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ABSTRACT: The recently discovered Rrf2 family transcriptional regulator RsrR coordinates a [2Fe-2S] cluster. Remarkably,
binding of the protein to RsrR-regulated promoter DNA sequences is switched on and off through the facile cycling of the [2Fe-2S]
cluster between +2 and +1 states. Here, we report high resolution crystal structures of the RsrR dimer, revealing that the [2Fe-2S]
cluster is asymmetrically coordinated across the RsrR monomer-monomer interface by two Cys residues from one subunit and His
and Glu residues from the other. To our knowledge, this is the first example of a protein bound [Fe-S] cluster with three different
amino acid side chains as ligands, and of Glu acting as ligand to a [2Fe-2S] cluster. Analyses of RsrR structures revealed a

conformational change, centered on Trp9, which results in a significant shift in the DNA-binding helix-turn-helix region.

INTRODUCTION

Proteins from the Rrf2 superfamily of dimeric bacterial
transcription factors known or predicted to coordinate [Fe-S]
clusters are diverse. They include NsrR that senses nitric oxide
(NO), RirA which detects iron limitation' and IscR which
senses the Fe-S cluster status of the cell.> The X-ray structures
of Escherichia coli (Ec) apo-IscR, alone and in complex with
DNA,3* and of Streptomyces coelicolor (Sc) holo-NsrR have
already been reported, the latter by us.’ Despite the structural
similarity between different [Fe-S] cluster-binding Rrf2
proteins, the type of cluster is variable, with both [4Fe-4S] (e.g.
NsrR) and [2Fe-2S] (e.g. IscR) clusters known. The cluster
coordination also appears to be variable but is believed to
involve three conserved Cys residues.®®

A very recently discovered member of the Rrf2 family is the
dimeric Redox sensitive response Regulator RsrR that appears
to sense the redox status of the cell via a [2Fe-2S] cofactor
contained in each of its monomers.’ In the recombinant as-
isolated Streptomyces venezuelae (Sv) RsrR the [2Fe-2S]
cluster switches readily between oxidized (+2) and reduced (+1)
states. This switch controls its DNA binding activity, with the
oxidized holo-SvRsrR showing highest affinity for its nucleic
acid sites. Although exposure to O, is sufficient to cause
oxidation, it is possible that, in vivo, other oxidants can also
react with RsrR.

Using ChIP-seq and ChIP-exo analyses some of us identified
630 RsrR binding sites on the S. venezuelae genome and we

grouped them into two classes.” The class 1 binding sites, of
which there are 14, consist of an 11-3-11 base pairs inverted
repeat motif. The remainder are all class 2 binding sites, which
have only a single motif (half site). Examination of class 1
target genes suggests that SvRsrR plays a primary role in
regulating the relative concentrations of NADH and NAD(P)H.
Indeed, in the ArsrR mutant the most highly induced transcript
is that from sven6562, a gene that encodes a putative NAD(P)*
binding repressor of the nitrogen metabolite repression (NmrA)
family.” Consequently, we have proposed that reduction of
holo-SvRsrR induces expression of this gene, the product of
which senses the redox status of the cell via the NAD(P)*-to-
NAD(P)H concentration ratio. The sven6562 gene product then
modulates expression of its own regulon, which probably
overlaps with that of RsrR. In addition, six RsrR targets are
known to be involved in glutamate and glutamine metabolism.’
Importantly, these amino acids are precursors in the synthesis
of 1D-myo-inosityl 2-(N-acetyl-L-cysteinyl)amido-2-deoxy-
alpha-D glucopyranoside (called mycothiol or MSH) which is
the equivalent of glutathione in Actinobacteria.'® Besides acting
as areducing agent, mycothiol functions in cysteine storage and
is involved in the detoxification of redox species and
antibiotics.!® Thus SvRsrR seems to be involved in the control
of the redox state of the cell in more than one way.

The properties of SYRsrR are reminiscent of those of the E. coli
[2Fe-2S] cluster-containing transcription factor SoxR.!!
However, reduction of SVRsrR greatly diminishes its affinity for
DNA rather than modulating the distortion of the nucleic acid
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like reduced SoxR has been proposed to do.'? Furthermore, a
truncated SoxR lacking its [2Fe-2S] cluster can still bind
DNA,!3 which is not the case for the cluster-free form of
SvRsrR.° This latter observation underscores the central role the
cluster plays in generating the active form of SvRsrR and raises
the question of how a simple one electron redox process can
generate the conformational changes necessary to activate or
abolish DNA-binding.

Previous studies revealed that the absorbance properties of
[2Fe-2S] RsrR are highly characteristic of a cluster with His
coordination® and are markedly oxidation state-dependent: the
oxidized, [2Fe-2S]** cluster is brown (Ap.x 460 nm) and the
reduced, [2Fe-2S]"* cluster is pink (Ap.x 540 nm). The latter is
also paramagnetic (S = '2), giving rise to an EPR spectrum
characteristic of a [2Fe-2S]'" cluster. The cluster could be
readily cycled between oxidation states, with oxidation
achieved rapidly upon exposure to O, and reduction via addition
of a 1:1 ratio of dithionite (DTH).’

DSSP LLLLLHHHHH-HHHHHHHHLL---LLLLLHHHHH-
RsrR MKLSGGVEWA-LHCCVVLTAA---SRPVPAARLA-
IscR MRLTSKGRYA-VTAMLDVALNSE-AGPVPLADIS-
NsrR mRLTKFTDLA-LRSLMRLAVVRDGDEPLATREVA-

DSSP HHLLLLHHHH-HHHHHHHHHL-LLEEEELLLL-
RsrR ELHDVSPSYL-AKQMQOALSRA-GLVRSVQGKT-
IscR ERQGISLSYL-EQLFSRLRKN-GLVSSVRGPG-
NsrR EVVGVPYTHA-AKAITRLOHL-GVVEArrgrg-

DSSP LEEEELLLHH-HLLHHHHHHH-HHLLLLLLLL-
RsrR GGYVLTRPAV-EITLLDVVQA-VDGPDPAFVEC-
IscR GGYLLGKDAS-SIAVGEVISA-VDesvdatre-
NsrR gGLTLTDLGR-RVSVGWLVRE-LEGEAEVVDEC-

DSSP ----LLHHh11111-11hhhlLLLL-HHHHHHHHHH-
RsrR ----TEIRQRGPLA-TPPEKCTKAC-PIARAMGAAE-
IscR ggkgg@qg--——-—-—--—-—--- gdkC-LTHALWRDLS-
NsrR EGDNPEPL-----==-==——- RGAC-RLRRALRDAQ-

DSSP HHHHHHHHHL-LHHHHHHHHH-HH111lhhhhhhhhhhll
RsrR AAWRASLAAT-TIADLVATVD-DESGPDALPGVGAWLIEG
IscR DRLTGFLNNI-TLGELVNNQE-VL--——-——--———————
NsrR EAFYAALDPL-TVIDLVAAPT----- gPVLLGLTD-----

Figure 1. Amino acid residue sequence comparison of SVRsrR with
the Rrf2 family members EclscR and ScNsrR based on their
structural superposition with the DALI server.'* [Fe-S] cluster
ligands are highlighted in green, conserved residues are shown in
bold and structurally non-resolved residues are depicted in lower
case. Secondary structure defined by DSSP' is indicated as helix
(H), sheet (E) and coil (L), using lower case letters for non-
conserved regions.

Here we report three structures of wild-type holo-SvRsrR: one
from an air-treated dark brown crystal (RsrR-2), one from a pale
brown crystal (RsrR-3), which is assumed to be partially
reduced) and another from a DTH-treated pink crystal (RsrR-4)
and at 1.6 A, 2.0 A, and 2.3 A resolution, respectively (Table
S1 and Figure S1). Unexpectedly, none of Cys13, Cysl4 or
Cysl06 is a [2Fe-2S] cluster ligand. Instead, this cluster is
coordinated by Glu8 and His12 from one monomer and Cys90
and Cys110 from the other (Figure 1). This is the first known
case of coordination of a biological [Fe-S] cluster by three
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different types of protein ligands and, to the best of our
knowledge, this is the first time a glutamate residue is found to
coordinate a [2Fe-2S] cluster. Interestingly, and depending on
the space group, the neighboring Trp9 side chain can adopt
either a solvent-exposed conformation, here called W,, or a
buried one called W; where it occupies a pre-existing protein
cavity.

RESULTS

Structure of the holo-SvRsrR homodimer reveals
unprecedented [2Fe-2S] cluster coordination

The three-dimensional structure of SVRsrR was solved by single
anomalous dispersion (SAD) phasing at 2.0 A resolution using
an anaerobically grown monoclinic (P2;) crystal from a 96-well
plate set up with a Gryphon robot (Art Robins Inst. CA, USA)
with the vapor diffusion method. X-ray data were collected at
the Fe edge (A = 1.73978 A, column RsrR-1 in Table S1; see
Methods). Another crystal from the same crystallization drop
was taken out of the glove box, stabilized in an aerated cryo-
protectant solution and flash-cooled after 10 min of exposure to
air and stored in liquid N,. X-ray data were collected from this
crystal, which had a dark brown color indicative of cluster
oxidation (Figure S1A), to 1.6 A resolution at A = 0.94500 A
(RsrR-2 in Table S1). These data were used for crystallographic
refinement (see Methods).

Figure 2. Structure of SVvRsrR in crystal RsrR-2 (Table S1). A.
Ribbon representation of one dimer. Monomers are depicted in
green and blue, respectively. [2Fe-2S] clusters are shown as brown
(Fe) and yellow (S) spheres. Secondary structural elements are
labeled 1-7 for a-helices and A-B for -strands. B. Comparison of
the two SVRsrR dimers in the asymmetric unit after superposition
of one of their cluster binding domains. Ca. atom traces are colored
from blue to red according to increasing temperature factors from
18 to 72 A2, Fe-S bonds are shown as thin sticks. Hinge regions
near the center of the dimer are marked by asterisks.

There are two roughly aligned SvRsrR dimers in the crystal
asymmetric unit, a. u. Each SvRsrR dimer shows the elongated
fold typical of the Rrf2 family of transcriptional regulators,
comprising seven a-helices and two anti-parallel B-strands per
monomer (Figure 2A). The X-ray structure parameters reveal
an increase in temperature factors in the unit cell ¢ direction for
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both dimers of the a. u., reflecting a small but significant
conformational flexibility at their central region and some
packing anisotropy (Figure 2B). The polypeptide chain of the
four SvRsrR monomers was resolved from residues 1 to 166 for
the A chain, 1 to 158 for the B chain and 1 to 160 for the C and
D chains.

A comparison with available related structures in the Protein
Data Bank revealed that, although the DNA-binding N-terminal
domain is mostly conserved, its conformation is variable. In
terms of similarity, the global cysteine regulator CymR from
Bacillus subtilis'® is the most similar to the SvRsrR functional
dimer, with a root mean-square deviation of 2.5 A for 125 of a
total of 129 superposed Co atoms when monomers are
compared. Like other Rrf2 superfamily members, the SvRsrR
dimer buries an extensive surface (Figure 2), in this case of
about 2400 A2 per monomer. Putative DNA-binding regions in
the two SVRsrR monomers, which are equivalent to those of
other members of the Rrf2 family, are discussed below.

Figure 3. The [2Fe-2S] cluster of SvRsrR. A. Omit electron density
map contoured at 5 (gray), 15 (blue) and 30 (cyan) times the r.m.s.
level of the map. The positions of Fe and S atoms are clearly
distinguished from those of lighter atoms. B. Environment of the
cluster. Dashed lines indicate H-bonding interactions. Bonds
between atoms are shown as sticks using the following atom colors:
Fe brown, S yellow, O red, N blue and C dark-gray for one
monomer and light-gray (and ’ labels) for the other one. Trp9 is in
its W, position (see text).

The dimeric holo-SvRsrR structure contains two [2Fe-2S]
clusters that are ligated by Glu8 and His12 from one monomer
and Cys90 and Cysl110 from the other (Figure 3A). As
mentioned above, SYRsrR is the first structurally characterized
protein with a [2Fe—28S] cluster, or any other kind of biological
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[Fe-S] cluster, that is asymmetrically bound by three different
types of protein ligands. Cys90 is exposed to solvent, and
stabilized by a long H-bond to the main chain N from Glu92,
whereas the Cys110 Sy atom is buried, mostly shielded by the
side chains of Glu92 and Arg94, which form a salt bridge
(Figure 3B). This Sy atom is stabilized by the positive dipole
moment of the a5 helix. Otherwise, the cluster environment is
mainly hydrophobic, involving its van der Waals interactions
with the side chains of Phe88, 1193, Ile112 and Alal13, and
only one long H-bond between one of its inorganic S atoms and
the main chain N atom from Arg94. All the monomers have
Trp9 in the already mentioned W, configuration, exposed edge-
on to the solvent, with its indole heterocycle roughly parallel to
the plane defined by the [2Fe-2S] rhomb and about 9.0 A from
it (Figure 3B).

To investigate the importance of Glu8 and His12 for [2Fe-2S]
cluster binding and redox properties, ESA, ESC, H12A, H12C
and E8C/H12C site-directed substituted variants of SvRsrR
were generated and purified. In all cases, isolated proteins gave
rise to absorption and CD spectra consistent with the presence
of an [Fe-S] cluster (Figure 4). Mass spectrometry under non-
denaturing conditions, which previously demonstrated the
incorporation of a [2Fe-2S] cluster into wild type SvRsrR,’
confirmed the incorporation of a [2Fe-2S] cluster in each of
these variant proteins (Figure S2 and Table S2). For ESA and
HI12A variants, the intensity of [2Fe-2S] cluster peaks was
diminished, particularly in the dimer region, where only one
cluster per SvRsrR dimer was detected (Figures S2A and C).
On the contrary, replacement with Cys either had little effect on
stability in the mass spectrometry experiment (E8C) or resulted
in stabilization of the [2Fe-2S] cluster forms in both monomer
and dimer regions (H12C). Stabilization was most apparent in
the double Cys variant ESC/H12C, in which the cluster bound
forms were by far the most abundant species (Figure S2E).
Thus, the stability of the SvRsrR [2Fe-2S] cluster under the
conditions of the mass spectrometry experiment varied
depending on the cluster coordination. Substitution of a cluster
ligand residue with a non-coordinating residue resulted in
destabilization, whereas replacement with a Cys residue did not,
and the putative all-Cys coordinated cluster was much more
stable than the wild type cluster.

Comparison with the previously published absorption and CD
(which is particularly sensitive to the cluster environment)
spectra of wild type SvRsrR in the reduced (+1) and oxidized
(+2) state indicate some differences in the spectra of the Glu§
and His12 variant proteins, consistent with changes in cluster
coordination.’ In general the spectra more closely resemble that
of the oxidized form of [2Fe-2S] RsrR, suggesting that the
variant proteins were isolated with their cluster at least partially
in the +2 oxidized state (Figure 4). This is in contrast to wild
type SvRsrR, which was isolated with its [2Fe-2S] cluster in the
+1 state.® The [2Fe-2S] cluster of wild type SvRstR can cycle
its oxidation state upon reaction with oxidant/reductant without
affecting cluster stability.” To determine the redox activity of
the [2Fe-2S] cluster coordinated by the Glu8/His12 SvRsrR
variants, protein samples were exposed to O, to fully oxidize
them and then were reduced with DTH (Figure S3). In all cases,
exposure to O, did not cause a change in the shape of the
absorbance or CD spectra (Figure S3), consistent with the
proposal that the variants were isolated with their clusters
largely in an already oxidized, [2Fe-2S]?*, state. For each
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variant, addition of DTH resulted in a decrease in intensity in
both absorbance and CD spectra, with no sign of signals
characteristic of a reduced form of the cluster, indicating its
loss. Consistent with this, samples that were re-exposed to O,
did not give rise to the re-appearance of the original spectra.
These data demonstrate that, in contrast to the wild type protein,
the [2Fe-2S] cluster in each of the ESA/HI12A variant proteins
is unstable to redox cycling.

A B

104
Wild type RsrR
rye?iuced
Wild type RsrR

8 oxidized

E8A
6

E8C

4-W
H12C
2]

E8CH12C
0

400 500 600 700 300 400 500 600 700
Wavelength (nm)

Wild type RsrR
ryepdfu:ed

0.104

Wild type RsrR
oxidized

Absorbance

Wavelength (nm)

Figure 4. Spectroscopic characterization of Glu8/His12 variants of
SvRsrR. UV-visible absorption (A) and CD (B) spectra of as
isolated ESA, E8C, H12A, H12C and ESC/H12C SvRsrR variants,
as indicated. Spectra were measured using a | mm sealed anaerobic
cuvette. Absorbance and CD spectra of oxidized and reduced wild
type SVRsrR are shown for comparison. Proteins (80 uM [2Fe-2S])
were in 50 mM Tris, 2 M NaCl, 5% (v/v) glycerol, pH 8.

The capacity of SvRsrR variants to bind DNA containing an
RsrR-regulated sequence was investigated by EMSA. None of
the GIu8 or His12 variants exhibited significant specific DNA-
binding (Figure 5). ESA exhibited a small amount of binding
but this did not increase with increasing ratios of SvRsrR and so
this most likely does not represent bona fide reversible binding.
A super-shifted band that was assigned to non-specific binding
of the wild type protein was observed for all the variants (and
was more apparent in both Glu8 single variants) with the
exception of H12C, which did not exhibit binding of any kind.
These data show that both Glu8 and His12 are required for the
cluster-bound protein to adopt the correct conformation for
specific DNA-binding.

Crystal Structure of an alternative RsrR conformation with
differences in the DNA-binding region

A crystal anaerobically grown from a methyl pentanediol and
DTH-containing solution, and without reductant in the reservoir
solution (see Methods), was flash-cooled inside the glove box
and used to collect X-ray data to 2.0 A resolution (orthorhombic
RsrR-3 in Table S1). Although the initial as-prepared protein
solution was pink, after five weeks the crystal used for X-ray
data collection was light brown (Figure S1B), suggesting
partial cluster oxidation. We have previously observed partial
oxidation of other crystallizing proteins in the glove box after
several weeks,!” which is probably due to the slow release of
trapped O, from the plastic crystallization plates.

Importantly, this crystal has four mixed W,/W; dimers in its a.
u. The presence of these mixed dimers distinguishes this
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structure from the air-exposed RsrR-2 structure where, as
mentioned above, all monomers have Trp9 in the W,
configuration (Figure 3B and 6A).

A E8A Wild type

Ratio [2Fe-2S]:DNA 0 67 17 23

o HEMMER

uu_____QU

B Wild type
Ratio [2Fe-2S]:DNA 0 9 18 24 29 39 67 17 23
o
v H A Hﬁﬁ
]
B ’
U= - -y o
C H12A Wild type
Ratio [2Fe-2S:.DNA 0 9 17 24 29 34 41 87 17 23
NS— I ik Ay
B> (_. o U J
> h 9 R e
D H12C Wild type
Ratio [2Fe-2S]:DNA 0 9 7 24 29 36 40 23
NS—» . 3

e -uuuuuug

E EBC/H12C wild type

Ratio [2Fe-2S]DNA 0 9 18 24 29 23

NS—»

e -UHAJ.._/“

Figure 5. DNA-binding properties of SvRsrR variant proteins with
substitutions of cluster-coordinating residues. EMSAs showing
RsrR-regulated DNA probes unbound, U, bound, B, and non-
specifically bound, NS by (A) E8A, (B) ESC, (C), H12A, (D)
H12C, and (E) E8C/H12C SvRsrR. Ratios of [2Fe-2S] RsrR and
[RsrR] to DNA are indicated. DNA concentration was 2.5 nM. The
reaction mixtures were separated at 30 mA for 50 min.
Polyacrylamide gels were pre-run at 30 mA for 2 min prior to use.

The W, > W, conformational change involves a 96° rotation
about the Ca-CP bond of the bulky Trp9 side chain into a pre-
existing protein cavity (Figure 6B). This rotation results in an
overall indole displacement of about 9 A and maximal shifts of
6.2 A for Leud0, 2.8 A for Cys13 and 1.8 A for Tyr39. The
rotated Trp9 interacts via a water molecule with the main chain
N atom of His33, which, in turn, shifts its imidazole group 3.9
A towards the [2Fe-28] cluster. The Trp9 rotation also disrupts
an H-bonding network, which, in the W, conformation
connected this residue via two ordered water molecules to the
[2Fe-2S] cluster ligand Glu8 (Figure 6A).
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Overall, in its W; configuration Trp9 significantly modifies the
positions of helices 2 and 3 of the RsrR DNA binding helix-
turn-helix (HTH) motif (see below and Figure 6C).

Influence of crystal packing on RsrR conformation

The identification of a second conformation of RsrR in crystals
containing [2Fe-2S] RsrR in a partially reduced redox state
(compared to that observed for the air-treated, oxidized form)
suggested a link between conformation and oxidation state. To
explore this further, a reduced form of [2Fe-2S] was
investigated. Pink crystals (Figure S1C) anaerobically grown
from a solution containing 2 mM DTH and equilibrated against
areservoir solution with the same concentration of the reductant
were obtained after four days (see Methods). X-ray data from
one of these crystals were collected to 2.3 A resolution (RsrR-
4 in Table S1). The cell parameters of this monoclinic P2,
crystal are very similar to those of the air-treated monoclinic
crystal except for the c axis that is about 2 A shorter (Table S1).
As in that structure, all dimers have Trp9 exposed to the solvent
in the W, configuration.

The fact that i) both air-treated and fully reduced P2, crystals
have W,/W, dimers and ii) the putatively partially reduced
P2,2,2, crystal has W,/W; dimers prompted us to evaluate the
possible influence of crystal packing on Trp9 conformation.
We found the SvRsrR molecular contacts in the P2, crystals

C110°)
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incompatible with the W,/ W; arrangement in three out of the
four RsrR dimers in the a. u. (Table S3).

The above analysis and the presence of W,/W; dimers in the
orthorhombic crystal, suggests that in a partially reduced
SvRsrR solution a substantial fraction of dimers is in this mixed
W,/W; conformational state. However, in our crystals the dimer
composition seems to depend on the space group and the
resulting molecular packing. Indeed, the observed rather subtle
packing effect on the W, = W, conformational change of Trp9
is consistent with the fact that its two observed rotamers have
the highest frequencies (lowest energy) in proteins: 36% for the
exposed W, form and 18% for the buried W; species.'8

DNA-binding surface of holo-SvRsrR

A straightforward superposition of SvRsrR with IscR in
complex with its cognate DNA3#, besides indicating some
differences in their interactions with the nucleic acid (Figure
7A), suggests that, in its W, configuration, the N indole atom of
SVvRsrR Trp9 could interact directly with the phosphate
backbone of its DNA binding site (Figure 7B). This is also
supported by the fact that IscR Ser5 and Lys6, which bind
DNA,?** are replaced by Gly5 and Gly6 in SvRsrR (Figure 1),
thus possibly allowing for closer, main chain NH-OP
interactions in the latter.

Figure 6. Conformational changes induced by the rotation of Trp9. A. Zoom of Trp9 and its environment in the W, configuration for crystal
RsrR-2 (Table S1). B. The same region in the W; configuration for crystal RsrR-3 (see text and Table 1). The asterisk next to His33 indicates
the possible positively charged protonated state of this residue (based on its interactions). C. Stereo view of a superposition of the
corresponding cluster-binding regions including the protein fold. Red arrows highlight the large movements of Trp9 and Leu40 and dashed
black arrows indicate significant shifts of helices 2 and 3 of the DNA-binding helix-turn-helix motif.
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Figure 7. The DNA binding surface of SvRsrR. A. Superposition of
the IscR-DNA complex (gray, 29 base pairs) to one RsrR dimer
(light- and dark-blue). The DNA binding HTH and wing motifs are
significantly more separated in RsrR. When IscR and RsrR
monomers are superimposed instead, the corresponding 15 base
pairs DNA fragments (shown in red and violet) are shifted in the
direction of the red arrows. B. Zoom on potential contacts with
DNA for one RsrR monomer based on the superposition of half of
the IscR-DNA complex (pdb code 4hfl).

DISCUSSION

The crystal structures of SvRsrR show an unprecedented
coordination of its [2Fe-2S] cluster with three different types of
protein ligands, His, Glu and Cys. The importance of Glu8 and
His12 has been demonstrated here mainly by the finding that the
His = Cys and Glu = Cys substitutions, although still enabling
coordination of a [2Fe-2S] cluster, result in impaired DNA
binding and instability to redox cycling. Besides possibly
modulating the cluster’s reduction potential and properties, the
unusual coordination may have a structural basis: The Co-to-Fe
distance for Glu8 (6.1 A) and for Hisl2 A (6.5 A) are
significantly longer than the corresponding values for Cys90
(3.8 A) and Cys110 (4.5 A). This difference determines the
positions of the N-terminal residues Gly5 and Gly6 and of Trp9
close to or at the DNA-binding site (Figure 7B). It may also
explain why the H12C and E8C substitutions abolish the binding
of SvRsrR to the nucleic acid; shorter Ca-to-Fe distances would
pull the N-terminal region towards the cluster, modifying the
position of the corresponding residues.

SVRsrR has the remarkable property of modulating its DNA
binding through a one-electron redox process at its [2Fe-2S]
cluster.” Understanding such subtle control from a structural
viewpoint poses a major challenge. Our structures revealed two
RsrR  conformations, W, and W, that suggest how
conformational changes could modulate DNA-binding, and we

6

now need to further investigate the W, = W; switch to establish
if it is correlated with the redox state of the cluster, and thus
whether it is the conformational change provoked by the
reduction of the cluster in cellulo. We note that tryptophan is
not an electrostatically-innocent amino acid. Indeed, in its
ground state its indole heterocycle has a dipole moment d of
about 2-3 Debye.!” In addition, as mentioned above, the burial
of Trp9 modifies the conformation of several regions, especially
the Pro25-Leu40 segment from the HTH motif (Figure 6C),
which binds to its cognate DNA major groove.

We also note that the N-terminal EWxxH motif of SvRstR is
found in several other predicted Rrf2 family regulators from
many bacterial phyla, suggesting that the unusual iron-sulfur
cluster coordination and possible functional importance of Trp9
could be widespread (Figure S4).

The work described here highlights the remarkable mechanistic
variety that exists within the Rrf2 family of transcriptional
regulators, which includes, in addition to RsrR, the iron-sulfur
cluster biogenesis regulator IscR*#°, the nitric oxide sensor
NsrR? and the iron regulator RirA.® Structures of RsrR, IscR and
NsrR reveal a well conserved overall fold, but the nature of the
cluster and its coordination in each case is distinct. The structure
of [4Fe-4S] RirA is not yet available but none of the non-Cys
coordinating residues of RsrR, NsrR or IscR are conserved in
the RirA sequence. The observed variation, while undoubtedly
reflecting the different signals that are sensed by each regulator,
raises the question of how the protein framework accommodates
such plasticity at the cluster and its environment.

In summary, we have determined the crystal structure of
SvRsrR, a new member of the Rrf2 superfamily of dimeric
bacterial transcription factors, and found it to have a novel type
of [2Fe-2S] cluster coordinated by one Glu and one His from
one monomer and two Cys residues from the other. We have
also shown that this coordination is essential for DNA binding
and redox cycling. Furthermore, it appears that Trp9 rotation
might modulate the SvRsrR binding affinity for the nucleic acid.
Next, we will further explore the functional role of this residue
using site-directed mutagenesis and fluorescence spectroscopy.

METHODS

Purification of wild type Streptomyces venezuelae RsrR and
variant proteins. C-terminally His-tagged wild type SvRsrR
was purified as previously described.® Plasmids for the
purification of ESA, E8C, H12A, H12C, and ESC/H12C site-
directed variants of C-terminally His-tagged SvRsrR were
purchased from Genscript. Variant proteins were purified using
the same procedure as for wild type SvRsrR. Briefly, E. coli
BL21 (DE3) containing the appropriate plasmid was grown in
Luria-Bertani medium supplemented with 20 pM ammonium
ferric citrate at 37 °C, 200 rpm until ODgg ,n Was 0.6-0.9.
Cultures were cold shocked (18 min on ice) prior to induction
(100 uM IPTG), further supplementation with 200 uM
ammonium ferric citrate and 25 pM L-methionine, and
incubation at 30 °C and 105 rpm and incubated for a further 3.5
h at 30 °C. Cells were lysed by sonication and the resulting
supernatant applied anaerobically to a HiTrap IMAC HP (GE
Healthcare) column equilibrated in 50 mM Tris, 100 mM CaCl,,
200 mM L-cysteine, 5% (v/v) glycerol, pH 8, and eluted using a
linear gradient from 0 to 100% 200 mM histidine in the same
buffer. A HiTrap Heparin (1 x ImL; GE Healthcare) column
under anaerobic conditions was used to remove the cysteine and
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histidine, using 50 mM Tris, 2 M NaCl, 5% (v/v) glycerol, pH 8
to elute the protein. SVRsrR protein concentrations were
determined using the method of Bradford (Bio-Rad
Laboratories),”® with BSA as the standard. Cluster
concentrations were determined using €455 n = 3450 £25 M1 cm-
! for the oxidized form,” while those for variant proteins were
determined via Ferene iron determination assays, as previously
described.?! Cluster loadings were as follows: Wild type RsrR,
83%; E8A, 53%; E8C, 73%; HI2A, 27%; HI12C, 77%;
E8C/HI12C, 92%. RsrR [2Fe-2S] clusters were oxidized by
exposure to atmospheric O, and incubation for 10 — 30 min.
Kinetic experiments showed that oxidation occurred rapidly (<
1 min). Reduction was achieved through the addition of either
a 1:1 ratio of sodium DTH (where multiple redox cycling was
performed), or a 4-fold excess of DTH. Reduction occurred
immediately though, in some cases, samples were incubated
prior to spectral measurement. For the wild type protein the
oxidized and reduced forms were entirely stable and could be
redox cycled numerous times without significant cluster loss or
protein precipitation.

Spectroscopy and mass spectrometry. UV-visible absorbance
measurements were performed using a Jasco V500
spectrometer, and CD spectra were measured with a Jasco J810
spectropolarimeter. For mass spectrometry under non-
denaturing conditions, SvRsrR proteins were exchanged into
250 mM ammonium acetate, pH 8, using PD10 desalting
columns (GE Life Sciences), diluted to ~21 pM cluster and
infused directly (0.3 mL/h) into the ESI source of a Bruker
micrOTOF-QIII mass spectrometer (Bruker Daltonics,
Coventry, UK) operating in the positive ion mode. Data were
acquired over the m/z range 700 — 3500, with the following
parameters: dry gas flow 4 L/min, nebuliser gas pressure 0.8
Bar, dry gas 180 °C, capillary voltage 2750 V, offset 500 V, ion
energy 5 eV, collision RF 180 Vpp, collision cell energy 10
eV.22  The ESI-TOF was calibrated using ESI-L low
concentration tuning mix (Agilent Technologies, San Diego,
CA). Prior to the introduction of samples, the gas tight syringe
(Hamilton) and associated PEEK tubing (Upchurch Scientific)
were flushed with 5 ml of anaerobic ammonium acetate buffer.
Processing and analysis of MS experimental data was carried
out using Compass DataAnalysis version 4.1 (Bruker Daltonik,
Bremen, Germany). Neutral mass spectra were generated using
the EST Compass version 1.3 Maximum Entropy deconvolution
algorithm. Exact masses are reported from peak centroids
representing the isotope average neutral mass. For apo-proteins,
these are derived from m/z spectra, for which peaks correspond
to [M + nH]n+/n. For cluster- or cluster derivative-containing
proteins, where the cluster contributes charge, peaks correspond
to [M + FeS** + (n-x)H]"*/n, where M is the molecular mass of
the protein, FeS is the mass of the iron-sulfur cluster of x+
charge, H is the mass of the proton and n is the total charge. In
the expression, the x+ charge of the cluster offsets the number
of protons required to achieve the observed charge state (n+).?
Predicted masses are given as the isotope average of the neutral
protein or protein complex, in which cofactor-binding is
expected to be charge compensated.?>23

Electrophoretic mobility shift assays (EMSAs). Bandshift
reactions (20 ul) were carried out on ice in 10 mM Tris, 60 mM
KCI, pH 7.52 using the 5° 6-FAM-labelled intergenic region
between S. venezualae svenl847 and svenl848, as previously
described.’ Briefly, 1 uL of DNA was titrated with varying
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aliquots of variant or wild type SvRsrR proteins. 2 pL of loading
dye (containing 0.01% (w/v) bromophenol blue), was added and
the reaction mixtures were immediately separated at 30 mA on
a 5% (w/v) polyacrylamide gel in 1 x TBE (89 mM Tris,89 mM
boric acid, 2 mM EDTA), using a Mini Protean III system (Bio-
Rad). Gels were visualized (excitation, 488 nm; emission, 530
nm) on a molecular imager FX Pro (Bio-Rad). Polyacrylamide
gels were pre-run at 30 mA for 2 min prior to use.

Crystallization and X-ray structure determination of the
different SYRsrR structures.

As-isolated wild-type SvRsrR. Initial crystallization trials were
carried out by screening 1248 conditions from 13 different
commercial kits by the vapor diffusion method with a Gryphon
robot (Art Robin Instruments, C4, USA) in an anaerobic glove
box. Each sitting drop was prepared by mixing 200 nL of a 20
mg/mL of as-isolated SvRsrR in 300 mM NaCl, 5% (v/v)
glycerol, 50 mM Tris Base pH 8.0 with 200 nL of the
commercial crystallization solution. The drop was then
equilibrated against 100 puL of the latter at 20 °C. Useful crystals
were obtained from two conditions. In one of them the
commercial crystallization solution was composed of 20%
PEG6000 and 100 mM MES pH 6.0. This crystallization
experiment was scaled up manually and the best crystals were
obtained by mixing 1 pL of the protein-containing solution
described above with 1 uL. of a 27% PEG6000, 100 mM MES,
pH 6.5 crystallization solution, equilibrated against 1 mL of the
latter at 20 °C. A crystal obtained under these conditions after
one week was then transferred to a cryo-protecting solution
composed of 40% PEG6000, 20% glycerol and 100 mM MES
pH 6.5, mounted in a cryo-loop and flash-cooled in liquid
propane® inside the glove box. This crystal, which belonged to
space group P2, was used for the initial structure determination
(see RsrR-1 in Table S1).

Air-treated wild-type SYRsrR. A second crystal from the same
drop was taken out of the glove box and exposed to air for 10
min in oxygenated cryo-protecting solution without DTH before
being mounted and flash-cooled with liquid propane. This
crystal, which also belonged to space group P2,, was used to
collect X-ray data to 1.6 A resolution and was considered to
correspond to oxidized SvRsrR (see RsrR-2 in Table S1).

Partially-reduced wild-type -SvRsrR. In the second condition
from the screening that gave crystals the commercial solution
was composed of 65% methyl-pentanediol, 100 mM MES, pH
6.0. In this experiment 2 mM DTH was only included in the
protein drop. After five weeks, one of these crystals, mounted
directly from the plate set up by the robot, was used to collect
X-ray data to 2.0 A resolution and was found to belong to the
orthorhombic space group P2,2,2; (see RsrR-3 in Table S1).

Dithionite-reduced wild-type SvRsrR. A new series of
crystals were obtained from a second protein batch using the
same strategy except that 1 mL of a 100 uM DTH, 10 mM
NaOH solution, previously sparged with the glove box
atmosphere, was added to 50 pL of the SvRsrR-containing
solution described above. Crystallization drops were prepared
as described above except that the crystallization solution was
14% PEG6000, 2 mM DTH, 100 mM MES, pH 6.5. The protein
sample used in this experiment remained pink upon thawing and
a freshly prepared DTH solution was used. A crystal grown
under these conditions was found to belong to space group P2,
(RsrR-4 in Table S1). The crystal appeared after two days and
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was subsequently transferred to the cryo-protecting solution
with added 2 mM DTH, mounted in a cryo-loop and flash-
cooled in liquid propane inside the glove box. X-ray diffraction
data were collected to 2.3 A resolution.

X-ray structure determination. All X-ray diffraction data
were collected at the European Synchroton Radiation Facility in
Grenoble with MXCuBe,” using a Pilatus 6M (Dectris) detector
on beamlines ID23-1 and ID30B, a Pilatus X 2M (Dectris)
detector on beamline ID23-2 and an EIGER X 4M (Dectris)
detector on beamline ID30-A3 (Table S1). The data were
indexed, integrated and scaled with XDS?® and submitted to a
final scaling and merging step with AIMLESS.*® An X-ray
absorption spectrum was measured for crystal RsrR-1 on a
Rontec Xflash Xray fluorescence detector and treated with
CHOOCH?™ to find the wavelength for maximal anomalous
scattering near the Fe absorption edge. A highly redundant data
set was obtained at this wavelength by combining two 360° data
collections from the same crystal, centered at different positions.
A subsequent Hybrid Substructure Search with PHENLX?!
located 8 Fe metal sites, which corresponded to 4 [2Fe-2S]
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clusters per asymmetric unit. A good starting model of RsrR was
next obtained using the automated experimental phasing and
model building (AutoSol) routines of PHENILX. Manual model
corrections were performed with COOT*? and atomic positions
and anisotropic temperature factors were refined with
REFMAC53 using the 1.60 A resolution diffraction data
collected for crystal RsrR-2. The resulting atomic coordinates
were used as a starting model to solve the structures of the wild
type crystals RsrR-3 and RsrR-4 with PHASER.3* Compared to
the starting monoclinic form a different crystal form was
obtained for RsrR-3, whereas the monoclinic crystal RsrR-4
displayed significantly different cell dimensions. For these other
crystals, REFMACS was first used for rigid body refinement and
next for refinement of atomic positions and isotropic
temperature factors, refining also TLS parameters that were
defined for the individual RsrR subunits. Final refinement
statistics are given in Table S1. The protein data bank ID codes
for the deposited atomic coordinates and structure factors are
6HSD (RsrR-2), 6HSM (RsrR-3) and 6HSE (RsrR-4).
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