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The Structure of the Periplasmic Sensor Domain of the Histidine 
Kinase CusS Shows Unusual Metal Ion Coordination at the 
Dimeric Interface

Trisiani Affandi1, Aaron V. Issaian1,†, and Megan M. McEvoy1,*

1Department of Chemistry and Biochemistry, University of Arizona, Tucson, AZ 85721

Abstract

In bacteria, two-component systems act as signaling systems to respond to environmental stimuli. 

Two-component systems generally consist of a sensor histidine kinase and a response regulator, 

which work together through histidyl-aspartyl phospho-relay to result in gene regulation. One of 

the two-component systems in Escherichia coli, CusS-CusR, is known to induce expression of 

cusCFBA genes under increased periplasmic Cu(I) and Ag(I) concentrations to help maintain 

metal ion homeostasis. CusS is a membrane-associated histidine kinase with a periplasmic sensor 

domain connected to the cytoplasmic ATP-binding and catalytic domains through two 

transmembrane helices. The mechanism of how CusS senses increasing metal ion concentrations 

and activates CusR is not yet known. Here, we present the crystal structure of the Ag(I)-bound 

periplasmic sensor domain of CusS at a resolution of 2.15 Å. The structure reveals that CusS 

forms a homodimer with four Ag(I) binding sites per dimeric complex. Two symmetric metal 

binding sites are found at the dimeric interface, which are each formed by two histidines and one 

phenylalanine with an unusual cation-π interaction. The other metal ion binding sites are in a non-

conserved region within each monomer. Functional analyses of CusS variants with mutations in 

the metal sites suggest that the metal ion binding site at the dimer interface is more important for 

function. The structural and functional data provide support for a model in which metal-induced 

dimerization results in increases in kinase activity in the cytoplasmic domains of CusS.

Copper is an essential metal element for most organisms because it acts as a cofactor in 

numerous biological processes1. However, only a small amount of intracellular copper is 

needed and excess amounts can be toxic even at low concentrations, in part due to its redox 
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properties2, 3. While silver is not required for any biological processes, it shares similar 

chemical and ligand binding properties with Cu(I), and it is also highly toxic at even lower 

concentrations4. Therefore, organisms have developed homeostatic mechanisms to tightly 

regulate copper and silver acquisition, sequestration, and efflux in order to protect the 

intracellular environment.

Bacteria live in changing environments and thus need systems that can respond to variations 

in external conditions. In bacteria, two-component systems are the major systems of signal 

transduction that help bacteria sense, respond, and adapt to chemical, physical and 

nutritional stimuli such as ions, pH, oxygen pressure, redox state, sugars and amino acids5, 6. 

A canonical two-component system consists of a sensor histidine kinase and a response 

regulator that work together through histidyl-aspartyl phosphorelay to respond to 

environmental conditions with changes in gene transcription. Many histidine kinases are 

homodimeric transmembrane proteins that consist of a variable periplasmic sensor domain 

flanked by two transmembrane α-helices which span the cytoplasmic membrane. The 

transmembrane helices in histidine kinases are expected to form dimeric four-helix bundles, 

similar to that observed in the sensory rhodopsin II in complex with its transducer7. The 

conserved kinase core is located in the cytoplasm. The classic signal transduction pathway 

of a histidine kinase-response regulator pair involves environmental stimuli detection by the 

periplasmic sensor domain of the histidine kinase and direct or indirect signaling to the 

cytoplasmic kinase domain. ATP-dependent auto-phosphorylation occurs at a conserved His 

residue in the kinase core. The phosphoryl group is then transferred from the histidine kinase 

to a conserved Asp residue on the N-terminal receiver domain of the response regulator, 

which in turn activates the C-terminal effector domain to mediate an adaptive response. The 

phosphorylated response regulator activates transcription of genes that respond to the 

environmental stimulus 5, 8.

In the Gram-negative bacterium Escherichia coli (E. coli), one of the cognate histidine 

kinase-response regulator pairs is CusS-CusR, which is the regulatory system for the 

expression of the cusCFBA genes in response to the accumulation of periplasmic Cu(I) or 

Ag(I). CusS is a canonical transmembrane histidine kinase with a periplasmic sensor 

domain, two transmembrane α-helices, and three domains in the cytoplasm: a “histidine 

kinase, adenylyl cyclases, methyl accepting proteins, phosphatases” (HAMP) domain, a 

dimerization and histidine phosphotransfer (DHp) domain, and a kinase core5. Previous 

studies have shown that the cusS gene is required for Cu(I)/Ag(I) resistance in E. coli; a cell 

strain with a cusS gene deletion has increased Cu(I)/Ag(I) sensitivity and decreased 

expression of the cusC gene9. The periplasmic domain of CusS consists of residues 39-187 

and is approximately 17 kDa10. Biochemical studies have shown that CusS(39-187) binds 

Ag(I) ions and that the presence of Ag(I) enhances dimerization of CusS(39-187)
11. However, 

since no structures have been previously determined for a sensor domain responsive to Cu(I) 

or Ag(I), it is unclear how metal binding occurs and the relationship with dimerization. How 

the signal is transduced to the cytoplasmic kinase core is still unknown.

In this study we present the crystal structure of the Ag(I)-bound periplasmic sensor domain 

of E. coli CusS (Ag(I)-CusS(39-187)) solved at a resolution of 2.15 Å. Mutagenesis combined 

with in vivo complementation assays were performed to investigate the functional 
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significance of metal ion binding. This work provides the framework for understanding the 

molecular role of CusS in Cu(I)/Ag(I) resistance and the mechanism of CusS signal 

transduction in E. coli.

MATERIALS AND METHODS

Protein purification and crystallization of Ag(I)-CusS(39-187)

The pTXB3-CusS(39-187) plasmid was used for expression of CusS(39-187)
11. Apo 

CusS(39-187) and silver loaded CusS(39-187) (Ag(I)-CusS(39-187)) were prepared as previously 

described11. Ag(I)-CusS(39-187) in 25 mM MES pH 6.0 buffer was concentrated to 7–8 

mg/mL for crystallization. Initial crystallization of Ag(I)-CusS(39-187) was performed with 

commercially-available Index HT screening solutions (Hampton Research). Droplets 

consisting of 0.2 μL protein solution and 0.2 μL of each precipitant solution were mixed in 

sitting drops in a 96-well plate using a PHOENIX protein crystallization robot (Art Robbins 

Instruments). Clusters of rod-shaped crystals of CusS(39-187) formed after one week in a 

precipitant solution containing 100 mM Tris-HCl pH 8.5, 200 mM ammonium acetate, and 

25% PEG-3350 at 4°C. The crystallization conditions were further optimized in the initial 

precipitant solution with varying PEG-3350 percentages and protein:precipitant ratios using 

sitting-drop vapor-diffusion at 4°C. Clusters of crystals were observed in all drops 

containing 100 mM Tris-HCl pH 8.5, 200 mM ammonium acetate, and 25% PEG-3350 with 

1:2 protein:precipitant ratio. Diffraction quality protein crystals were obtained by 

equilibrating droplets against 1 mL precipitant solution using the sitting-drop vapor-

diffusion method at 4°C. Crystals were flash frozen in liquid nitrogen.

Data collection, structure determination, and refinement

X-ray diffraction data for Ag(I)-CusS(39-187) were collected on the Stanford Synchrotron 

Radiation Lightsource (SSRL) beamline 7-1 at T=100 K and λ=1.494 Å. The diffraction 

data sets were processed and scaled with CrystalClear. The initial phases were obtained by 

the single anomalous diffraction (SAD) method using AutoSol Wizard. Initial model 

building was performed using AutoBuild Wizard (Phenix). Further model building and 

refinement were performed using COOT and REFMAC5. Data measurement, phasing, and 

refinement statistics are given in Table 1.

The structure of E. coli Ag(I)-CusS(39-187) was determined initially at a resolution of 2.80 Å 

using the SAD data collected at the higher wavelength (1.494 Å) from a single frozen crystal 

of Ag(I)-CusS(39-187) in space group P22121 (Table 1). The model was then refined to 2.15 

Å resolution against the data collected at a lower wavelength (1.036 Å). The Rwork and Rfree 

are 19.27 and 25.67%, respectively, and show good stereochemistry (Table 1). The 

asymmetric unit contains four CusS(39-187) molecules (referred to as chain A–D) and eight 

Ag(I) ions. Within the asymmetric unit, chain A and B form a dimer with four Ag(I) binding 

sites and chain C and D form another dimer with the other four Ag(I) binding sites. The two 

dimers in the asymmetric unit were related by non-crystallographic two-fold axes.

Residues 39-185 including the N-terminal Met were ordered in chain A. Chain B includes 

residues 39-184. Chain C includes residues 39-182 and has the poorest electron density in 
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which loop residues 122-125 were built in manually. Chain D consists of residues 39-182. A 

moiety well fit by an acetate molecule was found within chain D, consistent with the 

presence of acetate in the crystallization buffer. This acetate molecule was coordinated by a 

water molecule and is not expected to be functionally relevant.

Strain and plasmid constructions for complementation assays

Bacterial strains and plasmids used are listed in Table S1. Knockout strains (WT and ΔcusS) 

were made using the lambda-Red-mediated gene recombination technique as described by 

Datsenko and Wanner12. Briefly, the cat gene was PCR amplified with FRT sites from the 

pKD3 plasmid, using primers containing the flanking regions corresponding to the gene to 

be deleted from the genome. The temperature sensitive pCP20 plasmid encoding the FLP 

recombinase was used to remove the antibiotic resistance cassettes in the ΔcusS strain, the 

cat cassette was not removed from the WT strain. For growth experiments, the WT strain 

was transformed with pET21b(+) empty vector and the ΔcusS strain was transformed with 

each of the eight plasmids listed in Table S1.

To create the plasmid constructs expressing wild-type and mutant versions of full-length 

CusS, the cusS gene was PCR amplified and cloned into the multiple cloning site of 

pET21b(+) using the restriction enzymes NheI and XhoI. The resulting construct containing 

the full length cusS gene (pcusS) was used as a template for mutagenesis using the 

QuikChange Kit. Constructs were made with mutations of the metal binding residues at the 

interface binding site H42A/F43I/H176A (pcusS-AIA), the internal binding sites M133I/

M135I/H145A (pcusS-IIA), and in both the interface and internal binding sites H42A/F43I/

H176A/M133I/M135I/H145A (pcusS-AIA-IIA). Single mutations were also made of the 

metal binding residues at the interface binding site (pcusS-H42A, pcusS-F43I, pcusS-
H176A). All plasmids were purified and sequenced for accuracy.

In vivo complementation assays on CuSO4-containing plates

All strains containing the necessary plasmids were grown in Luria Broth (LB) media 

containing 100 μg/mL ampicillin at 37°C overnight. Fresh LB media containing 100 μg/mL 

was inoculated with the overnight cultures by 1:50 dilution, then growth was continued at 

37°C for 3.5 hr. Cell densities were normalized to OD600 of 0.8 with LB containing 100 

μg/mL ampicillin. Serial dilutions from 1 to 10−7 were made from this culture. All dilutions 

were spotted twice onto LB agar plates containing 100 μg/mL ampicillin, 1 mM IPTG, and a 

range of CuSO4 concentrations (0–3 mM). Plates were incubated at 37°C for 24 hr, then cell 

growth was scored on a scale of 0–8, with 8 representing cells that grew in the last dilution 

(10−7) and 0 representing no cell growth. The scores were converted to % cell survival, with 

100% survival representing cell growth out to 10−6 and 10−7 dilutions. Conversion between 

scores and % cell survival is shown in Table S2. All growth experiments were conducted a 

minimum of three times.

Determination of intracellular copper accumulation in CuSO4-containing media

To determine the copper accumulation in cells, all nine strains used in the in vivo 
complementation assays were grown in LB media as described above. When cells reached 

an OD600 = 0.8–0.9, cells were given 1 mM IPTG and 0.5 mM CuSO4, and growth was 
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continued at 37°C. Cell aliquots were collected before induction as 0 hr samples, and then 

aliquots were collected at 3 and 6 hrs after addition of IPTG and CuSO4. All cultures were 

normalized to a final OD600 of 0.8 and centrifuged to obtain cell pellets. The cell pellets 

were washed three times with sterile 1X PBS containing 1 mM EDTA to remove excess 

extracellular copper. Washed pellets were dried at 75°C for 2 hr in Savant SPD1010 

SpeedVac Concentrator (Thermo Scientific). To each pellet, 1 mL of 70% trace metals nitric 

acid was added and cells were mineralized at 80°C for 2 hr. Samples were then diluted to a 

final nitric acid concentration of 4% with nano-pure water. Samples were analyzed in a 

graphite furnace iCE3400 atomic absorption spectrometer (Thermo Scientific). A standard 

calibration curve was generated using 0 to 40 ppb Cu, with final R2 ≥ 0.99. The 

concentration of copper for each strain was determined as an average of four replicates. 

Statistical significance of the data was determined using t-test analysis.

RESULTS

Overall structure of Ag(I)-CusS(39-187)

The overall structure of Ag(I)-CusS(39-187) is a mixed α/β fold with a PAS-like topology 

(Figure 1). The central five-stranded anti-parallel β-sheet is flanked by α-helices on either 

side. This fold differs from the common PAS fold13 in that the structure begins with a long 

N-terminal α-helix and ends with a short C-terminal α-helix that both lie on the same side 

of the sheet. This topology has been identified in the structures of other histidine kinase 

sensor domains such as PhoQ (PDB ID: 3BQ8), DcuS (PDB ID: 3BY8), and CitA (PDB ID: 

2J80), which were the initial three α/β fold sensor domains whose structures were 

solved14–16. Thus this fold has been termed the PDC (PhoQ-DcuS-CitA) fold13. The long N-

terminal helix is expected to continue into transmembrane helix 1 (identified as residues 

15-37 from TMHMM v. 2.010) and the short C-terminal helix would be followed by 

transmembrane helix 2 (identified as residues 187-206 from TMHMM v. 2.0) in the full-

length protein.

There are four Ag(I)-CusS(39-187) molecules in the asymmetric unit that interact to form two 

homodimers, similar to the homodimers seen in other sensor domains of two-component 

systems as discussed below. The two homodimers in the asymmetric unit have similar 

structures, as determined by pairwise superposition using Superpose v. 1.017. The overall 

root-mean-square deviation (r.m.s.d.) for the Cα atoms was calculated to be 0.588 Å with the 

greatest deviations in the loop regions. The B-factors in the two dimers are also similar to 

each other throughout the structure. The highest B-factors are observed in the loops 

(residues 64-68, 130-146, 156-164), suggesting flexibility in these regions.

The contacts between the two subunits of the homodimer are primarily between their N- and 

C-terminal helices, which form a central parallel helical bundle (Figure 2). PDBePISA 

(Proteins, Interfaces, Structures, and Assemblies) was used to calculate the buried surface 

area and complex formation significance score (CSS)18. The buried surface area was 

calculated to be 1720 Å2 between chains A and B, and 1470 Å2 between chains C and D. In 

this algorithm, the CSS values range from 0 to 1 as interface relevance to complex formation 

increases. The CSS value was determined to be 0.387 for both homodimers in the 

asymmetric unit. This relatively low value indicates that the interface has little relevance to 
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formation of the homodimer complex, however, this calculation did not take into 

consideration the metal ion binding sites that are at the dimer interface.

Structural similarities of Ag(I)-CusS(39-187) to other proteins

The structure of Ag(I)-CusS(39-187) was submitted to the DALI server v. 3 to identify other 

proteins in the Protein Data Bank (PDB) that have similar 3D structures19. The top six 

similar structures that were identified are the sensor domains of histidine kinases of other 

two-component systems: WalK (PDB ID: 4YWZ20), ResE (PDB ID: 4ZR7, unpublished), 

CdgS9 (PDB ID: 4U65 21, CitA (PDB ID: 2J8016), TlpB (PDB ID: 3UB822), and PhoQ 

(PDB ID: 3BQ814), with Z-scores of 10.1, 9.4, 8.3, 7.8, 7.5, and 7.5 respectively. The 

backbone r.m.s.d.’s of these structures compared to Chain A of Ag(I)-CusS(39-187) are 2.5, 

2.8 Å, 3.1 Å, 3.3 Å, 3.8 Å, and 3.4 Å respectively. WalK is a histidine kinase involved in 

regulating cell wall homeostasis; ResE is a histidine kinase involved in the regulation of 

aerobic and anaerobic respiration; LapD ortholog CdgS9 is involved in the regulation of 

biofilm formation; CitA is a histidine kinase that regulates the transport and anaerobic 

metabolism of citrate; TlpB is a pH sensing histidine kinase; PhoQ is a Mg2+ sensing 

histidine kinase involved in the regulation of virulence and stress response14, 16, 21–24. These 

sensor domains, like Ag(I)-CusS(39-187), have the same PDC fold with a central five-stranded 

antiparallel β-sheet flanked by α-helices. None of these proteins has significant sequence 

homology to CusS(39-187) (identity scores range from 9–17%).

Metal binding sites

Despite the similar folds of Ag(I)-CusS(39-187) and other sensor domains of two-component 

systems, these other sensor domains respond to widely different stimuli. No other structures 

of sensor domains that respond to Cu(I) or Ag(I) have been determined, and therefore the 

Ag(I)-CusS(39-187) structure provides a unique opportunity to understand responsiveness to 

these monovalent metal ions.

Eight silver ions were observed in the asymmetric unit, with four of the Ag(I) ions 

associated with each homodimer (Figure 2). In each dimer, two of the Ag(I) ions (Ag1 and 

Ag2) are symmetrically located at the dimer interface (“interface” binding sites), and the 

other two Ag(I) ions (Ag3 and Ag4) are in the outer loops of each monomer (“internal” 

binding sites) (Figure 3). The internal binding sites are approximately 17 Å away from the 

interface binding sites. The residues that coordinate the metal ions at the dimer interface are 

contributed from both subunits of the dimer: Ag1 is coordinated with the sidechains of F43 

from α1 and H176 from α4 of chain A, and H42′ from α1′ of chain B. Ag2 interacts with 

the sidechains of H42 from α1 of chain A, and F43′ from α1′ and H176′ from α4′ of 

chain B. The internal binding site residues are contained within each subunit of the dimer: 

Ag3 in subunit A is coordinated by the sidechains of M133, M135, H145, and the carboxylic 

oxygen from the backbone of S84, and Ag4 is similarly coordinated in the other monomer. 

Strong electron density for each of these Ag(I) ions is consistent with full occupancy of the 

Ag(I) site (Figure S1).

The metal coordination site at the dimer interface is unusual in that a phenylalanine residue 

coordinates with the Ag(I) ion. A search of the PDB using Ligand Expo25 for entries 
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containing Ag(I) resulted in 17 entries for different proteins. The only protein that interacts 

with Ag(I) using an aromatic ring is Ag(I)-CusF (PDB ID: 2QCP and 2VB3), which has a 

Ag(I)-W44 interaction26, 27, though no structures show phenyl-Ag(I) interactions. In Ag(I)-

CusS(39-187), the benzene ring of F43 is located above the Ag(I) ion and is slightly tilted, 

forming a cation-π interaction with the Ag(I) ion. The average bond lengths from the Ag(I) 

ions to the coordinating sidechain atoms are given in Table 2. The distances between the 

Ag(I) ions and the histidine nitrogens are approximately 2.20 Å, while the center of the F43 

phenyl ring is at a distance of 3.30 Å from the Ag(I) ion. This site shows a nearly linear N-

Ag-N geometry with the Ag(I) ion slightly displaced towards the benzene ring.

The internal Ag(I) binding sites in CusS(39-187) are formed by residues from loop regions of 

one monomer. These four-coordinate sites are formed by two methionines and one histidine, 

as well as the carbonyl oxygen from the backbone of a serine residue. Histidine and 

methionine ligands are commonly used for Cu(I)/Ag(I) coordination in oxidizing 

environments like the periplasm where the CusS sensor domain is located28, 29. The 

distances between Ag(I) and the methionines sulfurs are approximately 2.5 Å (Table 2).

Sequence comparisons of CusS(39-187) homologs and other Cu(I)/Ag(I) binding proteins

The sequence of E. coli K12 CusS was used as a query for BLAST analysis. The results of 

this inquiry showed that the full length histidine kinase CusS is prevalent in the 

Proteobacteria phylum, more specifically Gammaproteobacteria30. Homologs with high 

scores and high query coverage were also found in Betaproteobacteria, but not in Alpha, 

Delta, Epsilon, or Zetaproteobacteria. When the Proteobacteria phylum was excluded during 

the BLAST analysis to identify other homologous proteins in other bacterial phyla, two 

other hits with high query coverage were found: one is an ATPase from Opitutaceae 
bacterium (Verrucomicrobia phylum) and the other is a sensor histidine kinase from 

Streptococcus pneumoniae (Gram-positive Firmicutes phylum). Figure 4 shows the 

multiple-sequence alignment of the N-terminal portion (including the sensor domains) of 

these protein homologs to E. coli CusS, which was performed using T-coffee and edited by 

BoxShade (v. 3.21)31. Though SilS, CopS, and CinS were not identified from the BLAST 

results, they were also included in the multiple sequence alignments because they have been 

identified as putative metal-sensing histidine kinases32–34. The alignments show that H42, 

F43, and H176 from the interface binding site are conserved in all sequences, while M133, 

M135, and H145 from the internal binding site are not.

Functional roles of the metal binding sites in CusS

To investigate the role of metal binding sites in metal resistance by CusS in vivo, E. coli 
cells expressing full length CusS wild type and mutant constructs were evaluated for survival 

on CuSO4-containing media (Figure 5). Growth experiments were performed in an E. coli 
strain (WT) in which the chromosomal copy of the gene for the multicopper oxidase CueO 

has been deleted (ΔcueO). CueO converts Cu(I) to Cu(II) and therefore the use of the strain 

with the cueO deletion allows the observation of a growth phenotype even under aerobic 

conditions35. The chromosomal copy of cusS was deleted from this background strain to 

allow characterization of CusS variants expressed from a plasmid. The WT strain was 

transformed with pET21b(+) empty vector, and ΔcusS strains were transformed with 
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pET21b(+) empty vector, plasmids containing full length cusS wild type (pcusS), or cusS 
mutant constructs (Table S1). Metal ligands in each binding site were altered from His to 

Ala, Phe to Ile, and Met to Ile. One variant eliminated the interface metal ion binding 

residues (H42A/F43I/H176A, pcusS-AIA), and another eliminated the internal binding site 

(M133I/M135I/H145A, pcusS-IIA). A variant in which all metal ion binding sites were 

altered was also tested (H42A/F43I/H176A/M133I/M135I/H145A, pcusS-AIA-IIA). Single 

mutations of the residues at the interface metal binding site (pcusS-H42A, pcusS-F43I, 
pcusS-H176A) were also made and transformed into ΔcusS strains.

As shown in Figure 5, the WT strain experiences copper susceptibility at 2.75 mM CuSO4, 

whereas ΔcusS cells show a phenotype at lower concentrations. The ΔcusS cells have a 

decreased percentage of cell survival after 1.25 mM CuSO4 and show no growth after 2 mM 

CuSO4. The growth defects observed in the ΔcusS strain can be partially rescued by 

expression of intact CusS from a plasmid (ΔcusS/pcusS). Although it is not a full phenotype 

complementation, the % cell survival is significantly higher than ΔcusS and growth is 

observed up to 2.5 mM CuSO4. When the interface binding sites are mutated (ΔcusS/pcusS-
AIA), the cell growth is altered at 1.25 mM CuSO4 and no growth is seen past 1.75 mM 

CuSO4. When the internal binding sites are mutated (ΔcusS/pcusS-IIA), the cells containing 

this construct show similar growth to the cells with intact CusS (ΔcusS/pcusS). When all the 

metal binding residues from both the interface and internal binding sites are mutated, the 

cells containing this construct show altered growth at 1.25 mM CuSO4. Growth of cells 

containing the construct in which both metal sites are deleted is not significantly different 

than those cells with the construct in which only the interface metal site has been deleted.

The residues in the interface binding sites were individually mutated to test their 

contribution to copper resistance. The ΔcusS strain was transformed with pcusS-H42A, 

pcusS-F43I, or pcusS-H176A plasmids. As shown in Figure 5, the H42A and H176A 

alterations (ΔcusS/pcusS-H42A and ΔcusS/pcusS-H176A respectively) result in the same 

growth defects as the construct in which all interface binding site residues are mutated. The 

cells expressing the construct with the F43I alteration (ΔcusS/pcusS-F43I) have a slightly 

higher % cell survival compared to ΔcusS/pcusS-H42A, ΔcusS/pcusS-H176A or ΔcusS/
pcusS- AIA.

To ensure that the full length CusS wild type and mutant proteins were expressed at the 

similar level from the pET21b(+) plasmids, Western blot analysis was performed. The 

expression of CusS proteins were detected with an anti-6xHis tag antibody. The expression 

level of each CusS wild type and mutants was similar, and no expression of CusS protein 

was detected from the WT and ΔcusS with pET21b empty vector (Figure S2). The mutations 

do not significantly affect the relative expression levels of CusS.

Effects of CusS metal ion binding site variants on copper accumulation in E. coli

To study the effects of CusS variants on copper accumulation, intracellular copper 

concentrations of cells stressed with CuSO4 were measured. Cell strains as described in the 

previous section were grown aerobically in copper-containing media. Time point samples 

were collected at 0, 3, and 6 hr, and copper levels were measured by GFAAS. As shown in 

Figure 6, the ΔcusS strain had a significant increase in copper accumulation with a five-fold 
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increase compared to the WT strain after 3 hr, and with an 11-fold increase after 6 hr. 

Providing cusS on a plasmid (ΔcusS/pcusS) rescued the phenotype, decreasing copper 

concentrations from 58 ng Cu/109 cells to 41 ng Cu/109 cells after 3 hr and from 60 ng 

Cu/109 cells to 34 ng Cu/109 cell after 6 hr. When the cells were transformed with cusS 
containing the different mutations disrupting either interface or internal binding sites 

(ΔcusS/pcusS-AIA and ΔcusS/pcusS-IIA respectively), or both interface and internal 

binding sites (ΔcusS/pcusS-AIA-IIA), the intracellular copper concentrations increase 

significantly compared to the WT and ΔcusS/pcusS strains. Individual mutations of the 

residues forming the interface binding site (ΔcusS/pcusS-H42A, ΔcusS/pcusS-H176A, and 

ΔcusS/pcusS-F43I) also result in similar accumulations of copper inside the cells.

DISCUSSION

Ag(I)-CusS(39-187) is a homodimer with four Ag(I) binding sites. Each monomer has the 

PAS-like PDC fold, in which α-helical elements lie on both sides of a central antiparallel β 
sheet. CusS(39-187) is structurally similar to a number of other sensing domains of histidine 

kinases, despite overall low sequence identities. The sequence diversity of the different 

sensor domains allows for detection of widely varying stimuli in the environment. However, 

it may be that the use of similar overall folds of the sensor domains allows a common 

mechanism of activation of the conserved kinase core upon stimulus, as discussed below.

Despite having a similar overall fold to some sensor domains of histidine kinases from other 

systems, CusS(39-187) binds its ligand in a unique position within this structure. As shown in 

Figure 7, other PDC-fold sensor domains, such as CitA, TlpB, and DcuS15, 16, 22, have 

binding sites located in the outer loop area. While CusS(39-187) has a binding site in the outer 

loop (the internal binding site), it also has binding site formed by residues in the N- and C-

terminal helices (the interface binding site). Of these two sites, based on sequence 

conservation (Figure 4) and effects of mutations on ability to survive on copper-containing 

media (Figure 5), the interface metal ion binding site is more functionally important than the 

internal metal ion binding site. The affinities of CusS for metal ions at each binding site are 

not known, but it may be that the interface binding site arose because it allowed response at 

more biologically appropriate levels of metal ions, while the internal binding site has 

remained as an evolutionary relic. Future experiments that determine affinities and 

selectivities for metal ions may support or refute this idea.

The interface metal ion binding site of CusS(39-187) uses a novel set of ligands to coordinate 

the silver ion as compared to other Ag(I)-binding proteins. The Ag(I) ions in the interface 

binding sites are coordinated by two His from each subunit in an approximately linear 

geometry, with a Phe residue forming a cation-π interaction. The His-Ag(I) bonds lengths 

are similar to those previously reported for Ag(I) bound to small molecules or 

proteins26, 28, 36–38. While there are now examples of proteins and small molecules that 

coordinate Ag(I) or Cu(I) with the indole ring of Trp26, 27, 39, this is the first example of a 

biological system where a protein’s phenyl ring forms a cation-π interaction with Ag(I). 

Small molecule-Ag(I) complexes generally have distances of 2.4–2.6 Å between the ring 

center and the silver ion for cation-π interactions, which is shorter than the 3.3 Å distance 

observed in Ag(I)-CusS(39-187). The cation-π interaction in Ag(I)-CusS(39-187) is also 
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slightly longer than the Ag(I)-Trp cation-π interaction in CusF (distances between the Ag(I) 

ion and the CE3 and CZ3 of W44 in CusF are 2.82 Å and 2.96 Å, respectively)26. However, 

significant cation-π interactions may be found at distances up to 6 Å40. Though the Ag(I)-

Phe interaction in CusS is long, it is clearly functionally significant, as the F43I mutation 

significantly affects the ability of E. coli to survive on copper-containing media (Figure 5). 

The His2Phe coordination is likely to be very selective for Ag(I) and Cu(I), and therefore 

will help to provide specificity for the resistance system. In other systems, it has been shown 

that cation-π interactions are likely to be important for selectivity and transport of Na+ and 

K+ across membranes41. In CusS, the interaction of Cu(I) and the aromatic ring via π-

electrons may play a role in protecting Cu(I) against oxidation, and thereby contribute to 

protection of the periplasm from copper toxicity26, 39.

Previous studies of CusS(39-187) in solution found that 4 Ag(I) ions are bound per 

monomer,11, though the crystal structure reported here shows two Ag(I) ions per 

CusS(39-187) monomer. This disparity may be due to differences in sample preparation, and 

may reflect the fact that Ag(I) can bind non-specifically to proteins. CusS(39-187) has 

numerous His and Met residues (9 and 7, respectively) of which several are clustered in the 

outer loop of the sensor domain. It is possible that Ag(I) ions are weakly bound by these 

residues in solution, and therefore are not reflected in the crystal structure.

The expression of CusS from a plasmid does not result in the same growth phenotype on 

copper-containing media as the strain that expresses chromosomal CusS. The expression of 

CusS from the chromosome in the presence of copper is much lower overall than the 

expression of CusS from a plasmid following IPTG induction (Figure S1). The stress of 

expressing relatively high levels of this 54 kDa membrane protein may be the reason that 

full complementation is not achieved from the plasmid-expressed CusS. Additionally, how 

much functional protein is expressed from the plasmid system is not known.

In response to periplasmic Ag(I) and Cu(I), CusS upregulates the genes to express the 

CusCBA Cu(I)/Ag(I) efflux pump to remove excess metal ions from the cell. Previous 

studies have shown that loss of the cusS gene results in an increase in intracellular copper 

levels, likely due to lack of upregulation of cusCFBA resulting in decreased metal ion 

export9. Here, we have further investigated the specific effects on copper accumulation when 

the metal ion binding site residues in CusS are altered. The results (Figure 6) suggest that 

direct metal ion binding by the sensor domain is key to triggering the copper resistance 

response. Single mutations of the interface metal ion binding site residues have similar 

effects to the mutation of all three residues simultaneously. The copper accumulation of cells 

with mutations in the internal metal ion binding site is not significantly different from the 

cells with mutations to the interface binding residues. This may be due to the fact that the 

accumulation studies were performed at a level of copper (0.5 mM) where no growth defects 

are observed for any of the constructs tested (Figure 5). Since increases in copper 

accumulation occur in the cells where single residues from the interface binding sites were 

mutated, this shows that all residues contribute to the downstream activation of cusCFBA.

Histidine kinases function as dimers and signal transduction processes occurs through the 

dimeric interface5. However, many sensor domains of histidine kinases, such as DcuS, DctB, 
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CitA, and NarX, are monomeric in solution15, 16, 42. Analytical ultracentrifugation and in 
vitro crosslinking experiments have demonstrated that apo-CusS(39-187) is primarily 

monomeric in solution, though CusS(39-187) dimerization is enhanced by the addition of 

Ag(I)11. Ligand binding has also been observed to induce dimerization of the sensor 

domains of the histidine kinases NarX and CitA, which bind nitrate and citrate, 

respectively16, 42. Based on CSS calculations of the Ag(I)-CusS(39-187) crystal structure, the 

dimer interface has low relevance to complex formation. However, this calculation does not 

take into account the Ag(I) ions at the interface and the presence of Ag(I) is likely to 

strengthen the dimeric interface.. Taking the above information into account, the Ag(I)-

CusS(39-187) dimer observed in the crystal structure is likely to be the predominant form of 

the sensor domain in the presence of the ligand.

How ligand binding in the sensor domain leads to activation of the cytoplasmic kinase 

function remains an open question. Dimerization of the sensor domain of CitA upon binding 

to citrate is hypothesized to trigger piston-like movement at the dimeric interface, and thus 

transduce signal to the cytoplasmic side to activate the kinase core16. In the PDC-fold sensor 

domains of canonical histidine kinases, the N- and C-terminal helices are expected to be 

contiguous with the transmembrane helices. Thus conformational changes in these helices in 

the periplasm could be propagated into the cytoplasmic portion of the kinase and provide a 

direct mechanism for altering kinase activity. In the CusS sensor domain structure described 

here, the interface metal ion binding site is well-positioned to result in this kind of structural 

change that could lead to activation. However, more studies are needed to determine the 

conformational differences between the apo and metal ion-bound states and how these 

precisely lead to activation.
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GFAAS Graphite furnace atomic absorption spectrometer
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Figure 1. 
Crystal structure of the Ag(I)-CusS(39-187) monomer.
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Figure 2. 
Crystal structure of the Ag(I)-CusS(39-187) homodimer. (a) In this homodimeric structure of 

Ag(I)-CusS(39-187), the bound Ag(I) ions are shown as gray spheres and metal binding 

residues are shown in stick representation. (This view would be expected to be 

approximately perpendicular to the membrane for the intact protein in vivo.) (b) Top view 

(toward the membrane if looking at the protein in vivo) of the Ag(I)-CusS(39-187) homodimer 

highlighting the metal binding sites.
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Figure 3. 
Metal binding sites of Ag(I)-CusS(39-187). (a) Close-up view of the interface binding sites. 

(b) Close-up view of the internal binding site.
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Figure 4. 
Alignment of Escherichia coli K12 CusS residues 1 to 207 with homologues from other 

organisms and other Cu(I)/Ag(I) sensing proteins. Highlighted in black and indicated with 

white text are the histidines and phenylalanine (H42, F43, and H176 from E. coli W3110 
CusS) in the interface binding site of CusS(39-187). Highlighted in dark gray and indicated 

with white text are the methionines and histidine (M133, M135, and H145 from E. coli 

W3110 CusS) that form the internal binding site. Conserved residues are labeled with 

asterisks. Horizontal black rectangles indicate the predicted transmembrane helices of E. coli 
K12 CusS (predicted using the TMHMM server). Organism names are abbreviated in italics 

(Ec for E. coli, Sd for Shigella dysenteriae, Se for Salmonella enterica, Pa for Pseudomonas 
aeruginosa, Ach for Achromobacter, Cup for Cupriavidus, Ob for Opitutaceae bacterium, Sp 
for Streptococcus pneumoniae, St for Salmonella typhimurium, Ps for Pseudomonas 
syringae, and Pp for Pseudomonas putida). HK = histidine kinase
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Figure 5. 
Cell survival of BW25113ΔcueOΔcusS with pET21b-cusS-WT/mutants grown in various 

amounts of CuSO4. Cells were grown at 37°C on LB agar plates supplemented with 100 

μg/mL ampicillin, 1 mM IPTG, and various concentrations of CuSO4 (0–3 mM) for 24 hr. 

The graph is shown relative to 100% cell survival, which is defined as cell growth in the 

10−6 and 10−7 dilutions. Error bars indicate standard deviations of at least triplicate 

experiments.
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Figure 6. 
Copper accumulation in E. coli cells grown in medium containing copper. The graph shows 

calculated copper accumulation in cell at 0 hr (blue), 3 hr (orange), and 6 hr (gray) after the 

addition of 0.5 mM CuSO4. Copper levels are calculated as ng copper per 109 cells. Each 

bar represents the average of four replicates and the standard deviations are indicated by the 

error bars. * indicates a statistically significant difference from ΔcusS/pcusS with P ≤ 0.006. 

** indicates a statistically significant difference from 3 hr within the same cell strain with P 

≤ 0.002.
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Figure 7. 
Comparison of binding sites in sensor domains of CusS, CitA, TlpB, and DcuS. Structures 

of Ag(I)-CusS(39-187), citrate-CitA(4-132), N-hydroxyurea-TlpB(41-202), and D-malate-

DcuS(46-178) are shown in red, purple, green, and blue respectively. Silver ions are shown as 

gray spheres and small molecules are shown in stick representation. Binding sites located in 

the outer loops are highlighted in ovals on all structures. The interface binding site of Ag(I)-

CusS(39-187) is highlighted in a box.
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Table 1

Data collection and refinement statistics

Ag(I)-CusS(39-187) Ag(I)-CusS(39-187)

Data Collection

Wavelength (Å) 1.494 1.036

Space Group P22121 P22121

Cell dimensions

 a, b, c (Å) 35.18, 95.71, 203.12 35.23, 96.29, 203.66

 α, β, γ (°) 90, 90, 90 90, 90, 90

Resolution (Å) 35.18-2.80 (2.90-2.80) 33.29-2.15 (2.23-2.15)

Total reflections 468382 134231

Unique reflections 17836 38599

Rmerge (%) 11.1 (29.5) 11.0 (40.9)

I/σ(I) 18.7 (9.5) 6.3 (2.4)

Completeness (%) 100.0 (100.0) 99.0 (99.8)

Redundancy 26.26 (26.85) 3.48 (3.52)

Refinement

Resolution (Å) 2.15

Rwork/Rfree 24.97/28.64

No. of atoms

 Protein 4631

 Ag 8

 Acetate 4

 Water 204

B factors

 Protein 34.9

 Ag 27.3

 Acetate 57.1

 Water 32.7

R.m.s deviations

 Bond lengths (Å) 0.0063

 Bond angles (°) 1.0596

Ramachandran plot (%)

 Most favored 97.73

 Allowed 2.10

 Outliers 0.17

Values in parentheses are for the highest-resolution shell.

Rfree was calculated using 5% of the data set.
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Table 2

Bond lengths in the metal ion binding sites of Ag(I)-CusS(39-187). Distances were measured for each monomer 

in the asymmetric unit, and the values shown are the averages of the four measurements, including the 

standard deviations.

Interface binding sites Bond lengths (Å)

Ag-N3 (H42′) 2.18 ± 0.05

Ag-N1 (H176) 2.25 ± 0.06

Ag-Phenyl (F43) 3.30 ± 0.07

Internal binding sites

Ag-S (M133) 2.45 ± 0.13

Ag-S (M135) 2.65 ± 0.06

Ag-N1 (H145) 2.05 ± 0.13

Ag-C=O (S84) 2.68 ± 0.10
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