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Abstract

Streptococcus pneumoniae D39 AdcR (adhesin competence repressor) is the first metal-sensing

member of the MarR (multiple antibiotic resistance repressor) family to be characterized.

Expression profiling with a ΔadcR strain grown in liquid culture (brain heart infusion; BHI) under

microaerobic conditions reveals upregulation of 13 genes including adcR and adcCBA, encoding a

high affinity ABC uptake system for zinc, and genes encoding cell-surface zinc-binding

pneumococcal histidine triad (Pht) proteins and AdcAII (Lmb, laminin binding). The ΔadcR,

H108Q and H112Q adcR mutant allelic strains grown in 0.2 mM Zn(II) exhibit a slow-growth

phenotype and a ≈2-fold increase in cell-associated Zn(II). Apo- and Zn(II)-bound AdcR are

homodimers in solution and binding to a 28-mer DNA containing an adc operator is strongly

stimulated by Zn(II) with KDNA-Zn = 2.4 ×108 M−1 (pH 6.0, 0.2 M NaCl, 25 °C). AdcR binds two

Zn(II) per dimer, with step-wise Zn(II) affinities KZn1 and KZn2 of ≥109 M−1 at pH 6.0 and ≥1012

M−1 at pH 8.0. X-ray absorption spectroscopy (XAS) of the high affinity site reveals a

pentacoordinate N/O complex and no cysteine coordination, the latter finding corroborated by

wild-type-like functional properties of C30A AdcR. Alanine substitution of conserved residues

His42 in the DNA binding domain, and His108 and His112 in the C-terminal regulatory domain,

abolish high affinity Zn(II) binding and greatly reduce Zn(II)-activated binding to DNA. NMR

studies reveal that these mutants adopt the same folded conformation as dimeric wild-type apo

AdcR, but fail to conformationally switch upon Zn(II) binding. These studies clearly identify

His42, His108 and H112 as metalloregulatory zinc ligands in S. pneumoniae AdcR.

Introduction

Streptococcus pneumoniae (S. pneumoniae) is a Gram-positive respiratory pathogen that

colonizes the upper respiratory tract (the nasopharynx) as a commensal organism. The

adcRCBA operon is conserved in all Streptococci and encodes an ABC (ATP-binding
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cassette) transporter, AdcCBA, that is believed to function as a high affinity importer for

Zn(II).1 AdcCBA is a member of the Cluster IX family of metal specific transporters,1–3 and

may well mediate uptake of noncognate Mn(II) at high extracellular concentrations.1 AdcR

is a proposed Zn(II)-sensing transcriptional regulator4 which sequence analysis suggests is a

MarR family repressor. MarR proteins are known to regulate aromatic catabolism, the

expression of virulence factors,5,6 and the response to antibiotic and antimicrobial stress and

oxidative stress. Multiple crystallographic structures are available that provide insights into

MarR-family architecture and in some cases, the mechanism of regulation of operator DNA

binding.7–12

The adc operon is reported to be expressed during active S. pneumoniae infection and is

essential for genetic transformation, although the molecular basis of this requirement

remains unclear.1,3,13 AdcA, the extracellular, metal (solute)-binding lipoprotein component

of AdcCAB is strongly immunogenic in mice and is an excellent vaccine candidate for the

porcine pathogen Streptococcus suis.14 In S. suis an adcR deletion mutant exhibits

attenuated virulence.15 Antibodies raised against a number of solute binding components

from ABC transporters found in the Gram-negative pathogen Yersina pestis and other

bacterial pathogens are also protective against bacterial infection.16,17 An adcB mutant S.

pneumoniae strain shows attenuated binding to human epithelial cells in vitro18 and AdcB is

a documented virulence factor in a signature-tagged mutagenesis screen.19 In Streptococcus

gordonii, an oral plaque pathogen, AdcR is reported to play an essential role in biofilm

formation.20,21

Genomically unlinked AdcR-regulated genes were first predicted on the basis of in silico

analysis of the S. pneumoniae genome for what is now known to be the AdcR operator

sequence.4 One predicted AdcR-regulated gene in Streptococcus pyogenes is a paralog of

30S ribosomal subunit S14 (rpsN) that has a disrupted C-terminal Zn-ribbon domain similar

to those under transcriptional control of the master Zn(II) uptake regulator Zur (Fur family)

in Streptomyces coelicolor22 and Bacillus subtilis23 during zinc starvation. Another adcR-

regulated locus predicted in Streptococcus pyogenes is pht (pneumococcal histidine triad

proteins) which consists of four homologous genes (phtA, phtB, phtD, phtE) which encode

highly immunogenic pneumococcal surface proteins24 each of which contains up to five

repeats of the sequence Dx(20)HxxHxH now known to coordinate Zn(II) tetrahedrally.25 Pht

proteins play a role in immune evasion and may inhibit complement deposition thereby

impairing opsonization and phagocytosis, although these effects appear to be strain-specific

with the mechanism still under investigation.26 AdcAII, an orphan metal binding receptor of

known structure that is homologous to AdcA27 is also regulated transcriptionally by AdcR.

In Streptococcus pyogenes, the AdcA homolog Lbp functions in colonization as an adhesin

that binds to the extracellular matrix protein laminin, with zinc suggested to play a role in

this interaction.28 An Lbp mutant shows attenuated virulence in a murine model of infection

and defective growth in zinc depleted media.29

The clear importance of Zn(II) homoeostasis in Streptococcus stands in sharp contrast with

the degree to which we understand AdcR structure and function. Zur, the Fur-family30

transcriptional regulator of Zn(II) uptake in Escherichia coli31,32 and Gram-positive

organisms Bacillus subtilis and Mycobacterium tuberculosis,33,34 is encoded by some

Streptococci with a primary role in regulating Zn(II) homeostasis clearly demonstrated.35 In

contrast, Zur is not encoded by any sequenced S. pneumoniae strain, with zinc uptake

regulation handled exclusively by AdcR36 which is functionally analogous to Lactobacillus

lactis ZitR.37 SczA, a predicted tetracycline repressor (TetR)-family transcriptional

regulator controls the expression of a divalent metal ion efflux transporter encoded by

czcD38,39 which belongs to the cation diffusion facilitator (CDF) family of transporters.40,41

As such, S. pneumoniae encodes a complete Zn(II) homeostasis system controlled by novel
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regulators from well-known protein structural families.42 This homeostasis system likely

allows S. pneumoniae to effectively respond to changes in external zinc availability during

the course of a bacterial infection of the human host, with zinc concentrations reported to

vary from the low μM in the nasopharynx, to ≈220 μM in lung tissue to 15 μM in the serum,
43 while during inflammation [Zn] is known to increase in the blood and other tissues.44

In this work, we present a detailed biological and structural characterization of the Zn(II)

dependent repressor AdcR from S. pneumoniae strain D39. A comparative DNA microarray

analysis of isogenic wild-type and ΔadcR strains allows us to clearly define the AdcR

regulon in S. pneumoniae strain D39, while revealing that the ΔadcR strain contains ≈2-fold

more Zn(II) that the wild-type strain, and exhibits a measurable slower-growth phenotype.

We exploit this finding to identify candidate Zn(II)-coordinating residues on AdcR by

characterizing strains containing adcR missense alleles, and confirm these results using

NMR spectroscopy and quantitative adc operator DNA binding measurements. These

studies reveal that Zn(II) strongly activates DNA binding by the AdcR homodimer upon

formation of a high affinity, five-coordinate nitrogen/oxygen-rich Zn(II) complex via

His108 and H112 in the C-terminal regulatory domain, and His42 in the N-terminal winged

helical DNA-binding domain. Other non-cognate metals, Mn(II) and Co(II), also activate

DNA binding in vitro, the functional implications of which are discussed.

Results

Microarray determination of the AdcR regulon in Streptococcus pneumoniae

Relative transcript amounts of 15 genes increased or decreased (Fig. 1) with p ≤ 0.001 in

D39 ΔadcR (IU2594) compared to adcR+ (IU1781). As anticipated and previously observed

using RT-PCR in Streptococcus pyogenes45, each of the genes encoding the Zn(II)-specific

ABC uptake system adcCBA (SPD_1999, SPD_1998, SPD_1997, respectively) increased in

transcript abundance in the ΔadcR strain. In addition, as was predicted in a genomic

analysis4 and shown by RT-PCR analysis,26 transcript amounts of the pneumococcal

histidine triad (Pht) proteins also increased in the ΔadcR strain. These Pht genes include

phtA (SPD_1038), phpA (SPD_1037), phtD (SPD_0889), phtE (SPD_0890), and a pht

truncation (SPD_0892) and frameshift (SPD_0891) gene. In addition, the cell surface

proteins adcAII (SPD_0888), which had previously been hypothesized to be regulated by

AdcR in S. pneumoniae,27 and pspC (SPD_2017) are increased in transcript abundance in

the ΔadcR strain. Interestingly, two putative zinc-containing alcohol dehydrogenases are

down-regulated in the ΔadcR strain, SPD_0265 and SPD_1865 (Fig. 1). Although it is

unknown if this is a direct or indirect effect of the deletion, the intergenic region upstream of

the promoter for SPD_1865 harbors one near-consensus AdcR operator sequence.

AdcR residues H112 and H108 are essential for AdcR function in vivo

Growth analysis was done comparing adcR+ parent (IU1781), ΔadcR (IU2594), adcR

H112Q (IU2600), adcR C30A (IU2657), adcR H111Q (IU2661), and adcR H108Q

(IU4036) strains (Fig. 2a). The strains were grown in brain heart infusion media (BHI)

overnight and then diluted to an OD620 of 0.001 in BHI with 200 μM ZnSO4 added. Under

this moderate zinc stress a difference in lag time and yield can be observed in the parent

adcR+ and ΔadcR strains. The ΔadcR strain reproducibly exhibits a slightly longer lag phase

and a lower overall growth yield. Sequence changes in adcR generating amino acid

substitutions H112Q and H108Q in AdcR replicate the growth effect observed for ΔadcR,

while strains encoding substitutions H111Q and C30A grow similarly to the parent strain

adcR+. This implicates H108 and H112 as essential for the function of AdcR in vivo.
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ICP-MS analysis (Fig. 2b) shows that the ΔadcR strain has a 2-fold higher cell-associated

zinc concentration compared to the adcR+ parent strain (0.4 mM vs. 0.8 mM, respectively).

A two-fold elevated zinc concentration is also observed in the adcR H112Q and H108Q

mutants, which indicates that these residues are essential for the in vivo functionality of

AdcR. The strains with adcR C30A and H111Q mutations have near wild type levels of

zinc, which when in combination with the growth data indicate that they are non-essential

residues for in vivo AdcR function.

Wild-type AdcR is a homodimer in solution

Purified wild-type S. pneumoniae AdcR elutes from a gel filtration column (pH 7.0, 0.2 M

NaCl) with an elution volume corresponding to a molecular weight of 33 kD or that of a

homodimer (monomer MW=16,605.9 D) (Fig. S1). This result is consistent with

sedimentation velocity ultracentrifugation experiments (pH 6.0, 0.05 M NaCl, 25.0 °C)

which reveal that the predominant apo-AdcR species is a homodimer characterized by

s20,w=3.65 S and a frictional coefficient, f/fo, near 1.0, indicative a nearly spherical

hydrodynamic particle (Table S3). The same is true for Zn(II)-complexed AdcR. AdcR

monomer was not visible within these boundaries, thus placing a lower limit of Kdimer of 106

M−1 under these conditions. A small fraction of apo-AdcR stored at −80 °C becomes

resistant to reduction by dithiothreitol or TCEP and migrates on an overloaded denaturing

SDS-PAGE gel as a dimer (Fig. S2). Although the chemical nature of this presumed

covalent linkage is unknown, crosslinked AdcR dimer can be detected by ESI-MS, the

formation of which is lost in the C30A AdcR mutant (Table S4). These data taken

collectively are consistent with the interpretation that both wild-type and C30A AdcRs are

stable homodimers with and without bound Zn(II).

Zinc binding properties of wild-type AdcR

The in vivo experiments above suggest that H108 and H112 play important roles in AdcR

function. It was therefore of interest to quantify the Zn(II) binding affinity, stoichiometry

and coordination chemistry of Zn(II) in the wild-type and mutant AdcR homodimers. Since

the C-terminal region of S. pneumoniae AdcR contains a cluster of five consecutive His

residues in an eight amino acid sequence (107EHHHHHEH114) we anticipated a potentially

strong pH-dependence on the binding affinity and stoichiometry, and therefore measured

these parameters at pH 6.0 and pH 8.0 as representative of conditions below and above the

pKa of a typical His residue (neglecting coupling between His side chains).46,47 Zn(II)

binding was measured indirectly using a chelator competition experiment with two different

chelators, mag-fura-2 (mf2; KZn=5.0×107 M−1)48 and quin-2 (KZn=2.7 × 1011 M−1),49,50

whose affinities are not strongly dependent on pH. Mf2 allows an estimation of the zinc

binding affinity, Ki, between ≈106 and ≈109 M−1 while quin-2 effectively brackets ≈1010

and 1013 M−1.48,51

Fig. 3(a)–(b) shows representative zinc binding titrations for wild-type AdcR at pH 6.0,

while Fig. 3(c)–(d) shows representative data for wild-type AdcR at the higher pH 8.0, with

mf2 competitions shown in panels (a) and (c) and corresponding quin-2 competitions shown

in panels (b) and (d). At pH 6.0, analysis of the mf2 titration reveals KZn1 of ≥109 M−1 and

KZn2≈109 M−1, since virtually all of the added Zn(II) is bound to AdcR until both protomers

are saturated; only then does mf2 coordinate metal giving an absorption change (Fig. 3(a)).
52 A third binding event could be also be detected in these experiments (KZn3>106 M−1)

(Table 2). In order to better estimate KZn1, Zn(II) was titrated into a solution of AdcR and

quin-2 (Fig. 3(b)). These data reveal that KZn1≈1.0 × 1010 M−1. Thus, AdcR binds two mol

equiv of Zn(II) per dimer strongly with step-wise affinity constants, KZn1 and KZn2, that

differ by no more than a factor of 10, with a third Zn(II) binding much more weakly (Table

2). At pH 8.0, up to five stepwise binding events were required to fit the data, KZn1, KZn2,
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KZn3, KZn4 and KZn5. KZn1 and KZn2 are presumed to represent binding to one pair of

symmetry related sites on the dimer, whereas KZn3 and KZn4 are predicted to represent

binding to a second pair of sites on the dimer. The mf2 competition curve (Fig. 3(c) is best

fit KZn1 and KZn2≥109 M−1, with KZn3=1.4 (±0.2) × 108 M−1, KZn4=3.0 (±0.3) × 107 M−1

and KZn5=3.8 (±0.8) × 106 M−1. Competition experiments carried out with quin-2 (Fig. 3(d))
allow an estimate of the highest affinity sites with KZn1=KZn2=1.4 (±0.2) × 1012 M−1. All
zinc binding affinities of AdcR are larger pH 8.0 relative to pH 6.0, with the highest affinity
sites (sites 1 and 2) increasing by 100–1000-fold; in addition, the appearance of several
lower affinity sites are detectable at the highest pH.

Analogous methods were used to extract Zn(II) binding affinities and stoichiometries for
mutant AdcRs (Fig. 4, Table 2). Substitution of the lone Cys in AdcR with Ala (C30A)
results in a protein that exhibits properties like wild-type-like AdcR (Table 2); this is
consistent with the wild-type like in vivo functional properties of C30A AdcR (Fig. 2; see
below). H111A AdcR, like C30A AdcR, is also essentially wild-type in these assays (Table
2). In contrast, H42A, H108A and H112A/Q AdcRs exhibit very weak or no detectable
Zn(II) binding at pH 6.0 (KZn1≤107 M−1) with ≈100–1000-fold decreases in zinc affinities
of the first two mol equivalents of metal bound at pH 8.0 (Fig. 4, Table 2). These data reveal
that introduction of substitutions specifically at conserved residues His42, His108 and
His112 leads to a loss of high affinity Zn(II) binding by AdcR.

Presumed non-cognate transition metal ions Mn(II) and Co(II) were also tested for their
ability to bind to apo-AdcR (Table 2). Titration of Mn(II) into a solution of apo-AdcR and
mf2 at pH 8.0 gives two higher affinity sites KMn1,2 of ≈105 M−1 (Fig. S3); by ITC, two
pairs of Mn(II) sites are observed with ≈105 M−1 and ≈104 M−1 affinities (Fig. S4(a)). The
Mn(II) affinity of AdcR is therefore approximately six orders of magnitude weaker than
Zn(II) under the same solution conditions (Table 2). Mn(II) is unlikely to be sensed by
AdcR in vivo since stressing the ΔadcR strain with 300 μM Mn(II) has no impact on the
growth kinetics of this strain (Fig. S5). The cobalt binding affinity was estimated by direct
titration at pH 6.0 (Fig. S6), and gives KCo1 of 2.4 × 105 M−1, with two pairs of Co(II)
binding sites clearly observed by ITC at pH 8.0, with step-wise affinities of 6.7 × 106 and
3.0 × 104 M−1 (Fig. S4(b)). Thus, at pH 8.0, metal stoichiometries for both Mn(II) and
Co(II) are consistent with that observed for Zn(II) at pH 6.0, and are characterized by
relative affinities largely as expected from the trend of stability of small molecule-metal
complexes known as the Irving-Williams series.53,54 The molar (monomer) absorptivity of
the Co(II) complex in the visible region which reports on d-d electronic transitions of d7

Co(II) ion is weak, ≈60 M monomer−1 cm−1 (Fig. S6) and most consistent with a distorted
five-coordinate complex lacking a cysteine ligand, rather than a tetrahedral complex
observed in virtually all previously characterized bacterial zinc sensors.33,55–57

X-ray absorption spectroscopy reveals a five-coordinate Zn(II) complex for the high affinity
sites

Unlike Co(II), Zn(II) is spectroscopically silent due to a filled d-shell (d10); as a result, we
used x-ray absorption spectroscopy55,58 to investigate the coordination geometry of the high
affinity site(s) in wild-type AdcR (at pH 6.0 and 8.0) and C30A AdcR (at pH 6.0) that result
upon addition of ≈0.8 monomer mol equiv Zn(II). Zn near-edge spectra for all three species
are shown in Fig. 5(a), with best-fits of the EXAFS and Fourier transforms (FTs) of the
EXAFS data shown in Fig. 5(b) for wild-type AdcR (pH 6.0) or in Fig. S7. Parameters that
derive from all three fits are also given (Table 3). The near-edge spectra for all three
complexes are very similar, as are the fits to each data set; these data unambiguously reveal
that Cys30 does not donate a thiolate ligand to the Zn(II) complex, and the structure of the
chelate is not detectably changed as a result of the C30A substitution or a change in pH. All
three data sets are best-fit with a five-coordinate (N/O) complex, modeled with three
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histidine ligands, and two additional N/O ligands. Although we could not obtain a clear
determination of the number of coordinated histidine residues, histidine coordination is
consistent with significant FT intensity in the 3–4 Å region (Fig. 5(b)).

NMR studies reveal that Zn(II) coordination by His42, His108 and His112 are required to
drive a quaternary structural change in the dimer, while His111 is not

The metal binding experiments presented above reveal H42A, H08A and H112Q/A mutants
have greatly perturbed Zn(II) binding equilibria and are therefore strong candidates for
metal ligands required to allosterically activate adc operator DNA binding. Uniformly 15N-
labeled wild-type AdcR with ≈70% fractional deuteration and selected fully protonated
mutant AdcRs were purified and 1H-15N TROSY spectra recorded for each in the presence
and absence of Zn(II) at pH 6.0, 35 °C. In all cases, ≈2 mol equiv of Zn(II) per monomer
was added to ensure complete saturation of the two highest affinity zinc sites (if present), as
well as any lower affinity sites that might be populated under these conditions (see Table 2).

Fig. 6(a) shows a 1H-15N TROSY spectrum of apo-AdcR with sequence specific resonance
assignments derived from analysis of triple resonance data indicated for each crosspeak (to
be reported elsewhere). All but four (of 143) backbone 1H-15N pairs have been assigned,
with the spectrum fully consistent with a highly α-helical two-fold symmetric homodimer.
Analysis of backbone 1H, 15N, 13Cα, 13Cβ and 13C′ chemical shifts with TALOS59 gives the
secondary structural analysis of the primary structure of apo-AdcR as shown (Fig. 6(c), top).
These data reveal seven α-helices (labeled α1-α7) and three short β-strands (labeled β0-β2).
A comparison of these features with known structures of MarR family regulators7–12,60 is
consistent with an N-terminal winged helical domain consisting of α1–β2, containing an α3-
α4 helix-turn-helix and a β1-β2 hairpin wing, and a C-terminal all α–helical regulatory
domain linked by a long α5 helix. His42 is in the N-terminal region of the α2 helix in the
DNA binding domain, while the poly-His run containing His108 and His112 is positioned in
the middle of the α5 helix (Fig. 6(c)).

Fig. 6(b) shows a 1H-15N TROSY spectrum of Zn(II) complexed AdcR (cyan crosspeaks,
labeled) superimposed on the spectrum of apo-AdcR (red crosspeaks, single contour line),
with a secondary structural analysis of these data shown in Fig. 6(c) (bottom trace). Zn(II)
binding results in large changes in the spectrum that are global in nature extending from the
N-terminal α1 to the C-terminal α7 helix (Fig. 7, bottom trace). Interestingly, while the
secondary structure of the core of the molecule is unchanged, the N-terminal α1 helix
appears to be shortened by three amino acids, with the α6 and α7 helices apparently making
a continuous helix. In some other MarR regulators, these two terminal helical regions
derived from opposite subunits (e.g., α1 and α6′-α7′) are in close proximity,10 and in AdcR
may well reorient as a result of Zn(II) binding. In any case, we reasoned that these spectral
changes could be used as a sensitive reporter of quaternary conformational transition in
mutant AdcR homodimers upon binding activating metal ions.

Uniformly 15N-labeled H42A, H108A, H111A and H112A AdcRs were purified and
a 1H-15N TROSY spectra of apo- and Zn(II) bound forms acquired (spectra not shown).
Chemical shift perturbation maps of all four apoproteins relative to the wild-type AdcR
(apo-apo) reveals that each mutant is stably folded and adopts a structure very similar to that
of apo-wild-type AdcR (Fig. S8). The largest perturbations (Δδ≤0.3 ppm) are obtained with
an Ala substitution of H42 in the α2 helix, which influences the chemical shifts of residues
not only in the α2 helix, but also in the α5 and α7 helical regions, indicative a long-range
perturbations even in the apo-state. Strikingly, addition of Zn(II) to H42A, H108A and
H112A results in virtually no spectral changes (Fig. 7), direct evidence that Zn(II) binding
(albeit weakly; see Table 2) to these mutants fails to switch the conformation to a high
affinity DNA binding state (see below). This is in contrast to H111A AdcR which gives a
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perturbation map that is nearly identical to that of wild-type AdcR (Fig. 7). These data
reveal that loss of a high affinity binding site(s) on the dimer (see Table 2) results in loss of
the ability to undergo quaternary structural conformational switching. Thus, these structural
data provide further evidence that H42, H108 and H112 are direct ligands to the regulatory
pair of Zn(II) binding sites on AdcR.

Zinc binding by AdcR activates adc operator DNA binding

In S. pneumoniae D39, an imperfect 5-2-5 inverted repeat sequence 5′-TTAACTGGTAAA
is positioned between the adcR translation start codon and the −10 region of the promoter
that conforms to the consensus 5′-TTAACNRGTTAA sequence.4,14 This AdcR operator site
is identical to that found in ZitR-regulated genes in Lactobacilis lactis.37 A standard
fluorescence anisotropy-based DNA binding experiment61 was used to measure the affinity
of apo- and Zn(II)-bound wild-type and mutant AdcRs for a fluorescein-labeled 28-
nucleotide duplex DNA harboring a single adc operator (AdcO) derived from the adcR

gene. In all cases, the binding was measured in presence of non-specific competitor DNA to
ensure specificity in either excess Zn(II) or 0.5 mM EDTA and the resulting data were fit to
a non-dissociable AdcR dimer binding model to obtain KDNA-Zn or KDNA-apo. Wild-type
AdcR binds with an affinity of 2.4 (±0.3) × 108 M−1 in the presence of Zn(II) (KDNA-Zn),
with no detectable binding observed in the presence of EDTA or chelexed buffer
(KDNA-apo≤105 M−1) (Fig. 8). These data reveal that AdcR is a Zn(II) activated DNA
binding protein, characterized by a lower limit for the allosteric coupling free energy,
ΔGc≤–4.6 kcal mol−1 (Table 3).62 Interestingly, non-cognate metal ions Co(II) and Mn(II)
also activate AdcR binding to the adc operator, with these metals nearly indistinguishable
from that of Zn(II) in this assay (Table 4). This finding suggests that Co(II) and Mn(II) form
coordination complexes that are isostructural with that of Zn(II), at least when bound to the
operator DNA (see Discussion).

Exactly analogous DNA binding experiments were carried out with each of the missense
mutants with the Ki and ΔGc,i compiled in Table 4 with selected DNA binding curves shown
in Fig. 8 for the indicated Zn(II) complexes (no binding was observed for any mutant in the
presence of 0.5 mM EDTA). As expected, all mutant AdcRs that display high affinity Zn(II)
binding (C30A, H111A) and exhibit conformational switching by NMR spectroscopy, e.g.

H111A, are strongly activated to bind the AdcO DNA by Zn(II). S-methylation of Cys30
also has no effect on Zn(II)-activated DNA binding, further evidence of the non-essentiality
of this cysteine in AdcR function. In contrast, H42A, H108A and H112A mutants are all
weakly activated by Zn(II) binding, with affinities 50–200-fold reduced in the presence of
Zn(II). Zn(II)-bound H112Q AdcR binds to the operator about three-fold more tightly than
the other inactive mutants, with an affinity ≈20-fold reduced relative to wild-type AdcR
(Fig. 8), despite the fact that this mutant is inactive in vivo. In fact, all functionally
compromised mutants are activated to bind to the DNA operator to a detectable degree in
vitro, although clearly not to an extent that yields functional co-repression in vivo (Fig. 2)
(see Discussion).

Discussion

Transition metal sensing bacterial repressors comprise a collection of transcriptional
regulatory proteins that allow an organism to control the intracellular availability of
biological required metal ions.42,63 It is hypothesized that each metalloregulatory protein
must be tuned such that it responds only to a single metal ion at a thermodynamic “set-point’
in the context of the intracellular milieu. Such a set-point is proposed to correspond to a
concentration of “buffered” or “weakly chelated” metal ion in the intracellular compartment
in which metalloregulation or sensing occurs. In bacteria, this compartment corresponds to
the cytoplasm. It is therefore important to determine the affinity and stoichiometry of a
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sensor for cognate and noncognate metal ions, and determine how metal binding
allosterically activates or inhibits repressor binding to its DNA operator.50,62,64,65

In this work, we show that S. pneumoniae AdcR is a zinc-sensing metalloregulatory protein
that is characterized by a strongly pH-dependent affinity for metal ions, and forms a
coordination complex that is thus far unique to our knowledge among zinc-specific bacterial
regulators. Although the AdcR homodimer harbors two pairs of the zinc binding sites
characterized by KZn ≥ 107 M at pH 8.0 (Table 2), the two highest affinity sites appear
necessary and sufficient for metalloregulation of DNA binding in vitro and AdcR function in
vivo. This pair of sites likely involves direct coordination of the imidazole side chains of
His42 in the α2 helix within the DNA binding domain, and His108 and His112 on opposite
ends of a poly-histidine tract in the α5 helix. These residues are absolutely conserved in all
known and predicted members of the zinc-sensing AdcR/ZitR subfamily of MarR family
regulators, and thus collectively donate three of the five ligand donor atoms to the regulatory
Zn(II) ion in each subunit. This follows the predicted trend that two histidine residues
separated by four residues apart in a helix (in this case H108 and H112) are used to bind
metal ions.66 The affinity of this site is ≈109–1010 M−1 at pH 6.0 and increases by
approximately two orders of magnitude, to ≈1012 M−1 at pH 8.0. The origin of the strong
pH-dependence is unknown and has not been directly measured for any other bacterial zinc
sensor. For S. aureus CzrA, formation of the two regulatory zinc complexes of KZn1=1012

M−1 and KZn2=1011 M−1, each composed of three His ligands and a carboxylate residue,50

occurs with the concomitant release of a net of ≈1 proton per monomer (or ≈2 per dimer) as
measured by isothermal titration calorimetry at pH 7.0.67 On the other hand, the instrinsic
pKa of transition metal ligands can be quite acidic, and thus would be fully deprotonated at
neutral pH. However, neighboring non-liganding histidines and local electrostatics may
strongly influence the degree of ligand deprotonation in apo-AdcR68–70 and thus the pH-
dependence of the metal-binding affinity.

Of the five consecutive His residues in the α5 helix in AdcR, only His108, His111 and
His112 are invariant and thus were strong candidates for direct coordination to the
regulatory zinc ion. We show here that His108 and His112, predicted to be on the same side
of the α5 helix, are required for AdcR function in vivo and in vitro. X-ray absorption
spectroscopy, as well as spectroscopic features of the Co(II) complex, are most consistent
with a coordination number (n) of five in this chelate; however, n=6 can not be rigorously
excluded from these data. The identity of the additional ligands to the regulatory site, as well
as any of the metal ligands to the second pair of lower affinity sites on the dimer are
currently unknown. Zn(II) is most often coordinated by carboxylate, imidazole and/or
thiolate ligands and typically adopts a tetrahedral (n=4) coordination geometry.33,50,56 On
the basis of sequence conservation, strong candidates for other metal ligands are Glu20 and
Glu24 in the α1 helical region, C30 in the α1-α2 loop, Glu41 and Glu107, each of which are
immediately adjacent to ligands His42 and His108 (Fig. 6). The backbone 1H-15N TROSY
crosspeak positions of Glu20 and Glu24 are not strongly perturbed on Zn(II) binding,
evidence that this region is unlikely to donate ligands to the regulatory metal. Cys30 also
does not donate a ligand to the regulatory pair of sites, since we could not obtain
spectroscopic evidence for thiolate coordination in the regulatory site, nor is Cys30 essential
for AdcR function. This finding does not rule out an additional regulatory role of Cys30 in
an oxidative stress response superimposed on the primary zinc-sensing role of AdcR as
recently proposed in S. suis.14,15 The physiological significance, if any, of redox chemistry
occurring on Cys30 in S. pneumoniae AdcR remains unknown and contrasts sharply with
bona fide MarR family members that sense peroxide or other ROS stress via formation of
higher oxidation states of cysteine.11,71,72
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Glu41 and/or Glu107 are the strongest candidates for donating a carboxylate ligand to the
regulatory site in AdcR. Carboxylate side chains can assume monodentate or bidentate
coordination, and thus one or both may be involved in Zn(II) coordination. It is interesting to
note that efforts to create S. pneumoniae D39 strains harboring E41A and H42Q alleles
yielded either wild-type revertants or suppressor mutants (data not shown). High resolution
structural studies will be required to obtain a comprehensive picture of the (N/O)5 regulatory
coordination complex in AdcR. The pentavalent coordination structure of the activating
metal site in AdcR is unusual, as an increased coordination number is often associated with
transition metal ions Fe(II) and Mn(II), with biological Zn(II) complexes overwhelmingly
tetrahedral (n=4),73,74 despite the fact that there is no fundamental a priori reason why this
should be the case.75 In fact, this feature alone might be expected to decrease the specificity
of this sensor for Zn(II) in the cytoplasm. Other transition metals are capable of activating
DNA binding to an extent quantitatively similar to that of Zn(II) (Table 4), a finding that
contrasts sharply with non-cognate metal complexes formed by well characterized Ni(II)
sensor NikR,76 and ArsR and CsoR/RcnR family sensors.77–79 In these cases, non-cognate
metal ions nearly always adopt coordination complexes that differ structurally from that
formed by the cognate metal ion.80 In AdcR, a fundamentally distinct mechanism of
specificity is likely operative, with the relative metal binding affinities (Table 2) likely
controlling AdcR function in the cell, i.e., bioavailable concentrations of Co(II) and Mn(II)
never rise to the degree necessary to activate DNA binding in the cell. This ensures that only
Zn(II), which may well be buffered to very low (femtomolar) “free” or weakly chelated
intracellular concentrations81 far below that of Mn(II), Fe(II), Co(II) and Ni(II), will
strongly activate DNA binding in the cytoplasm of S. pneumoniae.82 For AdcR, KZn≈1012

M−1 which is two-three orders of magnitude lower than that reported for zinc uptake and
efflux regulators E. coli Zur and ZntR, respectively,81 but comparable to that of S. aureus

efflux regulator CzrA.67 The functional significance of this discrepancy is currently
unknown.

This model for the zinc specificity of AdcR also partly explains the apparent discrepancy
between the ability of Zn(II) to activate AdcO binding in vitro vs. that which occurs in vivo.
All AdcR mutants in which the high affinity Zn(II) sites are destroyed, are activated to small
but significant degrees to bind to the operator under standard conditions; furthermore, this
binding is sequence-specific since it is measured in the presence of excess non-specific
DNA (Fig. 8). Thus, substitution of single metal ligands in the regulatory site does not
abolish metalloregulation of DNA binding, although the magnitude of the allosteric coupling
free energy (ΔGc) is significantly decreased, indicative of a perturbation of the
communication between metal and DNA binding sites (Table 4). However, a regulatory KZn
reduced by ≈200–1000 fold renders these AdcR mutants capable of sensing free Zn(II)
concentrations only if they rise to nM range, thus making them non-functional in vivo (Fig.
2). Elucidation of the structural and dynamical mechanism of allosteric activation of DNA
binding by Zn(II) by this novel MarR regulator, particularly in the context of well-studied
allosterically inhibited zinc sensors, promises to reveal novel insights into MarR family
function5 and zinc homeostasis in S. pneumoniae.38

Materials and Methods

Chemicals and reagents

All water used in these experiments was Milli-Q deionized (>18MΩ) and the buffers were
obtained from Sigma. All glassware was acid washed before use and rinsed exhaustively
with metal-free water. Indicator dyes mag-fura-2 and quin-2 were obtained from Invitrogen
and Sigma, respectively. Metal stocks made with Ultra Pure Alfa Aesar metals. All other
reagents are as indicated in the text. For all the chromatography steps an Ätka 10 purifier
(GE) was used. All metal binding experiments were performed under anaerobic conditions.
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Dialysis into experimental buffer was under an Argon saturated atmosphere of no more than
8 ppm of oxygen.

Bacterial strains and growth conditions

Strains used in this study are listed in Table 1. Bacteria were grown on plates containing
trypticase soy agar II (modified; Becton-Dickinson) and 5% (vol/vol) defibrinated sheep
blood (TSAII BA) and incubated at 37 °C in an atmosphere of 5% CO2. Strains were also
cultured statically in Becton-Dickinson brain heart infusion (BHI) broth at 37°C in an
atmosphere of 5% CO2, and growth was monitored by optical density at 620 nm (OD620)
using a Spectronic 20 spectrophotometer fitted for measurement of capped tubes (outer
diameter, 16 mm). Bacteria were inoculated into BHI broth from frozen cultures, serially
diluted into the same medium, and propagated overnight. Overnight cultures that were still
in exponential phase (OD620, 0.1 to 0.3) were diluted back to an OD620 of ≈0.001 to start
final cultures. Final cultures were grown in either BHI [containing ≈20 μM Zn(II) by ICP-
MS) or BHI with 200 μM ZnSO4 added (for ≈220 μM total Zn(II)].

Microarray analysis

Bacteria were grown in BHI broth as described83 but were diluted 100-fold into BHI to start
final cultures, which were harvested at an OD620 of ~0.2. RNA extraction and purification,
cDNA synthesis, labeling and hybridization to S. pneumoniae R6 microarrays (Ocimum
Biosolutions), array washing and data collection were performed as described previously.83

Data were collected from three independent biological replicates, including one dye swap,
and analyzed using software from the TM4 Microarray Software Suite (www.tm4.org).
Results files generated by GenePix Pro 6.0 software (Molecular Devices) were converted to
TIGR MultiExperiment Viewer file format using ExpressConverter 2.1 software. Lowess
(block) data normalization was performed using TIGR MIDAS 2.21 software. Spots with
background signals higher than foreground signals and spots that were flagged as bad by the
investigator or MIDAS software were removed from the analysis. Expression ratios and
Bayesian P values were calculated as described previously.83 The cutoff for significant
changes in relative transcript amounts was set at positive or negative 2-fold with a Bayesian
P value of <0.001. Intensity and expression ratio data have been deposited in the GEO
database (www.ncbi.nlm.nih.gov/geo/; accession no. GSE21506).

ICP-MS analysis

1 mL aliquots of S. pneumoniae cells in exponential phase were centrifuged and washed
twice with BHI containing 5 mM nitrilotriacetic acid (Aldrich), then once with PBS that had
been treated overnight with chelex (Biorad) according to the manufactures’ protocol. The
cell pellets were dried overnight in a rotary evaporator. 400 μL of 2.5% v/v nitric acid
(Ultrapure, Sigma-Aldrich) with 0.1% v/v Triton-X 100 were added to the cell pellets which
were then lysed for 10 min at 95 °C with shaking at 500 rpm followed by vigorous vortexing
for 20 s. 200 μL of the lysed cell solution was added to 1.3 mL of 2.5% v/v nitric acid for
ICP-MS analysis. Analyses were performed using a Perkin Elmer ELAN DRCII ICP-MS.
The instrument was equipped with a Microflow PFA-ST concentric nebulizer with a 100 μL/
min self-aspiration capillary, a cyclonic spray chamber, a quartz torch and platinum sampler/
skimmer cones. Germanium at 50 ppb was added as an internal standard using an EzyFit
glass mixing chamber. Metal content was determined per cell using the OD620 to obtain the
number of cells analyzed. Molar metal content was determined assuming a cell volume of
0.644 × 10−15 L84 and 10 cells per chain.
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Cloning and mutations

The AdcR gene was PCR-amplified from S. pneumoniae D39 genomic DNA using the
cloning oligonucleotides (Integrated DNA Technologies) 5′-
CCGGATCCTCTACCGTAATATATCTCATTATTTGATTTCTC and 5′-
CCCATATGAGACAGCTAGCAAAGGATATCAATGCTTTTTTG (BamHI and NdeI
restriction sites are underlined, respectively) and cloned into the expression vector pET3a.
The final construction has the entire native sequence of the AdcR gene under the control of a
T7 promoter. AdcR single residue mutants were obtain using the protocol supplied by
QuikChange from Stratagene using pET-AdcR as the template for PCR and appropriate
mutagenic primers. All expression constructs were sequenced to verify the integrity of the
plasmids on an ABI 3730 DNA Analyzer (Applied Biosystems) located in the Indiana
Molecular Biology Institute. The plasmids were transformed into either BL21(DE3) or
BL21 pLysS cells for protein expression.

Overexpression and purification

Growth was performed as previously described.85 Overexpression of AdcR was
accomplished by induction of 1 L mid-log LB cultures with IPTG (Inalco) to a final
concentration of 0.4 mM for 4 h at 37 °C or 30 °C overnight. The cells were harvested and
resuspended in 25 mM MES, pH 6.0, 0.5 M NaCl, 5 mM EDTA, and 5 mM DTT. The cell
suspension was lysed by sonication. After centrifugation, 10% PEI (polyethylenimine) pH 6
was added to the supernatant to a final concentration of 0.015% (v/v) and stirred for 2 h at
4°C. The supernatant was fractionated with two (NH4)2SO4 cuts (35% and 70%) and the
pellet was resuspended and equilibrated in 25 mM MES pH 6, 0.1 M NaCl, 5 mM EDTA
and 2 mM TCEP (GoldBio). Dialysis to remove excess (NH4)2SO4 was performed with at
least four 1 L buffer exchanges over 16 h. This fraction was loaded on an SP-Sepharose Fast
Flow column and fractions eluted in a salt gradient from 0.1–1 M NaCl. The cleanest
fractions as determined by SDS-PAGE gels, were pooled and equilibrated in 25 mM Tris,
pH 8.0, 50 mM NaCl, and 2 mM TCEP and loaded into a Q-Sepharose column. The cleanest
fractions were then pooled, concentrated using centrifugal filter units (Millipore) and loaded
on a Superdex 75 gel preparative grade column as the last step in the purification. The
identity of AdcR wild-type and variant proteins was confirmed by LC-ESI/MS mass
spectrometry at the Indiana University Department of Chemistry Mass Spectrometry
Facility. Samples for LC-ESI-MS were prepared in the glove box under anaerobic
conditions and passed through a Micro Bio Spin P6 desalting column (BioRad). The
concentration of the AdcR monomer was determined for all variants using an ε280 of 2980
M−1 cm−1.

Zinc-binding experiments

All zinc binding experiments were carried out by using a Hewlett-Packard model 8452A
spectrophotometer. Two different zinc chelator indicator dyes were used as apo-AdcR
competitors under anaerobic conditions, mag-fura-2 (mf2) and quin-2. Protein was diluted in
800 μL of buffer (25 mM Bis-Tris, pH 6, 0.2 M NaCl or 25 mM Tris, pH 8, 0.5 M NaCl)
that was passed through a Chelex (Bio-Rad) column to remove contaminating metals. These
chelator competition experiments were carried out and the data corrected as previously
described. 55,61,86 The mf2 isotherm was fit to the model indicated in the text using a KD,Zn
= 0.022 μM for mf2.87 To corroborate the affinity of quin-2 for Zn(II) at pH 8.0 and 0.5 M
NaCl, a series of measurements were done using 10, 20 and 28 μM EDTA (KZn = 2.7×1014

M−1, pH 8.0, 25.0 °C)88 competing for Zn(II) in presence of 20 μM quin-2. The affinity was
fit to a KZn = 2.9 × 1011 M−1, which is in agreement to the previously reported value of 2.7
× 1011 M−1.49 All data was fit to a simple competition model using Dyna-Fit. 89
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Fluorescence anisotropy experiments

A 28 mer double stranded 3′-fluorescein labeled DNA (5′-
TGATATAATTAACTGGTAAACAAAATGT) and its complementary strand containing
the native operator-promotor sequence found upstream AdcR were synthesized using a 3′-
fluorescein CPG column (Glen Research) on a MerMade 4 oligonucleotide synthesizer (Bio
Automation Corporation), and purified and annealed as described before.48,67 All anisotropy
experiments were carried out with an ISS PC1 spectrofluorometer operating in steady-state
mode fitted with Glan-Thompson polarizers in the L format (excitation wavelength set at
495 nm with 1 mm slit and the emission collected through a 515 nm filter). The G-factor
was set to 0.99 and the average light intensity was 1×105 (a.u) with a decrease of no more
than 5% at the end of the titration with all the components in solution. The average of 10
iterations of 40 s each for each ith addition of protein measured with a corresponding
standard deviation that was ≤ 0.001. All experiments were carried out with 10 nM DNA in
50 mM Bis-Tris, pH 6.0, 0.2 M NaCl, 0.005% Tween-20, 1 mM TCEP and 80 μg/mL DNA
sodium salt from salmon testes (Sigma) as an unspecific competitor in a volume of 1.8 mL.
A solution containing 1–10 μM of AdcR and AdcR variants was titrated into the cuvette
containing the DNA and allowed to mix for 3 min. To measure the allosteric effect of metals
ions, one molar equivalent per monomer of the indicated metal was preincubated with the
protein titrant. The binding reaction contained either 100 μM of Zn(II) or 10 μM Mn(II) or
Co(II). The anisotropy of the apo-protein was measured in presence of 0.5 mM EDTA and
was under the limit of detection. The buffer used to measured the anisotropy of Co(II)/
Mn(II)-AdcR was passed through a Chelex (Bio-Rad) column and no anisotropy change was
detected in absence of metal, assuring that no metal contaminants were present in the buffer
or protein. The data, normalized as described previously,62,65 were fit to a binding model as
indicated in the text. The maximal change in anisotropy for wild-type AdcR of 0.023, is
consistent with that expected for one dimer bound per DNA duplex when taking into
account the effect of the DNA length on Δrobs.61,65,86

Atomic absorption spectroscopy

All the Zn(II) and Co(II) metal stocks were measured as before using metal specific hollow
cathode lamps61 and Mn(II) was detected at 279.5 nm (slit-width of 0.2 nm) in a Perkin-
Elmer AAnalyst spectrometer. Zn(II) contents of the wild-type and AdcR apoprotein
variants ranged from 0.01–0.08 monomer mol equiv. Mn(II) and Co(II) concentrations were
negligible.

Quantitation of free thiol

DTNB was used to determine the total concentration of free thiol as previously described.55

The total concentration of free thiols ranged from 80–90% in all the AdcR and AdcR
variants as purified. Glu-C in-gel digestion and LC-MS/MS analysis of the sample was done
as previously described62 with the exception that 25 μL of a 20 ng/μL GluC was used to
digested the samples. The LC-MS/MS was performed in Indiana University, Chemistry
Department at the National Center for Glycomics and Glycoproteomics.

Derivatization of thiols

MMTS (methyl methanethiosulfonate) converts free sulfhydryl groups of cysteines side
chains into –S-SCH3.90 Wild-type AdcR (100 μL, 690 μM) was modified by incubation with
100 fold molar excess of MMTS for 1 h. The protein was then passed through a Bio-Spin P6
(Bio-Rad) gel filtration column, concentrated using centrifugal filter membranes (Millipore)
and buffer exchanged by dialysis to remove any unreacted MMTS. The modified protein
was verified by LC-ESI-MS where AdcR (16,649 amu, MW= 16,605 + 2Na) forms a
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product after MMTS reaction of 16,697 (AdcR+ 2Na + 46 amu, the latter consistent with a
single –S-SCH3 derivatization on Cys30).

NMR Experiments

NMR spectra were acquired on a Varian DDR 800 MHz spectrometer equipped with a
cryogenic probe at the Indiana University MetaCyt Biomolecular NMR laboratory. NMR
spectra were processed and analyzed using NMRPipe91 and SPARKY†. Typical solution
conditions were 250–600 μM 15N-labeled or 15N/13C-labeled protein, pH 6.0, MES-d13
(Sigma), 50 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP; Gold Biotechnology),
0.02% NaN3 (Fisher) and 10% (v/v) 2H2O (CIL) at a level of 70% random deuteration.
Zn(II)-AdcR samples contained 2 monomer mol equiv of Zn(II) and 1 mM imidazole. All
spectra were acquired at 35 °C. Chemical shift referencing is relative to 2,2-dimethyl-2-
silapentene-5-sulfonic acid (DSS; Sigma).92 Sequential resonance assignments (to be
reported elsewhere) for the apo and Zn(II) forms were obtained using 1H-15N HSQC, and
triple resonance HNCA, HN(CO)CA, HN(CA)CB, HN(COCA)CB and HNCO spectra.93–95

Zn(II) X-ray Absorption Spectroscopy

Samples were loaded into a polycarbonate XAS cuvette containing five 10-μL wells covered
with a Mylar-tape front window and immediately frozen in liquid nitrogen. Zinc K-edge
XAS data were collected at Stanford Synchrotron Radiation Lightsource (SSRL) on beam
line 9-3 with the SPEAR storage ring operating at 3.0 GeV, 60–100 mA. X-ray absorption
spectra were recorded with the sample at 10 K using a 1×1 mm beam incident on a fully
tuned Si[220] double-crystal monochromator, downstream of a harmonic rejection mirror set
for a 15-keV cutoff. XAS data were collected using a 30-element intrinsic Ge detector
windowed to Zn Kα emission with a 6-absorption length Cu fluorescence filter backed by
Soller slits. Energies were calibrated using an internal zinc standard, with the first inflection
point assigned at 9660.7 eV. k values were calculated using a threshold (k = 0) energy of
9670 eV. The averaged XAS data for a sample represent 6–8 scans, each of 21 min duration,
collected on several replicate sample wells. Data reduction and analysis were performed
with EXAFSPAK software (www-ssrl.slac.stanford.edu/exafspak.html) according to
standard procedures as described previously.96 Fourier transforms of the EXAFS spectra
were generated using sulfur-based phase correction. The multiple-scattering model, based on
zinc-bound imidazole, was calculated using FEFF version 8.0.97,98 Debye-Waller factors for
the multiple-scattering legs were optimized by fitting a structural model of Zn(imid)4

2+ and
were fixed during curve-fitting. Optimal imidazole coordination numbers were chosen based
on the size of the 3- and 4-Å FT peaks arising from outer-shell C,N atoms of the imidazole
ring. Zn-(N,O) distances and Debye-Waller factors of additional first-shell ligands were then
optimized for the final fits.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AdcR adhesin-competence repressor
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MarR multiple antibiotic resistance repressor

TROSY transverse relaxation optimized spectroscopy
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Fig. 1.
Microarray analyses of relative transcript amounts in strains IU2594 (ΔadcR) and IU1781
(adcR+) grown exponentially in BHI. Microarray analyses were performed as described in
Materials and Methods. A representative log-scale scatter plot of relative transcript amounts
is shown, and the fold changes and Bayesian P values for transcripts changing at least 2-fold
are listed in Supplementary Table S2.
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Fig 2.
Growth and cellular zinc content of adcR mutants. (a) Growth curves of adcR parent,
ΔadcR, adcR C30A, adcR H108Q, adcR H111Q, and adcR H112Q strains of S. pneumoniae

in the presence of 200 μM ZnSO4. (b) Cellular zinc concentration in bacteria growing
exponentially (OD620 = 0.1 to 0.3). The average of three biological replicates are shown
with SEMs (P < 0.05). See Materials and Methods for ICP-MS and calculation of cellular
concentration.
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Fig. 3.
Representative binding isotherms obtained from titrating Zn(II) into a mixture of AdcR
wild-type and competitor (mag-fura-2 or quin-2) at pH 6.0 (a–b) or pH 8.0 (c–d). In the
mag-fura-2 experiments, filled symbols represent ε366 values which are maximal in the apo-
mf2 and open symbols represent ε325 values that are maximal in the Zn(II)-mf2 complex.
For quin-2 experiments, filled circles represent ε265 values that are maximal in apo-quin-2.
(a) 47.6 μM AdcR and 25 μM mf2. The solid red line represents non-linear least-square fit
to a Zn(II):AdcRdimer, 3:1 binding model with the KZn1 stepwise binding affinity fixed to
≥109 M−1 (a lower limit) and optimized to KZn2=1.2 (±0.3) × 109 M−1, KZn3=1.7 (±0.1) ×
106 M−1. The black dot and dash lines are simulated data to KZn1 = 1010 and 109 M−1,
respectively. (b) 41 μM AdcR and 16 μM quin-2. The solid red line represent non-linear
least-square fit to a Zn(II):AdcRdimer, 0.5:1 binding model, where KZn1 = 8.3 (±0.2) × 109

M−1. Simulated data is represented by discontinuous black lines, with KZn1 = 1012, 1011,
1010, 109, 108 M−1, descending from right to left. (c) 42.5 μM AdcR and 17.7 μM mf2. The
solid red line represent non-linear least-square fit to a Zn(II):AdcRdimer, 5:1 binding model
with KZn1=KZn2 = 1011 M−1, KZn3=1.4 (±0.2) × 108 M−1, KZn4=3.00 (±0.03) × 107,
KZn5=3.8 (±0.8) × 106 M−1. The dot and dash black lines are simulated curves one order of
magnitude larger and lower, respectively. (d) 44 μM AdcR and 17.1 μM quin-2. The solid
red line represent non-linear least-square fit to a Zn(II):AdcRdimer, 2:1 binding model with
KZn1=KZn2 = 1.4 (±0.2) × 1012 M−1. The black dot and dashed line are simulated data to
KZn1=KZn2=1013 and 1012 M−1, respectively.
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Fig. 4.
Binding isotherms obtained from titrating Zn(II) into a mixture of AdcR variants and
competitor mag-fura-2 at pH 6.0 (a–b) or pH 8.0 (c–d). Closed markers represent ε366 values
which are maximal in the apo-mf2 and open markers represent ε325 values that are maximal
in the Zn(II)-mf2 complex. (a) 34.4 μM H108A AdcR and 28.6 μM mf2 and (b) 30 μM
H112A AdcR and 30 μM mf2. The red solid line represent a non-linear least-square fit to
stoichiometric binding of Zn(II) to mf2. (c) 25.3 μM H108A and 22.1 μM mf2. The red

solid line represents a non-linear least-square fit to Zn(II):AdcRdimer, 5:1 binding model
where KZn1=KZn2=1.17×109 M−1, KZn3=1.77 (±0.1) × 107 M−1, KZn4=9.0 (±0.9) × 106

M−1, KZn5=1.8 (±0.5) × 106 M−1. (d) 41 μM H112A and 27 μM mf2. The red solid line
represent a non-linear least-square fit to Zn(II):AdcRdimer, 5:1 binding model where KZn1=
3.5 × 109 M−1 (fixed), KZn2=1.2 (±0.5) × 109 M−1, KZn3=9 (±1) × 107 M−1, KZn4=9 (±1) ×
106 M−1, KZn5=2.0 (±0.6) × 106 M−1.
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Fig. 5.
X-ray absorption spectroscopic data of Zn(II)-bound AdcR. (Top) Zn K-edge X-ray
absorption spectra of Zn(II)-bound WT AdcR at pH 6 (black), C30A mutant (green), and
WT AdcR at pH 8 (blue). (Bottom) EXAFS Fourier transform (k3-weighted, k = 2–13 Å−1

of WT AdcR at pH 6. (Inset) k3-weighted EXAFS spectra for WT AdcR at pH 6. For bottom
panel, experimental data are black and best-fit simulations (Table 3, Fit 1) are red.
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Fig. 6.
1H-15N TROSY spectra of wild-type AdcR in the absence (a) and presence (b) of Zn(II).
Sequence-specific resonance assignments are shown for each conformer, with the single-
contour red crosspeaks in panel (b) corresponding to those of apo-AdcR. (c) Secondary
structural analysis of apo- and Zn(II)-bound AdcR as determined by analysis of the
backbone chemical shifts in TALOS.59 Backbone resonances for residues R2, T37, R136
and K146 are unassigned in apo-AdcR. Likewise, backbone resonances for residues L17,
L46, P103, Q121, P128, Q135 and K146 are unassigned in Zn(II)-bound AdcR.
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Fig. 7.
Chemical shift (1H, 15N) perturbation maps |apo – Zn| of AdcR variants (35 °C, pH 6.0).
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Fig. 8.
Representative isotherms of the binding of Zn(II)-AdcR variants to a fluorescein-labeled 28-
mer double stranded DNA containing the AdcO sequence. The anisotropy change is
normalized to that observed for wild-type AdcR (circles); for all the other variants, C30A
(squares), H42A (diamonds), H108A (triangles) and H112A (gridded square) AdcRs, the
fractional change in anisotropy was calculated relative to the total change observed for wild-
type AdcR. The Zn(II)-activated binding is reversible at the end of the experiment by
addition of 500 μM EDTA (not shown). The red continuous lines represent non-linear least-
square fits for the binding of a non-dissociable dimer to DNA with the affinities (KDNA Zn)
complied in Table 4.
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Table 1

Strains used in the studya

Strain Genotype (derivation) Antibiotic resistanceb Reference or source

IU1781 D39 rpsL1 Strr {Ramos-Montañez, 2008 #1}

IU2571 D39 ΔadcR::kan-rpsL Kanr This paper

IU2594 D39 rpsL1 ΔadcR Strr This paper

IU2600 D39 rpsL1 AdcR H112Qc Strr This paper

IU2657 D39 rpsL1 AdcR C30Ac Strr This paper

IU2661 D39 rpsL1 AdcR H111Qc Strr This paper

IU4036 D39 rpsL1 AdcR H108Qc Strr This paper

a
Strains were constructed by transformation of indicated recipients with PCR fragments synthesized by fusion PCR (see Materials and Methods).

b
Antibiotic resistance markers: Kanr, kanamycin; Strr, streptomycin.

c
Codon changes: H112Q CAT to CAA; H111Q & H108Q CAC to CAA; C30A TGC to GCT
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Table 4

Equilibrium binding affinities (Ki) resolved from fluorescein anisotropy-based AdcR operator binding

isotherms for individual AdcR derivatives in the presence and absence of Zn(II).a

AdcR variant KDNA Zn
b (×108 M−1) KDNA Me

b (×108 M−1) KDNA apo
c (×108 M−1) ΔGc

d (kcal mol−1)

Wild-type + Zn 2.4 (±0.3) – ≤ 0.002 −4.2

Wild-type + Mn – 0.82 (±0.05) ≤ 0.002 −3.6

Wild-type + Co – 1.2 (±0.2) ≤ 0.002 −3.8

S-methylated wild-type 1.1 (±0.1) – NDe ND

C30A 1.1 (±0.1) – ≤ 0.002 −3.7

H42A 0.047 (±0.001) – ≤ 0.002 −1.9

H108A 0.020 (±0.0007) – ≤ 0.002 −1.4

H111A 1.4 (±0.1) – ≤ 0.002 −3.9

H112A 0.038 (±0.001) – ≤ 0.002 −1.7

H112Q 0.098 (±0.007) – ≤ 0.002 −2.3

a
Conditions: 25 mM bis-Tris, pH 6.0, 25.0 °C, 0.2 M NaCl, 0.005% Tween 20, 0.8 μg/mL of nonspecific deoxyribonucleic acid from salmon

sperm.

b
For determination of KDNA Zn, 100 μM ZnSO4 was added to the binding reactions.

c
For determination of KDNA Co and KDNA Mn, 10 μM of metal was added to the binding reactions.

d
For determinatin of KDNA-apo, 500 μM EDTA was present.

e
ΔGc = −RT·ln(KDNA-Zn/KDNA-apo) and represents a lower limit given the upper limit on KDNA-apo.

e
ND, not deternined.
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