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Abstract

The Cus system of Escherichia coli aids in protection of cells from high concentrations of Ag(l)
and Cu(l). The histidine kinase CusS of the CusRS two-component system functions as a Ag(l)/
Cu(l)-responsive sensor kinase and is essential for induction of the genes encoding the CusCFBA
efflux pump. In this study, we have examined the molecular features of the sensor domain of CusS
in order to understand how a metal-responsive histidine kinase senses specific metal ions. We find
that the predicted periplasmic sensor domain of CusS directly interacts with Ag(l) ions and
undergoes a conformational change upon metal binding. Metal binding also enhances the tendency
of the domain to dimerize. These findings suggest a model for activation of the histidine kinase
through metal binding events in the periplasmic sensor domain.
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1. Introduction

Bacteria thrive in a variety of environments which necessitates their ability to respond to
changing environments in order to acquire nutrients or limit effects of potential toxins. Some
transition metals are essential for cellular systems as these elements can play important
structural and catalytic roles in proteins and enzymes. However, some metal ions, such as
silver, play no cellular roles and their presence can be harmful [1, 2]. Even for necessary
metal ions like copper, an overabundance can lead to toxicity through a variety of
mechanisms [3], including disruption of iron-sulfur clusters [4]. In bacteria, appropriate
levels of metal ions are maintained through a variety of homeostatic systems [5]. To
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properly respond to a given metal ion, systems are needed which will specifically detect a
metal ion and initiate gene expression of the correct homeostatic system [6]. Bacterial two-
component systems are commonly used to detect and respond to environmental challenges
[7], though two-component systems that specifically respond to monovalent metal ions such
as silver and copper have not been previously characterized.

Among the cellular systems that function to prevent metal toxicity in Escherichia coli, the
Cus system was first identified as a silver resistance system [8] It was later determined that
the Cus system is also involved in anaerobic copper homeostasis [9, 10] which is not
unexpected due to the similar chemical properties of silver and copper. The Cus system
consists of the CusR/CusS two-component system (TCS) and the CusCFBA efflux complex
responsible for transporting copper/silver ions into the extracellular space [8, 9]. The genes
encoding these proteins are present on two divergently transcribed operons on the genome of
E. coli K12. While the structural and functional properties of the CusCFBA efflux pump
have been extensively studied, the metal responsive CusR/CusS system remains largely
uncharacterized. Previous work has shown that the CusR/CusS TCS is essential for growth
in medium containing silver and copper, as deletion of the cusR and cusSgenes leads to a
silver and copper sensitive phenotype in the bacterium [10]. It has also been shown that
cusR and cusSare required for the silver/copper inducible expression of the promoter region
of cusC [10, 11].

The cusSgene encodes a histidine kinase which is predicted to sense elevated levels of
silver/copper in the periplasmic space of E. coli. Copper shock causes a two-fold increase in
the cusStranscript [12], and the absence of cusSis shown to increase copper accumulation
in the cells [11]. From sequence analysis, CusS is predicted to be a prototypical periplasmic
sensing histidine kinase (HK). In prototypical histidine kinases, a periplasmic sensor domain
is flanked by transmembrane a-helices which link it to conserved cytoplasmic catalytic
domains [7]. These proteins function as membrane receptors using a periplasmic (membrane
external) domain that regulates activity of the histidine kinase (membrane internal) domain.
Most of the variability in histidine kinases is in the periplasmic sensor domains, as they are
specific to particular stimulants [13]. The CusS histidine kinase has overall sequence
identity to putative metal-sensing HKs such as SilS (56%), CopS (42%), PcoS (38%) and
CinS (35%) [10].

Although CusS has an important role in silver resistance and regulation of copper
homeostasis [11], little is known about the mechanism of metal sensing and signal
transmission. Based on studies on HKs CitA, DcuS and PhoQ, which sense citrate,
dicarboxylates and divalent cations, respectively, ligand binding in the periplasmic domain
of the proteins results in conformational changes that activate the cytoplasmic kinase
domain which in turn leads to altered activity [14-19]. However, the structural and
functional features of metal-responsive sensory domains are largely uncharacterized.

This study characterizes the putative periplasmic sensor domain of the histidine kinase CusS
from the Gram-negative bacterium Escherichia coli. We have utilized an array of
biochemical and biophysical techniques to determine the effect of Ag(l) and other metal ions
on the periplasmic domain of CussS.
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2. Materials and Methods

2.1 Strain and Plasmid Construction

The residues constituting the two transmembrane helices of CusS were predicted using the
HMMTOP and TMHMM transmembrane topology prediction software [20, 21], and were
used to determine the boundaries of the CusS periplasmic sensor domain (CusS;) that lies
between these helices. The pTXB3CusSg plasmid was constructed for expression of the
putative periplasmic domain of CusS for in vitro studies. For this plasmid, the portion of the
E. coli W3110 cusSgene encoding amino acids 39-187 was amplified using
oligonucleotides containing sites for Ncol and Xhol restriction endonucleases. The
amplified PCR product was digested using Ncol/Xhol, then ligated into the Ncol/Xhol sites
in vector pTXB3 (NEB). The correct product was verified by DNA sequencing. The final
construct, pTXBCusSg, contains the in-frame insertion of the cusSgene encoding the
putative periplasmic domain of the protein (residues 39-187) upstream of the Mxe intein and
chitin binding domain (CBD) affinity tag [22]. After cleavage of the intein, this construct
has a C-terminal EGSS sequence as a cloning artifact.

2.2 Protein Expression, Purification and Sample Preparation

E. coli BL21 (DE3) cells containing the pTXB3CusSg plasmid with the gene encoding
CusS3g.1g7 (CusSg) were grown in LB medium containing 100 pg/L ampicillin until an
ODgqg of 0.8-1.0 was achieved. The cells were induced for CusSg expression with 0.5 mM
IPTG and grown at 30 °C for 5-7 hours. Cells were harvested by centrifugation and
resuspended in 100 mM Tris pH 8.0 and 150 mM NaCl (column buffer). Lysis was achieved
using a French press pressure cell and the cell debris was removed by centrifugation. The
clarified supernatant was loaded onto a chitin bead column (NEB) and thiol-induced
cleavage was initiated by washing the column with column buffer containing 50 mM DTT.
The column was incubated at 16 °C for 24 hours to allow efficient on-column cleavage.
CusSg was eluted by washing the column with column buffer. Aliquots of the eluted
fractions were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE). The fractions
containing CusSg were pooled, concentrated to 2 mL, and loaded on a HiPrep Sephacryl
S-100 26/60 column previously equilibrated with 100 mM Tris pH 8.0 and 250 mM NacCl.
CusSg containing fractions from the column were pooled and dialyzed against 50 mM MES
buffer pH 7.0. The purification strategy yielded more than 95% pure protein as confirmed by
SDS-PAGE and MALDI-TOF mass spectrometry. Protein concentrations were determined
using Bradford (BioRad) and BCA assays (Thermo).

CusSg samples for Inductively Coupled Plasma Mass Spectrometry (ICP-MS) were prepared
by dialyzing purified CusSg against Chelex-treated 25 mM MES buffer pH 7.0. To obtain
Ag(l)-CusSs, dialysis was performed at 4 °C for 12 hours in 25 mM MES buffer pH 6.0
buffer containing a 5-fold molar excess of AgNO3. As controls for ICP-MS, CusSg samples
were dialyzed against buffer containing 5-fold molar excess of ZnCl, and NiCl,. After
equilibration, excess and non-specifically bound metal was removed by dialysis twice
against 100 mL of 25 mM MES buffer pH 6.0 (sample buffer) at 4 °C for 3 hours using
mini-dialysis units (Thermo Scientific). After dialysis the protein concentration was
determined to be 30 uM using Bradford Assay (BioRad).
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To obtain protein for NMR analysis a similar protocol was followed except that BL21 (DE3)
cells containing the pTXB3CusSs plasmid were grown in M9 minimal medium containing 1
gm/L 15N ammonium chloride as the nitrogen source. Cells were induced for CusS
expression with IPTG and incubated at 37 °C with aeration for 7-9 hours. After purification
following the protocol described above, the protein samples were concentrated to 100 uM in
25 mM MES buffer pH 6.0 using an Amicon Ultra 5000 Da concentrator.

CusSg samples for analytical ultracentrifugation experiments were prepared by dialysis
against 5-fold molar excesses of AgNO3, ZnCl, or NiCl, similarly to that described above
for the ICP-MS samples. The concentration of the samples after dialysis was determined to
be 1.5 mg/mL using Bradford assay (BioRad).

2.3 Inductively Coupled Plasma Mass Spectrometry

Protein samples (30 uM) were diluted with 1% nitric acid and injected into an Elan DRC II
ICP-MS instrument (Perkin Elmer) calibrated using a multi-element stock solution
(AccuStandard). All glassware and plastic ware used for these experiments were washed
with 10% nitric acid to remove contaminating metal. The protein and metal ion
concentrations were determined as an average of three independent experiments.

2.4 Nuclear Magnetic Resonance Spectroscopy

All NMR experiments were performed on a Varian INOVA 600 MHz spectrometer
equipped with a cryogenically-cooled, triple-resonance, Z-axis gradient probe. Standard
pulse sequences from the Varian BioPak were used to obtain 1H — 15N gradient enhanced
heteronuclear single quantum coherence (HSQC) spectra. The HSQC data were processed
and analyzed using the NMRPipe/NMRDraw [23] and NMRView programs [24].

2.5 Circular Dichroism Spectroscopy

Circular dichroism of apo and Ag (1)-CusSs were performed in an Olis DSM 20 double
beam spectrometer. These experiments were performed at 25 °C in 25 mM MES buffer pH
7.0, using protein concentrations of 25 UM and a 0.1 cm path length cuvette. Spectra were
acquired using 1 nm steps from 200 to 260 nm. Five independent sets of data were obtained
for each. Separate spectra were obtained for sample buffer alone and the average of these
data points was used for baseline correction in the protein spectra.

2.6 Equilibrium Dialysis
Equilibrium dialysis units were obtained from The Nest Group (Southborough, MA). The
apparatus consisted of two 500 puL chambers separated by a 5000 Da cellulose membrane
(Harvard Apparatus, Holliston, MA). Control experiments were performed to determine the
time required to achieve equilibrium (Supplementary table 1). The protein and buffers used
in the experiment were Chelex treated to prior to setting up the dialysis experiment. Protein
concentrations for each sample were measured at the beginning and end of the experiment
by Bradford assay. One chamber contained 500 uL of 6.5 uM CusSg in 25 mM MES buffer
pH 6.0 and the other contained 500 pL AgNOj3 (at varying concentrations) in 25 mM MES
buffer pH 6.0. Twelve different dialysis experiments were performed by varying the
concentration of AgQNO3 (0 — 200 uM). The dialysis units were allowed to equilibrate at 4 °C
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on a plate rotator for 72 hours. Samples from both chambers of the dialysis units were
analyzed for Ag(l) content using ICP-MS, using the procedure described above. To
determine the amount of Ag(l) bound to the protein, the Ag(l) from the buffer-only chamber
was subtracted from the protein-containing chamber. The binding data was fit with
GraphPad Prism using a single-site model accounting for ligand depletion to determine
dissociation constant (Kq) and the total number of binding sites, Biax, as described by
Swillens [25]. The specific binding was calculated for 4 binding sites using a 6.5 UM protein
concentration (i.e. 26 UM binding sites). In this case, the term {3, which accounts for the use
of radioligands, was set to 1, since the ligand (Ag(l)) used in these experiments was non-
radioactive.

2.7 Analytical Ultracentrifugation

Sedimentation velocity experiments were performed using a Beckman XL-1 ultracentrifuge.
Apo CusSs,, Ag(1)-CusSs, Zn(I1)+CusSg and Ni(I11)+CusSg (1.5 mg/mL each) were
centrifuged at 47,000 rpm overnight at 20 °C and the data were analyzed using the Sedfit
program using a continuous c(s) distribution model. Sedimentation coefficients were
determined using the Svedberg program and using extrapolation to infinite dilution, the
coefficients were converted to standard conditions (S 20 w) [26, 27].

2.8 Chemical Crosslinking and Peptide Sequence Analysis

All experiments were performed at 4 °C. Apo and Ag(l)-CusSs were prepared as described
above in 50 mM HEPES buffer pH 7.0. Crosslinking reactions were carried out in a total
reaction volume of 100 pL using the amine reactive crosslinker BS3 (Thermo). A 100 mM
stock of the crosslinker BS3 was prepared in DMF. A 50-fold molar excess of crosslinker (1
mM) was added to 20 uM CusSg and Ag(1)-CusSs. The samples were incubated on ice for 1
hour and the reaction was quenched using 1 M ammonium bicarbonate. Proteins were
visualized after separation by SDS-PAGE and silver staining, and quantified using ImageJ
[28]. To analyze the peptide sequence of oligomers in the CusSg and Ag(l)-CusSs samples,
the proteins were separated on a SDS-PAGE gel, stained using Coomassie Brilliant Blue
(Sigma) and bands of interest were excised. Proteins were extracted from the bands using in-
gel trypsin digest and extraction using trifluoroacetic acid and acetonitrile. The samples
were purified using a C18 mini-column prior to mass spectrometric analysis. The digested
peptide samples were run on a LTQ-Orbitrap instrument (Thermo Scientific) and ionized by
electrospray ionization in a positive ion mode. The peptide sequence was analyzed using the
database search algorithm SEQUEST [29].

3. Results

3.1 Ag(l) ions bind to the periplasmic domain of CusS

CusS is predicted to be a canonical histidine kinase [7] with a periplasmic sensor domain
connected by transmembrane helices to the catalytic cytoplasmic domains (Supplementary
Figure 1). The periplasmic sensor domain of CusS is predicted to consist of residues 39-187.
To analyze the properties of the putative sensor domain, we expressed and purified this
domain of CusS (CusSg) for analysis.
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The predicted periplasmic domain of CusS contains numerous histidine and methionine
residues (9 and 7, respectively) that could serve as potential ligands for Cu(l) and Ag(l), and
therefore we expected that CusSg may bind metal ions directly. However, addition of
concentrated metal ion solutions to the CusSg sample caused protein precipitation; therefore
a dialysis technique was employed to obtain metal-bound protein. Purified CusSg was
dialyzed against buffer containing AgNOg3, followed by extensive dialysis against metal ion-
free buffer to remove excess metal ions. Analysis of these CusSg samples by inductively
coupled plasma mass spectrometry (ICP-MS) revealed a significant amount of silver in the
samples. Quantitation of the amounts of metal ions in the protein-containing samples shows
approximately 4 metal ions per CusSg domain, which is primarily silver along with trace
amounts of copper (Table 1). ICP-MS of the buffer without protein does not indicate any
significant amount of copper, silver, or other metal ions (data not shown). To determine the
specificity of CusSg, Zn(Il) and Ni(ll) were added by dialysis as described for Ag(l). No
significant amounts of these metal ions were associated with CusSg (Table 1).

We employed equilibrium dialysis against varying AgNO3 concentrations followed by ICP-
MS analysis to determine binding constants (Figure 1), since other experimental approaches
were limited due to the observation that CusSg precipitates after direct addition of
concentrated metal ion solutions. The apparent affinity of CusSg for Ag(l) was measured to
be 8.23 uM + 0.00057 pM, with a Bypax Of 3.62 uM Ag(1)/uM CusSg. Overall, these data
suggests that the total of four metal ions (Ag(l) + Cu(l)) bound per molecule of CusSs.

3.2 Binding to Ag(l) ions causes changes in spectral properties of CusSq

To investigate the effects of Ag(l) on the protein, we collected 1H — 15N correlation spectra
of CusSg both in the absence and presence of Ag(l). The peak positions in the HSQC
experiments reflect the chemical environment of H-15N nuclei for each amino acid residue.
The peaks in the NMR spectra of Apo-CusSg are mostly well-dispersed. Addition of Ag(l) to
CusSg causes numerous changes in the positions of peaks in the HSQC spectra (Figure 2),
and overall shows somewhat increased dispersion. Far-UV circular dichroism (CD) spectra
for Apo-CusSg and Ag(l)-CusSs show negative ellipticity with minima near 208 nm and 222
nm (Figure 3).

3.3 The putative sensor domain of CusS shows increased oligomerization in the presence

of Ag(l) ions
Prototypical histidine kinases function as dimers, with dimerization mediated through
cytoplasmic domains. However, some periplasmic sensor domains are also dimeric [19],
though it is not clear what role this plays in sensor domain function. To investigate the
oligomeric state of CusSs, sedimentation velocity analytical ultracentrifugation (SV-AUC)
experiments were performed on apo and Ag(l)-bound CusS;. In these experiments, apo-
CusSg sedimented as a single elongated species with a molecular weight consistent with the
monomeric form of the protein (Figure 4). For Ag(l)-bound CusS, there was a distinct shift
in the sedimentation coefficient and the frictional ratio (f/fy) represented a molecule more
elongated than the monomeric CusSg. These data for Ag(l)-CusSg suggest dimer formation
in the presence of metal (Table 2). No significant changes in the SV patterns were observed
upon addition of other metals such as zinc or nickel (Supplementary Figure 2, Table 2).
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The oligomeric state of CusSg was also probed with in vitro chemical crosslinking using the
homobifunctional amine-reactive crosslinker BS® followed by gel electrophoresis (Figure 5).
The cross-linking experiments show that apo-CusSg predominantly migrates at the same
position in the denaturing gel in both the absence and presence of crosslinker, though a
small amount of a higher molecular weight species is captured in the presence of the
crosslinker. However, in the presence of Ag(l), significant higher molecular weight species
are captured by the crosslinker. The major higher molecular weight band is of appropriate
size for a dimer of CusSg. Using ImageJ analysis, this band was quantified to be 32% of the
original sample used for the experiment. The protein in this band, as well as that in the
minor bands of higher molecular weight that are seen upon addition of Ag(l), was confirmed
to be CusSg using MS/MS analysis and peptide sequence identification using SEQUEST
(data not shown).

4. Discussion

Metal ions can exert toxic effects through a variety of mechanisms. The primary
mechanisms by which silver ions present toxicity is by binding to sulfhydryl and nitrogen
containing groups in biomolecules and by competing for copper sites in proteins [30]. Low
amounts of silver ions induce leakage of protons leading to cell death [1]. There is no known
biological function for silver ions, and therefore the presence of silver ions must be detected
to elicit the appropriate response to reduce its toxicity.

Genetic and molecular analyses have shown that the E. coli cusCFBA genes are upregulated
by the CusR/CusS TCS in response to silver and copper [10, 11]. At present, it is not well
understood how these ions enter bacterial cells (reviewed in [31]), and no uptake systems in
E. coli have been described. The mechanism of sensing silver ions and signal transmission
by CusS is unclear. In order to investigate its role in signal recognition, we purified the
periplasmic region of CusS and characterized its Ag(l) binding properties.

Many sensor domains of histidine kinases directly bind to the ligands they sense (reviewed
in [13]). Since the periplasmic domain of CusS has several His and Met residues that could
act as potential ligands to coordinate Ag(l), we tested for Ag(l) binding by this domain. By
equilibrium dialysis and ICP-MS, we determined that approximately four metal ions are
directly bound to one molecule of the periplasmic domain of CusS with an apparent affinity
of 8.23 uM, though the affinities of the individual metal binding sites have not been
measured. This apparent affinity is similar to the affinities of several other sensor kinases for
their ligands. For example, the sensor kinase PhoQ binds to Mg?* ions with an affinity of
roughly 300 uM [32], the citrate sensing CitA binds to its ligand with a Kq of 5.5 pM [33],
and NarX binds to nitrate with a Kq of 35 uM [34].

In the CusSg samples, trace amounts of copper were also detected by ICP-MS, though no
copper ions were added to the samples and despite dialysis in preparation of the protein
samples. ICP-MS of the buffers without protein indicates that they do not contain copper,
suggesting the copper is bound to the protein. An explanation for this trace copper could be
the presence of a high-affinity metal binding site in the protein, and that the copper may
have been acquired from the bacterial growth medium and then retained through protein
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purification and dialysis. Based on the ICP-MS measurements of the CusSg samples, the
copper is likely to be partially occupying one of the four metal ions binding sites, since the
amount of silver plus copper does not exceed 4:1 metal ion to protein (Table 1). Ag(l) and
Cu(l) are likely able to occupy the metal ion sites interchangeably because of their similar
properties. However, Cu(l) binding data have not been reported here because of the
difficulties of maintaining strict anaerobic conditions needed for experiments with Cu(l).

The ICP-MS and equilibrium dialysis data suggests the presence of a metal site in CusSg that
can retain copper through extensive dialysis. The presence of a high-affinity metal binding
site, in addition to the other metal binding sites, could potentially allow the formation of a
response gradient in the signaling process. This idea has been suggested in the ‘rheostat’
model by Inouye et al, where depending on ligand concentration, the histidine kinase can be
in an intermediate conformational state fluctuating between the on and off states [35].
Possibly, with one metal ion bound CusS may be minimally activated to allow basal level of
expression of the CusCFBA efflux system. If metal concentrations increase, further metal
binding to CusS may increase kinase activity, and ultimately increase the cellular response
to counter the growing challenge of higher metal concentrations.

Both NMR (Figure 2) and CD spectra (Figure 3) show that the sensor domain of CusS is
structured. Spectral changes suggest that additional structural changes take place upon metal
binding. Increased dispersion of the Ag(l)-CusS NMR spectrum may indicate a stabilization
of the secondary and tertiary structure due to metal binding. Detailed NMR analyses to
interpret the structural effects could not be accomplished on these samples due to low
concentrations, however, efforts are being made to optimize sample quality for future
studies. In other metal-binding systems, such as CopZ and azurin, metal binding loops that
are disordered in the apo state adopt structure in the metal-bound state [36, 37]. The
bacterial metallochaperone CopZ coordinates Cu(l) through two cysteine residues in a
MXCXXC motif located in a solvent exposed loop that transitions from an unstructured to
structured state upon metal binding [38]. The spectral changes observed in CusSg upon metal
binding are consistent with this type of structural alteration. Taken together these data
provide strong evidence that the periplasmic domain of CusS acts as a specific Ag(l)
receptor.

Bacterial histidine kinases are known to function as dimers [39] and signal transmission
from the extracellular sensor domain to the kinase regions occurs through a dimeric interface
[40]. There are numerous examples of sensor domains that in isolation are monomeric in the
absence of ligand, but dimerize in the ligand — bound state (reviewed in [13]).
Understanding how quaternary changes are induced by ligand binding is key to
understanding how kinase activity is controlled. In the case of the aspartate receptor Tar,
binding of aspartate to the periplasmic domain causes stabilization of the dimeric form of
the protein and causes the inhibition of kinase activity of the histidine kinase CheA [41].
The periplasmic sensor domain of NarX is monomeric in the apo-state, but dimerizes in the
presence of its ligand, nitrate. In this case, dimerization is thought to result in piston-like
movements of the transmembrane helices that are propagated to the intracellular catalytic
domains and alter activity [14]. Similarly, citrate binding to the periplasmic sensor domain
of CitA induces dimerization and changes the position of the N and C-terminal helices of the
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domain. These sensor domain conformational changes induced by ligand binding are
coupled to kinase activity.

Based on our analytical ultracentrifugation and crosslinking studies on the histidine kinase
Cuss, significant dimerization is observed in the periplasmic sensor domain of the protein
only in the presence of Ag(l). The crosslinking data also show minor amounts of
dimerization in the absence of silver, which may be caused due to residual copper bound to
CusSg as seen in the ICP-MS data (Table 1). Minor amounts of higher molecular weight
bands are also seen in the presence of silver, which may have formed due to an excess of
crosslinker (Figure 5). Overall our data points to a model where the sensor domain of CusS
dimerizes upon binding metal. However, it remains to be tested how ligand-induced
dimerization of the sensor domain contributes to the kinase activation of full-length CussS.

Based on our study we can envision a model where the periplasmic domain of CusS acts as a
receptor to sense the presence of elevated levels of Ag(l) (or Cu(l)) by direct binding from
solution. Ag(l) binding causes local conformational changes in the periplasmic domain of
CusS and enhances dimer formation between the sensor domains. These protein-protein
interactions mediated by elevated periplasmic levels of silver or copper ions may be an
important step, if not the only step, in activation of downstream signaling events that trigger
the upregulation of Ag(l)-responsive genes. Further insight into ligand binding and
conformational change leading to kinase activation will require knowledge of metal
coordination by the periplasmic domain of CusS and its three dimensional structure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ag(l) binding by the periplasmic domain of CusS measured by equilibrium dialysis
and ICP-MS

The smooth line represents the best fit model using a dissociation constant of 8.23 pM and a
Bmax 0f 3.62 uM Ag(l)/uM CusSs. Data points are an average of three independent
experiments.
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Figure 2. 1H-15N HSQC NMR spectra of CusSg
A. Apo-CusSs, B. Ag()-CusSs.
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Figure 3. Far-UV CD spectra of CusSg (black), and Ag(l1)-CusSg (gray)
Circular dichroism experiments were performed in an Olis DSM 20 double beam

spectrometer at 25 °C in 25 mM MES buffer pH 7.0, using protein concentrations of 25 yM
and a 0.1 cm path length cuvette. Spectra were acquired using 1 nm steps from 200 to 260
nm. Data points from five independent experiments are plotted and the smooth line
represents the average of these data points.
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Figure 4. Sedimentation velocity analytical ultracentrifugation analysis of Apo (black) and Ag(l)-
bound (gray) samples of CusSg

The c(s) distribution plots show one sedimentation species for each sample.
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Figure 5. Cross-linking reactions of Apo and Ag(l)- CusSg
Samples of Apo and Ag(1)-CusSs (20 uM) in the presence and absence of the BS3 cross-

linker were analyzed using SDS-PAGE. The expected monomer of CusSs is indicated by (*)
and the expected dimer is indicated by (**)
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Metal content of CusSg analyzed by ICP-MS. Metal ion content in CusSg (30 uM) was determined after initial
purification (“as purified”) and after dialysis against AgNQOs3, NiCls, or ZnCl, followed by dialysis to remove
excess unbound metal. Values indicated are an average of three independent measurements along with their

standard deviations.

Metal lon  Number of metal ions per molecule of CusSg

As purified

07 0.00
63Cu 0.14 +0.023
60N 0.00
6471 0.00

After addition of each metal by dialysis

W7ag 3.82+0.32
8Cu 0.23 £ 0.069
60Ni 0.009 £ 0.005
647n 0.00
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Sedimentation velocity parameters for CusSs in the presence of different metal ions. The data were analyzed

using the Sedfit program using a continuous ¢(S) distribution model. Sedimentation coefficients were

determined using the Svedberg program and using extrapolation to infinite dilution, the coefficients were

converted to standard conditions (Spg w)-

Protein Sow 1o

CusSq 128 134
CusS+Ag(l) 21 163
CusSs+ Ni(ll)  1.32  1.30
CusSg+Zn(l)  1.29 1.33
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