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Background: The copper-sensing operon repressor (CsoR) is representative of a large family of poorly understood copper

Sensors.

Results: Geobacillus thermodenitrificans CsoR (Gt CsoR) is representative of CsoRs found in several human pathogens.
Conclusion: Cu(I) binding induces a structural change as modeled by small angle x-ray scattering and NMR spectroscopy.
Significance: This work provides new insights into copper-mediated conformational switching in CsoR family proteins.

The copper-sensing operon repressor (CsoR) is representa-
tive of a major Cu(I)-sensing family of bacterial metalloregula-
tory proteins that has evolved to prevent cytoplasmic copper
toxicity. It is unknown how Cu(I) binding to tetrameric CsoRs
mediates transcriptional derepression of copper resistance
genes. A phylogenetic analysis of 227 DUF156 protein members,
including biochemically or structurally characterized CsoR/RcnR
repressors, reveals that Geobacillus thermodenitrificans (Gt) CsoR
characterized here is representative of CsoRs from pathogenic
bacilli Listeria monocytogenes and Bacillus anthracis. The 2.56 A
structure of Cu(I)-bound Gt CsoR reveals that Cu(I) binding
induces a kink in the a2-helix between two conserved copper-ligat-
ing residues and folds an N-terminal tail (residues 12—-19) over the
Cu(I) binding site. NMR studies of Gt CsoR reveal that this tail is
flexible in the apo-state with these dynamics quenched upon Cu(I)
binding. Small angle x-ray scattering experiments on an N-termi-
nally truncated Gt CsoR (A2-10) reveal that the Cu(I)-bound
tetramer is hydrodynamically more compact than is the apo-state.
The implications of these findings for the allosteric mechanisms of
other CsoR/RcnR repressors are discussed.
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Copper is an essential metal in many living organisms and
functions as a cofactor in metalloenzymes and electron transfer
processes due to its ability to reversibly access reduced Cu(I)
and oxidized Cu(II) oxidation states (1, 2). However, the capa-
bility to perform one-electron redox chemistry also makes cop-
per potentially toxic to the cell (3). Free intracellular copper
targets enzymes of intermediary metabolism that have exposed
iron-sulfur clusters susceptible to Cu(I) mismetallation; this, in
turn, leads to an increase in free iron, which can catalyze the
generation of reactive oxygen species, whose accumulation
damages cell lipids, nucleic acids, and proteins (4—6). Many
prokaryotes do not have a known cytoplasmic requirement for
copper, and it has been conjectured that there is no free cyto-
plasmic copper (7). Thus, to avoid copper toxicity, cells need to
tightly control intracellular copper availability. In bacteria, this
is a transcriptionally controlled process mediated by metallo-
regulatory or metal sensor proteins, which regulate the expres-
sion of genes encoding copper chaperones, efflux transporters,
and intracellular chelators (e.g. metallothioneins).

A number of proteins involved in copper resistance have
been reported to be virulence factors in intracellular pathogenic
bacteria, including the copper transporter CtpV and MctB in
Mpycobacterium tuberculosis and CtpA in Listeria monocyto-
genes (8 —10). An in vitro x-ray microprobe analysis showed that
interferon-y (INF-vy)-activated macrophages have increased
copper levels in the presence of mycobacteria, consistent
with an antimicrobial role of copper (11). Other work sug-
gests that Cu(I)-transporting ATPase, ATP7A, is capable of
importing Cu(I) into infected macrophages in an effort to
use copper as a bactericidal against the invading organism
(12, 13). Bacteria have therefore evolved defense mecha-
nisms against copper toxicity even in the presumed absence
of a large cellular copper requirement in order to survive in
this niche.

Metalloregulatory proteins control the expression of genes
involved in metal homeostasis and resistance in bacteria. The
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copper-sensitive operon repressor (CsoR)> was discovered in
M. tuberculosis (14) as the first representative of the DUF156
family; other CsoRs were subsequently studied in Bacillus sub-
tilis, Staphylococcus aureus, Thermus thermophilus, L. monocy-
togenes, and Streptomyces lividans (15-20). A second M. tuber-
culosis CsoR paralog, RicR, was shown to be involved in the
regulation of several genes only found in pathogenic mycobac-
teria in response to copper stress (2). Several non-copper-sens-
ing CsoR-like proteins, including the nickel-sensing repressors
RenR in Escherichia coli (21, 22) and InrS in Synechocystis (23)
and the sulfur transferase regulator CstR in S. aureus (24, 25),
have also been identified, revealing that this family of proteins
has evolved to sense a range of inducers.

The Cu(I)-CsoR complex was structurally characterized first
in M. tuberculosis as an all-a-helical dimer (14) with subse-
quent studies of B. subtilis CsoR consistent with a stable dimer-
of-dimers architecture in the presence and absence of Cu(l),
with each protomer containing three a-helices (al1-a3) (16).
The major structural unit of the dimer is an al-a2-al’-a2’
four-helix bundle, with the Cu(I) bound to an S,N trigonal pla-
nar coordination chelate at the periphery of the bundle; the
C-terminal a3 helices mediate many dimer-dimer contacts
within the tetramer. Two copper-free crystal structures subse-
quently reported for T.thermophilus and S. lividans CsoRs
adopt the same dimer-of-dimers architecture (18, 20). Apo-
CsoR binds specifically to its operator DNA in a 2:1 tetramer/
operator binding stoichiometry (16, 26) but lacks a canonical
DNA binding domain; as a result, precisely how CsoR interacts
with its pseudo-2-fold symmetric DNA operator remains
unclear. A recent study presents a plausible model of how two
CsoR tetramers are oriented on a single DNA operator (26),
whereas a mass spectrometry-based method used to probe dif-
ferential lysine reactivity on B. subtilis CsoR provided some
insights into the conformations in distinct allosteric states (27).
However, how Cu(I) binding drives negative regulation of DNA
binding is not known for any CsoR or, more generally, any
CsoR/RcnR protein.

We reasoned that a target CsoR was needed that could be
studied both in solution and crystallographically to obtain new
insights into Cu(I)-mediated allostery. We have recently devel-
oped a CsoR from Geobacillus thermodenitrificans (Gt) as a
model system for this purpose (28). We show here that G£ CsoR
is representative of CsoRs from other mesophilic bacilli, includ-
ing B. subtilis (16) and the pathogenic bacteria L. monocyto-
genes (19) and Bacillus anthracis, and is more distantly related
to other CsoRs characterized previously (14, 18, 20). The x-ray
crystallographic structure of Cu(I)-bound Gz CsoR and com-
panion NMR and small angle x-ray scattering (SAXS) experi-
ments provide new insights into the Cu(I)-dependent confor-
mational switching associated with allosteric negative
regulation of DNA binding by Cu(I). How this structural tran-
sition mediates dissociation of the CsoR-DNA complex is
discussed.

2 The abbreviations used are: CsoR, copper-sensing operon repressor; Gt CsoR
and Gt CsoR11, G.thermodenitrificans CsoR and CsoR11, respectively;
SAXS, small angle x-ray scattering; hNOE, heteronuclear NOE; PDDF, pair
distance distribution function; MSA, multiple-sequence alignment.
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Conformational Switching in a CsoR

EXPERIMENTAL PROCEDURES

Phylogenetic Analysis of DUF156 (CsoR/RcnR) Proteins—The
data set analyzed in this study includes 14 characterized pro-
teins known to respond to one of the following inducers: cop-
per, nickel/cobalt, formaldehyde, or sulfide/sulfite (supplemen-
tal Table S1). The DUF156 family available at Pfam (accession
PF02583, 4323 sequences) was first filtered to remove redun-
dant (100% identity) sequences by using CD-hit (29). The fil-
tered data set (1966 sequences) was used to generate a local
BLAST database by using formatdb. This database was
searched for close BLASTP homologous proteins (10-15
sequences) using each of the 14 characterized DUF156 proteins
as a query (supplemental Table S1), resulting in a 227-protein
data set used for sequence analyses (supplemental Table S2).
This 227-sequence data set was subjected to multiple-sequence
alignment using MUSCLE (30), which was run with maxiters =
32, and the resultant alignment was used for the phylogenetic
analysis. The maximum likelihood tree strategy was very simi-
lar to that recently applied to CDF proteins (31) and included
100 random seed trees in addition to a BioN] tree to start 101
searches. Tree searching under the maximum likelihood crite-
rion was performed with PhyML version 3.0 (32), using the LG
model as the substitution matrix and vy correction for among-
site rate variation. The tree searches were performed on a
13-node computer cluster as reported previously (31). The best
tree (Fig. 1) was characterized by the highest log likelihood
score from these 101 searches. Our phylogenetic analysis
strongly contrasts with the most recent unrooted cladogram
reported, which was inferred from a ClustalW alignment of
only 29 proteins, using the Phylip suite of programs (23).

Identification of Conserved Group-specific Amino Acids over
Full-length DUF156 Proteins—From the phylogeny (Fig. 1 and
supplemental Table S2), we next retrieved subgroup-by-sub-
group all clade-associated sequences and realigned them using
MUSCLE, with the position-specific estimated evolutionary
rate of amino acid variance over the full-length DUF156 pro-
teins analyzed using ConSurf (33). The conservation-based
sequence analysis of pairwise sequence identities within indi-
vidual subclades and across the entire 227-member DUF156
family and all graphical outputs (histogram plots, heat maps)
was carried out using a coevolution utilities suite provided by
Prof. L. Swint-Kruse (University of Kansas Medical Center,
Kansas City, KS).

Protein Expression and Purification—The gene encoding
G. thermodenitrificans NG80-2 (Gt) CsoR was created by PCR-
based amplification of the coding sequence as annotated by
locus tag GTNG_1533 (105 residues) and subcloned into plas-
mid pET15b (Novagen). This plasmid directs the expression of
T2A Gt CsoR, taken as wild type, and was transformed into
Rosetta BL21(DE3) with ampicillin selection. Cell cultures were
grown in 37 °C until reaching an A, of 0.6 —0.8, and protein
overexpression was induced by the addition of isopropyl 1-thio-
B-p-galactopyranoside to a final concentration of 1 mm for 3 h
at 37 °C before harvesting. An expression plasmid was designed
to overexpress an N-terminal tail truncation mutant of Gt
CsoR, in which DNA encoding residues 2—10 were “looped out”
to give Gt CsoR11, giving an N-terminal sequence Met'-Leu"'-
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FIGURE 1. Phylogenetic tree and group-specific amino acid signatures of functionally characterized DUF 156 proteins. Shown is an unrooted, maximum
likelihood-based tree of 227 DUF156 proteins inferred from characterized proteins (supplemental Table S1) and their uncharacterized homologs (supplemen-
tal Table S2). Shimodaira-Hasegawa-like p values =0.90 for bipartitions are shown in blue for those defining groups and red for subgroups. Each group is
numbered with roman numerals (in blue), and the known metal ligand or small molecule reactivity for functionally characterized proteins (in black) in each
subgroup is indicated. Scale bar, expected number of amino acid substitutions per site under the LG model. Top left, W-X-Y-Z fingerprint (22, 51, 52) variations
among functionally characterized CsoR/RcnR subgroups (labeled I, 11, llla, etc.) are shown with positions shaded according to the conservation scale (bottom).
Letters in green indicate that the calculation was performed on fewer than 10% of sequences. Top right, the W position was inferred from the MSA used for the
phylogenetic analysis by positional homology with the His® residue from the Ni(ll) sensor RenR (22), whereas the X-Y-Z positions are structurally defined by the

M. tuberculosis Cu(l)-bound CsoR crystal structure as ligands to the Cu(l) ion (14).

His'? The integrity of the DNA sequence of all expression plas-
mids was confirmed by sequencing. Uniformly '°N-labeled
wild-type Gt CsoR was expressed essentially as described pre-
viously (28) with transformed E. coli grown in M9 salts supple-
mented with ">NH,CL Cell cultures were grown in 37 °C until
reaching an A, of 0.6—0.8, and protein overexpression was
induced by adding isopropyl 1-thio-B-p-galactopyranoside to a
final concentration of 0.8 mm for 2.5 h at 37 °C before harvest-
ing. The purification of unlabeled and '*N-labeled CsoRs and
CsoR11 was carried out essentially as described previously for
wild-type Gt CsoR (28). Electrospray ionization mass spec-
trometry was used to confirm that all recombinant proteins
were characterized by the correct molecular mass: 11,926 dal-
tons (11,925 daltons expected) for wild-type CsoR (N-terminal
Met processed; residues 2—105); 11,045 daltons for CsoR11
(11,042 daltons expected) for N-terminally processed CsoR11
(residues 11-105). Apo-wild-type CsoR and N-terminally trun-
cated CsoR11 contained the full complement of reduced thiols
(1.9 free thiols per monomer; 2 expected). Copper-loaded
CsoRs were prepared by saturating apo-CsoRs anaerobically
with the addition of 1.0 protomer molar eq of freshly prepared
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CuCl stock solution in fully degassed Buffer B (25 mm HEPES,
pH 7.0, 200 mMm NaCl) in an anaerobic glove box essentially as
described previously (34). Apo- and Cu(I)-Gz CsoR R65A and
K101A for the fluorescence anisotropy DNA binding assay
were expressed and purified as wild-type protein.

Size Exclusion Chromatography—Size exclusion chromatog-
raphy was performed using an analytical G-200 Superdex
10/300 column. 100 ul of ~200 um (protomer) apo- and
Cu(I)-Gt CsoR were prepared in Buffer N (10 mm MES, 120 mm
NaCl, 5 mm tris(2-carboxyethyl)phosphine, 5 mm EDTA, 20
mM arginine, 20 mm glutamate, pH 6.0) and injected onto the
column at a flow rate of 0.5 ml/min controlled by an Akta 10
purifier chromatography system. The estimated molecular
weight was obtained using a calibration curve obtained with
globular protein standards.

Bacterial Copper Induction Experiments—The coding
sequence of Gt CsoR and ~200 bp upstream of the predicted
promoter region was amplified by PCR from the G. thermod-
enitrificans genome. This DNA was then cloned into the
pDG1662 vector and transformed into B.subtilis strain
HB7350 (csoR:spc) (15) to be integrated at the amyE locus to
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FIGURE 2. Characteristics of the MUSCLE-derived MSA of 227 DUF156 proteins. A, histogram plot of the pairwise sequence identities of all group IV DUF 156
proteins (45 sequences) found in the MSA used here. B, histogram plot of the pairwise sequence identities of all 227 DUF156 proteins. C, 227 X 227 heat map
of the pairwise sequence identities of 227 DUF156 proteins organized according to subclade. The x and y axes correspond to different subgroups from la, Ib,
etc. to VIl and others (sequences that could not be categorized) with sequence identity shown according to the color scale. Pairwise sequence identities
between most subgroups are less than 0.4 (blue), with higher scores observed within major groups or clades. The group IV sequences of interest here (including

subclades IVa, IVb, and IVc) are enclosed by the black box.

create strain HB15135 (csoR:spc amyE::Gt CsoR). SP lysates
from strain HB7358 (CU1065 SPB (P, ,4-cat-lacZ)) (15) were
used for transduction to create HB15136 (csoR:spc amyE:Gt
CsoR SPB (P,,,,4-cat-lacZ)). For [-galactosidase assays,
HB15136 and HB7356 (csoR::spc amyE::Bsu csoR SPB (P, 4~
cat-lacZ)) cells from overnight culture were diluted (1:100) into
5 ml of fresh LB medium with or without a supplement of 2 mm
CuSO, and grown to midlog phase. Cells were then harvested,
and B-galactosidase activity was measured in triplicate as
described previously (15).

X-ray Crystallography—Cu(l)-bound Gt CsoR was prepared
in an anaerobic glove box by adding 1.1 molar eq of freshly
prepared CuClinto reduced apo-Gt CsoR. Cu(I)-CsoR was then
buffer-exchanged to buffer N (10 mm MES, pH 6.5, 0.2 Mm NaCl,
3mm DTT, 3 mMm EDTA) and concentrated to 800 um. Protein
crystals were obtained in 2.8 M sodium formate, 0.1 m HEPES,
pH 7.0, 0.1 M betaine hydrochloride by hanging drop vapor
diffusion at 20 °C. Crystals were freshly frozen in liquid nitro-
gen in the crystallization conditions containing 35% ethylene
glycol. Intensity data were collected at the Advanced Light
Source (35) Beamline 4.2.2. All data were processed with
HKL2000. Phase calculations were performed by molecular
replacement in the Phaser-MR of PHENIX using Protein Data
Bank entry 4ADZ (apo-CsoR from S. lividans). The initial
model and electron density map were generated by AutoBuild.
Models were built in Coot, and refinements were performed in
PHENIX. The final data statistics are provided in Table 1 with
the structure deposited in the Protein Data Bank under acces-
sion code 4M1P.
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NMR Experiments—Both apo- and Cu(I)-CsoR wild type
were prepared at 1 mMm protomer in Buffer N. All NMR exper-
iments were performed on an 800-MHz Varian (Agilent) DDR
spectrometer at 318 K in the METACyt Biomolecular NMR
Laboratory at Indiana University. "H-'°N steady-state hetero-
nuclear NOE (hNOE) values were estimated from duplicate
experiments by setting the relaxation delay to 5 s prior to a 0-s
(without proton saturation) and 5-s (with proton saturation) 'H
presaturation delay, corresponding to the equilibrium and sat-
urated spectra, respectively. The magnitude of the hNOE was
estimated from the ratio of cross-peak intensities, I, atea/
I quilbrium) Measured in two separate experiments.

SAXS Data Collection and Analysis—All SAXS data were
acquired at Sector 12ID-B of the Advanced Photon Source at
the Argonne National Laboratory. The energy of the x-ray
beam was 12 keV (wavelength A = 1.033 A), and the setup was
adjusted to achieve scattering g values of 0.005 < g < 0.993
A~ where q = (4m/\)sin6, and 26 is the scattering angle. All
samples were prepared at three different concentrations (1, 3,
and 5 mg/ml) with an exact buffer match. All Gt CsoR (wild-
type and CsoR11) samples were prepared in Buffer N, whereas
all B. subtilis CsoR samples were prepared in 10 mm MES, pH
6.5, 0.1 M NaCl, 3 mm DTT, 3 mm EDTA. Twenty two-dimen-
sional images were recorded for each buffer or protein solution
sample using a flow cell, with an exposure time of 0.5 s to min-
imize radiation damage and obtain a good signal/noise ratio.
The two-dimensional images were reduced to one-dimensional
scattering profiles using Matlab software on site. Corrected
scattering curves were obtained by subtracting buffer scattering
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from sample scattering using PRIMUS (36). Zero concentration
extrapolations from three concentration curves were per-
formed in PRIMUS to remove attractive or repulsive interac-
tion factors. Estimates of the radius of gyration (R, were
obtained using the Guinier approximation, In(/(g)) ~ In(/(0)) —
Rg2q2/3, from data atlow g values in the range of gR, < 1.3. Data
points were used with g up to 8/R, to generate a real space pair
distance distribution function (PDDF or p(r)) using GNOM
(37), with D, . calibrated until the PDDF curve fell smoothly to
zero. Ab initio modeling was performed using the program
DAMMIF (38) to obtain 15 dummy bead models. These models
were then averaged in DAMAVER (39) with normalized spatial
discrepancy less than 1.0, indicating good agreement between
individual models. Smooth envelopes were superimposed on
crystal structure by SUPCOMB (40). The theoretical scattering
intensity of the atomic structure model of Cu(I)-bound Gt CsoR
was calculated and fitted to the experimental scattering inten-
sity using the FoXS server (41, 42).

Fluorescence Anisotropy Experiments—A 41-bp 3'-fluoresce-
in-labeled operator duplex DNA was derived from the opera-
tor-promoter region of the cso operon (5'-GTTGTAAC-
TATATACCCCCTTCGGGTATAATGTATATAGAC-3').
The double-stranded DNA was synthesized, purified, and an-
nealed from component single strands as described previously
(16). Fluorescence anisotropy measurements were performed
by using a Biotek Synergy H1 hybrid multimode microplate
reader with a A, value of 487 nm. A typical experiment was
conducted in triplicate in a 96-well format with 10 nm duplex
DNA operator in 20 mm sodium phosphate, 130 mm NaCl, pH
6.5, at 25.0 °C and various concentrations of CsoR. Normalized
r values (ranging from 0 to 1) represent fractional saturation of
the DNA and were calculated from the ratio (7, — "paa)/(Fmax —
rpna), Where 7 is the maximum anisotropy obtained at sat-
urating protein concentrations, and rpy, is the anisotropy of
the free DNA. The resultant data were subjected to an un-
weighted nonlinear least squares fit to a two-tetramer binding
model (defined by K, and K,) as described earlier (16, 25) using
the program DynaFit (43) and assuming a linear relationship
between r,,, and fractional saturation of the DNA as verified
previously (16). The macroscopic DNA binding constant, A, is
determined from A, = KK, (see Table 1). Allosteric coupling
free energies, AG,, are calculated as AG, = —RTIn(AS$"/A3P°),
with AS" and A3P° corresponding to macroscopic DNA binding
constants of Cu(I)-bound and apo-CsoRs, respectively.

RESULTS AND DISCUSSION

Phylogenetic Analysis of DUF156 Proteins Reveals that Gt
CsoR Belongs to a New Group of Cu(I) Sensors—Several DUF156
(CsoR/RenR) (14, 22) proteins have been biochemically or
structurally characterized, including multiple distinct Cu(I)
sensors of particular interest here (2, 1416, 18 =20, 24) (this
work), two nickel sensors (21, 23, 44), and the sulfite/sulfide
sensor CstR (24, 25) (supplemental Table S1). We used a phy-
logenetic approach to establish the evolutionary relationships
among these characterized DUF156 proteins, with an emphasis
on determining the relatedness among Gt CsoR (locus tag
GTNG_1533) (28) and other CsoR-like copper-sensing repres-

19208 JOURNAL OF BIOLOGICAL CHEMISTRY

A 60
[ no CusoO,

50r Bl 2mM CusO,
20
S =40
© D
‘_U « 30F
g2
& = 20

10F

Bsu CsoR GtCsoRwt GtCsoR C50A
B
— apo Gt CsoR RO Cull)-Gf CsoR
60 08
. -- Cu(l) Gt CsoR 206 IOVa
E 0.4
c 02 apo-Gt CsoR F
o B
g 40 0'91.0 4.5 5.0 5.5 6.0
5’ Molecular weight (log)
<
€ 20}
0 . :
14 16 18 20 22

Volume (ml)

FIGURE 3. A, B-gal activity of B. subtilis CsoR-, wild-type Gt CsoR-, and C50A Gt
CsoR-complemented B. subtilis csoR-null strain containing copZA promoter-
lacZ fusion as reporter analyzed in LB medium with or without the addition of
2 mm CuSO, (15). B, G200 gel filtration chromatographic elution profiles of
apo- (solid) and Cu(l)-bound (dashed) Gt CsoR monitored at 280 nm. The cal-
ibration curve (inset) was prepared in K, versus log molecular weight. R, ribo-
nuclease A; Ova, ovalbumin; C, conalbumin; Ald, aldolase; F, ferritin.

sors and to uncover shared features important for Cu(I)
sensing.

An unrooted, maximum likelihood-based tree of 227 DUF156
proteins (Fig. 1), ~8-fold larger than a previous analysis (23), dis-
tributes these sequences into seven major groups, defined on
the basis of clade support (p value =0.9) and the currently
known functionally characterized proteins (Fig. 1, left inset).
Strikingly, this phylogeny reveals that the Cu(I)-sensing CsoRs
are distributed in four independent groups (I, II, IV, and VI). G¢
CsoR is most closely related to CsoRs of other pathogenic
bacilli, including B. anthracis and L. monocytogenes, also
found in group IV, suggesting that these CsoRs share a com-
mon evolutionary ancestor (Fig. 1). Major features that dis-
tinguish Cu(I)-sensing CsoRs in different groups lie outside
of the primary Cu(I) binding motif (X-Y-Z within the more
general W-X-Y-Z sequence derived from the entire CsoR/
RenR family (22); Fig. 1, right inset) and include significantly
divergent N-terminal and C-terminal extensions as well as
distinct dispositions of basic residues (Lys/Arg) that may
function as clade-specific DNA-binding residues, for exam-
ple (supplemental Fig. S1).

It is interesting to note that two Cu(l) sensors (1. thermophi-
lus CsoR, M. tuberculosis CsoR) and the nickel/cobalt-sensing
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FIGURE 4. Structure of Cu(l)-bound Gt CsoR. A, 2.56 A resolution crystal structure of Cu(l)-Gt CsoR tetramer (see Table 1 for structure statistics). Each protomer
is shaded differently, with Cu(l) ions represented as tan spheres and Na™ ions as purple spheres. Secondary structural units are labeled on the protomer shaded
magenta. B, electrostatic surface potential of Cu(l)-Gt CsoR tetramer, with positive potential in blue and negative potential in red. Note that the side chains of
Lys'®" and Lys'% (C-terminal residues, close to the middle hole of the tetramer) are modeled as Ala residues. C, expansion of the tetramer interface highlighting
group IV-specific residues between two protomers near the tetramer interface (marked by the black arrow). Chain coloring and approximate orientation are as
in A. D, Cu(l) binding region with backbone residues in green from one protomer and residues in magenta from the other protomer with a dimer. Cu(l) is
coordinated by Cys’®, His”®, and Cys°®’ in a trigonal planar geometry. Second coordination shell residues Tyr*®” and Glu®® are also shown. The electron density
map is contoured at 10 2F, — F_level. E, ribbon illustration of the folding of the N-terminal tail regions (residues 11-20) folding over the Cu(l)-binding pocket.
Backbone helices from two different protomers are shaded in green and magenta, with the N-terminal tail shaded in red.

TABLE 1
Crystallographic data collection and refinement statistics
Cu(I)-Gt CsoR

repressor Leptospirillum ferriphilum NcrB (44) are grouped in
clade I (branch support p value = 0.97). Other nickel sensors,
including InrS (group VII) and RenR (group II), are found in
independent clades; however, group II also contains the E. coli

Data collection

Space group P622
formaldehyde sensor FrmR (Fig. 1A, group IIb) (45). A Cell dimensions
a, b, c(A) a=b =89.204,c = 57.985

sequence comparison of all currently known nickel/cobalt sen-

o @, B, v (degrees) 90, 90, 120
sors from groups I, II, and VII reveals clearly distinct W-X-Y-Z Resolution (A) 50-2.57 (2.61-2.57)
fingerprints (Fig. 1, left inset). These data taken collectively f/”}" Or Rierge gé’gz E?‘ggg

(o B .
strongly suggest that the copper- and nickel-sensing ability of Completeness (%) 99.8 (100)
DUF156 proteins may have evolved at least twice in a number of Redundancy 11.3 (10.3)
bacterial organisms. Reéine‘lntpt @ 637956
. . . 0on B VES/N
The MUSCLE-derived multiple-sequence alignment (MSA) N‘zioo}lr:ﬂections 4463
of 227 DUF156 proteins used for phylogenetic analysis (see ﬁwork/fRfree 0.2138/0.2483
“Experimental Procedures”) was also used to determine the %r%t:lts e 735
extent to which Gt CsoR is related to other CsoR/RcnR repres- Ligand/ion 3
sors. A comparison of the histogram plots of the pairwise B_}f;frrs 12
sequence identities of the 45 sequences in group IV CsoRs (Fig. Protein 65.67
2A) versus all 227 DUF156 proteins (Fig. 2B) reveals that the I\;(;ii:;i/ ton Zg:gg
group IV CsoRs are highly similar to one another relative to all Root mean square deviations
other subgroups; in fact, this is true for all groups, as revealed by g"nd lengths (A) 0.0046
A . . ond angles (degrees) 0.75
the heat map of the pairwise sequence identity across the MSA Ramachandran statistics
(Fig. 2B). This provides additional support for the contention Sff;lffffj ?'gng’
that Gt CsoR is an excellent model for group IV CsoRs. The Favored 98.94%

sequence analyses further suggest the possibility that the mech-

anisms of allosteric negative regulation of DNA binding by
Cu(I) in CsoRs derived from distinct clades may differ from one
another and may involve both clade-specific residues and resi-
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dues common to all Cu(I)-sensing CsoRs. For example, Arg'” in
the al helix of M. tuberculosis CsoR (Lys®' in Gt CsoR) and
Arg® in S. lividans CsoR (Arg® in Gt CsoR) were previously
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FIGURE 5. Normalized fluorescence anisotropy-based DNA binding iso-
therms of wild-type CsoR (A), R65A CsoR (B), and K101A CsoR (C) in the
absence (open squares) and presence (filled squares) of bound Cu(l). The
apo-Gt CsoR wild-type binding curve is shown as a dashed line in B and C for
reference. Continuous lines represent the best fit using a stepwise two-te-
tramer DNA binding model with fitted parameters summarized in Table 1.
Error bars, S.D.

shown to be important for DNA operator binding by M. tuber-
culosis CsoR (14) and S. lividans CsoR (26), respectively (sup-
plemental Fig. S1A). On the other hand, clade- or group-spe-
cific charged residues in Gt CsoR are of particular interest
because they might be involved in operator DNA binding or in
ion pairing with other clade-specific residues. These include
Arg'®in the W position of the W-X-Y-Z motif as part of a highly
conserved Pro'”-Arg'®-Thr'® sequence, Glu** from the N-ter-
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TABLE 2

DNA binding properties for Gt CsoRs

Conditions were as follows: 20 mMm NaP,;, pH 6.5, 130 mm NaCl, 25.0 °C, 10 nm DNA
duplex. ND, could not be determined.

DNA binding affinity”
Gt CsoR K, K, A, AGc o .,
X10°m 1 X 10°m ! X 10" M2 keal/mol
Wild type
Apo 6.4(*3.2) 23(*12) 15(*11) >35(*+0.8) 105 129
Cu(I) 53(+1.5) <0.1 <0.43 (+0.12) 104.8 128.8
R65A
Apo 8.9(*26) 2.1(*1.0) 1.8(*1.0) 1.2(*1.0) 1003 124.3
Cu(I) 44 (*1.3) 0.6(*0.6) 0.3(*0.3) 116.6 140.6
K101A
Apo <0.1 ND ND ND 150.7 174.7
Cu(l) 2.8(*1.3) ND ND 1211 1451

“ Determined by a fluorescence anisotropy-based assay. A, is defined as K;-K,.
K, <10*M™ 1 A, < 10 M~ 2 under these conditions. Both R65A and K101A
are tetramers, as revealed by gel filtration chromatography like that shown in
Fig. 3 (data not shown).

minal region, Arg*® near the presumed Cu(I) ligand Cys*°,
Arg’* (in group IVb only) next to the presumed Cu(I) ligand
His”®, and Glu®®, previously shown to be important for allos-
teric switching in both M. tuberculosis and B. subtilis CsoRs
(supplemental Fig. S1B) (16, 46), but not to the same degree in
the closely related L. monocytogenes CsoR, where it is an Asp
(19) (supplemental Fig. S1A).

Gt CsoR Acts as Cu(l)-sensing Transcriptional Repressor in
B. subtilis—Gt CsoR has 54.7% sequence identity and 73.6%
sequence similarity to B. subtilis CsoR, and both reside in the
same clade (group IV, p value = 0.91; Fig. 1), but Gt CsoR is
uncharacterized. To determine whether Gt CsoR is capable of
sensing copper in cells, lacZ reporter assays were performed in
a AcsoR strain of B. subtilis complemented with Gt CsoR wild-
type, Cu(I)-binding residue substitution mutant C50A or
B. subtilis CsoR, and B-galactosidase activities were measured
in the presence and absence of 2 mm copper (Fig. 34). This
experiment reveals that Gt CsoR is a bona fide copper sensing
repressor in B. subtilis.

X-ray Crystallographic Structure of Tetrameric Cu(l)-Gt
CsoR—Size exclusion chromatography (Fig. 3B) and sedimen-
tation velocity ultracentrifugation (28) reveal that both apo-
and Cu(I)-bound Gz CsoR adopt tetrameric assembly states in
solution, as previously found for B. subtilis CsoR (16), with the
Cu(I) complex hydrodynamically measurably smaller than the
apo-CsoR (Fig. 3B). In order to elucidate the structural mecha-
nism of Cu(I)-dependent allosteric switching, we determined
the crystal structure of tetrameric Cu(I)-bound Gt CsoR to a
resolution of 2.56 A (Fig. 4A). The final model was refined to an
R, o of 21.38% and an Ry, of 24.83% (Table 1). Like other
Cu(I)-sensing CsoRs, copper-bound Gt CsoR adopts a disc-
shaped homotetrameric assembly state (Fig. 44) with the elec-
tron density visible from residue 10 to the C-terminal residue
105 in all four protomers; residues 2—9 are probably missing
due to substantial disorder in this region of the structure (see
below). Each protomer consists of four helices, labeled as a1
(residues 20 —46), a2a (residues 50 —76), a2b (residues 80 — 86),
and a3 (residues 88 —104). a1 and a2 pack against a1’ and a2’
from the symmetry-related protomer in the dimer to form an
antiparallel four-helix bundle (Fig. 44). Residues 12-19 just
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FIGURE 6. NMR analysis of Gt CsoR. A, backbone amide chemical shift per-
turbation map of Gt CsoR in the apo- and Cu(l)-bound states (28). Secondary
structures for apo- and Cu(l)-Gt CsoR are shown at the top, with Cu(l)-binding
residues labeled in green (Cys*° and Cys’®) and cyan (His’®). The helical
boundaries are determined by TALOS™ analysis (53). B, composite chemical
shift perturbation map painted on the crystal structure of Cu(l)-Gt CsoR. Cu(l)-
induced perturbations are colored from blue to red according to the scale
shown. C, "H-">N hNOE analysis of apo-Gt CsoR (black bars, left axis) and
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N-terminal to the al helix adopt an extended conformation
and fold over the Cu(I)-binding site region (see below).

The electrostatic surface potential (Fig. 4B) shows a region of
substantial strong positive potential located in the region
between the C terminus of the a2b helix and the N terminus of
the a3 helix, in the general vicinity of the bound Cu(I) ions.
There is a slight negative potential toward the center of the
tetramer, although this may be influenced by the fact that the
side chains of Lys'®" and the C-terminal residue Lys'*® could
not be traced in this structure. In any case, there is a small “hole”
in the center of the donut-shaped tetramer, which is largely
filled by Arg®®, making close approach to the C-terminal COO ™
group of Lys'®, which hydrogen-bonds to a solvent molecule
(Fig. 4C). Arg® corresponds to Lys® in B. subtilis CsoR, and the
reactivity of Lys®® toward an exogenous amidinating reagent is
significantly reduced on DNA binding (27). An R65A mutant
exhibits reduced DNA binding affinity in the apo-state (Fig. 5B)
as well as a reduced allosteric coupling free energy relative to
wild-type CsoR (Fig. 54 and Table 2), consistent with a direct
interaction between the Arg®® side chain and DNA. Of the two
conserved basic residues corresponding to Lys'®" and Lys'® in
Gt CsoR (Lys”® and Lys'% in B. subtilis CsoR), Lys”® (Lys'°") is
also strongly protected from amidination in both DNA- and
Cu(I)-bound states (27). Lys'°" is well positioned to form an ion
pair with Glu”®’ from the o2 helix (just two residues removed
from Cu(I)-binding residue His”®) across the tetramer interface
(Fig. 4C). Formation of a salt bridge here would attenuate its
reactivity. Moreover, this proposed Lys'®'-Glu”®’ interaction is
conserved in other group IV CsoRs (supplemental Fig. S1) and
is charge-reversed in B. anthracis CsoR. Lys'®" clearly plays an
energetically important role in DNA binding because K101A
CsoR is essentially inactive under these conditions in both the
absence and presence of Cu(I) (Fig. 5C and Table 2). Taken
together, these structural, chemical modification, and DNA
binding data on two group IV CsoRs suggest that a major deter-
minant of Cu(I)-induced DNA dissociation is a remodeling of
the tetramer interface near the “hole” in the molecule upon
Cu(I) binding.

One Cu(I) per protomer is trigonally coordinated by the con-
served Cys'/His/Cys (X-Y-Z; Fig. 1) motif formed by the Sy
atoms of Cys®®’ of one protomer and Cys’® and the N§1 atom of
His”® of the another protomer, analogous to that previously
described in M. tuberculosis CsoR (14) (Fig. 4D). Two con-
served second coordination shell residues (Tyr*®’ and Glu®®)
are also in close proximity to primary copper ligating residues
(Fig. 4D), as in M. tuberculosis CsoR (see Fig. 7A) (46). Two
solvent water molecules were also found near the copper bind-
ing site, with one hydrogen-bonding to Ne2 of His’ and the
carboxyl group of Glu”® and the other hydrogen-bonding to the
hydroxyl group of Tyr**’ (Fig. 4D). Tyr*®" appears to form a

Cu(l)-Gt CsoR (light gray bars, right axis). The residue-specific hNOE value is
plotted as a function of residue number, with hNOE values of Cu(l)-Gt CsoR
multiplied by —1 for presentation. A secondary structure schematic is shown
at the top (apo) and bottom (holo) (28). Larger hNOEs correspond to lower
mobility, whereas smaller or negative hNOE represent high mobility on the
picosecond to nanosecond time scale (54). Dashed lines represent the mean
hNOE value from residues Arg'®-Lys' %%, with a single S.D. value defined by the
shaded gray area.
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FIGURE 7. A, superposition of Cu(l)-binding region of Cu(l)-M. tuberculosis CsoR (14) (blue) and Cu(l)-Gt CsoR (55). Cu(l) ions are shaded yellow in Cu(l)-M. tuber-
culosis CsoR and in orange in Cu(l)-Gt CsoR. The N-terminal tail of Cu(l)-Gt CsoR is colored in light green for visualization purposes only. The global root mean
square deviation is 1.0 A as calculated by the Needleman-Wunsch alignment algorithm in Chimera. B, superposition of Cu(l)-binding region of apo-S. lividans
CsoR (20) (cyan) and Cu(l)-bound Gt CsoR (55). Cu(l) ions are shaded orange in Cu(l)-bound Gt CsoR. The global root mean square deviation is 0.559 A and is
calculated by the Needleman-Wunsch alignment algorithm in Chimera. C, 90° rotation around the z axis of a schematicillustration of the N-terminal tail folding
onto the Cu(l)-binding pocket from that shown in Fig. 4E. Backbone helices from two different protomers are shaded in green and magenta, with the N-terminal

tail shaded in red. Selected side chains are indicated.

short hydrogen bond with the Glu®>, whereas Glu”® forms a
water-mediated hydrogen bond to the Ne2 atom of His”.
There are no other direct hydrogen bonds to the side chain of
His”” in this structure.

Gt CsoR is unique relative to other CsoRs in that it harbors a
region N-terminal to the a1 helix that folds into a well defined
structure. Residues 12—19 fold over the Cu(I)-binding site and
include the -7 stacking of His'*> on Tyr*®” and a second coor-
dination shell hydrogen bond between the Ile'® amide proton
and Sv of copper ligand Cys”®. Another striking feature of this
fold is that the side chain of Arg'® is completely buried, hydro-
gen-bonding to the carbonyl group of Arg*®’; in addition, the
Arg” side chain appears locked down, hydrogen-bonding with
the backbone carbonyl groups of Ile*® and Pro'” while engaging
in a salt bridge with Glu®? (Figs. 4E and 7C). These residues are
highly conserved only in group IV CsoRs (supplemental Fig. S1)
and thus probably represent clade-specific interactions. Inter-
estingly, a distinct kink or helical discontinuity is found in the
@2 helix between Ala”® and His’®, which is required to allow
Cys’? to bind the Cu(I) ion (Fig. 4E), ultimately creating the «2a
and a2b helices. This discontinuity in helical geometry is also
observed in solution when comparing the Cu(I)-bound versus
Cu(I)-free states, and this must be part of the allosteric switch-
ing mechanism in CsoR (28) (Fig. 6A4). Although not previously
discussed (14), this disruption in a2 helical geometry was also
found in the structure of Cu(I)-bound M. tuberculosis CsoR
(Fig. 7A) but is not found in the apoprotein structure of S. [ivi-
dans CsoR (Fig. 7B).

NMR Analysis of the Cu(l)-dependent Allosteric Switching
Mechanism in Gt CsoR—Despite the availability of a number of
crystallographic structures of different apo- and Cu(I)-CsoRs,
the global nature of the Cu(I)-dependent structural switch has
remained elusive. Heteronuclear NMR spectroscopy was there-
fore utilized to study Gz CsoR in solution. All but three (of 103)
non-Pro 'H-'"’N amide correlations have been specifically
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assigned in both apo- and Cu(I)-bound states in solution (28)
(data not shown). A composite chemical shift perturbation map
of all backbone atoms (Fig. 6A) reveals chemical shift perturba-
tions throughout the molecule, with perturbations more pro-
nounced near the Cu(I)-binding pocket region at the more
peripheral regions of the tetramer (shaded red in Fig. 6B) with
somewhat smaller changes in the “cold zone” (blue in Fig. 6B).
Large perturbations occur in the N-terminal tail from His'?
through the first four residues of the a1 helix to Ile*?, which is
reporting on folding of the N-terminal tail upon Cu(I) binding.
The largest perturbation is in Ile'®, which derives from a hydro-
gen-bonding interaction between the amide proton of Ile*® and
the side chain of Cys” (Figs. 4E and 7C). The other large per-
turbations are localized to the region between Ala”® and Ile®*
near Cu(I) ligands His”® and Cys”®, which derives from a kink of
the a2 helix, to create the o2a and a2b helices (28) (Figs. 4E and
7C). Additional structural perturbations are localized to the
a2b-a3 loop proximate to the Cu(I)-coordination site.

Fast time scale (picoseconds to nanoseconds) internal
dynamics fluctuations as measured by the magnitude of the
hNOE provide additional information about changes in confor-
mational entropy that might be linked to Cu(I)-dependent
allostery in CsoRs (47) (Fig. 6C). The apo-CsoR tetramer (Fig.
6C, black bars) is globally more dynamic (smaller hANOE and
larger spread in the values) across the structured regions of the
molecule (residues 20-105). Further, residues N-terminal to
residue 19 exhibit a hNOE = 0.5, indicative of high internal
mobility in the apo-state. In contrast, Cu(I)-CsoR (Fig. 6C, light
gray bars) is less globally dynamic, with residues starting with
Val'* exhibiting hNOE = 0.5. His'?, which stacks on Tyr**’ in
the structure (Fig. 4E), is dynamic in solution, as are all residues
N-terminal to His'2. In both allosteric states, residues 1-9 are
highly mobile, exhibiting negative hNOE values; as a result,
these residues are not observed in the crystal structure (Fig. 44).
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FIGURE 8. Comparative SAXS analysis of intact wild-type Gt CsoR (A-C) and B. subtilis CsoR (D-F). A, SAXS scattering curves of apo- (solid) and Cu(l)-bound
(dashed) Gt CsoR. Guinier approximations are shown in the inset and return R,?*° and R, CUisted in Table 3. B, PDDF plots of apo- (solid line) and Cu(l)-bound
(dashed line) Gt CsoR to give R;**° and R, U in Table 3. C, tetramer face V|ew of a superposmon of the SAXS envelopes of apo- (blue, shown in mesh) and
Cu(l)-bound (orange, shownin surface) GtCsoR superimposed on the crystal structure of Cu(l)-Gt CsoR (cyan, shown in ribbon). D, SAXS scattering curves of apo-

(solid line) and Cu(l)-bound (dashed) B. subtilis CsoR tetramer. Guinier approximations are shown in the inset,and R

*P°and R, CUare reported in Table 3. E, PDDF

of apo- (solid line) and Cu(l)-bound (dashed line) B. subtilis CsoR to give Rgap° and RgCu values that are reported in Ta%le 3.F, superposmon of the SAXS envelopes
calculated for apo- (black, shown in mesh) and Cu(l)-bound (blue, shown in surface) B. subtilis CsoR on the crystal structure of Cu(l)-Gt CsoR (green, shown in
ribbon). Both CsoRs are characterized by N-terminal, probably unstructured tails of 10 or more residues, and this extension impacts the scattering envelopes,

when compared with Gt CsoR11 (see Fig. 9).

SAXS Analysis of Cu(l)-mediated Allosteric Switching—We
next employed SAXS as a means to describe global features of
the Cu(I)-mediated conformational switch within the tetra-
meric assembly state of G£ CsoR. We first examined the behav-
ior of intact Gt CsoR and B. subtilis CsoR (16) in both apo- and
Cu(I)-bound states (Fig. 8). These studies reveal that, consistent
with the hydrodynamic results discussed above (16), each state
is readily distinguished from one another in the raw scattering
profiles (to g = 0.5 A~') (Fig. 8, A and D) as well as in the PDDF
plots (p(r) versus r) (Fig. 8, B and E), with Guinier plots (Fig. 8, A
and D, inset), indicative of monodispersity without aggregation.
In both cases, the radius of gyration (R,) was found to be slightly
and consistently larger for the apo-state versus the Cu(I)-
bound state (Table 3). Unfortunately, molecular scattering
envelopes (Fig. 8, Cand F) calculated as bead models with the
ab initio program DAMMIF and averaged in DAMAVER
reveal that although the envelopes are hydrodynamically
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smaller for the Cu(I)-bound state, the N-terminal flexible tail
present in both states makes it difficult to draw additional
conclusions concerning quaternary structural switching
upon Cu(I) binding.

To circumvent this, we characterized a Gt CsoR lacking res-
idues 2—10, which deletes precisely the region of the molecule
that is unstructured and highly mobile in both conformational
states (Fig. 6), denoted Gt CsoR11 (Fig. 9). Inspection of the
SAXS scattering curves to ¢ = 0.5 A ™! (Fig. 94), Guinier plots
(Fig. 94, inset), and PDDF plots (Fig. 9B) reveals that CsoR11 is
hydrodynamlcally smaller in the Cu(I)-bound state (R, of 26.9
and 25.1 A for apo- and Cu(I)-bound CsoR11, respectwely,
Table 3), as found for intact Gt CsoR, a finding that is now
better capitulated by the bead models of each conformational
state (Fig. 9C). The bead model calculated with Cu(I)-bound
CsoR fits the crystallographic model very well (Fig. 10B), con-
sistent with the excellent agreement between the experimental
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TABLE 3

SAXS structural parameters obtained for wild-type Gt CsoR, N-terminally truncated Gt CsoR (Gt CsoR11), and wild-type B. subtilis CsoR

Apo-Gt Cu(l)-Gt Apo-Gt Cu(l)-Gt Apo-B. subtilis Cu(l)-B. subtilis

CsoR CsoR CsoR11 CsoR11 CsoR CsoR
R, (IZA)“ 29.5 + 0.3 28.3 = 0.3 26.9 + 0.3 25.2 = 0.3 29.4 = 0.3 27.6 = 0.3
R, (A)ba 29.8 = 0.2 28.5 + 0.1 269 +0.2 25.0 = 0.1 29.6 = 0.1 27.5+ 0.1
D, (A) 105 £ 2 95+ 2 93 =2 72 2 95+ 2 85+ 2
Mass (kDa)® 58.7 (47.7) 46.45 (47.95) 48.13 (44.17) 37.54 (44.42) 54.02 (45.67) 45.62 (45.92)
Mass (kDa)? 55.75 (47.7) 45.88 (47.95) 44.02 (44.17) 33.65 (44.42) 51.17 (45.67) 4291 (45.92)
NSD* 0.708 * 0.228 0.573 * 0.037 0.918 + 0.223 0.891 * 0.106 0.631 + 0.147 0.770 = 0.154
X 0.149 0.140 0.189 0.693 0.678 0.688

“ Derived from Guinier fitting.
? Derived from GNOM analysis.

¢ Molecular mass calculated from SAXS; theoretical molecular masses calculated from protein sequence are shown in parentheses.

4 Molecular mass calculated from excluded volume (bead models).
¢ Averaged normalized spatial discrepancy from 15 dummy bead models.
7/ Global goodness of fit of the theoretical model to the measured scattering data.
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FIGURE 9. Structural switching of the CsoR tetramer on Cu(l) binding. SAXS analysis of Gt CsoR*21° (denoted CsoR11). A, raw SAXS scattering curves of apo-
(continuous) and Cu(l)-bound (dashed) Gt CsoR11 are shown, as is the theoretical SAXS curve back-calculated from the Cu(l)-Gt CsoR structure (red continuous
line, x = 0.595). Inset, Guinier approximations for apo-CsoR11 (filled squares) and Cu(l)-CsoR11 (open squares). B, real space PDDFs for apo- (continuous line) and
Cu(l)-bound (dashed line) Gt CsoR11. C, superposition of SAXS envelopes of apo- (shaded magenta, shown in mesh) and Cu(l)-bound (shaded yellow, shown in
surface) Gt CsoR11 on the crystal structure of Cu(l)-Gt CsoR (cyan, shown in ribbon). Tetramer-facing (see Fig. 3) and a1-a1’ helical face views are shown. D,
helical cylinder representations of apo-S. lividans CsoR (shaded green) (20) and Cu(l)-bound Gt CsoR (shaded orange). This superposition was performed by
globally aligning one dimer of each tetramer (shaded light green and light orange) shown on the top, back, and left on each of three 2-fold axis views, from top
to bottom, using the program Chimera (55). The global root mean square deviation of the aligned dimer is 0.56 A, whereas that of the other dimer is 3.04 A.

and theoretical scattering curves, the latter calculated from the
crystal structure (Fig. 94). The SAXS model captures the major
features of the quaternary structure of the tetramer, including
the torqueing or swiveling of one dimer relative to the other
in the tetramer to create a model that resembles a “bow tie”
from the al-al’ face (Fig. 9C, bottom). The major discriminat-
ing feature of the apo-state tetramer is a more elongated enve-
lope, the latter due partly to a mobile tail region (residues
11-18) (Fig. 6C) and a straight o2 helix (Fig. 6, A and B, and
supplemental Movie S1). In fact, global superposition of our
apoprotein scattering envelope on the structure of apo-S. livi-
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dans CsoR that lacks an N-terminal tail (20) gives a statistically
better fit than when superimposed on our structure of Cu(I)-G¢
CsoR (Fig. 10, A and C). A dimer superposition of Cu(I)-bound
Gt CsoR (orange helical cylinders; Fig. 9D) and apo-S. lividans
CsoR (green cylinders; Fig. 9D) provides another view of the
degree to which Cu(I) binding to the peripheral sites may
remodel the Gt CsoR tetramer. If DNA binds across the one
face of the tetramer and over the “hole” (see Fig. 4C), as recent
studies taken collectively indicate (26, 27), such a change in
quaternary structure would probably drive disassembly of the
2:1 CsoR-DNA complex (Fig. 54).
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FIGURE 10. Global superpositions of the calculated scattering envelopes obtained for Gt CsoR in the apo- and Cu(l)-bound state (Fig. 9) with space-
filling crystallographic models of Cu(l)-bound Gt CsoR or apo-S. lividans CsoR (20), as indicated. A, apo-Gt CsoR11 envelope, Cu(l)-Gt CsoR structure; B,
Cu(l) Gt CsoR envelope on Cu(l)-Gt CsoR structure; C, apo-Gt CsoR envelope, apo-S. lividans CsoR structure. NSD, normalized spatial discrepancy calculated by
the algorithm SUPCOMB (40). Normalized spatial discrepancy values approach 0 for ideal superposition, whereas values greater than 1.0 are systematically
different. All models here represent statistically good fits with the Cu(l)-Gt CsoR envelope superimposed on the Cu(l)-Gt CsoR structure representative of the

best fit (B).

Conclusion—In this work, we propose a mechanism for
Cu(I)-mediated allosteric switching in a family of metalloregu-
latory proteins supported by structural, phylogenetic,and DNA
binding data. Our crystal structure of a new Cu(I)-sensing CsoR
from G. thermodenitrificans differs in important ways from the
other known Cu(I)-bound CsoR structure from M. tuberculosis
(14), which we show here is only distantly related to other
Cu(I)-specific CsoRs (see Fig. 1). Our phylogenetic analysis
could be interpreted to suggest that Cu(I)-sensing CsoRs arose
multiple times during the course of evolution within CsoR/
RenR family repressors, although this cannot be stated with
certainty, given the relatively small data set. Gt CsoR is repre-
sentative of one of these groups and is most closely related to
other CsoRs from mesophilic bacilli, including those of B. sub-
tilis (15, 16) and the human pathogens B.anthracis and
L. monocytogenes (19). The observed distribution of function-
ally characterized proteins and their uncharacterized homologs
as well as the presence of highly conserved clade-specific resi-
dues figure prominently in the structure of the Gz CsoR and
provide support for the hypothesis that features that distin-
guish one Cu(I)-sensing CsoR group from another derive from
these clade-specific residues outside the X-Y-Z motif (Cys°,
His”®, and Cys”®) and previously characterized second coordi-
nation residues (Tyr*® and Glu®®) (Fig. 4D), which are identical
for all Cu(I)-specific CsoRs. None of these clade-specific resi-
dues are found, for example, in M. tuberculosis CsoR, but all
must be superimposed on conserved residues probably impor-
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tant for DNA binding (26). The same is more generally true for
Ni(II)/Co(II)-specific RenR (group 1la; Fig. 1) versus M. tuber-
culosis CsoR (48). Consistent with this, our functional analysis
of R65A and K101A CsoRs reveals that these two group IV
clade-specific residues contribute to apoprotein DNA bind-
ing affinity, with K101A CsoR essentially inactive under
these conditions (Fig. 5). Thus, Cu(I) binding might drive a
reorientation and/or sequestration of key Arg/Lys residues
that interact with the DNA, which function together to lower
the affinity of group IV CsoRs for DNA on Cu(I) binding. Addi-
tional mutagenesis experiments beyond the scope of this work
will provide further support for or against this hypothesis.
Although a high resolution apoprotein structure of apo-Gt
CsoR is not yet available, NMR spectroscopy and comprehen-
sive small angle x-ray scattering experiments provide, for the
first time, detailed insights into the local and global determi-
nants of Cu(I)-dependent allosteric switching in a single CsoR.
These copper-dependent conformational changes are propa-
gated throughout the molecule, with the largest perturbations
localized to the periphery of the tetramer in the immediate
vicinity of the bound Cu(I). A prominent aspect of this struc-
tural transition is an interruption in the a2 helix; this, in turn,
promotes a change in the trajectory of the a2b helix that drives
a global compaction of the tetramer (supplemental Movie S1).
Part of this compaction is Cu(I)-induced folding of the N-ter-
minal tail that packs against the Cu(I)-binding site and orga-
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nizes an extensive set of hydrogen bonding and electrostatic
interactions that stabilize the Cu(I)-bound state.

Finally, our model of Gt CsoR also allows us to speculate on
how residues in the N-terminal region may be recruited into the
primary Ni(II) or Co(II) coordination spheres in other non-
Cu(I)-sensing CsoR family members (e.g. in the Ni(II)/Co(II)
sensors E. coli RenR (22) and Synechocystis InrS (23, 49)). His®
of the ACTUN-like Ni(II)-binding motif at the extreme N ter-
minus of the group IIA sensor RenR defines the W residue of
the W-X-Y-Z motif (Fig. 1) and is a key allosteric residue, the
identity of which appears to impact the metal specificity of the
allosteric response (50). His® aligns with Arg'® in G¢ CsoR,
which is very close to the Cu(I) binding site and a key compo-
nent of the N-terminal folding in Gt CsoR (Fig. 4D). Direct
metal coordination by His® and the a-amino group of Ser” in
RcnR would complete an octahedral metal coordination com-
plex, at least for Co(II) (50). Arg'® in Gt CsoR also aligns with
His*! in the Ni(II) sensor InrS in group VII (23, 49); provided
the N termini of the al helices are in similar structural posi-
tions in these two sensors (they are within 1-2 residues in
Cu(I)-sensing CsoRs (supplemental Fig. S1A4)), folding the
N-terminal tail as a result of direct Ni(II) coordination by His*!
or His" to complete the four-coordinate square planar com-
plexin InrS (23, 49) could be accommodated. However, a recent
report suggests that His*' in InrS in unlikely to coordinate the
Ni(II) ion (49). Alternatively, His'?, which is stacked on Tyr*®’
in our structure, aligns with His'? in InrS, which would be in a
position to potentially coordinate the Ni(II) ion. The character-
ization of chimeric Gt CsoRs that alter the N-terminal tail may
well prove useful in this regard, as will high resolution struc-
tures of the Ni(II) complexes of RenR and InrS.
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