protein. Thus,
we monitored the increase in the 263.5 nm maximum at
different ratios of CsoRSl:DNA to investigate the effect of
CsoRSl on the A-DNA signature of the operator site. In
aqueous solution, the presence of 1 molar equivalent of
CsoRSl with respect to csoR-EXT leads to an increase in
the peak maxima at 263.5 nm (Figure 5). At the biologic-
ally relevant 2:1 stoichiometry (i.e. 2 molar equivalents of
CsoRSl), a further increase in ellipiticity at 263.5 nm is
observed, providing strong evidence for a higher
A-DNA like character of the operator site on CsoRSl

binding (Figure 5). Beyond a 2:1 stoichiometry, no
further increases in the peak at 263.5 nm is observed
(Figure 5). Dimensional differences between A- and

Figure 5. CsoRSl binding to csoR-EXT enhances A-DNA traits.
Insert, the CD spectrum of csoR-EXT (black) in aqueous solution
at pH 7.5 reveals a positive ellipticity at 263.5 nm consistent with
A-DNA characteristics ascribed to its G-tract palindromes and
retains the same ellipticity in the 260 nm region on induction of
true A-DNA form in 80% TFE (purple). No signals from CsoRSl

contribute in the near-UV CD spectrum (black dashed), whereas the
ellipticity of csoR-EXT (10mM) in the near-UV region changes in
the presence of one (40 mM) and two molar equivalents (80 mM) of
CsoRSl (blue) with no further change in the presence of three molar
equivalents (120 mM) of CsoRSl (green). At two molar equivalents
of Cu(I)-CsoR (grey), the near-UV CD spectrum of csoR-EXT is the
same as in the absence of the apo-CsoRSl. All curves of protein–DNA
complexes were baselined with appropriate concentrations of protein
and buffer.

8 Nucleic Acids Research, 2013

quite 
to 
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt902/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt902/-/DC1
up
to 
is 
s
nm 
s
-
-
up


B-DNA implies that the increase in A-DNA character
would have the effect of reducing the distance between
the 50-TAC/GTA-30 motifs to an average length of
�41 Å (B-DNA: �50 Å, A-DNA: �37 Å) and may
provide a topology that is more conducive to accommo-
date the tetrameric CsoRSl width. Finally, the addition of
CuI-CsoR to csoR-EXT did not give an increase in ellip-
ticity at 263.5 nm (Figure 5) consistent with the absence of
binding as inferred from ITC.

CsoRSl binding to the copZA1 operator is regulated by an
external 50-GTA/TAC-30 inverted repeat

Notable differences in the N5 and flanking regions are
apparent between all three CsoRSl operator sites, and this
allows for the effect of nucleotide variations on the thermo-
dynamics and mechanism of CsoRSl binding to be further
studied (Figure 6A). Table 3 reports the thermodynamic
parameters obtained from ITC data of titrating the copZA-
CON and copZA-EXT into CsoRSl. The stoichiometry of
binding remains 2:1 CsoR:DNA for both copZA1-CON
and copZA2-CON, but strikingly the affinity of CsoRSl

for copZA1-CON is some 8-fold lower compared with
csoR-CON or copZA2-CON (Table 3, Figures 6B and C).
This decrease in affinity for copZA1-CON is also implied
from gel filtration profiles where the intensity of the free
dsDNA predominates over the complex peak at �90ml
observed for copZA2-CON (Figure 6D). It is notable that
both copZA-CON sites have a more favourable �Hb term
and a less favourable –T�S term compared with csoR-
CON (Table 3), with the latter indicating increased
conformational restrictions in the complex. However, for
copZA2-CON the –T�S term compensates to yield a �Gb

similar to csoR-CON, whereas for copZA1-CON the �Gb

becomes marginally less favoured (Table 3). The increases
in �Hb for both copZA-CON sites suggests more inter-
actions occur in these complexes, which possibly arise
due to variations within the N5 region compared with
csoR-CON (Figure 6A).
For the copZA2-EXT operator sequence, the ITC

profile is similar to csoR-EXT with little change in KD

and a similar trend in �Hb and –T�S as noted with
copZA2-CON is observed (Table 3, Figure 6E).

Figure 6. Thermodynamic and gel filtration profiles of the three
operator sites regulated by CsoRSl. (A) Sequences (left to right:
upstream to downstream arrangement) of the three extended (EXT)
operator sites for CsoRSl identified in S. lividans 1326 with the consen-
sus sites (CON) indicated in bold, the sequence spanning the 50-TAC/
GTA-30 inverted repeats boxed in grey, and the variable N5 region
indicated. (B and E) Comparison of binding isotherms obtained from
ITC experiments at 25�C with fits to one set of sites binding model

Figure 6. Continued
(solid line) for wild-type CsoRSl with csoR and copZA2 operator sites.
(C and F) Binding isotherms obtained from ITC experiments at 25�C
for wild-type CsoRSl with copZA1-CON and copZA1-EXT. For
copZA1-CON, the data are fit to a one set of sites binding model
(solid line), whereas for copZA1-EXT, the data are fit to a two set of
sites binding model (solid line) that are saturated at the N values
indicated. (D and G) Gel-filtration elution profiles of the ITC
products indicating that for csoR and copZA2 -CON and -EXT, a
complex peak dominates the profile, whereas for copZA1-CON, the
weaker affinity determined from the ITC data is corroborated by the
free DNA peak dominating the profile. For copZA1-EXT a complex
peak is observed at a similar elution volume to the 2:1 CsoR:DNA
complex. (H) Binding isotherms obtained from ITC experiments at
25�C for the G!A mutation of the guanines of the external GTA
motifs of the copZA1-EXT sequence [dashed boxes and asterisk in
(A)] with CsoRSl. Data were fitted to a single site binding model
(lines). Representative thermograms obtained from ITC experiments
for each construct is shown in Supplementary Figure S3.
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In contrast, the binding isotherm of copZA1-EXT is indi-
cative of two binding sites with different affinities, which
when fitted to a binding model for 2 sets of sites
(Figure 6F) results in the thermodynamic parameters
reported in Table 3. Titration of single stranded
copZA1-EXT showed no response to CsoRSl, ruling out
the possibility of interactions with erroneous or self-
annealed duplexes. From the isotherm shown in
Figure 6F, the first inflexion point corresponds to a high
affinity ‘site/species’ and has an N value of 0.19, suggest-
ing a CsoR:DNA ratio of 5:1, whereas a second N value of
0.56 corresponds to a CsoR:DNA of 2:1 and a KD of
162 nM (Table 3). From the gel filtration profile in
Figure 6G, the complex elutes at an elution volume iden-
tical to csoR-EXT and copZA2-EXT with the ratio of the
complex and free DNA peaks identical in all three cases.
Attempts to reconstitute a 5:1 and also a 10:1 CsoR:DNA
complex do not alter the 2:1 ratio peak at 68ml in the gel-
filtration profile (data not shown). Equally anomalous is a
reverse titration (100 mM CsoR tetramer into 10 mM
copZA1 DNA) giving binding parameters with an
N (CsoR:DNA)=0.86 and a reduced enthalpy of
binding compared with the forward (DNA into Protein)
titration (Supplementary Figure S4). An inspection of the
sequence flanking the copZA1 consensus reveals an
external 50-GTA/TAC-30 motif, which overlaps the
terminal base pairs of the consensus (dashed boxes
Figure 6A). Knowing that such a motif present in the
consensus sequence strongly dictates the binding of
CsoRSl (vide supra), constructs in which the upstream or
downstream guanines of the external 50-GTA/TAC-30

motif in copZA1-EXT were changed for adenine were
designed (copZA1-GTA up and copZA1-GTA down, re-
spectively, Table 1). Titrations of these duplexes into
CsoRSl gave ITC profiles akin to csoR-EXT and
copZA2-EXT (Figure 6E) where the initial tight binding
phase is absent, and the N and KD values are now aligned
with the other -EXT duplexes (Table 3, Figure 6H).
The change to an adenine also has the effect of
making the binding more enthalpically favourable, with
the –T�S term contributing unfavourably to the �Gb

(Table 3).

DISCUSSION

The thermodynamic signatures of CsoRSl-DNA binding
suggest a binding mode that involves binding to the major
grooves of a linear non-bent operator DNA

From a thermodynamic perspective, the binding of CsoRSl

to all three of its type 2 consensus operator sites is strongly
enthalpically driven (j�Hj> j-T�Sj) (Table 3), which is
reminiscent of major groove binding, or phosphate
contacts (40). Minor groove binding on the other hand is
usually entropically driven (j�Hj< j-T�Sj). This is largely
a result of the entropically favourable event of displacing
the spine of hydration along the minor groove of DNA that
is prevalent in poly-d(T/A) duplexes (40). Protein struc-
tural motifs such as helix-turn-helix or winged helix typic-
ally bind at the major groove (17,41) or comprise of
domains that trail along the phosphate backbone (e.g.
mTERF) (42).Minor groove binding is typically associated
with a pronounced kinking of DNA as seen with the
b-domains of the TATA-binding protein (43) and with
the binding of protein a-helical elements causing a consid-
erable distortion of the cognate DNA into the A-form by
widening the minor groove, which is most exemplified in
HMG box proteins (44–47). In such cases, groove-binding
helices are relatively short and are bridged by flexible loop
regions as opposed to the continuous helices found in CsoR
faces (7,11). A comparison of thermodynamic signatures
for both CsoR and RcnR reveal that although RcnR
appears to bind at 25�C with a favourable binding
entropy (�T�Sb=��4 kcal/mol) in contrast to CsoRSl

(�T�Sb=�4 kcal/mol), association with the respective
operator sequences are in both cases enthalpically driven
(19). DNA footprinting experiments with RcnR infers that
DNA binding is dominated by minor groove contact at the
TACT/AGTA inverted repeats (19). However, this does
not appear to be consistent with the thermodynamic signa-
ture obtained from ITC data: the favourable entropy of
RcnR binding to its operator site is not suggestive of
base-specific contacts at the minor groove or rather such
an event does not appear to incur a considerable entropic
cost (where j�Hj< j�T�Sj). This then is more likely to
reflect interaction with backbone phosphates in the minor
groove. For CsoRSl, the unfavourable entropy of binding

Table 3. Comparison of the thermodynamic parameters and stoichiometry of binding (N) of the three operator sites binding to wild-type CsoRSl

obtained from ITC

DNA operator N KD (nM) �Gb (kcal mol�1) �Hb (kcal mol�1) -T�Sb (kcal mol�1)

csoR-CON 0.54 (0.06) 120 (9) �9.4 (0.5) �13.8 (0.7) 4.4 (0.7)
csoR-EXT 0.56 (0.05) 74 (9) �9.7 (1.4) �11.7 (1.7) 2.0 (0.3)
copZA2-CON 0.52 (0.04) 107 (12) �9.5 (1.2) �18.1 (2.3) 8.7 (2.2)
copZA2-EXT 0.53 (0.03) 57 (10) �9.9 (0.6) �13.5 (0.7) 3.6 (1.0)
copZA1-CON 0.55 (0.01) 971 (86) �8.2 (0.7) �16.1 (1.4) 7.9 (1.5)
copZA1-EXT 0.19 (0.03)a 11 (3)a �10.9 (1.6)a �32.0 (4.8)a 21.1 (4.9)a

0.56 (0.03)b 162 (21)b �9.3 (1.6)b �9.1 (1.5)b �0.1 (1.5)b

copZA1-GTA up 0.54 (0.02) 96 (10) �9.6 (0.08) �19.6 (0.2) 10.0 (0.2)
copZA1-GTA down 0.53 (0.02) 87 (14) �9.6 (0.7) �21.5 (1.6) 11.9 (1.6)

a,bParameters obtained from fitting the data to a two sets of sites site binding model, i.e. aN1 and
bN2,

aKD1 and
bKD2 and so forth. The uncertainties

are given in parenthesis and are the standard deviations determined from duplicate measurements.
Experiments were performed at 25�C and pH 7.5.
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(Table 3) may be a result of conformational entropy from
the restricted flexibility in the event of two CsoR tetramers
binding to one DNA as opposed to only one in the case of
RcnR. These thermodynamic differences are indicative of
divergent mechanisms operative between different types
of operator sites in the CsoR/RcnR family.

High-affinity DNA binding by CsoR extends beyond
electropositive contact

Through site-directed mutagenesis of CsoRSl, it is estab-
lished that binding to the operator site is highly depend-
ent on an RLXR motif positioned within the a1 helix
(Figure 3), which is relatively conserved across both pre-
dicted and functionally characterized CsoR members. A
previous study has shown that a double mutation in
CsoRMtb, R15A/R52A, where R15 is the R1 residue in
the RLXR motif and R52 is located on the a2 helix but
not conserved, abrogates binding to the operator sequence
(7). In the present study, removal of either R1 (R54) or R4
(R57) has a dramatic effect on CsoRSl binding to the
operator site (Figure 4). By contrast, the a3 helix Arg
mutations (R129A and R132A) give a less pronounced
effect on binding affinity (Figure 4 and Table 2), which
highlights the dominating contribution of the RLXR
motif to the binding. A surprising finding is the strong
contribution the conserved Q81 residue of CsoRSl has
on DNA binding. This highlights that in addition to elec-
trostatic protein–DNA interactions, polar contacts are
also necessary for strong DNA binding and is
corroborated further by the number of polar residues pre-
dicted to participate in DNA binding from our DNA
binding predictions (Figure 3A). The sensitivity of what
are essentially mutations at the outer ends of the tetra-
meric assembly suggests that each tetramer must facilitate
high-affinity contact at two ends of the DNA that are
stabilized by residues in between, i.e. the helix a3 Arg
residues. Because electropositive contact towards DNA
is prevalent among DNA binding domains, we propose
that based on the degree of DNA binding abrogation
observed in certain protein mutations, the RLXR motif
at the a1 helix must be, if not constitute, a recognition
helix, which together with the juxtapositioned Q81 consti-
tutes a high-affinity binding region for the CsoRSl

operator site. Residues located in between these regions
(R129 and R132) clearly act to stabilize interactions
with the intermediate nucleotides. These single protein
mutations represent what is essentially a loss of four
contacts on DNA, and credence to the role of the
RLXR motif and Q81 is established by how the
presence of such residues can compensate for a loss of
contact from the a3 helix Arg residues.

GTA dyads in CsoR operator sites are high-affinity
‘anchor points’ of protein contact

The binding to a palindromic operator site is a common
occurrence among metalloregulatory proteins (2). In
S. lividans, the type 2 operator sites identified for CsoRSl

all possess a conserved, symmetrical element consisting of
a trinucleotide dyad 50-TAC/GTA-30 (‘GTA dyad’) that
bridges semi-continuous G-tracts with TA-repeats that

flank them (Figure 2B). CsoRSl binding appears to be
highly dependent on the arrangement of nucleotides in
this motif, as observed from mutations to these individual
nucleotides, which abolish detectable DNA binding by
ITC at 25�C. When this symmetry is broken, as seen in
the half-site construct (csoR-half-site), binding is also
abolished and gives credence to the dyad axis of
symmetry operative in the CsoR–DNA interaction. This
sensitivity towards the GTA dyad is similar to that
observed for the AGTA dyad in the binding site of
RcnR, illustrating a common determinant for high-
affinity protein recognition among the different types of
CsoR/RcnR operators. The function (inferred from the
extent of binding loss from mutations) as well as
symmetry between the RLXR motif of the CsoRSl

protein has a certain degree of correspondence to that of
the GTA dyads. Both appear to be required for high-
affinity binding, with the distance between the RLXR
motifs on each tetrameric face (�40 Å; R57-Ca!R570-
Ca) able to accommodate the length between the GTA
dyads (�50 Å, TAC!GTA). Such notions are indicative
of some degree of correspondence between these elements,
which we suggest controls how protein contact is divided
among the operator site.

The topology and deformability of the operator site
supports the symmetrical binding of two CsoR tetramers

A further unique element of CsoR binding sites is the
palindromic G-tracts between the GTA dyads
(Figure 2B). Poly-d(G) tracts are associated with a pro-
pensity for the A-DNA conformation, which is the result
of favourable stacking interactions between guanine bases
that is followed by a decrease in propeller twist (48). The
canonical A-form is typically induced in dehydrating con-
ditions and results in a conformation with a deeper
narrower major groove and a shallower wider minor
groove. In aqueous solution, a combination of A-form
propensities as well as the effects of hydration in poly-
d(G) duplexes results in a unique and well-characterized
conformation that is ‘neither A nor B’ (48,49). Structural
characterization of this so-called ‘B/A-intermediate’ struc-
ture in poly-d(G) duplexes has suggested that its unique
topological characteristics may restrict non-specific
protein contact along the DNA grooves—a mechanism
by which most transcriptional regulators achieve specifi-
city (48). Poly-d(G) duplexes exhibit a unique CD
spectrum, most notably having a dominant positive peak
maximum at �260 nm that is characteristic of a contribu-
tion from guanine-stacking interactions (39). A minimal
contribution to positive ellipticity at 260 nm is also
ascribed to poly-d(TA) duplexes, although these
duplexes are distinctly of the B-form (36). True to this,
the near-UV CD spectrum of csoR-EXT exhibits a signa-
ture A-DNA maxima at 263.5 nm under native conditions
(Figure 5). This peak maxima is reminiscent of the 270 nm
peak observed for the TACT-G6-N-AGTA RcnR
operator site for which the topological contribution of
these G-tracts in protein recognition has been implied
(19). An increase in ellipticity at 263.5 nm is a good indi-
cation for an increase in A-DNA character and
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subsequently is observed on the addition of up to 2 molar
equivalents of CsoRSl (Figure 5). Addition of TFE to
csoR-EXT results in the formation of A-DNA where the
peak maximum at 265.5 nm has a clearly higher intensity
than in the presence of CsoRSl (Figure 5). This serves to
highlight that CsoR binding stabilizes an enhanced A-like
DNA character at the operator site but does not induce
an A-form to the same extent as the addition of TFE
(Figure 5). A-form characteristics also attain a more sym-
metrical shape of the phosphate backbone between
strands, providing a conducive topology that comple-
ments the equally symmetrical binding orientation of
two CsoRSl tetramers. Indeed, conformational selectivity
is much more documented for the B- and B0-DNA forms
(50,51), where the A-form operator site between GTA
dyads is in contrast to the NikR-DNA complex where
the DNA length accommodates the protein and favours
a B-DNA conformation due to the A/T-rich operator site,
which is strengthened by non-specific interactions (52,53).
We propose that the increase in A-form characteristics

on CsoRSl binding is equated to the re-ordering of the
shell of water molecules around the operator site, which
can be ascribed to conformational entropy as reflected in
the thermodynamics of binding. Indeed if A-form charac-
teristics were a result of minor groove widening through
direct readout, this would have resulted in an appropriate
thermodynamic signature (i.e. endothermic thermograms
and an enthalpically driven reaction). Additionally, both
poly-d(G) and poly-d(TA) duplexes are highly deformable
(37,48), and this property may be taken advantage of by
CsoRSl. True to the assumption previously made in the
type 1 tandem operator site of RcnR (19), these A/B-
hybrid sites between promoter elements are key factors
for a mechanism of CsoR recognition based on conform-
ational selectivity.

A binding model for CsoRSl

Based on our findings and others, a model describing the
CsoRSl–DNA interaction must account for a binding of
two CsoR tetramers to the operator DNA that occurs
with a 2-fold axis of symmetry, where each tetrameric
face contacts one face of the operator. A-DNA and
B-DNA models of the csoR-EXT site shows that the
GTA dyads have syn-facing grooves spanning 1.5 turns
(Figure 7A). Starting at the GTA dyad sites, each face
of the DNA will then have a ‘major face’ consisting of
major-minor-major groove arrangements, or a ‘minor
face’ with minor-major-minor groove arrangements, and
implies that each tetramer would facilitate different
contacts on each face (Figure 7A). The results from our
study imply that the helix a1 RLXR motif establishes
contact at the GTA dyad regions of the type 2 operator
site, and this would lead to the positioning of an Arg-rich
cluster (RLXR) towards these major or minor grooves of
the GTA dyads (Figure 7B). Arg residues are known to
have a preference for hydrogen bonding to purines (G/A):
guanine at the major groove and adenine at both major
and minor grooves (34). These notions suggest that one
CsoRSl tetramer binds with the RLXR motif pointed
towards the major face and the second CsoR tetramer

binds with the RLXR motif towards the minor face
where the functional groups of the purines of the GTA
dyads are likely to be exposed. An interplay of major and
minor face binding may perhaps drive the high-affinity
recognition that is inferred from both protein and DNA
mutations. Orientating the CsoR tetramers in this manner
conveniently brings the R129, R132 and Q81 residues
proximal to the G-tracts between the GTA dyads
(Figure 7B and C). Whereas the helix a3 Arg residues
are more proximal to the middle groove of the major/
minor faces of the DNA, the Q81 appears to be positioned
towards the phosphate backbone. We propose that this
species conserved Q81 strongly promotes deformability
of the G-tracts and in concert with R129 and R132
provides an environment that serves to lock the G-tracts
into an A-like conformation. This shape readout of the
operator strongly points to a mechanism in which CsoRSl

is also selective to a sequence-based conformational poly-
morph created by G-tracts between GTA dyads. A-form
characteristics essentially attain a more symmetrical
topology of the phosphate backbone, an effect that
supports the equally symmetrical binding orientation of
two CsoRSl tetramers. From a thermodynamic perspec-
tive, it is still unclear whether the binding of two CsoR
tetramers occurs in a sequential or simultaneous manner,
particularly in terms of driving A-form characteristics at
what appears to be two distinct sites (major and minor
faces) on a single operator. However, our model
suggests that the operator site topology allows both
CsoR tetramers to bind similar groove dimensions.
CsoR specificity towards type 2 sites amongst species
may be due to variable A-form polymorphs reflecting
the variability in G-tract length and symmetry amongst
such sites (Figure 2B). Differences in G-tract length and
continuity between type 1 and type 2 sites likely comple-
ment equally distinct sequence variations across CsoR/
RcnR proteins, which may account for their respective
specificities. For example RcnR has a RASK motif in
place of the RLXR motif commonly found in CsoRs
(Supplementary Figure S5). A cartoon mechanism to
summarize the previously discussed features of CsoRSl

DNA binding is shown in Figure 7D. Finally, the
question arises of how Cu-binding drives de-repression
of CsoR. As each CsoR tetramer has two identical
DNA binding faces, we posit that the ‘relaxed’ apo
CsoR flexes towards one face on binding DNA,
promoting asymmetry on the opposite face of the
tetramer, which may also affect the distance between the
Cu(I) ligands. This may account for how only one face of
each CsoR tetramer binds DNA, with Cu(I) binding likely
restricting this type of movement, and draws the tetramer
into a flat, ‘taut’ conformation resulting in complete
dissociation on filling all Cu(I) sites (Figure 7E).

An external GTA dyad has implications in modulating the
response to Cu stress

From the three operator targets recognized by CsoRSl,
external GTA dyads to the copZA1 consensus appear to
play a role in creating a high-affinity binding site that
compensates for the low affinity of the copZA1-CON
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(Figure 6, Table 3). It is clear from the ITC profile in
Figure 6F that in the presence of excess CsoRSl the
external GTA dyads in copZA1 allow a high-affinity site
to be occupied first (11 nM), which on saturation leads to
the detection of a second site with an affinity and stoichi-
ometry reminiscent of the copZA2/csoR-CON operator
sites (Table 3). The reverse titration also shows an anomaly
in the stoichiometry of binding, but the high-affinity site
(N=0.19) appears to have been masked (Supplementary
Figure S4). Gel-filtration profiles however clearly show
that a 2:1 profile persists. Modelling the copZA1 site as
a canonical B-DNA shows that the external GTA dyads
create anti-facing grooves, which in turn can be respon-
sible for a number of different orientations for CsoRSl to
bind. It may be that initial binding stoichiometry of 5:1
deduced from the forward titration and the anomalous
stoichiometry obtained from the reverse titration
(Supplementary Figure S4) may relate to some ‘non-
specific’ binding mode(s), which on removal of either
external GTA dyad abolishes the initial higher affinity
binding site (Figure 6H). These observations are perhaps
credence to how the presence of external GTA dyads in

CsoR operator sites regulates a distinct binding mode
compared with that of canonical CsoRSl operator sites.
RNA-seq data of S. lividans 1326 have indicated that
under Cu homeostasis conditions the copZ-3079 and
copA-3080 transcripts (copZA2) are constitutively
expressed, whereas transcripts for copZ-1317 and copA-
1318 (copZA1) are not (11). Under Cu stress the copZA2
transcript level shows a 5-fold increase whereas copZA1
remains at a basal level. This was suggested to illustrate
the possibility of a modular response to Cu stress, where
under homeostasis and/or low cytosolic Cu concentra-
tions, the copZA2 operon is predominately operative
and at higher Cu concentrations copZA1 then responds
(11). Thus, differences observed in vitro for the binding
between copZA2/csoR and copZA1 operator sites there-
fore reflects transcriptional differences in vivo and is
in keeping with a deeper mechanism of Cu-induced regu-
lation of these genes.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

Figure 7. A schematic representation of the CsoRSl–DNA interaction. (A) The csoR-CON operator site modelled in the A- and B-forms using
3D-DART, showing clear differences in groove orientations and lengths. The major grooves (large arrows) of the GTA dyads (yellow) appear to be
syn-facing and suggests that CsoRSl contact must approach asymmetric orientations on the operator DNA, with that of the second CsoRSl binding
towards the syn-facing minor grooves of the GTA dyads (small arrows). (B) The envisaged binding interaction of two CsoR tetramers is shown with
B-DNA. Major groove contact is shown in the superimposed tetramer below the DNA (dark), whereas minor groove contact is shown in the
tetramer above the DNA (light). (C) The proposed interaction involving the residues used in the mutational studies are indicated in their respective
helical segments. The blue/purple indicates Arg residues at the helix a1 RLXR motif and the helix a3, and the orange/yellow represents the Q81 at
helix a2. (D) Cartoon summary of the mechanism proposed for CsoRSl binding to its operator site. (E) Cartoon (transverse view) to illustrate the
flexible asymmetric nature of each apo-CsoRSl tetramer bound to DNA showing how the a-helical movement may occur parallel to the helical length.
The proximity of the a1 helices to the Cu-binding site may imply that on binding Cu(I), this flexibility may be lost leading to dissociation of the
CsoR. White circles indicate Cu(I)-free, and blue circles indicate Cu(I) bound.
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