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ABSTRACT 

Bacteria may live in harsh environments where they face changing and new conditions. 

Therefore, the ability to maintain homeostasis in cells may be vital for survival. Transition 

metals such as iron, zinc, and copper are essential nutrients for cell survival, but become 

toxic if in excess amount. In order to survive, bacteria have developed defensive 

mechanisms to protect themselves. Copper and silver levels need to be carefully maintained 

within cells to balance cellular needs with potential toxicity. This dissertation focuses on 

the Cus copper and silver efflux system in E. coli. 

The E. coli cus system is composed of two divergently transcribed operons, cusCFBA 

and cusRS. The cusCFBA genes encode for a tripartite metal efflux pump CusCBA and a 

metallochaperone CusF. The cusRS genes encode a two-component system CusS-CusR 

that regulates the expression of the cusCFBA genes in response to elevated levels of copper 

or silver in the periplasm. The histidine kinase CusS senses and binds to metals on its 

periplasmic sensor domain and transduces signal into the cytoplasm to further 

communicate with its cognate response regulator CusR through histidyl-aspartyl 

phosphotransfer event. CusR then outputs cellular response by activating the upregulation 

of the cusCFBA genes, which then turn on the CusCBA efflux pump to eliminate excess 

copper or silver in the periplasm. 

While bacterial two-component systems have been widely studied, the mechanisms of 

ligand-induced signal transduction by histidine kinases remain unclear. It is now known 

that cusS is essential for copper and silver resistance, and CusS directly binds metal ions 

in the periplasmic sensor domain and dimerizes upon metal binding. Thus, the goal of this 

research is to characterize the metal binding properties in the sensor domain, and to 
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elucidate the signal transduction and autophosphorylation mechanisms of CusS upon metal 

binding. The data from this work reveal that there are two distinct metal binding sites, 

interface and internal binding sites, in the sensor domain of CusS, and the interface binding 

site is functionally more important in metal resistance in E. coli. Furthermore, metal-

induced dimerization through the interface metal binding site plays an important role in 

CusS kinase activity. Together, these findings aid in our understanding of the molecular 

details in metal binding within the sensor domain of CusS. Based on these data, we propose 

a model for the signal transduction mechanism and histidine phosphorylation mechanism 

of the histidine kinase CusS.
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CHAPTER 1: INTRODUCTION  

This introduction begins with a history of histidine phosphorylation and its relevance 

in bacterial signaling events. It is then followed by an overview of the two-component 

signaling systems which is broken down into two parts, the histidine kinase and the 

response regulator. Examples are given of bacterial histidine kinases that have been studied 

for their function and ligand binding properties. The biological importance of copper and 

the toxicity of copper and silver in bacteria is then described, followed by a broad 

background on the mechanisms of metal homeostasis in bacteria. The metal efflux pump 

CusCFBA in Escherichia coli is further described and followed with a focus in the 

regulatory CusS-CusR two-component system that regulates it. Finally, the main objective 

of the study is explained. 

1.1 Histidine phosphorylation 

Protein phosphorylation is one of the most common post-translational modifications 

among all living things, including animals, plants, fungi, yeasts, bacteria, and archaea.1-3 

Protein phosphorylation was first identified by Levene at the Rockefeller Institute for 

Medical Research in 1906. However, it wasnôt until 1933 when they finally identified it as 

a serine phosphorylation.4 This post-translational modification is generally performed by a 

protein kinase by covalently adding a phosphate group on an amino acid residue on a 

protein. As a result, this can change the structural conformation of a protein causing it to 

become activated or deactivated. This regulation by transient phosphorylation of proteins 

is a common process in a wide variety of biological processes such as signaling pathways 

and metabolism. In eukaryotes, it is estimated that as many as 30% of all proteins may be 



18 
 

phosphorylated.5 More importantly, abnormal levels of protein phosphorylation have been 

found in major diseases such as cancer, diabetes, and rheumatoid arthritis.5 

There are nine known phosphoamino acids and they can be divided into four groups: 

O-phosphates (phosphoserine, phosphotyrosine, phosphothreonine), N-phosphates 

(phosphoarginine, phosphohistidine, phospholysine), acyl phosphates (phosphoaspartate, 

phosphoglutamate), and S-phosphates (phosphocysteine).6 The most widely known and 

studied phosphoamino acids are those in O-phosphates group which are phosphorylated by 

serine/threonine kinases and tyrosine kinases. These kinases and the proteins they modified 

have been found to be involved in complex signaling cascades in eukaryotic cells, 

transmitting signals from a cell surface to its nucleus.7 In bacteria, however, kinases more 

frequently modify histidine and aspartate residues to generate phosphohistidine (pHis) and 

phosphoaspartate (pAsp), and they are part of signaling pathways called two-component 

systems. Even though the bacterial signaling systems perform similar function, transducing 

signals from cell surfaces to the bacterial chromosomal genes, they are less complex than 

those in eukaryotes.7  

Histidine was first synthetically phosphorylated in 1947 by Severin and Yudelovich, 

and pHis was first identified biochemically by Paul Boyerôs group in 1963 in which they 

reported the pHis as a phosphoenzyme intermediate of succinate thiokinase in rat liver 

mitochondria.8, 9 Although more histidine phosphorylation has been reported and found in 

mammalian signaling pathways, it is more widely accepted as being a crucial cell signaling 

component in prokaryotes and lower eukaryotes.10, 11 pHis is unique among the 

phosphoamino acids because it can be phosphorylated on either the N1 or N3 position on 

the imidazole ring generating 1-pHis or 3-pHis, respectively (Figure 1.1).3 Both isomers 
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Figure 1.1. Chemistry of phosphohistidine (pHis). pHis exists in two isomers, 1-

phosphohistidine (1-pHis) and 3-phosphohistidine (3-pHis).  
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are acid and heat labile with 1-pHis being thermodynamically less stable than 3-pHis, and 

thus can be hydrolyzed faster (Figure 1.1). Therefore, the 3-pHis isomer is more favorable 

than 1-pHis because it is thermodynamically more stable.3 In earlier characterized HKs, 

only 3-pHis had been observed, such as in Salmonella typhimurium CheA and Thermotoga 

maritima HK853, and thus it was assumed that all bacterial HKs autophosphorylate at the 

N3 position of the histidine imidazole.12-14 When compared to the most studied O-

phosphates, pHis has higher ȹG of hydrolysis (-12 to -13 kcal/mol for pHis versus -6.5 to 

-9.5 kcal/mol for O-phosphates).3 This high energy nature of pHis helps the transfer of 

phosphoryl group to the downstream targets. Because of the ease with which histidine 

kinases can be phosphorylated and dephosphorylated, this type of modification is a flexible 

mechanism for cells to respond to external stimuli and environmental conditions. As a 

result, pHis occurs as a phosphoenzyme intermediate in proteins such as succinyl-CoA 

synthetase, pyruvate phosphate dikinase, and nucleoside diphosphate kinase.15-17 However, 

this also means that pHis is kinetically less stable and thermodynamically more favorable 

for hydrolysis, and thus make it challenging to study. Although pHis is not as abundant as 

phosphoserine and phosphothreonine, it is more common than phosphotyrosine.18 It was 

estimated that pHis may account for approximately 6% all known phosphorylated proteins 

in prokaryotes as well as eukaryotes.19 However, known cases of pHis are less numerous 

and pHis has remained largely invisible. The importance has likely been underestimated 

due to the instability and the lack of experimental techniques to preserve the acid-labile 

pHis. 
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1.2 Two-component signaling systems 

Bacteria live in a variety of environments where they may face limited resources or 

toxic conditions. Thus, it is not surprising for them to have mechanisms that can sense the 

extracellular stimuli, communicate with intracellular species, and to respond by specific 

adaptive responses. In bacteria, two-component systems (TCSs) are the major systems of 

signal transduction that help bacteria sense, respond, and adapt to environmental stimuli 

such as nutrient availability, pH, temperature, cellular redox state, bacterial osmoregulation, 

anaerobiosis, etc.7, 20-22 TCSs also regulate pathogenicity-related functions, such as motility, 

quorum sensing and drug resistance.7, 12 For example, the TCS VanS-VanR from 

Enterococcus faecalis regulates the expression of van genes in response to glycopeptide 

antibiotics, leading to vancomycin resistant bacteria.23, 24 TCSs are widely distributed 

throughout the prokaryotic and eukaryotic kingdoms, with the exception of mammals.25 

They exist in almost all bacteria except Mycoplasma genitalium.12 The number of TCSs 

differs greatly in bacteria, which might correlate with the variety of stimuli bacteria are 

exposed to in their environment. In the Gram-negative bacterium E. coli, the genome 

encodes for 64 two-component proteins (30 HKs and 34 RRs).20 The genome of 

Synechocystis sp. encodes for 80 two-component proteins (42 HKs and 38 RRs), in which 

they constitute ~2.5% of encoded proteins.12, 26 TCSs have also been found in plants such 

as Arabidopsis thaliana and tomato, in which they regulate ethylene-mediated fruit 

ripening.12, 27 

Similar to most signaling pathways, TCSs are modular in architecture and they utilize 

their conserved domains within proteins for their functions. A prototypical TCS consists 

of a membrane-integrated sensor histidine kinase (HK) and a cytoplasmic response 
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regulator (RR), in which they work together through histidyl-aspartyl-phosphotransfer. 

The chemistry of the classic two-component phosphotransfer pathways involves three 

phosphotransfer reactions and two phosphoprotein intermediates, as shown below in (E1): 

1. Autophosphorylation: HK-His + ATP ź HK-His~P + ADP        (E1) 

2. Phosphotransfer: HK-His~P + RR-Asp ź HK-His + RR-Asp~P 

3. Dephosphorylation: RR-Asp~P + H2O ź RR-Asp + Pi 

Upon stimuli sensing, HK undergoes ATP-dependent autophosphorylation at a conserved 

His residue on the HK. Then, the RR catalyzes the transfer of the phosphoryl group from 

the pHis to its own conserved Asp residue. This causes the RR to be activated and thus 

activates transcription of a set of genes that can respond to the environmental stimuli 12, 28. 

Finally, the signaling is terminated when the phosphoryl group from the pAsp is transferred 

to a water molecule in a hydrolysis reaction which can be catalyzed by RR itself or caused 

by an intrinsic of HKôs phosphatase activity.12 

1.2.1 Histidine kinases 

Most histidine kinases (HKs) are homodimeric membrane receptors. They consist 

of two regions, a variable periplasmic sensor domain and a conserved cytoplasmic kinase 

core. A prototypical HK usually starts with a short sequence in the cytoplasm followed by 

a first transmembrane Ŭ-helix (TM1) which continues to a sensor domain in the periplasm. 

The sensor domain is then connected to the cytoplasmic domain by a second 

transmembrane Ŭ-helix (TM2) (Figure 1.2). The cytoplasmic domain is made up of a 

HAMP (named for being present in Histidine kinases, Adenyl cyclases, Methyl-accepting 

proteins and Phosphatases) domain, a dimerization and histidine phosphotransferase (DHp) 

domain, and a catalytic and ATP-binding (CA) domain. 12, 28, 29 The kinase core has a 
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conserved H-box located within the DHp domain, and conserved N, G1, F, and G2 boxes 

located in the CA domain. The TM and HAMP domains are considered the linker domains. 

The sensor domain directly or indirectly detects environmental stimuli and transduces a 

signal to the kinase core through the linker domain. The input signal causes conformational 

changes that triggers an ATP-dependent autophosphorylation at a conserved His residue 

located on the DHp domain. HKs are known to function as homodimers and thus the signal 

transmission from the periplasmic sensor domain to the kinase core occurs through the 

dimeric interface.30 The class I HK utilizes histidyl-aspartyl-phosphotransfer to 

communicate with its cognate RR (Figure 1.3). Some HKs are known to be bifunctional, 

possessing both kinase and phosphatase activities, such as EnvZ and NarX.31, 32 With the 

phosphatase ability, HKs are able to dephosphorylate their cognate RRs to regulate the 

phosphorylation state or their cognate RRs and thus control the signals being transduced. 

These bifunctional HKs are commonly present in phosphotransfer pathways that need to 

be shut down quickly.12 Phosphatase activity also appears to play a critical role in limiting 

crosstalk.33  

Besides the simple histidyl-aspartyl-phosphotransfer system, some other HKs 

utilize a histidyl-aspartyl-phosphorelay system. This more complex signal transduction 

pathways are utilized by hybrid histidine kinases, such as ArcB and RcsC.34, 35 These more 

elaborate hybrid HKs are found in some prokaryotic HKs and almost all eukaryotic HKs, 

and they have multiple phosphorylation sites to perform the multistep phosphorelay events. 

In the hybrid HKs, the CA domain is fused to a receiver domain of these proteins, which 

has a phosphoacceptor Asp that receives the phosphoryl group from the His on the DHp 
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Figure 1.2. Domain organization of prototypical histidine kinase. HK begins with a 

transmembrane domain (TM1) followed by a periplasmic sensor domain and a second 

transmembrane domain (TM2). It continues to the cytoplasmic domain which consists of a 

HAMP domain and kinase core. Within the kinase core, there is a conserved H-box within 

the dimerization and histidine phosphotransfer (DHp) domain, and conserved N, G1, F, 

and G2 boxes within the catalytic and ATP-binding (CA) domain. 
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Figure 1.3. Domain organization and signaling events in TCSs. There are two different 

classes of histidine kinases. The catalytic and ATP binding (CA) domain has conserved 

sequence motifs N, G1, F, and G2. (A) In class I histidine kinases (HKs), the dimerization 

and histidine phosphotransfer (DHp) domain contains a conserved His residue and is 

followed by the CA domain. HK communicates with RR through histidyl-aspartyl-

phosphotransfer. Hybrid HK has receiver and His-containing phosphotransfer (HPt) 

domains after CA. The HPt can either be attached to or separated from HK (dash line). 

Hybrid HK communicated with RR through histidyl-asparty-phosphorelay. (B) In Class II 

HKs, HPt is separated from the CA by the input and dimerization (Dim) domains.  
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domain. Subsequently, the phosphoryl group is transferred to another His of a His-

containing phosphotransfer (HPt) domain, which is either attached to the receiver domain 

or is a separate protein. Finally, the HPt domain transfers the phosphoryl group to an Asp 

residue on the receiver domain of the RR. Hybrid HKs undergo His-Asp-His-Asp 

phosphorelays which might facilitate a better fine-tuning than prototypical HKs (Figure 

1.3).25 

Based on organization of the kinase core, HKs have been grouped into class I and 

class II (Figure 1.3). In class I HKs, the H-box-containing DHp domain is directly 

connected to the CA domain. In class II HKs, however, the H-box containing HPt domain 

is connected to the CA domain by the input sensor domain and a dimerization (Dim) 

domain. In addition, a regulatory domain that modulate signaling is connected to the CA 

domain.36 Like the class I HKs, the class II HKs also utilize a histidyl-aspartyl-

phosphotransfer scheme. In E. coli, the chemotaxis protein CheA is the sole representative 

of class II HKs.26 

1.2.1.1 Sensor domain 

Bacterial HKs sense a wide range of environmental stimuli such as small 

molecules (NarX, CitA), temperature (DesK), antimicrobials (PhoQ), and osmotic changes 

(EnvZ).37 HKs sense these signals through their sensor domain either directly or 

indirectly.12 Indirect ligand sensing is seen in LuxQ where it forms a complex with a 

periplasmic binding protein LuxP to sense autoinducer-2, and also in TorS where it binds 

to an accessory periplasmic binding protein, TorT, to sense trimethylamine-N-oxide.38, 39 

The sensor domains among HKs are highly diverse in their sequences, thus supporting the 

idea that each HK is specific for a wide variety of ligands. In prototypical HKs, the sensor 
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domain is usually an extracellular sensor domain found between two transmembrane 

helices and is located in the periplasm. However, some HKs have their sensor domains 

within the membrane or are fully in the cytoplasm. Thus, depending on the subcellular 

localization of the system and properties of the stimuli, sensor domains may be found in 

the periplasm, membrane, or cytoplasm.40 

Based on structural study of the extracellular sensor domains, it is revealed that 

they can be divided into three structural classes: mixed Ŭ/ɓ folds, all-Ŭ folds, and a 

periplasmic-binding-protein-like (PBP-like) fold. The first class, mixed Ŭ/ɓ folds, has been 

named termed PDC (PhoQ-DcuS-CitA) fold, in reference to the initial three extracellular 

sensor domains PhoQ (PDB entry 3BQ8), DcuS (PDB entry 3BY8), and CitA (PDB entry 

2J80) for which structures were first solved.41-43 PDC folds has a PAS-like topology in 

which the central five-stranded anti-parallel ɓ-sheet is flanked by Ŭ-helices on either side. 

This PDC fold differs from the PAS fold in that the structure begins with a long N-terminal 

Ŭ-helix and ends with a short C-terminal Ŭ-helix that both lie on the same side of the sheet.40 

The PDC fold appears to be most prevalent among extracellular sensor domains and so far 

there are at least 16 HKs reported to adopt PDC folds.44, 45 The second class, all-Ŭ folds, is 

represented by NarX and TorS, which they form four-helix bundles. 46, 47  The third class 

PBP-like fold has been seen in HK29s, consisting of two globular domains joined by a 

hinge forming a grove between them that contains the ligand-binding site.48, 49 

Some HKs that contain multiple transmembrane domains usually lack 

extracellular domains, and thus the sensor domain may lie within the transmembrane 

regions.40 Some examples for this class of sensor domains are the temperature sensor DesK, 

the redox sensor SenS, the quorum sensor AgrC, and the ethylene sensor Etr1 from 
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plants.50-53 Biochemical studies comparing the kinase activity between full-length DesK 

and the cytoplasmic domain of DesK lacking the transmembrane domain showed that 

kinase activity was increased upon temperature changes only when the transmembrane 

domain was intact.50 No structures of membrane-embedded sensor domains have been 

reported. 

Finally, sensor domains of HKs can also be found in the cytoplasm, where the 

domain can be located either on the N-terminus before the first transmembrane helix or at 

the C-terminus after the second transmembrane helix  and before the kinase core.40 Many 

cytoplasmic sensor domains adopt a true PAS (named for being first discovered in periodic 

circadian proteins, aryl hydrocarbon nuclear translocator proteins, and single-minded 

proteins) fold consisting of an anti-parallel five-stranded ɓ-sheet core flanked by Ŭ-helices. 

PAS domains are known to function as input modules in proteins that sense oxygen, redox 

potential, light, and some other stimuli.54 Rhizobium meliloti FixL senses oxygen through 

a heme-containing domain and Staphylococcus carnosus NreB senses oxygen through an 

iron-sulfur [4Fe-4S]2+ cluster.55, 56 Some other cytoplasmic sensor domains adopt a GAF 

(named for being present in cGMP-specific phosphodiesterases, adenylyl cyclases, and 

formate hydrogenases) fold, another ubiquitous signaling motif that is related to PAS 

domain. GAF fold has an anti-parallel six-stranded ɓ-sheet core. Mycobacterium 

tuberculosis DosS and DosT are heme-containing redox sensors that have GAF domains.57, 

58 Furthermore, some cytoplasmic sensor domains are found in phytochromes, soluble HK 

photoreceptors found in bacteria, fungi, and plants. These cytoplasmic sensor domains 

adopt PAS, GAF, and phytochrome (PHY) folds.40 
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Despite structural and biochemical analyses, the nature of signals generated upon 

ligand binding and transduced across the inner membrane is still controversial. HKs are 

known to exist and function as homodimers, and thus it was blindly expected that the sensor 

domains would form dimers in solution when expressed as truncated proteins.40 However, 

it has been reported that HKs such as DcuS, DctB, CitA, and NarX exist as monomers 

during purification.42, 43, 46 Even so, the dimerization of the sensor domain of HKs are 

generally weak and concentration-dependent. Among extracellular sensor domains with 

the PDC fold, only CitA (analyzed by size-exclusion chromatography)59 and DcuS (Kd of 

9.7 ± 3.7 mM measured by equilibrium AUC)42 are confirmed to dimerize weakly in 

solution. The sensor domain of E. coli TorS dimerizes in solution with Kd of 49.6 µM 

measured by equilibrium AUC.47 Moreover, in contrast with the receptor tyrosine kinases 

in eukaryotes, which generally undergo ligand-induced dimerization, the idea of ligand-

induced dimerization of HK sensor domains was ruled out since it is believed that HKs 

exist as homodimers.44 Nevertheless, ligand-induced dimerization in the sensor domains of 

HKs have been reported in NarX and CitA.43, 46 The sensor domains of HKs must undergo 

some kind of conformational change upon ligand binding in order to create a signal that 

can be transduced across the cell membrane to trigger autophosphorylation. In the PDC 

fold sensor domains of prototypical HKs, the N- and C-terminal helices are expected to be 

contiguous with the transmembrane helices. Therefore, conformational changes in these 

helices in the periplasm should lead to structural changes in the proximal linker domain. 

1.2.1.2 Linker domain  

In prototypical HKs, TM (TM1 and TM2) and HAMP domains are usually 

considered as the linker domains that connect the periplasmic sensor domain and the 
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cytoplasmic kinase core. TM domains have a coiled coil-like motif, forming a four-helical 

bundle spanning through the cytoplasmic membrane. TM2 is then followed by the other 

linker domain, a cytoplasmic HAMP linker domain which usually has 50 amino acids with 

a helix-turn-helix motif.1 The HAMP domain consists of two amphipathic helices with 

coiled-coil properties in which a long loop connects them in parallel, and they form a 

homodimeric, four-helical, parallel coiled-coil structure.60, 61 

There are four basic mechanisms proposed for signal transduction by 

transmembrane helices: association/dissociation (translation in the plane of the membrane, 

piston movement (translation perpendicular to the membrane), rotation along an axis 

parallel to the membrane (pivot motion), and rotation perpendicular to the membrane.43, 61 

Piston sliding movement along an axis normal to the bilayer plane has been proposed in 

the chemotactic receptor Tar and in several HKs such as DcuS, CitA, and NarX.30, 42, 43, 46, 

62 Rotation movements have been observed and proposed for the quorum sensing protein 

LuxPQ and the redox sensor ArcB.38, 63 Additionally, scissor movements have also been 

proposed for the heparin-binding hybrid HK BT4663 and the magnesium-sensitive PhoQ.37 

Different mechanisms have been proposed to describe HAMP-mediated signaling 

transduction in HKs. In HK homodimers, HAMP domains are parallel four-helical bundles 

with two helices from each monomer. Several HAMP domain structures have been solved, 

such as Archaeoglobus fulgidus Af1503 (PDB entry 2L7H)64, Streptococcus mutans CovS 

(PDB entry 4I5S)65, and E. coli CpxA (PDB entry 4BIV)66. Sequence and structural 

analysis show a highly conserved Gly marking the end of the first helix and the beginning 

of the long loop, and a conserved Glu marking the beginning of the second helix.37 In 

addition, it was noted that the four-helical bundle has two interfaces: a far intra-subunit 
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interface (between Ŭ1 and Ŭ2 from the same subunit) and a close inter-subunit interface 

(between Ŭ1-Ŭ2ô, Ŭ1ô-Ŭ2, and Ŭ1-Ŭ1ô from different subunits). Even though the exact 

mechanism of signal relay via the HAMP domain is unclear, the consensus in the field is 

that HAMP domains are highly malleable structures which allow them to shuttle between 

different conformations easily.37 The HAMP domain often connects directly to the DHp 

domain in the kinase core. 

1.2.1.3 Kinase core 

The kinase core includes the DHp domain and the CA domain (Figure 1.2). 

Unlike the variable sensor domains among HKs, the kinase cores are more highly 

conserved and can be identified by a set of conserved sequence motifs designated the H, 

N, G1, F, and G2 boxes (Figure 1.2). The kinase core is expected to be in a dimeric form 

due to the DHp domain. 

The H-box represents the conserved catalytic His residue. Thus, the DHp domain 

is the site of three catalytic reactions: histidine autophosphorylation, phosphotransfer to the 

cognate RR, and a phosphatase reaction (for bifunctional HKs only).37 The DHp forms a 

homodimeric anti-parallel four-helical bundle with two long Ŭ-helices (Ŭ1 and Ŭ2) 

connected by a hairpin loop, with the catalytic His located a few turns down the bundle on 

the solvent-exposed side of Ŭ1, as shown in the solution structure of the DHp domain of E. 

coli EnvZ.67 Based on sequence analysis, the H-box contains a seven-amino acid stretch of 

highly conserved sequence, as shown below in (E2)37 (Figure 1.4): 

Residue #: 1   2      3          4               5    6       7       (E2) 

AA sequence: H   -   (D/E)   -   (L/I)   -   (K/R)   -   (T/N)   -   P   -   L 
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Figure 1.4. Sequence alignment of the kinase core of histidine kinases: E. coli CusS, T. 

maritima HK853, S. aureus PhoR, E. coli CpxA, and E. coli EnvZ. The conserved N, G1, 

F, and G2 boxes are indicated. Conserved residues are highlighted and labeled with 

symbols. The highly conserved residues with 100% identity are highlighted in black and 

labeled with asterisks (*).
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Residue 1 is the conserved phosphoacceptor His. Residue 2 is an acidic residue Asp/Glu 

that has been found to serve as a hydrogen bond acceptor to help activate the catalytic His, 

and residues 3 and 4 interact with acidic phosphoryl groups during phosphotransfer. The 

conserved residues 5 and 6 are the sites where helix bending can occur to allow the top half 

of DHp Ŭ1 to adopt multiple conformations for catalytic reactions. The bottom half of DHp 

Ŭ1 is more diverse, thus increasing specificity for hosting the binding interface for the 

cognate RR.68 

The CA domain contains the nucleotide ATP binding site and can be identified 

by conserved sequence motifs, the N, G1, F, and G2 boxes (Figure 1.4). Structures of the 

isolated CA domains of several HKs have been solved, such as of E. coli EnvZ, 

Thermotoga maritima CheA, E. coli PhoQ, and E. coli NtrB.69-71 Later on, structures of the 

entire kinase core or the cytoplasmic domain including the HAMP linker domain were also 

solved, such as for T. maritima HK853 and E. coli CpxA.66, 70 All the CA domain structures 

show a conserved Ŭ/ɓ sandwich with three Ŭ-helices packed against five anti-parallel ɓ 

strands. The nucleotide binds between two helices and is held by a mobile loop known as 

the ñATP lidò. This domain is structurally related to the ATP-binding domains of the GHL 

ATPase family (DNA Gyrase B, Hsp90, and MutL).69, 71 Thus, together these ATPase 

become GHKL (DNA Gyrase B, Hsp90, histidine kinase, and MutL) superfamily.36 From 

structural and biochemical studies, it is known that the N, G1, F, and G2 boxes are involved 

in nucleotide binding and phosphotransfer.71, 72 Within the N-box, there were two 

conserved Asn residues with the first Asn reported to be involved in activating the catalytic 

His in the H-box and the second Asn involved in Mg2+ chelation.66, 73 The F and G2 boxes 

make up the ATP lid. The Gly-rich main chain amides backbones interact with ATP and 
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properly orient is in the binding pocket for the activated His to attack.73 This bendable G2-

box also helps stabilize the transfer of ɔ-phosphate to the His. In addition, the highly 

conserved hydrophobic Phe in the F-box and Ile/Leu in the G2-box are involved in 

stabilizing the DHp-CA interface.37, 66 

As a homodimer, a HK can catalyze an ATP-dependent autophosphorylation 

using either trans (in which CA domain autophosphorylates a conserved His on a DHp 

domain from the other subunit) or cis (in which CA domain autophosphorylates a 

conserved His on a DHp domain from the same subunit) mechanisms.14, 74 Studies have 

shown that either the trans or cis mechanism can be determined by the handedness of the 

DHp loop.74 

1.2.2 Response regulators 

In most prokaryotic TCSs, response regulators (RRs) are usually the terminal 

component of the pathway, which function as phosphorylation-activated switches that 

regulate output responses in order to adapt to environmental changes. RRs catalyze the 

phosphoryl-transfer from HK-His~P to its conserved Asp residue in the RR (Figure 1.2). 

In addition, phosphorylation on RRs can occur in the absence of the cognate HKs. Small 

molecules such as acetyl phosphate, phosphoramidate, and carbamoyl phosphate have been 

shown to serve as phosphodonors to phosphorylate RRs.14, 75, 76 Despite the ability of RR 

to phosphorylate itself with small molecules, there hasnôt been any evidence showing that 

RRs exist independently without its cognate HKs.77  

In E. coli, a total of 34 RRs have been identified.20 Most common RRs consist of 

two domains, a conserved N-terminal receiver domain and a variable C-terminal effector 

domain. The conserved Asp is located in the receiver domain (Figure 1.2). The receiver 
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domain can also be found in the hybrid HKs following the CA domain, and is involved in 

the histidyl-aspartyl-phosphorelay (Figure 1.2). The majority of RRs are transcription 

factors with DNA-binding effector domains. In some cases, the receiver domain is found 

to be an isolated protein without the C-terminal effector domain attached; the well-studied 

chemotaxis protein CheY is one example.26, 78 In other cases, RRs have more than one C-

terminal effector domains like those belong to NtrC family, there are two C-terminal 

effector domains to the receiver domain.79 

1.2.2.1 Receiver domain 

The conserved N-terminal receiver domains of RRs contain the conserved 

phosphoacceptor Asp residues and they host three activities.28 First, they interact with their 

cognate HKs and catalyze the transfer of the ɔ-phosphate to their own conserved Asp. 

Second, they catalyze autodephosphorylation. Third, they regulate the activities of their 

effector domains in a phosphorylation-dependent manner. When the Asp is not 

phosphorylated it is in the inactive state (OFF), and when it is phosphorylated it is in the 

active state (ON) to regulate the effector domain. Thus, the receiver domain of RRs acts as 

an ON/OFF switch which depends upon the phosphorylation state of the conserved Asp 

residue. Furthermore, in the absence of signals or stimuli, the role of dephosphorylation is 

essential for maintaining the ON/OFF state of TCS by preventing phosphorylation of RR 

by other non-cognate HKs 28, 29, 80. 

The receiver domain is a conserved ~120 residues domain and adopts a (ɓŬ)5 fold, 

conserved in RR domains for which structures have been determined.28, 81 The structures 

show a central five-stranded parallel ɓ sheet flanked on both faces by five amphipathic 

helices. This domain is characterized by a set of conserved residues in two regions, one is 
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the active site involved in phosphorylation/phosphotransfer and the other site is involved 

in phosphorylation-induced conformational changes. The phosphotransfer active site is 

clustered at the C-terminal edge of the ɓ-sheet, it contains a conserved phosphoacceptor 

Asp located at the end of ɓ3 and two conserved acidic residues (Asp/Glu) involved in Mg2+ 

binding.28, 82 The other conserved region has a highly conserved Ser/Thr at the end of ɓ4, 

Lys at the end of ɓ5, and Phe/Tyr at the beginning of ɓ5. Although they are not required 

for phosphorylation, they have been found to be involved in phosphorylation-induced 

conformational changes important for RR activation of the effector domain.28, 81 

1.2.2.2 Effector domain 

The phosphorylation of the conserved Asp on the receiver domain affects the 

effector domain disposition. The effector domains of RRs are diverse with respect to both 

structure and function, reflecting to their different mechanisms used for regulation of 

specific activities. The effector domain has DNA-binding activity that can activate and/or 

repress transcription of specific genes, which then activates or inactivates the 

corresponding system to respond and adapt to the environmental changes. RR effectors 

typically bind to responsive elements to activate genes when the RR is phosphorylated. 

Indeed, a large majority of RRs serve as transcription factors for downstream cellular 

responses and can be divided into three major subfamilies based on the homology of their 

DNA-binding domains.26, 28 First is the OmpR/PhoB winged-helix domains, which 

represents the largest subfamily of RRs, and function as both activators or repressors of 

target genes. This fold contains a recognition helix that interacts with the major groove of 

DNA and flanking loops or ñwingsò that contact the minor groove.12 Second is the 

NarL/FixJ four-helix domains, in which the DNA-binding domain has a typical helix-turn-
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helix motif. Third is the NtrC ATPase-coupled transcription factor, the most structurally 

and functionally complex subfamily. This subfamily consists of two domains, an ATPase 

domain and a helix-turn-helix DNA-binding domain. 

1.2.2.3 Crosstalk  

It has been known that HKs and RRs each consist of paralogues gene families, 

having similar sequence and structure, but often serving different functions. Thus, cross-

phosphorylation by a HK to a non-cognate RR is highly probable, and this is termed 

crosstalk. However, HKs are able to recognize their cognate RRs to accomplish specific 

response to the signals and stimuli, which is an intriguing feature. Studies have been done 

to understand the mechanism of TCS that can achieve such specificity, pairing HKs to their 

own cognate RRs. Crosstalk is usually unfavorable and harmful to the cells, and thus is 

often kept as minimum as possible.29 A single bacterial cell can contain as many as 200 to 

300 HK-RR pairs, yet each HK has only one or two cognate RRs, revealing exquisite 

partner specificity within each HK-RR pair.14, 29 Crosstalk between HKs and RRs from 

different systems have been observed mostly in vitro. In E. coli, it was reported that the 

total number of crosstalk was 21 out of 692 non-cognate TCS pairs examined (~3.0%).20 

Complete and clear phosphotransfer between cognate TCS pairs is still unclear due to lack 

of structures of HK-RR complex. 

1.3 Biological importance of copper and toxicity of copper and silver in bacteria 

Transition metals are characterized by having partially filled d orbitals in many 

compounds and they generally have more than one stable valence state.83 As a result, they 

are generally used for electron transfer by valence-shuttle mechanisms in a variety of 

biological processes. In the case of copper, it can cycle between two redox states, the 
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reduced Cu(I) or the oxidized Cu(II).84 Copper is the second most prevalent biological 

transition metal only after iron.83 Due to its redox properties, copper is an essential element 

for most organisms because it acts as a cofactor in biological processes such as reduction 

of nitrite and nitrous oxides, iron transport, oxidative stress protection, pigmentation, and 

blood clotting and can act as an electron carrier.84-86 Deficiency of copper or disturbances 

in copper homeostasis can lead to diseases such as Alzheimer disease, cystic fibrosis, and 

Parkinson disease.85 Over 30 types of copper-containing proteins are known, for example 

lysyl oxidase (involved in the crosslinking of collagen), tyrosinase (required for melanin 

synthesis), cytochrome c oxidase (the terminal electron acceptor of the respiratory chain), 

and superoxide dismutase (required for defense against oxidative damage).87 Another class 

of copper proteins act as electron carriers, such as plastocyanins and azurins. All bacterial 

copper-containing proteins are extracytoplasmic and are found mainly in the periplasm or 

embedded in the cytoplasmic membrane.88 In E. coli, Cu/Zn superoxide dismutase and 

amino oxidase are periplasmic enzymes, and NADH dehydrogenase-2 and cytochrome c 

oxidase are localized in the cytoplasmic membrane.88 

Iron is the most utilized transition metal in biological systems due to its wide range 

of Fe(II)/Fe(III) redox potentials from -300 to +700 V, depending on the iron ligands and 

the protein environment.83, 89 In contrast, the redox potential of Cu(I)/Cu(II) is usually 

higher than that of Fe(II)/Fe(III) ranging from +200 to +800 mV, depending on the type of 

coordination of the copper to protein.87 Thus, copper can be used as a redox active metal 

in reactions in which iron is unable to participate, which makes it useful in active sites of 

enzymes enabling them to directly oxidize substrates such as superoxides and phenolates.88 

Cu(I) is a soft Lewis acid that can interact with soft ligands such as thiols, hydrides, alkyl 
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groups, cyanide, and phosphines.88 Cu(I) usually favors tetrahedryl geometry involving 

sulfur donors such as cysteines and methionines. Cu(II) is an intermediate Lewis acid that 

can additionally complex with sulphate and nitrate, and it favors square planar coordination 

involving nitrogen donors such as histidines. Thus, residues important in Cu-coordination 

usually involve cysteines, methionines, and histidines.88, 90  

While the redox property of copper is beneficial for biological processes, it can also 

be harmful and cause cellular damage, and thus only a small amount of intracellular copper 

is needed and excess amounts are toxic even at low concentrations. Copper can initiate the 

generation of reactive hydroxyl radicals in a Fenton-like reaction, as shown in (E3), which 

will lead to DNA damage, protein oxidation, or lipid peroxidation, and eventually lead to 

cell death.85 Additionally, the hydroxyl radicals can also react with hydrogen peroxide 

generating more reactive oxygen species, as shown in (E4).  

Cu+ + H2O2 Ą Cu2+ + OHī + OHĘ                                               (E3) 

OHĘ + H2O2 Ą H2O + H+ + O2Ę
ī         (E4) 

Copper-induced damage can also be caused by the depletion of sulfhydryls due to the redox 

property of copper. These reactions are described below in (E5) and (E6). 

2 Cu2+ + 2 RSH Ą 2 Cu+ + RSSR + 2H+       (E5) 

2 Cu+ + 2H+ + O2 Ą 2 Cu2+ + H2O2       (E6) 

The hydrogen peroxide generated from (E6) will then fuel the Fenton-like reaction as 

shown in (E3) and cause more cellular damage. The reduced Cu(I) is more toxic than the 

oxidized Cu(II), probably because it is water-insoluble and it can diffuse through the 
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cytoplasmic membrane.85, 88 Copper toxicity can also be caused by its ability to bind to 

thiols in important metabolic enzymes, and to compete and displace natural metal ions 

essential for protein functions.91 For example, Cu(I) can displace iron from iron-sulfur 

clusters of dehydratases and thus inactivate its enzymatic function.92 Therefore, it is 

important for bacteria to regulate intracellular copper concentrations to protect the 

intracellular environment. 

While silver is irrelevant in biological processes, it shares similar chemical and ligand 

binding properties with Cu(I). Like Cu(I), Ag(I) is a soft Lewis acid and thus has high 

binding affinity for soft Lewis basis such as thiols. Thus, it is also highly toxic at even 

lower concentration. Ag(I) was reported to inhibit the respiratory chain and the exchange 

of intracellular and extracellular phosphate in E. coli.93, 94 Similarly to Cu(I), Ag(I) toxicity 

can also be due to its ability to interact with thiol groups in proteins and displace other 

cofactors in enzymes. Because of their toxicity, copper is often used as an antimicrobial 

agent in agricultural applications and clinical settings, and silver is often used as 

antibacterial ingredient in both clinical and non-clinical settings.95, 96 

1.4 Mechanisms of copper resistance in bacteria 

To survive under metal-stressed conditions, bacteria have evolved several types of 

mechanisms to tolerate the uptake of heavy metal ions, such as copper and silver. In general, 

the mechanisms of metal resistance include: 1) decrease of metal uptake, 2) sequestration 

of metal ions inside the cell, 3) modification of metal ions to their less toxic state, and 4) 

efflux of metal ions outside the cell (Figure 1.5). Copper resistance occurs using these four 

mechanisms in bacteria. 
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Figure 1.5. Metal homeostasis mechanism in bacteria. Metal ions (gray circles) can be 

blocked extracellularly from entering the cells. Metals can be sequestered by chelators such 

as metal binding proteins. Enzymes can modify metals to their less toxic state. Finally, 

metals can be exported outside the cells by specific membrane spanning transporter 

proteins. 
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The first mechanism, decrease of metal uptake, is possible due to the production of 

extracellular exopolysaccharides (EPS), composed of a mixture of heteropolysaccharides, 

proteins, and nucleic acids.92, 97 This mechanism has been found in Gram-negative bacteria 

Pseudomonas aureofaciens, in which EPS acts as a protective barrier under copper stress 

conditions.97 Bacteria are highly stimulated to produce EPS under metal stress conditions 

and thus increase cell viability.97 Bacterial EPSs are negatively charged due to the presence 

of carboxyl and phosphoryl functional groups, and so they can bind to positively charged 

metals and keep them trapped outside the cell. 

In Gram-negative bacteria E. coli, the other three mechanisms of copper resistance 

have been identified, metal sequestration, modification, and efflux. Two chromosomally 

encoded systems involved in copper resistance, the cue and cus systems, were identified in 

E. coli.98 The cue (Cu efflux) system is likely the primary copper resistance mechanism 

under both aerobic and anaerobic conditions, as it is induced under low copper 

concentrations (~3 µM copper) while the induction of the cus system isnôt observed until 

up to ~200 µM copper.99 The Cue system consists of a copper efflux P-type ATPase CopA, 

a periplasmic multicopper oxidase CueO, and a copper-responsive metalloregulatory 

protein CueR. CueR is located in the cytoplasm and is a MerR-like transcriptional activator 

induced by copper. 99  Upon copper sensing in the cytoplasm, it upregulates the expression 

of the copA and cueO genes.99 CopA is a P-type ATPase and is required for copper 

homeostasis under both anaerobic and anaerobic conditions. Free Cu(I) is actively pumped 

out to the periplasm from the cytoplasm through the inner membrane by CopA, using the 

energy from ATP hydrolysis.100 CueO is a periplasmic multicopper oxidase that help 



43 
 

detoxify the periplasm by oxidizing the more toxic Cu(I) species to the less toxic  Cu(II) 

species.101 CueO is active only in the presence of oxygen.99 

When the copper levels continue to increase under aerobic conditions, the Cue system 

can get saturated, and only when this happens, the expression of the Cus system increases 

in response to copper. Otherwise, the Cus system only plays an important role in copper 

tolerance under anaerobic conditions. The Cus system will be discussed in detail below.  

1.5 Escherichia coli Cus system 

The cus (Cu sensing) system has two operons transcribed in opposite directions, 

cusCFBA and cusRS operons. The cusCFBA operon encodes a tripartite efflux complex 

CusCBA and a metallochaperone CusF (Figure 1.6). The cusRS operon encodes a histidine 

kinase CusS and a response regulator CusR, which are one of the TCSs in E. coli. While 

the Cue system is expressed under aerobic conditions, the Cus system is expressed under 

anaerobic conditions.99 However, the Cus system can also function under aerobic 

conditions under extremely high copper concentrations.85, 99 As the Cue system is 

overwhelmed, the accumulation of Cu(I) in the periplasm leads CusS to sense the stimuli 

and transduce the signal to its cognate response regulator CusR. The phosphorylated CusR 

acts as a transcriptional activator and initiates the transcription of cusCFBA genes. This 

leads to the transport of the excess copper from the periplasm across the outer membrane 

by the RND-type (Resistance, Nodulation, and cell Division) efflux pump, CusCBA.85, 102 

The CusCBA proteins form a complex spanning through the inner membrane, periplasm, 

and outer membrane. In addition, the Cus system is also responsible for periplasmic 

detoxification of Ag(I) ions, as Ag(I) has similar binding properties as Cu(I).103 
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CusC is the outer membrane component of the tripartite CusCBA efflux pump and it 

belongs to the outer membrane factor (OMF) family. It was previously shown that cusC is 

required for full copper resistance as the deletion of the cusC gene led to a significant 

decrease in copper tolerance, though not as severe as the deletion of cusA and cusB.102 The 

crystal structure of CusC has been solved, and it reveals that there is one monomer of CusC 

in the asymmetric unit, with the biological trimer formed by the symmetry within the 

crystal.104 CusC homotrimer forms a ~130 ¡ long Ŭ/ɓ barrel, with the ɓ-barrel residing in 

the outer membrane and Ŭ-barrel in the periplasm. The Ŭ-barrel forms a huge internal cavity 

with a volume of ~28,000 Å3 and a diameter of ~25 Å, and this cavity is filled with water. 

More interestingly, the interior of this Ŭ-barrel is highly electronegative. Thus, it was 

presumed that Cu(I) and Ag(I) cations are transported through the channel together with 

the bulk solvent and avoid being trapped inside the barrel. Within the structure, no openings 

in the CusC wall are observed and thus it is believed that metals cannot be obtained from 

CusB or CusF. Furthermore, no metal binding sites are found within CusC, and soaking 

CusC with Cu(I) and Ag(I) didnôt show any metal binding.104 Therefore, Cu(I) or Ag(I) 

most likely enter the CusC channel through CusA.  

CusA is the inner membrane protein that belongs to the heavy-metal efflux RND 

(HME-RND) family, in which it utilizes the energy from proton flow from the periplasm 

to the cytoplasm to transport its substrate.85, 105, 106 CusA is the central component of the 

CusCBA complex as the deletion of cusA gene led to a complete loss of copper resistance 

and the same copper sensitivity as seen in the deletion of the cusCFBA genes.107 The crystal 

structure of CusA reveals a homotrimer with each monomer consists of 12 transmembrane 

helices (TM1-TM12) and a large periplasmic domain formed by two loops between TM1-
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TM2 and between TM7-TM8.106 When comparing the structures of apo-CusA and 

Cu(I)/Ag(I)-bound CusA, a significant conformational changes in both the periplasmic and 

transmembrane domains were observed. The metal binding site is located in the 

periplasmic domain with Cu(I) or Ag(I) coordinated by three methionine residues (M573, 

M623, and M672). Besides the three-Met metal binding site, four other Met pairs are also 

found. One Met pair (M271 and M755) is found in the periplasm located above the three-

Met metal binding site, and the other three Met pairs (M410-M501, M486-M403, and 

M391-M1009) are found within the transmembrane domain. Therefore, these five Met 

pairs/clusters are thought to be important for binding and transport of Cu(I) and Ag(I), in 

which the M271-M755 pair can release the metals into the central funnel to reach the CusC 

channel for final efflux.106 

CusB is the membrane fusion protein (MFP) or the periplasmic adaptor protein that 

stabilizes the CusCBA complex through association with both CusC and CusA. CusB is an 

essential component for the CusCBA complex, because the deletion of cusB led to a 

complete loss of copper tolerance, as seen with the deletion of cusA.102 Based on extended 

x-ray absorption fine structure and mutagenesis studies, it has been proposed that CusB 

forms a three-methionine (M21, M36, and M38; numbering is of the mature protein without 

the leader sequence) metal binding site.108 ITC experiments revealed that CusB binds to 

Ag(I) with a 1:1 stoichiometry and tight binding affinity (Kd of 24.7 nM).108 The crystal 

structure of CusB shows that it is folded into an elongated structure and can be divided into 

four different domains, in which the first three domains are mostly ɓ-strands and the fourth 

all Ŭ-helical.109 However, 60 residues are missing from the N-terminus of CusB, where the 

metal binding site is located, suggesting this is a dynamic region. The co-crystal structure 
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of the CusBA complex shows that the homotrimer CusA interacts with six CusB protomers 

through the periplasmic domain of CusA, where one CusA interacts with two CusB.110 

CusF is a small, soluble periplasmic metallochaperone and is the fourth component 

of the CusCFBA system. Even though the deletion of cusF did not lead to a complete loss 

of copper tolerance, it is still required for a full copper tolerance.102 The structure of CusF 

reveals a five-stranded ɓ-barrel.111 CusF binds to Ag(I) and Cu(I) with a 1:1 stoichiometry 

and tight binding affinities to both (Kd of 38.5 nM and Kd of 495 nM respectively).112 CusF 

has a unique metal coordination in which it coordinates the metal ion with His(Met)2 (H36, 

M47, and M49) coordination and also a Trp (W44) residue capping over the metal forming 

a cation-ˊ interaction.113 The W44 was determined to be maintaining a moderate-affinity 

to Cu(I) and also protecting Cu(I) from oxidation and outside ligand.114 

CusS-CusR is the regulatory system for the expression of the cusCFBA genes in 

response to the accumulation of periplasmic Cu(I) or Ag(I) (Figure 1.6).  CusS is a 54 kDa 

membrane-associated histidine kinase with 480 amino acids, such that the periplasmic 

sensor domain is connected with the cytoplasmic domain containing HAMP, DHp, and CA 

domains through two transmembrane helices in the inner membrane (Figure 1.6). The cusS 

gene is required for Cu(I)/Ag(I) resistance, as the deletion of the cusS gene led to increased 

Cu(I)/Ag(I) toxicity in E. coli.91 From sequence alignments, CusS has similarity to other 

putative metal-responsive HKs such as Pseudomonas CopS, Salmonella SilS, and E. coli 

PcoS with 46%, 68%, and 52% similarities respectively. However, high similarities are 

seen in the kinase core and are lower in the sensor domain. This is because the sensor 

domains of HKs in TCSs are known to be relatively diverse in order to detect different 

stimuli and respond and adapt to different kind of environmental changes.12, 115 The 
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periplasmic sensor domain of CusS plays an important role in sensing Cu(I)/Ag(I) and 

transmitting signals to the cytoplasmic kinase core. The periplasmic sensor domain of CusS 

(residues 39-187) has seven Met and nine His residues that may be involved in binding 

Cu(I)/Ag(I). Equilibrium dialysis and ICP-MS studies shows that there are four Ag(I) ions 

bound to one molecule of the periplasmic sensor domain of CusS (CusS(39-187)) with an 

apparent Kd of 8.23 µM.116 CusS(39-187) dimerizes upon Ag(I) binding.116 It is expected that 

conformation changes would occur upon metal binding and trigger ATP-dependent 

autophosphorylation on the highly conserved His residue (H271) in the DHp domain.  

CusR is a 25 kDa cytoplasmic regulatory protein, with 227 amino acids, consisting 

of a receiver domain and an effector domain. The conserved phosphorylation site is an 

aspartate residue (D51) on its receiver domain. When CusR is phosphorylated it is activated 

and functions as a transcriptional activator. The effector domain has DNA-binding ability 

and activates the transcription of the cusCFBA genes. Deletion of cusR led to a significant 

copper sensitivity and accumulation of copper in cells under anaerobic condition, 

indicating the significant role of cusR for anaerobic copper tolerance.99 
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Figure 1.6. Illustration of Cu(I)/Ag(I) homeostasis mechanisms by the Cus system in 

Escherichia coli. The two-component system (TCS) CusS-CusR regulates the transcription 

of cusCFBA genes, which encode the CusCBA tripartite efflux pump and a 

metallochaperone CusF. Cu(I)/Ag(I) are exported outside the cells through the CusCBA 

efflux pump. TM, transmembrane helices; DHp, dimerization and histidine 

phosphotransferase domain; CA, catalytic and ATP binding domain. 
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1.6 Explanation of the problem and its context 

Bacteria have developed mechanisms to maintain copper homeostasis and detoxify 

silver in response to the excessive use of copper and silver as antimicrobials. In E. coli, the 

CusCFBA system is responsible for pumping out excess copper and silver from the 

periplasm to the extracellular space. The expression of the cusCFBA genes is regulated by 

the CusS-CusR two-component system that works together through histidyl-aspartyl-

phosphotransfer. Even though the CusS-CusR TCS has been identified as the regulatory 

system of the CusCFBA metal efflux pump, the mechanism of how the periplasmic domain 

of CusS senses metal ions and transmits signals to CusR that leads to the activation of metal 

efflux genes is not yet understood. By understanding this CusS-CusR regulatory system, 

we will gain more understanding of metal resistance in bacterial system. 

Prior to my research, the significance of the cusS gene in Cu(I)/Ag(I) resistance in E. 

coli was determined by a previous graduate student, Dr. Swapna Aravind Gudipaty. She 

has also characterized the metal binding properties of sensor domain of CusS and 

determined that CusS binds directly to Ag(I), and that the dimerization of the sensor 

domain is enhanced in the presence of the ligand. Nevertheless, a lot of important questions 

remained unanswered. What is the structure of the sensor domain of CusS? Where does it 

bind to metal(s) and how are metal ions coordinated? How does ligand binding induce the 

dimerization of the sensor domain of CusS? More importantly, how does metal binding in 

the periplasmic sensor domain activate the cytoplasmic kinase? What are the 

autophosphorylation and signal transduction mechanisms of CusS? 

In this dissertation, my work focuses on understanding and answering these questions. 

I have been able to determine the structure of the sensor domain of CusS in the presence 
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of its ligand, Ag(I) ions. From the crystal structure, we are able to determine the metal ion 

binding sites. By using this information, I have further investigated the roles of the metal 

binding sites in metal resistance, ligand-induced dimerization, and activation of 

autophosphorylation. Moreover, I have determined the autophosphorylation mechanism of 

CusS. In addition, I have obtained initial crystals for the cytoplasmic domain of CusS, 

despite the lack of time to obtain diffracting-quality crystals to solve its 3D structure. 

Preliminary studies on crosstalk between other non-cognate HKs and CusR has also been 

performed. Finally, based on the findings, I have proposed a model for the signal 

transduction mechanism of CusS and also a model for the histidine phosphorylation 

mechanism in the catalytic binding pocket of CusS. 
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1.7 Dissertation format 

Chapter 1 introduces the two-component signaling systems and summarizes their 

known structures and functions. It also describes copper and silver toxicity and the 

mechanism of metal homeostasis in bacteria. The problem and context of this dissertation 

is presented.  

Chapter 2 presents the crystal structure of the sensor domain of CusS bound to silver 

ions. It further shows how the metal binding sites play a role in metal sensing and resistance 

in E. coli. This chapter summarizes the manuscript published in the journal Biochemistry; 

the paper is appended in Appendix A. This work was completed with contributions from 

Aaron Issaian and Dr. Megan McEvoy. My contributions to this paper involve the sample 

preparation for protein crystallization, in vivo complementation assay and graphite furnace 

atomic absorption spectrometer. Aaron Issaian helped with the protein crystallization, data 

collection, structure determination, and refinement. Dr. Megan McEvoy provided 

oversight for the project and edited the manuscript. 

In Chapter 3, I have described work showing that E. coli CusS autophosphorylates 

its conserved H271 at the N1 position using a cis mechanism and the phosphoryl group 

from H271 is transferred to the conserved D51 on the cognate RR CusR. Based on these 

findings, we have suggested that the cytoplasmic domain of CusS undergoes rotation and 

bending movements to maintain kinase activity. My contributions involve the development 

and execution of all the experiments, and the writing of this work. 

In Chapter 4, I have described the metal binding affinities of each interface and 

internal binding sites. I have shown that the dimerization of the sensor domain of CusS is 
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enhanced upon metal binding in the interface binding site and not the internal binding site. 

Nanodisc technology was used to embed full-length CusS and kinase activities of nanodisc-

embedded CusS variants were measured. Dr. Chad Park assisted with the sedimentation 

velocity analytical ultracentrifugation experiments. Here, my contributions are the 

development and execution of all the experiments, and the writing of the work. 

In Chapter 5, I have described preliminary data of present studies on the 

crystallization of the cytoplasmic domain of CusS (Appendix B) and crosstalk studies 

(Appendix C). My contributions to this work involve development and execution of all 

the experiments, and the writing of this work. 

Chapter 6 summarizes my findings from Chapter 2 through 5 and discusses ideas for 

further insights and future directions that would provide opportunities to better understand 

the mechanism and specificity of the CusS-CusR two-component signaling system. 



53 
 

CHAPTER 2: THE STRUCTURE OF THE PERIPLASMIC SENSOR DOMAIN 

OF THE HISTIDINE KINASE CUSS SHOWS UNUSUAL METAL ION 

COORDINATION AT THE DIMERIC INTERFACE  (APPENDIX A)  

The methods, results, and conclusions of this study are presented in the paper appended 

to this dissertation. What follows is a summary of the most important findings of the paper.  

Summary 

In this chapter, we describe the structural and functional characterization of the 

periplasmic sensor domain of histidine kinase CusS from Escherichia coli. CusS is a 

membrane-associated histidine kinase, which is a member of a two-component system 

CusS-CusR responsible for Cu(I)/Ag(I) resistance in E. coli. CusS has a periplasmic sensor 

domain connected to the cytoplasmic kinase domain through two transmembrane helices. 

The mechanism of how CusS senses increasing metal concentrations in the periplasm and 

then transduces signal to the cytoplasmic kinase domain is unknown. Here, the crystal 

structure of the silver-bound sensor domain of CusS (Ag(I)-CusS(39-187)) shows that it forms 

a homodimer via the N-terminal and C-terminal helices. The structure also reveals the 

locations of two metal binding sites, the interface and internal binding sites, in which the 

residues in the interface binding site are highly conserved across orthologs while the 

residues in the internal binding sites are not. Moreover, the Ag(I) ion in the interface 

binding site is coordinated by two Met and one Phe forming an unusual cation-ˊ interaction. 

Functional analysis of CusS variants with mutations in the metal binding sites suggest that 

the interface binding site is more important for metal sensing and metal resistance in E. 

coli. The combined results have provided new insights into how the histidine kinase CusS 
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might respond to Cu(I)/Ag(I) in the periplasm and allosterically activate the cytoplasmic 

kinase activity.
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CHAPTER 3: CIS PHOSPHORYLATION OF CUSS ON H271 SUPPORTS A 

MODEL FOR ROTATION AND BENDING MOVEMENTS DURING 

AUTOPHOSPHORYLATION  

3.1 Abstract 

Histidine phosphorylation is widely used by two-component systems in bacteria to 

sense and respond to environmental stimuli. Each two-component system consists of a 

histidine kinase and a response regulator that communicate to each other through histidyl-

aspartyl phosphotransfer events, which usually results in gene regulation. The two-

component system CusS-CusR from Escherichia coli is responsible for upregulating the 

cusCFBA genes involved in Cu(I)/Ag(I) efflux under elevated metal concentrations in the 

periplasm. Here, we investigate autophosphorylation in the cytoplasmic domain of CusS 

and trans-phosphorylation between CusS and CusR. In vitro analysis show that CusS 

autophosphorylates its conserved H271 residue at the N1 position of the histidine imidazole. 

The phosphoryl group is then transferred onto the conserved D51 on the response regulator 

CusR. Functional analysis in vivo of CusS and CusR variants with mutations in the 

autophosphorylation or phosphoacceptor residues suggest that the phosphotransfer event 

is essential in metal resistance in E. coli. Biochemical analysis shows that CusS 

autophosphorylates using a cis mechanism. Our results also support for a model in which 

rotation and bending movements in the cytoplasmic domain maintain the mode of 

autophosphorylation.  
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3.2 Introduction  

Protein phosphorylation is one of the most common post-translational modifications 

among all living things, including animals, plants, fungi, bacteria, and archaea.1-3 There are 

nine known phosphoamino acids and they can be divided into four groups: O-phosphates 

(phosphoserine, phosphotyrosine, phosphothreonine), N-phosphates (phosphoarginine, 

phosphohistidine, phospholysine), acyl phosphates (phosphoaspartate, phosphoglutamate), 

and S-phosphates (phosphocysteine).6 In bacteria, kinases that are part of two-component 

systems (TCSs) frequently modify His and Asp residues to generate phosphohistidine 

(pHis) and phosphoaspartate (pAsp). pHis is unique among the phosphoamino acids 

because it can be phosphorylated on either the N1 or N3 position on the imidazole ring 

generating 1-pHis or 3-pHis, respectively.3 When compared to the most studied O-

phosphates, pHis has higher ȹG of hydrolysis (-12 to -13 kcal/mol for pHis versus -6.5 to 

-9.5 kcal/mol for O-phosphates).3 This high energy nature of pHis helps the transfer of 

phosphoryl group to the downstream targets. Because of the ease with which histidine 

kinases (HKs) can be phosphorylated and dephosphorylated, this type of modification is a 

flexible mechanism for cells to respond to external stimuli and environmental conditions. 

TCSs are the predominant signaling systems used in prokaryotes to sense, respond, 

and adapt to a variety of stimuli in the environment. The signaling pathways consists of 

three phosphotransfer reactions.12 First, a histidine kinase homodimer is 

autophosphorylated by ATP at a conserved histidine residue. Second, the phosphoryl group 

on the phosphorylated HK (HK~P) is transferred to a conserved aspartate residue on a 

cognate response regulator (RR). Third, phosphorylated RR (RR~P) is dephosphorylated 

by an intrinsic or HK-induced RR~P autophosphatase activity. Following phosphotransfer 
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to the RR, the RR~P interacts with genes or protein targets triggering cellular response to 

the stimuli.12, 14 A prototypical TCS is comprised of an integral membrane HK and its 

cognate cytoplasmic RR.12 Typically, HKs have a variable extracellular sensor domain that 

is connected to the conserved cytoplasmic kinase domain through transmembrane helices. 

Upon sensing of environmental stimuli by the extracellular sensor domain, a signal is 

transmitted to the cytoplasmic domain initiating autophosphorylation on the conserved and 

specific His residue. In most prokaryotic systems, the RRs are the terminal component of 

the signaling pathway that function as phosphorylation-activated switches to adapt to 

stimuli changes. The RR catalyzes the phosphoryl transfer from the pHis of the HK to its 

conserved Asp in the regulatory domain. 

In E. coli, there are 30 HKs and 32 RRs that have been predicted based on its genome 

sequence.20, 26 One of the TCSs, CusS-CusR, regulates the expression of cusCFBA genes 

responsible for maintaining metal ion homeostasis in cells. The periplasmic sensor domain 

of CusS senses increased levels of Cu(I)/Ag(I) and transmits a signal to the cytoplasmic 

kinase domain upon binding Cu(I)/Ag(I). The cytoplasmic domain of CusS consists of 

three domains: a ñhistidine kinase, adenylyl cyclases, methyl-accepting proteins, 

phosphatasesò (HAMP) domain, a dimerization and histidine phosphotransfer (DHp) 

domain, and a catalytic and ATP binding domain (CA).12 The HAMP domain consists of 

two amphipathic helices with coiled-coil properties, and they form a homodimeric, four-

helical, parallel coiled-coil structure.60, 61  The DHp domain includes two Ŭ-helices that 

mediate homodimerization by forming a four helix bundle.12, 74  The CA domain typically 

forms an Ŭ/ɓ sandwich that binds ATP and catalyzes autophosphorylation of a conserved 

His residue in the DHp domain.69 The H271 residue of CusS corresponds to the highly 
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conserved histidine residue found in all histidine kinases, but there hasnôt been any in vitro 

or in vivo functional studies to prove it.12, 117   

Here, we have used novel monoclonal anti-pHis antibodies to investigate the catalytic 

mechanism of the cytoplasmic kinase core of CusS. We found that CusS is phosphorylated 

at the N1 position on its conserved H271 and it transfers the phosphoryl group onto the 

conserved D51 on the cognate CusR. Mutagenesis combined with in vivo complementation 

assays were performed to further investigate the functional significance of the 

phosphoacceptor residues in both CusS (H271) and CusR (D51). Biochemical studies have 

shown that CusScp undergoes autophosphorylation via a cis mechanism, that is the CA 

domain of one subunit phosphorylates the conserved His on the DHp domain of the same 

subunit. This finding contradicts a previous published hypothesis that all bacterial HKs 

were universally expected to autophosphorylate in trans (that is, the CA domain of one 

subunit phosphorylates the conserved His on the DHp of the other subunit). This work 

provides new insights to the signal transduction mechanism on CusS. 

 

3.3 Materials and methods 

3.3.1 Strains and plasmids constructions 

TMHMM transmembrane topology prediction software predicted the cytoplasmic 

domain of CusS (CusScp) to consist of amino acids K208 and A480. The cusScp gene 

encoding amino acids 208-480 was amplified using oligonucleotides containing sites for 

NheI and XhoI restriction endonucleases. The amplified product was digested using NheI 

and XhoI enzymes and ligated into pET21b(+). The correct final product pET21b-cusScp 

was verified by DNA sequencing. The final version of CusScp includes N-terminal MAS 
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residues as a starting Met and a cloning artifact, and C-terminal LE residues as a cloning 

artifact before the 6xHis tag. This construct is named as CusScp-short. The construction of 

CusScp with a C-terminal Strep-Myc-Strep-FLAG-HA-Strep tags was synthesized by Bio 

Basic (Amherst, NY) into pET28b(+) between NcoI and NotI sites. This longer construct 

is named as CusScp-long. 

The CusScp-short and CusScp-long constructs were used as templates for 

mutagenesis using the QuikChange II XL Site-Directed Mutagenesis Kit (Strategene, La 

Jolla, CA). Constructs were made with mutations of the catalytic histidine residue H271A 

(CusScp-H271A), the ATP binding site N386A/N414A double mutant (CusScp-AA), and 

both catalytic histidine and ATP binding site H271A/N386A/N414A triple mutant (CusScp-

AAA). All plasmids were sequenced for accuracy.  

The cusR gene encoding amino acids 2-227 was amplified using oligonucleotides 

containing sites for NdeI and XhoI restriction endonucleases. The amplified product was 

digested using NdeI and XhoI enzymes and ligated into pET22b(+). The correct final 

product pET22b-cusR was verified by DNA sequencing. The final version of CusR 

includes an N-terminal starting methionine and C-terminal LE residues as a cloning artifact 

before the 6xHis tag. This pET22b-cusR construct was used as a template to generate the 

mutant pET22b-cusR-D51A, where the catalytic aspartate residue was mutated to alanine. 

All plasmids used are listed in Table 3.1. 

The bacterial strains and plasmids used for in vivo complementation assays are 

listed in Table 3.2. Knockout strain ȹcusR was made using the lambda-Red-mediated gene 

recombination technique as described in Chapter 2. For growth experiments, the WT strain 

was transformed with either pET21b(+) or pET22b(+) empty vector, the ȹcusS strain was
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Table 3.1. Plasmids used for protein expression and purification 

Plasmid Genotype Source/Reference 

pET21b(+) pBR322 ori, lac coding sequence, ampR Novagen 

CusScp-short pET21b(+)/cusScp-6xHis This work 

CusScp-short-H271A pET21b(+)/cusScp-H271A This work 

CusScp-short-AA pET21b(+)/cusScp-N386A/N414A This work 

CusScp-short-AAA  pET21b(+)/cusScp-H271A/N386A/N414A This work 

   

pET28b(+) pBR322 ori, lac coding sequence, kanR Bio Basic 

CusScp-long 
pET28b(+)/cusScp-Strep-Myc-Strep-

FLAG-HA-Strep 

Bio Basic; This 

work 

CusScp-long-H271A pET28b(+)/cusScp-H271A This work 

CusScp-long-AA  pET28b(+)/cusScp-N386A/N414A This work 

CusScp-long-AAA  pET28b(+)/cusScp-H271A/N386A/N414A This work 

   

pET22b(+) pBR322 ori, lac coding sequence, ampR Novagen 

CusR pET22b(+)/cusR-6xHis This work 

CusR-D51A pET22b(+)/cusR-D51A-6xHis This work 
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Table 3.2. Bacterial strains and plasmids used for in vivo complementation assay 

 Genotype Source/Reference 

Strain   

BW25113 
lacIq,rrnBT14, ȹlacZWJ16, hsdR514, 

ȹaraBADAH33, ȹrhaBADLD78 
Datsenko & Wanner118 

JW5082-1 BW25113/ȹcusS::kanR Datsenko & Wanner118 

JW0560-1 BW25113/ȹcusR::kanR Datsenko & Wanner118 

WT 
BW25113/ȹcueO::catR/pET21b(+) or 

pET22b(+) 

Previous work45; This 

work 

ȹcusS BW25113/ȹcueOȹcusS/pET21b(+) Previous work45 

ȹcusR BW25113/ȹcueOȹcusR/pET22b(+) This work 

   

Plasmid   

pET21b(+) pBR322 ori, lac coding sequence, ampR  

pcusS E. coli cusS cloned into pET21b(+) Previous work45 

pcusS-H271A pET21b(+)/cusS-H271A This work 

   

pET22b(+) pBR322 ori, lac coding sequence, ampR Novagen 

pcusR E. coli cusR cloned into pET22b(+) This work 

pcusR-D51A pET22b(+)/cusR-D51A This work 
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transformed with pET21b(+), pcusS, or pcusS-H271A, and the ȹcusR strain was 

transformed with pET22b(+), pcusR, or pcusR-D51A. 

3.3.2 Protein expression and purification 

For expression of the homodimer CusScp-short and CusScp-long, E. coli BL21(DE3) 

cells were transformed with pET21b-cusScp-short or pET28b-cusScp-long and grown in LB 

containing 100 µg/mL ampicillin or 30 µg/mL kanamycin respectively. For the isolation 

of heterodimer of CusScp-short and CusScp-long, E. coli BL21(DE3) cells were co-

transformed with varied combinations of pET21b-cusScp-short and pET28b-cusScp-long 

plasmids, followed by selection on the basis of double resistance to 100 µg/mL ampicillin 

and 30 µg/mL kanamycin. Cultures were grown in LB media containing the appropriate 

antibiotics at 37°C until OD600 of 0.5-0.7, then 1 mM IPTG was added and the culture was 

continued to grow for another 5 hr.  

To purify homodimers CusScp-short or CusScp-long, cells were resuspended in 

binding buffer (50 mM Tris pH 8.0, 500 mM NaCl, and 20 mM imidazole) containing 1 

mM phenylmethylsulfonyl fluoride and 4 µg/mL each of aprotinin, leupeptin, and pepstatin. 

Lysis was achieved using a Branson sonifier and the cell debris was removed by 

centrifugation. The supernatant was applied to Ni2+ Sepharose 6 Fast Flow resin (GE 

Healthcare) equilibrated in binding buffer. The column was then washed with washing 

buffer (binding buffer containing 0.5 % Triton X-100), followed by elution with 6 mL of 

each 0.1, 0.2, and 0.5 mM imidazole in final buffer (20 mM Tris pH 8.0 and 200 mM NaCl). 

The recovery and purity of the proteins were checked by SDS-PAGE. The purified protein 

fractions were then pooled and dialyzed against final buffer. The protein concentration was 

determined using the Bradford assay.  
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The isolation of the heterodimers was achieved using both Ni2+ Sepharose resin and 

Strep-Tactin Sepharose resin (IBA). The supernatant was first loaded onto Ni2+ Sepharose 

resin, then washed and eluted as described above. Both the CusScp-short homodimer and 

CusScp-short-CusScp-long heterodimer were in the eluted fractions from the Ni2+ Sepharose 

column. To isolate the CusScp-short-long heterodimer, the eluted fractions from the first 

step were loaded onto Strep-Tactin resin. The CusScp-short homodimer was in the flow-

through, and the CusScp-short-long heterodimer was eluted with final buffer containing 2.5 

mM desthiobiotin. The recovery and purity of the proteins were checked by SDS-PAGE. 

The purified protein fractions were pooled and dialyzed against final buffer. The protein 

concentration was determined using the Bradford assay.  

CusR and CusR-D51A were purified as described for the CusScp-short homodimer. 

3.3.3 Two-Color dot blot analysis to detect the phosphorylation position on CusScp-

short 

Dot blot analysis was used to detect the phosphorylation position on CusScp-short 

with anti-N1-phosphohistidine (anti-1-pHis, clone SC1-1, EMD Millipore) and anti-N3-

phosphohistidine (anti-3-pHis, clone SC39-6, EMD Millipore) antibodies. The purified 

CusScp was diluted to 10 µM with kinase buffer (50 µM Tris pH 8.0, 50 mM KCl, and 10 

mM MgCl2) and the autophosphorylation reaction was initiated by adding ATP to final 

concentration of 0.4 mM. The reaction was incubated at 37°C for 30 min. Then, 2 µL of 

before and after addition of ATP, samples were spotted on MeOH-activated polyvinylidene 

difluoride (PVDF) membrane and allowed to dry at room temperature for 1 hr. The 

membrane was blocked in blocking buffer (PBS, 0.1% Tween-20, 3% BSA) at room 

temperature for 1 hr or overnight at 4°C, followed by incubation in primary antibodies 
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diluted in blocking buffer at room temperature for 2 hr (rabbit anti-1-pHis mixed with 

mouse anti-His tag, or rabbit anti-3-pHis antibodies mixed with mouse anti-His tag; diluted 

anti-1-pHis and anti-3-pHis to 1:1,000, diluted mouse anti-His tag to 1:4,000). After 3 x 5 

min washes in PBST (PBS + 0.1% Tween-20), the membrane was incubated in secondary 

antibodies at room temperature for 1 hr (goat anti-rabbit IR 800 mixed with goat anti-

mouse IR 680; diluted both 1:15,000 in PBST). The membrane was washed 2 x 2 min in 

PBST, then 2 x 2 min in PBS. The dried membrane was imaged using Odyssey Infrared 

Imaging System (LI-COR Biosciences). 

3.3.4 Autophosphorylation assay of homodimer and heterodimer CusScp  

The purified CusScp was diluted to 25 µM with kinase buffer (50 µM Tris pH 8.0, 

50 mM KCl, and 10 mM MgCl2). The autophosphorylation reaction was initiated by adding 

ATP at a final concentration of 1 mM. The reaction was performed at 37°C for times 

ranging from 0 min to 2 hr (or unless stated otherwise), and terminated by adding an equal 

volume of 2X SDS sample buffer (120 mM Tris pH 8.8, 20% glycerol, 4% SDS, 10% ɓ-

mercaptoethanol, and 0.1% bromophenol blue). The samples were then analyzed by SDS-

PAGE followed by Western blot as described in 3.3.6. 

3.3.5 Phosphotransfer to CusR by CusScp~P  

CusScp was autophosphorylated as described above at 37°C for 30 min, then was 

mixed with CusR at molar ratio of 1:1. The trans-phosphorylation reaction was performed 

at 37°C for times ranging from 0 to 5 min, unless stated otherwise. The reaction was 

terminated by adding 2X SDS sample buffer. The samples were analyzed by SDS-PAGE 

followed by Western blotting as described in 3.3.6. 
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3.3.6 Two-color Western blot analysis to detect phosphohistidine (pHis) 

After proteins were separated by SDS-PAGE, they were transferred to PVDF 

membrane at constant 150 mA for 2 hr using semi-dry transfer cell (Bio-Rad). Dual-

detection Western analysis was performed as described previously in 3.3.3, with the 

exception that the primary antibodies used were rabbit anti-1-pHis and mouse anti-His tag 

(diluted 1:1,000 and 1:4,000 respectively in blocking buffer). 

3.3.7 In vivo complementation assay on CuSO4-containing plates 

Cells 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 3.3. All growth experiments were conducted a minimum of three times. 
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Table 3.3. Conversion between score and % cell survival 

 

 

 

 

 

 

Dilution Score % Cell Survival 

10-7 8 100 

10-6 7 100 

10-5 6 10 

10-4 5 1 

10-3 4 0.1 

10-2 3 0.01 

10-1 2 0.001 

1 1 0.0001 

0 0 0 
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3.4 Results 

3.4.1 CusScp is phosphorylated at the N1 nitrogen of H271 in the presence of ATP 

In order to characterize the post-translational modification on the cytoplasmic 

domain of CusS (CusScp) in vitro, the cytoplasmic domain consisting of residues 208-480 

was isolated and purified. Phosphohistidine (pHis) is unique among phosphoamino acids, 

because there are two biologically relevant isomers that can occur. Both imidazole nitrogen 

atoms on histidine, N1 and N3, can be phosphorylated to generate either 1-

phosphohistidine (1-pHis) or 3-phosphohistidine (3-pHis). Novel primary antibodies that 

are specific to 1- and 3-pHis were recently described.119 Dot blot analysis using these 

antibodies was used to determine whether CusS undergoes autophosphorylation at the N1 

or N3 atom of histidine. 

The autophosphorylation reaction was performed in kinase buffer containing the 

divalent metal ion Mg2+ and ATP. Two-color dot blot analysis was performed. The pHis 

substrate signal is visualized in green and the His-tag signal is visualized in red. The anti-

His tag was used to detect the presence of the proteins. A yellow color indicates the 

presence of both the pHis signal and the His-tag. As shown in Figure 3.1, pHis is detected 

only on the anti-1-pHis blot and not the anti-3-pHis blot, indicating that phosphorylation 

occurs on the N1 position of the histidine in CusScp.  

Figure 3.2A shows the phosphorylation of CusScp at different time points. 

Autophosphorylation was detected within 5 min of the start of the reaction and the 

maximum level of phosphorylation was observed within 30 min. When H271 of CusScp 

was mutated to Ala (CusScp-H271A) and the in vitro phosphorylation assay was performed, 

this construct did not show any level of phosphorylation even up to 1 hr (Figure 3.2B). 
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Figure 3.1. Dot blot analysis of CusScp. CusScp was diluted to 10 µM in kinase buffer and 

autophosphorylation was initiated by adding ATP. Samples were collected at 0 and 30 min, 

then 2 µL of each was spotted on PVDF membrane and probed with anti-1-pHis and anti-

His tag antibodies simultaneously (left), or with anti-3-pHis and anti-His tag antibodies 

simultaneously (right). Membranes were scanned using both channels on the Odyssey 

imaging system.
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Figure 3.2. In vitro autophosphorylation of CusScp wild-type (A) and CusScp-H271A 

mutant (B) with ATP. Each CusS construct (25 µM) was diluted in kinase buffer containing 

ATP to a final concentration of 1 mM and reactions were incubated at 37°C. Samples were 

collected at the indicated times (2 min to 2 hr). The reactions were terminated by adding 

2X SDS sample buffer and were loaded onto SDS-PAGE. After electrophoresis, the 

proteins were transferred onto PVDF membranes and analyzed by Western blot probed 

with anti-1-pHis and anti-His tag antibodies simultaneously. Membranes were scanned 

using both channels on the Odyssey imaging system. 
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3.4.2 CusS undergoes cis autophosphorylation 

Autophosphorylation can occur potentially via either a cis or trans mechanism 

(Figure 3.3). To test whether CusS undergoes autophosphorylation in cis or trans, we 

performed autophosphorylation assays of different combinations of wild-type and mutant 

heterodimers. Heterodimers of wild-type and mutants were formed by using the 

coexpression method as described in Casino et al.14 When residues N380 and D411 on 

HK853 are mutated, phosphorylation is prevented by disrupting the interaction with ATP 

in the ATP binding site.14 Using a sequence alignment of CusScp and HK853, the 

corresponding residues of CusS (N386 and N414) were identified (Figure 3.4A). The 

mutants prepared were the replacement of the phosphoacceptor His with Ala (H271A, 

CusScp-H271A), a CA domain double mutation (N386A/N414A, CusScp-AA) that prevents 

autophosphorylation by disrupting ATP binding, and a triple mutant 

(H271A/N386A/N414A, CusScp-AAA). Kinase assays confirm that the CusScp-AA and 

CusScp-AAA constructs show no autophosphorylation (Figure 3.4B). 

To distinguish each subunit of the heterodimers, we utilized the subunit mass 

different between the short form of CusScp with C-terminal 6xHis (CusScp-short) and the 

long form of CusScp with C-terminal Strep-Myc-Strep-FLAG-HA-Strep tags (CusScp-long). 

We also prepared both forms as either wild-type or the desired mutants. To form the 

CusScp-short and CusScp-long homodimers, cells were transformed with plasmids 

expressing each construct individually and proteins were purified by Ni2+ Sepharose resin 

and Strep-Tactic Sepharose resin respectively. To generate different combinations of 

heterodimers (Figure 3.5A column 1), CusScp-short and CusScp-long forms were co-

expressed and purified by both Ni2+ and Strep-Tactin Sepharose resins. The heterodimers 
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were soluble and functional, and they migrated in native-PAGE at an intermediate position 

between the bands of the CusScp-short and CusScp-long homodimers (Figure 3.5B). The 

CusScp-long homodimers migrated faster than the CusScp-short homodimers due to its 

lower pI (calculated pI of 5.22 for CusScp-long versus 6.18 for CusScp-short). CusScp-long 

homodimer was soluble and functional as shown by the phosphorylation assay analyzed by 

both native- and SDS-PAGE (CPlong, Figure 3.5C and D). 

The phosphorylation assays for the homodimers and heterodimers were initiated by 

adding ATP, then were analyzed by Western blotting of both native-PAGE and SDS-PAGE 

gels. Figure 3.5A shows the expected results for either cis or trans phosphorylation of the 

different construct combinations, and the phosphorylated subunits are colored in red. For 

instance, for heterodimers 4 and 7, phosphorylation can only occur through cis 

phosphorylation; and for heterodimers 8 and 9, phosphorylation can only occur through 

trans phosphorylation. The SDS-PAGE results (Figure 3.5D) were compared with the 

expected outcomes (Figure 3.5A). Figure 3.5D shows a pHis signal from heterodimers 4 

and 7, and no phosphorylation from heterodimers 8 and 9, which is consistent with cis 

phosphorylation. The other heterodimers show phosphorylation profiles consistent with cis 

phosphorylation as well. Cis phosphorylation was also confirmed by Western blots 

following native-PAGE, in which pHis signals were detected on the corresponding 

heterodimers shown by the intermediate bands (Figure 3.5C). 
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Figure 3.3. Histidine kinases may autophosphorylate using either a cis or trans mechanism. 

Cartoons show homodimers of the cytoplasmic domain of HK, consisting of the ñHistidine 

kinases, Adenylyl cyclases, Methyl-accepting proteins, Phosphatasesò (HAMP), 

Dimerization and Histidine phosphotransfer (DHp), and Catalytic ATP binding (CA) 

domains.  Cis phosphorylation (left) occurs when the CA domain of one subunit provides 

the ATP and phosphorylates the conserved His of the same subunit. Trans phosphorylation 

(right) occurs when the CA domain of one subunit provides the ATP and catalyzes the 

phosphorylation of the conserved His on the other subunit. 
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Figure 3.4. Sequence alignment of CusScp and autophosphorylation of CusScp variants. (A) 

Sequence alignment of the cytoplasmic domain of E. coli CusS (residues 208-480) with 

the cytoplasmic domain of Thermotoga maritima HK853 (residues 232-489). The 

conserved catalytic His residues are highlighted in bold in a red box. The residues 

highlighted in blue boxes are the residues involved in ATP binding. (B) CusScp wild-type, 

CusScp-H271A, CusScp-N386A/N414A (CusScp-AA), and CusScp-H271A/N386A/N414A 

(CusScp-AAA) (25 µM) were diluted in kinase buffer containing ATP at a final 

concentration of 1 mM and reactions were incubated at 37°C. Samples were collected at 0 

and 30 min. The autophosphorylation reactions were terminated by adding 2X SDS sample 

buffer and were loaded onto SDS-PAGE, followed by Western blot analysis using anti-1-
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pHis and anti-His tag antibodies simultaneously. Membranes were scanned using both 

channels on the Odyssey imaging system. 
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Figure 3.5. CusScp autophosphorylates using a cis mechanism. (A) Illustrations of the 

expected and experimental results of autophosphorylation studies with homodimers and 

heterodimers of CusScp. The first column identifies wild-type CusScp-short homodimers 

(CPshort), wild-type CusScp-long (CPlong), and total of nine different heterodimers numbered 

1-9, which are either of wild-type or carrying mutations with disrupted phosphoacceptor 

His or ATP binding (indicated by a red circle crossed with a line). CusScp-short is 

represented by blue rectangles and CusScp-long is represented by gray rectangles. 
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Phosphorylated CusScp is shown in red rectangles and labeled with a P. The second and 

third columns depict the expected phosphorylation pattern for cis and trans 

phosphorylation, respectively. The last column summarizes the phosphorylation patterns 

observed in our experiments. (B) Native-PAGE analysis of the homodimers and 

heterodimers revealed by Coomassie staining. (C) Autophosphorylation analysis by native-

PAGE followed by Western blotting using an anti-1-pHis antibody. Membranes were 

imaged using the Odyssey imaging system. (D) Autophosphorylation analysis by SDS-

PAGE followed by Western blotting using an anti-1-pHis antibody. Labels short/short, 

short/long, and long/long were used on the native-PAGE analyses to identify the 

homodimer or heterodimer. For SDS-PAGE, short and long were used to identify each 

subunit. 
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3.4.3 Phosphotransfer from CusScp~P to D51 of CusR 

The cognate pair of the histidine kinase CusS is the response regulator CusR. To 

investigate His-Asp phosphotransfer between CusS and CusR, a trans-phosphorylation 

assay was performed and analyzed using the anti-1-pHis antibody. First, CusScp was 

phosphorylated with ATP to generate phosphorylated CusScp (CusScp~P). The trans-

phosphorylation event was initiated by mixing equal molar amount of the CusScp-pHis and 

the cognate CusR. The trans-phosphorylation from CusScp~P to CusR was monitored by 

the loss of pHis signal on CusScp~P. 

As depicted in Figure 3.6A, when equal amounts of CusR are added to the CusScp~P 

sample, the yellow bands disappeared from CusScp indicating the loss of pHis signal. 

Phosphoryl transfer from CusScp~P to CusR occurred within 0.5 min. To ensure the loss of 

signal wasnôt due to the dilution of the CusScp~P sample, an equal volume of kinase buffer 

was added to the CusScp~P sample as a control. No change was seen in this sample (Figure 

3.6A, ñbufferò lane). To test the phosphorylation site of CusR, D51 of CusR was mutated 

to an alanine (CusR-D51A) and the trans-phosphorylation assay was performed by mixing 

CusScp~P with an equimolar amount of purified CusR-D51A. The pHis signal on CusScp~P 

persisted when mixed with CusR-D51A (Figure 3.6B), indicating that the phosphoryl 

group could not be transferred to CusR in this mutant. Therefore, D51 is likely the 

phosphorylation site in CusR. 

 



79 
 

 

Figure 3.6. In vitro trans-phosphorylation of CusR by CusScp~P. The phosphorylated 

CusScp (CusScp~P) was prepared by incubation with 1 mM ATP in kinase buffer at 37°C 

for 30 min. Trans-phosphorylation to CusR wild-type (A) and CusR-D51A mutant (B) 

were performed by mixing equimolar amounts of CusScp~P and CusR wild-type or mutant. 

Samples were collected at the indicated times and stopped by adding 2X SDS sample buffer.  

Proteins were separated by SDS-PAGE, followed by Western blot analysis using anti-1-

pHis and anti-His tag antibodies simultaneously. Membranes were scanned using both 

channels on the Odyssey imaging system 
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3.4.4 H271 on CusS and D51 on CusR are the phosphorylation sites involved in 

phosphotransfer signaling and are essential for cell survival in the presence of 

copper in vivo 

The conserved residues CusS-H271 and CusR-D51 are the putative 

phosphorylation sites involved in the His-Asp phosphotransfer pathway to activate 

downstream response. The importance of the cusS gene in copper resistance has been 

previously shown, where the deletion of chromosomal cusS led to a decrease in copper 

tolerance and increase of minimum inhibitory concentration (MIC) value to silver.91 To 

investigate the role of the phosphoacceptor sites in metal resistance by CusS and CusR in 

vivo, E. coli cells expressing full-length CusS wild-type, CusS-H271A, CusR wild-type, 

and CusR-D51A were evaluated for survival on CuSO4-containing media (Figure 3.7 and 

3.8). The background strain (WT) has a chromosomal deletion of cueO (ȹcueO), a 

multicopper oxidase that converts Cu(I) to Cu(II).101 Thus with this ȹcueO background, 

we are able to observe growth phenotype even under aerobic environment.102 To 

characterize CusS and CusR variants, the ȹcusS strain contains deletion of both cueO and 

cusS genes and the ȹcusR strain contains deletion of both cueO and cusR genes (Table 3.2). 

The WT strain was transformed with either pET21b(+) or pET22b(+) empty vector, the 

ȹcusS strain was transformed with cusS wild-type (pcusS) and cusS-H271A mutant (pcusS-

H271A), and the ȹcusR strain was transformed with cusR wild-type (pcusR) and cusR-

D51A mutant (pcusR-D51A) (Table 3.2). 

As shown in Figure 3.7A, the WT strain shows a phenotype at 2.75 mM CuSO4, 

whereas ȹcusS strain shows a phenotype at 1.25 mM CuSO4 and has no growth after 2 mM 

CuSO4. When wild-type CusS is provided on a plasmid in the ȹcusS strain (ȹcusS/pcusS), 
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the growth defect is rescued. Although full complementation is not observed, the % cell 

survival is significantly higher than the ȹcusS strain with growth observed up to 2.5 mM 

CuSO4. This is consistent with previous findings.45 When the putative catalytic His residue 

was mutated to Ala (pcusS-H271A), the cell growth is disrupted at 1.25 mM CuSO4 and no 

growth is observed after 1.75 mM CuSO4, which is  lower % cell survival than ȹcusS. To 

ensure that the full-length CusS wild-type and CusS-H271A mutant proteins were 

expressed at the similar levels from the pET21b(+) plasmids, Western blot analysis was 

performed by detecting the expressed proteins with an anti-6xHis tag antibody. Figure 3.7B 

shows that both CusS wild-type and CusS-H271A mutants are expressed at similar levels. 

No His-tagged CusS was detected from the WT strain or ȹcusS with the pET21b empty 

vector (Figure 3.7B). 

The effects of CusR variants on cellsô ability to survive copper challenges was also 

tested (Figure 3.8A). The WT strain experiences susceptibility at 2.75 mM CuSO4, while 

the ȹcusR strain experiences a phenotype at 1.25 mM CuSO4 and shows no growth after 2 

mM CuSO4. This is consistent with the growth effects of the ȹcusS strain (Figure 3.7A). 

When ȹcusR was complemented with wild-type CusR from a plasmid (ȹcusR/pcusR), an 

almost full complementation is observed. When the phosphoacceptor Asp was mutated to 

an Ala (ȹcusR/pcusR-D51A), the % cell survival is considerably decreased and is not 

significantly different than the ȹcusR strain. Western blot analysis shows that the 

expression levels of wild-type CusR and CusR-D51A are similar, and no expression of 

His-tagged CusR was detected from the WT and ȹcusR with pET22b(+) empty vector 

(Figure 3.8B).  
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Figure 3.7. Cell survival of BW25113ȹcueOȹcusS with pET21b-cusS-WT/H271A grown 

in various amounts of CuSO4 and relative expression levels of CusS-WT/H271A from 

pET21b(+) plasmids. (A) Cells were grown at 37°C on LB agar plates containing 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 
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10-6 and 10-7 dilutions. Error bars indicate standard deviations of triplicate experiments. (B) 

Cells were grown at 37°C for 2 hr, then cells were induced with 1 mM IPTG and 0.5 mM 

CuSO4, and continued shaking at 37°C for 6 hr. Cells were normalized to the same OD600 

before collecting the pellets. Anti-6xHis tag antibody was used to probe the expressed wild-

type CusS and CusS-H271A mutant. WT and ȹcusS were transformed with empty plasmid 

pET21b(+) as controls. 
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Figure 3.8. Cell survival of BW25113ȹcueOȹcusR with pET22b-cusR-WT/D51A grown 

in various amounts of CuSO4 and relative expression levels of CusR-WT/D51A from 

pET22b(+) plasmids. (A) Cells were grown at 37°C on LB agar plates containing 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 
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10-6 and 10-7 dilutions. Error bars indicate standard deviations of triplicate experiments. (B) 

Cells were grown at 37°C for 2 hr, then cells were induced with 1 mM IPTG and 0.5 mM 

CuSO4, and continued shaking at 37°C for 6 hr. Cells were normalized to the same OD600 

before collecting the pellets. Anti-6xHis tag antibody was used to probe the expressed wild-

type CusR and CusR-D51A mutant. WT and ȹcusR were transformed with empty plasmid 

pET22b(+) as controls. 
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3.5 Discussion 

Two-component systems are the prevalent signal transduction pathway employed by 

prokaryotes to detect and respond to environmental stimuli. Upon sensing the stimulus, 

autophosphorylation of the HK is initiated, followed by phosphotransfer to an Asp on its 

cognate RR. However, the molecular basis of this His-Asp phosphotransfer event remains 

poorly understood. Furthermore, the mechanism of phosphorylation of only a handful of 

bacterial HKs has been characterized. This is due to the intrinsic instability of pHis and 

thus the technical challenges associated with its analysis. The histidine kinase CusS from 

E. coli is a component of the TCS involved in sensing and responding to elevated Cu(I) 

and Ag(I) concentrations.  CusS is a membrane-associated protein with a periplasmic 

sensor domain connected to the cytoplasmic domain through two transmembrane helices. 

Here we investigated autophosphorylation in vitro of the cytoplasmic domain of CusS and 

phosphotransfer in vitro to CusR by Western blotting using novel and robust monoclonal 

anti-pHis antibodies.  

Protein phosphorylation is common among all clades of life, including animals, 

plants, fungi, bacteria, and archaea. This post-translational modification can occur on nine 

different amino acids, such as on His and Asp residues. His can be phosphorylated on either 

N1 or N3 position on the imidazole ring to generate 1-pHis or 3-pHis respectively. The 3-

pHis isomer is more favorable than 1-pHis because it is thermodynamically more stable.3 

In spite of this, 1-pHis have been observed in mammalian NME family members (aka 

Nm23 or nucleoside diphosphate kinase, NDPK) and E. coli, Dictyostelium discoideum, 

and Drosophila NDPK.119, 120 In bacterial TCS, several HKs are phosphorylated at the N3 

position of the conserved His residues, including Salmonella typhimurium CheA and 
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Thermotoga maritima HK853.13, 14 In our study, dot blot analysis using monoclonal anti-

1-pHis and anti-3-pHis antibodies was performed on CusScp.  These experiments show that 

the His is phosphorylated at its N1 position (Figure 3.1). This finding overturns the 

previous assumption that all bacterial HKs will autophosphorylate at the N3 position of the 

histidine imidazole. Our work shows that there is variation among bacterial HKs, and 

different HKs will phosphorylate at either the N3 or N1 positions. The maximum level of 

autophosphorylation of CusScp was reached within 30 min to 1 hr (Figure 3.2A), which is 

similar to previous findings of autophosphorylation rates.20 Moreover, we have confirmed 

that the highly conserved H271 on CusS is the phosphorylation site. Mutation of H271 to 

Ala prevents autophosphorylation of CusScp (Figure 3.2B). Our studies have shown that 

the novel monoclonal anti-pHis antibodies could be a robust and effective new method to 

study phosphohistidine. 

In bacterial TCSs, classical phosphotransfer is the predominant pathway, in which a 

HK transfers a phosphoryl group from a conserved His to a conserved Asp in the RR.12 

The cognate RR pair of the HK CusS is CusR. Here, we have shown that trans-

phosphorylation occurs from CusScp~P to CusR, and it occurs rapidly with the maximum 

level of trans-phosphorylation observed within 0.5 min (Figure 3.6A). When the conserved 

D51 was mutated to Ala, the phosphoryl group from CusScp was not transferred (Figure 

3.6B), indicating that D51 is needed for phosphotransfer. Rates of autophosphorylation and 

trans-phosphorylation were found to be different between different HK-RR pairs, which 

could be an intrinsic property for each different pair responding to different stimuli.20 

Based on the rates and levels of phosphorylation of CusScp and phosphotransfer to CusR, 

the CusS-CusR TCS is able to respond quickly to changes in the accumulation of Cu(I) or 
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Ag(I) in the periplasm of bacterial cells. Since both Cu(I) and Ag(I) can be highly toxic at 

very low concentrations (at µM and nM respectively), fast histidyl-aspartyl 

phosphotransfer will help to maintain metal homeostasis in cells. 

Upon Cu(I) and/or Ag(I) stress in the periplasm, the sensor domain of CusS senses 

the stimuli and activates the kinase activity in the kinase core in the cytoplasm. CusS 

undergoes autophosphorylation on its conserved H271, then CusR catalyzes the 

phosphotransfer from the H271 on CusS to D51 on its regulatory domain. The 

phosphorylated CusR is then activated and initiates the upregulation of cusCFBA genes to 

turn on the CusCBA Cu(I)/Ag(I) efflux pump. If the CusS-H271 and CusR-D51 are the 

main phosphoacceptor sites of the TCS, when the H271 or D51 is disrupted, the 

phosphotransfer between CusS and CusR wonôt occur and it is expected that copper 

tolerance in E. coli will decrease. Our results (Figures 3.7 and 3.8) suggest that the 

phosphotransfer event between CusS and CusR is necessary for the copper resistance 

response in E. coli. The ȹcusS/pcusS-H271A and ȹcusR/pcusR-D51A mutations cause 

significant decreases in copper tolerance. The expression of CusS from a plasmid does not 

provide full complementation to the phenotype of ȹcusS (Figure 3.7A). As previously 

described, this may be caused by the stress of expressing high levels of a large membrane 

protein (54 kDa), and whether the expressed full-length CusS is functional is not known.45 

C, the expression of CusR gives full complementation to the phenotype of ȹcusR (Figure 

3.8A), as CusR is a smaller (25 kDa), soluble cytoplasmic protein. RRs generally exist in 

greater abundance than the cognate HKs.37 One example is for the TCS PhoQ-PhoP, where 

the number of RR PhoP is approximately 2.7 µM and its cognate HK PhoQ is 

approximately 0.5 µM under non-inducing conditions.121 
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In a prototypical HK, the sensor domain is connected to the cytoplasmic domain 

through a transmembrane helix. The cytoplasmic domain consists of HAMP, DHp, and CA 

domains. Given the high homology among the kinase cores of TCS proteins, a similar 

autophosphorylation mechanism was anticipated for CusS and other HKs. Early studies of 

the HK EnvZ from E. coli demonstrated that it autophosphorylates in trans, in which the 

CA domain of one subunit phosphorylates the conserved His on the DHp domain from the 

other subunit.122 Trans autophosphorylation was also found in E. coli NtrB, CheA, AtoS; 

Agrobacterium tumefaciens VirA; and Staphylococcus aureus AgrC, and thus all HKs were 

assumed to autophosphorylate in trans.123-127 Therefore, all HKs were assumed to 

universally autophosphorylate in trans mechanism. However, it was later shown that 

bacterial HKs can also autophosphorylate in cis mechanism, in which the CA domain of 

one subunit phosphorylates the conserved His on the DHp domain of the same subunit. In 

2009 cis phosphorylation was reported in Thermotoga maritima HK853 and 

Staphylococcus aureus PhoR, and later E. coli ArcB was also found to utilize a cis 

mechanism in 2010.14, 128 Here, we have demonstrated that CusScp undergoes 

autophosphorylation in cis (Figure 3.5). This further confirms that though there is high 

homology among HKs, differing autophosphorylation mechanisms are observed. The DHp 

domain is made up of two anti-parallel Ŭ-helices, Ŭ1 and Ŭ2, connected by a hairpin loop, 

named the DHp loop. In the HK homodimers, this DHp domain forms a four-helix bundle. 

Previously, it has been reported that the handedness of the DHp loop is a functionally 

relevant determinant of the cis or trans autophosphorylation mechanism.74 The handedness 

is defined by whether the Ŭ2 is located on the right relative to Ŭ1 (right-handed) or left to 

the Ŭ1 (left-handed) when looking down the axis of the four-helix bundle from the N-
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terminus, as depicted in Figure 3.9A and B. It was reported that when the DHp loop is 

right-handed it autophosphorylates in trans (Figure 3.9A), and when it is left-handed it 

autophosphorylates in cis (Figure 3.9B). Depending on the DHp loop handedness, the CA 

domain is either closer to the His on the same subunit or to the His on the other subunit. 

When the DHp domains of EnvZ (PDB entry 1JOY) and HK853 (PDB entry 2C2A) were 

aligned, it shows that they both adopt four-helix bundle, but the DHp loops have different 

handedness.67, 70 The DHp loop in HK853 is left-handed, where Ŭ2 is positioned to the left 

of Ŭ1, and experiments have shown that it autophosphorylates in cis.14, 70 This has been 

confirmed by DHp loop swapping experiments where chimeras were constructed by 

replacing the DHp loop from EnvZ (trans) with the DHp loop from PhoR (cis). 

Autophosphorylation assays showed that the EnvZ-PhoR chimera autophosphorylated in 

cis.74 In addition, chimeras where the DHp loops of EnvZ (trans) and HK853 (cis) were 

interchanged were also done and studied, which they also showed that DHp loop domain 

is sufficient to change autophosphorylation mechanism.73 Furthermore, DHp loop 

handedness could be influenced by the loop length, shorter DHp loop autophosphorylating 

in trans and longer DHp loop autophosphorylating in cis.74 As shown in Figure 3.9C, EnvZ 

(trans) has a shorter DHp loop compared to CusS, HK853 or PhoR (cis). It should also be 

noted that the DHp loop is diverse relative to the conservation in the DHp Ŭ1 and Ŭ2 helices. 

Based on this sequence alignment, and our observation of cis phosphorylation of CusS, we 

predict that the DHp loop of E. coli CusS is left-handed and that the DHp Ŭ2 should be 

positioned to the left of Ŭ1 (Figure 3.9B). Crystal structure of the cytoplasmic domain of 

CusS would be essential to further confirm this hypothesis for the future. 
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The cytoplasmic region of CusS is expected to be a homodimer in which the HAMP 

and DHp domains form a four-helix bundle upstream of the CA domain. Signal 

transduction in prototypical HKs starts with detection of a stimulus by the sensor domain, 

which then triggers conformational changes in the downstream domains that control the 

kinase and/or phosphatase activities mediated by the catalytic domain. However, how 

ligand binding in the sensor domain leads to the conformational changes and activation of 

the cytoplasmic domain is still unknown. When comparing the free HK853 and HK853-

RR468 complex structures, rotational and bending movements in the DHp and CA domains 

have been observed, adjusting the DHp dimer packing and placing the CA closer to the 

phosphoacceptor His that favors autophosphorylation.14, 70 Since both HK853 and CusScp 

autophosphorylate in cis, we hypothesize that perhaps similar movements as seen in 

HK853 would be observed in CusScp. Despite the lack of CusScp structures, we believe that 

our findings have provided opportunities to further understand the mechanism of kinase 

activity in CusS. Furthermore, structural and computational studies have shown that the 

bottom of the DHp Ŭ1 mediate the specificity of HK-RR interaction (Figure 3.9C).37, 68 

Mutational studies have been done in HK853 by generating mutants HK583-T267D and 

HK853-Y272D. These mutations disrupted the formation of HK853-RR468 complex and 

prevented trans-phosphorylation to RR468 from HK853~P.14 In order to advance in this 

area, mutational studies and atomic resolution structures of CusS and CusR are needed.  
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Figure 3.9. Histidine kinases autophosphorylate in trans or in cis, which can be influenced 

by the DHp loop length. (A-B) A schematic showing how the DHp loop handedness is 

predicted to determine autophosphorylation. Illustration (right) showing the locations of 

the helices when looking down the DHp four-helix bundle (left) is depicted. The Ŭ1 and Ŭ2 

helices are labeled, and the helices from the opposite subunit is labeled with Ŭ1ô and Ŭ2ô. 

The DHp loop connecting the two Ŭ-helices is shown by an arrow. (A) When Ŭ2 is located 

to the right of Ŭ1, it has right-handedness driving the CA domain closer to the Hisô on the 

other subunit and the HK autophosphorylates in trans. (B) When Ŭ2 is located to the left 

of Ŭ1, it has left-handedness driving the CA domain closer to the His on the same subunit 

and the HK autophosphorylates in cis. (C) Sequence alignment of the DHp domains of E. 

coli CusS, T. maritima HK853, S. aureus PhoR, and E. coli EnvZ. The conserved His 

residues is highlighted in red. The Ŭ-helices are shown by blue cylinders above the 

alignments, the DHp loop is shown by a downward-facing red bracket, and the region 

involved in RR binding is shown by a downward-facing green bracket. This secondary 
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structure is labeled based on the crystal structure of HK853 (PDB entry 3DGE). The known 

Ŭ1 and Ŭ2 secondary structures of the HK853 and EnvZ based on solved structures are 

shaded gray. The residues on HK853 (T267 and Y272) highlighted in red boxes are the 

residues involved in the interactions with its cognate RR468.14
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CHAPTER 4: METAL -INDUCED DIMERIZATION OF THE SENSOR DOMAIN 

OF HISTI DINE KINASE CUSS INCREASES ITS KINASE ACTIVITY  

4.1 Abstract 

Sensor histidine kinases of two-component systems are essential for bacteria to sense, 

respond, and adapt to changing environments, such as elevation of Cu(I)/Ag(I) metal ions 

in the intracellular space. In Escherichia coli, the CusS-CusR two-component system is 

responsible for the upregulation of cusCFBA genes under increased Cu(I)/Ag(I) 

concentrations to help maintain metal homeostasis in cells. CusS is a homodimeric integral 

membrane protein that binds to elevated Cu(I)/Ag(I) in the periplasm and transduces a 

signal to its cytoplasmic kinase domain through the transmembrane helices and HAMP 

linker domain. However, the mechanism of how metal sensing in the periplasmic sensor 

domain of CusS communicates to the cytoplasmic domain to activate autophosphorylation 

is unknown. Here, we report that Ag(I) enhances the dimerization of the sensor domain of 

CusS through only the interface binding site and not the internal binding site. We utilized 

nanodisc technology to study full-length CusS wild-type and mutants and we show that 

CusS embedded in a nanodisc is stable and active. From the phosphorylation studies of 

full -length CusS wild-type and mutants, we show that metal-induced dimerization in the 

sensor domain triggers kinase activity in the cytoplasmic domain. From these findings, we 

propose a signal transduction model of CusS. 
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4.2 Introduction  

Bacteria live in a variety of environments and therefore have developed mechanisms 

to respond to changing environments. The predominant signal transduction mechanism in 

bacteria is through two-component regulatory systems (TCS).12, 28 The classical TCS is 

made up of two components, a histidine kinase (HK) and a response regulator (RR). A 

prototypical HK is an integral membrane protein, in which the periplasmic sensor domain 

is connected to the cytoplasmic kinase domain through two transmembrane helices. Upon 

stimuli sensing in the sensor domain of the HK, a signal is transduced to the cytoplasmic 

domain which then triggers the autophosphorylation on a conserved His residue. Most HKs 

exist and function as homodimers and signal transduction occurs through the dimeric 

interface. Therefore, it was assumed that the sensor domain of HKs would form dimers in 

solution when expressed and purified as truncated proteins.40 However, it has been reported 

that HKs such as DcuS, DctB, CitA, and NarX are monomeric during purification.42, 43, 46 

How the oligomeric state contributes to the signal transduction in HK is unclear. 

While copper is an essential element for most organisms, only a small amount of 

intracellular copper is needed and excess amounts can be toxic even at low levels due to 

its redox properties.85, 99, 129 Silver is not required for any biological process, but it shares 

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

concentrations.103 Therefore, organisms have developed mechanisms to maintain metal 

homeostasis in the intracellular environment through acquisition, sequestration, and efflux 

of metal ions. E. coli survives copper stress by pumping out excess metals through the 

CusCFBA efflux pump, in which the CusS-CusR TCS regulates the expression of 

cusCFBA genes. CusS is a copper-sensing histidine kinase with a periplasmic sensor 
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domain, two transmembrane Ŭ-helices, a cytoplasmic HAMP domain, and a cytoplasmic 

kinase core. It was previously shown that the cusS gene has an important role in silver 

resistance and regulation of copper homeostasis, and that the sensor domain of CusS 

[CusS(39-187)] interacts directly with Ag(I) and undergoes a conformational change and 

dimerizes upon metal binding.91, 116 The crystal structure of the silver-bound periplasmic 

sensor domain of E. coli CusS [Ag(I) -CusS(39-187)] reveals a homodimer with four Ag(I) 

per dimer, two in the interface binding sites and the other two Ag(I) in the internal binding 

sites.45 Functional studies further showed that the interface binding sites are more important 

than the internal binding sites for metal resistance in E. coli.45 Although the crystal 

structure has given great insight on the molecular basis of metal binding on CusS(39-187), 

the relevance of the metal binding residues and metal binding sites in metal-induced 

dimerization and signal transduction to the kinase core in E. coli remains unclear. The 

hypothesis is that metal-induced dimerization of the periplasmic sensor domain of CusS is 

the trigger for signal transduction to the kinase core and thus activates cusCFBA genes for 

metal resistance.  

There is little understanding of the complete signaling transduction mechanism of 

HKs due to the difficulties in studying membrane proteins and their insolubility in aqueous 

systems. Here, we describe the solubilization and purification of CusS and the self-

assembly of CusS in a nanodisc, which we used to study the auto-kinase properties in more 

detail. Unlike liposomes, nanodiscs provide a soluble and native-like phospholipid bilayer 

environment that provides stability and accessibility of the target membrane protein.130 It 

also allows better control of the oligomeric state of the target membrane protein.131, 132 A 

nanodisc is composed of two amphipathic membrane scaffold protein (MSP) molecules 
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that encircle a plug of lipid bilayer like a belt, shielding the hydrophobic lipid acyl chain 

and making the nanodisc particles monodisperse and homogeneous.130, 131 The self-

assembly of nanodisc-containing target membrane protein is initiated as detergent is slowly 

removed from the mixture. The target membrane protein, such as CusS, is then embedded 

in the nanodisc (ND-CusS) as illustrated in Figure 4.1.  

Here, we have further investigated the metal binding properties of each CusS metal 

binding site using isothermal titration calorimetry (ITC). The interface and internal binding 

sites seem to have similar affinity to Ag(I). In vitro crosslinking and sedimentation velocity 

analytical ultracentrifugation (SV-AUC) experiments show that the interface binding site 

is responsible for metal-induced dimerization of CusS(39-187) while the internal binding site 

is not. We have also successfully self-assembled full-length CusS into nanodiscs and 

shown that it is stable and active. To investigate the role of each metal binding site in kinase 

activation, the nanodiscs containing CusS variants were also tested for their 

autophosphorylation activities. We have shown that only the interface metal binding site is 

essential for triggering autophosphorylation. These findings have provided us opportunity 

to further understand and to propose a model for signal transduction of CusS. 
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Figure 4.1. Schematic representation of histidine kinase CusS incorporated into a nanodisc. 

The two membrane scaffold proteins [MSP1D1(ī)] are shown in blue and the E. coli lipid 

bilayer is shown in gray. Nanodisc is made up by two molecules of amphipathic 

MSP1D1(ī) molecules surrounding the phospholipid bilayer, forming a belt that shields 

the hydrophobic lipid acyl chains. The histidine kinase CusS is shown as a homodimer 

embedded in the nanodisc.  
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4.3 Materials and methods 

4.3.1 Strains and plasmids constructions 

The N-terminal Strep tagged CusS(39-187) wild-type and mutant plasmids used for 

expression and purification are shown in Table 4.1. The pTXB3/CusS(39-187) plasmid with 

N-terminal Strep tag and mutation S192A was constructed using the pcusS(39-187) plasmid 

as the starting material. The Ser residue adjacent to the intein cleavage site was mutated to 

Ala (S192A) to increase cleavage efficiency (New England Biolabs manual E6901) using 

the QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). Thus, 

after cleavage of the intein tag, there is a C-terminal EGSA sequence artifact. Strep-tag II 

was added to the N-terminus of CusS(39-187) by mutagenesis following the protocol of Liu 

& Naismith.133 Mutations of the relevant metal binding residues were introduced into 

pStrep-cusS(39-187)-WT using the QuikChange II XL Site-Directed Mutagenesis Kit. 

Mutations H42A/F43I/H175A were made to eliminate the interface binding sites creating 

pStrep-cusS(39-187)-AIA. Mutations M133I/M135I/H145A were made to eliminate the 

internal binding sites creating pStrep-cusS(39-187)-IIA. The correct mutations were verified 

by DNA sequence analysis. Primers used for mutagenesis are listed in Table 4.2. The final 

purified proteins are CusS(39-187) containing N-terminal Strep tag, C-terminal EGSA 

residues after intein cleavage, and the desired mutations introduced. 

Plasmids used for the expression and purification of full-length CusS wild-type and 

mutants are listed in Table 4.1. Plasmids pcusS-WT, pcusS-AIA, and pcusS-IIA were 

previously made and described. Plasmid pcusS-H271A containing a mutation disrupting 

the catalytic H271 residue was made using the QuikChange II XL Site-Directed  
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 Table 4.1. Plasmids used for protein expression and purification 

 

 

 

 

 

 

 

 

 

 

 

 

Plasmid Genotype Source/Reference 

pTXB3 pBR322 derivative, ampR NEB 

pcusS(39-187) pTXB3/cusS(39-187) Previous work116 

pStrep-cusS(39-187)-

WT 

pTXB3/cusS(39-187) with N-terminal Strep 

tag and S192A 
This work 

pStrep-cusS(39-187)-

AIA 

pStrep-cusS(39-187)-WT + 

H42A/F43I/H176A 
This work 

pStrep-cusS(39-187)-

IIA 

pStrep-cusS(39-187)-WT + 

M133I/M135I/H145A 
This work 

   

pET21b(+) pBR322 ori, lac coding sequence, ampR Novagen 

pcusS-WT 
pET21b(+)/cusS with C-terminal 6xHis 

tag 
Previous work45 

pcusS-H271A pET21b(+)/cusS-H271A This work 

pcusS-AIA pET21b(+)/cusS-H42A/F43I/H176A Previous work45 

pcusS-IIA pET21b(+)/cusS-M133I/M135I/H145A Previous work45 
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Table 4.2. Primer list used for mutagenesis in this study. Codons representing the residues 

mutated and Strep-tag II inserted are bolded and the nucleotides mutated are underlined. 

Mutation Forward primer Reverse primer 

H42A/F43I CCATGGTAAAAGTGGCT

ATTGCCGAGCAGGATAT

TAATG 

CATTAATATCCTGCTCG

GCAATAGCCACTTTTAC

CATGG 

H176A GCGCTTTCGATCGATTTT

GCTCTTCATTACATAAAT

G 

CATTTATGTAATGAAGA

GCAAAATCGATCGAAA

GCGC 

M133I/M135I CCGGCCCGACGATTATG

ATTCCAGGCCACGGTCA

CGG 

CCGTGACCGTGGCCTGG

AATCATAATCGTCGGGC

CGG 

H145A CACGGGCATATGGAAGC

TAGCAACTGGCGGATG 

CATCCGCCAGTTGCTAG

CTTCCATATGCCCGTG 

S192A GAATAAA CTCGAGGGCT

CTGCCTGCATCACGGGA

GATGC 

GCATCTCCCGTGATGCA

GGCAGAGCCCTCGAGTT

TATTC 

N-terminal Strep-tag II 

on pTXB3-cusS(39-187)-

WT and ïIIA 

constructs 

AAGAAGGAGATATAACC

ATGTGGAGCCACCCGC

AGTTCGAAAAA GTAAAA

GTGCATTTTGCCGAG 

 

CATGGTTATATCTCCTTCT

TAAAGTTAAACAAAATT

ATTTCTAGAGG 

N-terminal Strep-tag II 

on pTXB3-cusS(39-187)-

AIA construct 

AAGAAGGAGATATAACC

ATGTGGAGCCACCCGC

AGTTCGAAAAA GTAAAA

GTGGCTATTGCCGAG 

CATGGTTATATCTCCTTCT

TAAAGTTAAACAAAATT

ATTTCTAGAGG 
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Mutagenesis Kit. The correct mutation was verified by DNA sequence analysis. The final 

purified full-length CusS protein contains C-terminal 6xHis tag. 

4.3.2 Protein purification of N -terminal Strep-tagged CusS(39-187) wild-type and 

mutants 

Purification of Strep-CusS(39-187)-WT and mutants Strep-CusS(39-187)-AIA and 

Strep-CusS(39-187)-IIA were prepared as previously described with some changes.116 

Following the overnight on-column cleavage, the eluted fractions were loading onto a 

Strep-Tactin resin affinity column (IBA, Germany), washed with Buffer W (100 mM Tris 

pH 8.0, 150 mM NaCl), and protein was eluted with Buffer E (Buffer W + 2.5 mM 

desthiobiotin) in 4 mL fractions. Purity of protein fractions was detected by SDS-PAGE. 

Fractions that were not 100% pure were further purified using a HiPrep Sephacryl S-100 

26/60 column previously equilibrated with Buffer W. Pure Strep-CusS(39-187) wild-type or 

mutants were then pooled and concentrated to 0.5-1 mg/mL. Then, the proteins were 

dialyzed against 25 mM MES pH 6.0 for isothermal titration calorimetry (ITC) experiments 

and 50 mM HEPES pH 7.5 for graphite furnace atomic absorption spectrometer (GFAAS) 

experiment to determine Ag and Cu contents, in vitro crosslinking and analytical 

ultracentrifugation (AUC). Protein concentrations were determined using Bradford assay. 

To obtain Ag(I)-loaded Strep-CusS(39-187) wild-type and mutants for GFAAS, 

crosslinking, and AUC, dialysis was performed at 4ęC in 50 mM HEPES pH 7.5 containing 

a 5-fold molar excess of AgNO3 three times. After equilibration, excess and unbound 

metals were removed by dialysis against 50 mM HEPES pH 7.5 buffer at 4ęC three times. 

Dialysis was performed using Slide-A-Lyzer dialysis cassettes (Thermo Scientific). After 

dialysis, the protein concentrations were determined using Bradford assay. 
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4.3.3 Determination of Ag and Cu contents of CusS(39-187) proteins by GFAAS. 

To prepare protein samples for graphite furnace atomic absorption spectrometer 

(GFAAS), 10 µL of concentrated apo- and Ag-bound Strep-CusS(39-187) wild-type and 

mutants were diluted in 40% HNO3 (trace metal grade) and were mineralized at 80°C for 

1 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 1 to 

20 ppb Ag and 0 to 40 ppb Cu, with final R2 Ó 0.99. The protein and metal concentrations 

were determined as an average of three replicates. 

4.3.4 Isothermal titra tion calorimetry  

ITC measurements were performed on a MicroCal VP-ITC microcalorimeter 

(Northampton, MA). The titrant solutions (1 mM AgNO3) were prepared by mixing 

appropriate amounts of 100 mM AgNO3 stock solutions with buffer (25 mM MES pH 6.0) 

retained from the final dialysis of the protein samples. The Strep-CusS(39-187)-WT and 

Strep-CusS(39-187)-AIA  protein samples were prepared at 10 µM with buffer retained from 

the final dialysis of the protein samples (20 µM for Strep-CusS(39-187)-IIA ). Both the protein 

sample and titrant solutions were degassed in a MicroCal ThermoVac (Northampton, MA) 

before loading into the cell and syringe respectively. For a typical titration, 1.6 mL of 

degassed protein was injected with 5 µL of 1 mM AgNO3 over 10 sec every 5 min for a 

total of 50 injections at 22°C, following an initial injection of 2 µL. The reaction cell was 

stirred at 300 rpm to ensure good mixing. Control titrations, where identical titrant was 

used to titrate the matching buffer solution of the protein, were subtracted from the 

experimental titration. However, this control titrations of Ag into buffer cannot account for 
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the nonspecific binding of the Ag(I) and proteins. The combined heat of dilution and 

nonspecific effects were accounted for by averaging the last four points of the titration and 

subtracting the value from all data points.112, 134, 135 This subtraction was performed because 

the heats observed for Ag(I) titrated into buffer were significantly lower than those 

observed in the final points of corresponding experimental titrations, which is likely due to 

nonspecific interactions of the metal and protein. The first point was removed before fitting 

and analysis to account for anomalies due to diffusion from the syringe during equilibration. 

The titration curves were fitted using a single set of equivalent sites model in the Origin 

analysis software (version 5.0, MicroCal, Inc). The binding stoichiometry, constants, and 

reaction enthalpy were then estimated. Titration of each protein construct was repeated 

three times to ascertain reproducibility, and the binding constants and stoichiometry were 

averaged. 

4.3.5 In vitro  chemical crosslinking with BS3 

The amine reactive crosslinking reagent BS3 (bis[sulfosuccinimidyl] suberate) was 

purchased from Thermo Scientific Pierce (Rockford, IL). A 25 mM stock of the crosslinker 

BS3 was prepared in water. The crosslinking reactions were carried out in 50 mM HEPES 

buffer pH 7.5 with a final reaction volume of 45 µL. A 50-fold molar excess of crosslinker 

BS3 (0.5 mM) was added to 10 µM apo or Ag(I) bound CusS(39-187) wild-type and mutants. 

The reactions were incubated on ice for 2 hr and the reactions were quenched by adding 1 

M ammonium bicarbonate to final concentration of 20 mM.  The same amount of each 

protein was loaded onto SDS gels. The crosslinked products were separated by SDS-PAGE 

and visualized by silver staining and Western blot using anti-Strep tag antibody, and the 

bands were quantified using ImageJ. 
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4.3.6 Sedimentation velocity analytical ultracentrifugation  

A Beckman XL-I equipped with integrated absorbance and interference optics was 

used for the sedimentation velocity analytical ultracentrifugation (SV-AUC) experiment. 

All apo and Ag(I)-bound Strep-CusS(39-187) wild-type and mutants were prepared at 

concentration of 0.3 mg/mL and centrifuged at 40,000 rpm at 4°C. The absorbance and 

interference data were analyzed using the Sedfit program using a continuous c(s) 

distribution model. Sedimentation coefficients (s20,w) were determined using the Svedberg 

program and using extrapolation to infinite dilution, the coefficients were converted to 

standard conditions.  

4.3.7 Expression and purification of membrane scaffold protein MSP1D1 

pMSP1D1 plasmid was purchased from Addgene (plasmid # 20061) and used for 

bacterial expression of the membrane scaffold protein for nanodisc formation.131 This 

construct contains MSP1D1 protein in pET28a vector with an N-terminal 7xHis tag 

followed by TEV cleavage site. MSP1D1 has a deletion of the first 11 amino acids, which 

are not required for nanodisc formation. For expression of MSP1D1, E. coli BL21(DE3) 

cells were transformed with pMSP1D1 and grown in LB containing 34 µg/mL kanamycin 

at 37ęC until OD600 of 0.8-1.0, then 1 mM IPTG was added and the culture was continued 

to grow for another 5 hr prior to harvest. 

To purify MSP1D1, cells were resuspended in binding buffer (50 mM Tris pH 8.0, 

500 mM NaCl, 20 mM imidazole) containing 1 mM phenylmethylsulfonyl fluoride 

(PMSF), 4 µg/mL of aprotinin, leupeptin, pepstatin (protease inhibitors), and 1% Triton X-

100 at 4ęC for 1 hr. The cells were then lysed using a Branson sonifier at output 7 (ten 30-

sec rounds with 1 min pause in between). Deoxyribonuclease I (DNaseI) was added to a 
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final concentration of 10 µg/mL and the lysate was mixed for another 30 min prior to 

centrifugation to remove the cell debris. The supernatant was applied to a Ni2+ column 

equilibrated in binding buffer, washed with washing buffer (binding buffer containing 1% 

Triton X-100), and proteins were eluted with 400 mM imidazole in final buffer (20 mM 

Tris pH 8.0, 200 mM NaCl). The recovery of proteins was checked by SDS-PAGE and 

fractions containing MSP1D1 were pooled and concentration was determined 

spectrophotometrically using the extinction coefficient Ů = 21430 M-1 cm-1. 

The N-terminal 7xHis tag on MSP1D1 was removed by treatment with TEV 

protease. The 7xHis tag cleaved MSP1D1 is referred as MSP1D1(ī). TEV protease was 

added to MSP1D1 protein at 1 mg TEV/10 mg MSP1D1 in cleavage buffer (50 mM Tris 

pH 8.0, 0.5 mM EDTA, 1 mM DTT). The mixture was incubated at room temperature 

overnight (~20-24 hr). To remove the EDTA and DTT, the mixture was dialyzed against 

final buffer at 4ęC. The 6xHis-TEV protease, cleaved 7xHis tag, and uncleaved MSP1D1 

were removed by applying the mixture onto Ni2+ column. The MSP1D1(ī) should appear 

in the flow through and washes. The MSP1D1(ī) is ~2.7 kDa smaller than the intact 

MSP1D1 and could be distinguished by SDS-PAGE as MSP1D1(ī) migrates slightly faster. 

The recovery and purity of MSP1D1(ī) was checked by SDS-PAGE and the fractions 

containing pure MSP1D1(ī) were collected and concentrated. The protein concentration 

was measured using the Bradford assay. 

4.3.8 Preparation of detergent solubilized E. coli phospholipids 

E. coli lipids were prepared by placing 2 mL of 25 mg/mL E. coli polar lipids 

(Avanti Polar Lipids Inc.) in a glass vial, evaporating the solvent and drying the lipid in a 

vacuum desiccator overnight. The dried lipid was resuspended in 1.6 mL of 50 mM HEPES 
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pH 7.5, 200 mM NaCl buffer containing 48 mg/mL n-octyl-ɓ-glucopyranoside (OGP) and 

let solubilized at 4ęC for 1 hr or until the solution turned clear. The OGP-solubilized lipid 

was extruded through 0.2 µm polycarbonate filter 13 times using the mini-extruder (Avanti 

Polar Lipids Inc.). The filtered lipid was then aliquoted, frozen in liquid N2, and stored at 

-80ęC. The lipid concentration was determined using a phosphorus assay. 

4.3.9 Phosphorus assay 

Phosphorus assay was performed as described previously by Boldog et al. Briefly, 

in this assay, phosphorus-containing compounds (KH2PO4) are hydrolyzed by H2SO4 and 

the released phosphorus is then oxidized by H2O2 to inorganic orthophosphate (PO4
3-). 

When ammonium molybdate tetrahydrate [(NH4)2MoO4·H2O] is added, a 

heteropolyphosphomolybdate complex is formed, in which upon reduction with ascorbic 

acid it gives a distinct blue color that absorbs at 820 nm and can be quantified 

spectrophotometrically. A standard calibration curve was generated by plotting absorbance 

at 820 nm (y-axis) versus 0ī97.5 nmol of phosphorus standards (x-axis), with a final R2 of 

Ó 0.98 (Figure 4.2).  
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Figure 4.2. Linear calibration curve for phosphorus standards to determine lipid 

concentration. The calibration gives a linear relationship with R2 value of 0.9848. The 

absorbance value read at 820 nm is the basis for quantification. 

 

 

 

 

 

 

 

 

 

 

y = 0.0125x + 0.0545
R² = 0.9848

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 20 40 60 80 100 120

A
b

s
o

rb
a
n

c
e
 a

t 
8
2
0
n

m

[Phosphorus stds.] (nmol)



109 
 

4.3.10 Expression and purification of histidine kinase CusS wild-type and mutants 

The overexpression of full-length CusS proteins were performed in an auto-

inducing condition in the absence of IPTG as described by Studier with some changes as 

detailed below.136 E. coli BL21(DE3) cells were transformed with plasmids containing 

genes encoding for CusS, CusS-H271A, CusS-AIA, and CusS-IIA (Table 4.1). Overnight 

cultures of each strain were grown in LB media containing 100 Õg/mL ampicillin at 37ęC. 

Fresh LB media containing 100 µg/mL ampicillin and 1X 5052 mixture (0.5% glycerol, 

0.05% glucose, 0.2% lactose) was inoculated with the overnight culture and grown at 37ęC. 

Once the OD600 reached ~0.8, the temperature was lowered to room temperature (~22ęC) 

and culture was continued to grow overnight (20-24 hr). 

To solubilize the membrane protein CusS, cells were resuspended in 50 mM Tris 

pH 8 containing 1 mM phenylmethylsulfonyl fluoride (PMSF), 4 µg/mL of protease 

inhibitors, and lysozyme. Lysis was achieved by sonification at output 7 (ten 30-sec rounds 

with 1 min pause in between). DNaseI was then added to a final concentration of 10 µg/mL 

to remove any DNA, and lysate was mixed for another 30 min. The lysate was fractionated 

by ultracentrifugation at 125,000 x g for 1 hr into membrane fraction (pellet) and cytosolic 

fraction (supernatant). The pellet containing the membrane fraction was resuspended in 

binding buffer containing 1 mM MgCl2, and solubilized with 2% Empigen BB at 4ęC for 

1.5 hr. The mixture was ultracentrifuged at 125,000 x g for 1 hr and the supernatant 

containing the solubilized membrane protein CusS was collected. 

To purify CusS, the supernatant was applied onto a Ni2+ column, washed with 

HEPES binding buffer (50 mM HEPES pH 7.5, 200 mM NaCl, 20 mM imidazole) 

containing 0.05% n-dodecyl-ɓ-D-maltoside (DDM), and eluted with 400 mM imidazole in 
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HEPES final buffer (50 mM HEPES pH 7.5, 200 mM NaCl, 0.05% DDM). The recovery 

and purity of proteins were checked by SDS-PAGE and the fractions containing CusS were 

pooled and concentrated. The protein was then dialyzed against HEPES final buffer at 4ęC. 

The protein concentrations were determined spectrophotometrically using the extinction 

coefficient Ů = 24410 M-1 cm-1. Four CusS variants were purified: CusS-WT, CusS-H271A, 

CusS-AIA, and CusS-IIA.  

4.3.11 Reconstitution and purification of nanodiscs containing wild-type and mutant 

CusS membrane proteins 

The nanodisc system is a three-component system which consists of a membrane 

scaffold protein, lipids, and the membrane protein of interest. All the components are 

mixed together in appropriate molar ratios and kept solubilized in detergent. Upon removal 

of detergent, the self-assembly of the membrane protein embedded in the nanodiscs is 

initiated. Here, the three components used were MSP1D1(ī), OGP-solubilized E. coli 

lipids, and CusS proteins in DDM. DDM was kept at 0.9 mM above its CMC value (0.12 

mM in 0.2 M NaCl), to ensure the solubilization of phospholipids and membrane proteins. 

In accordance with previous established protocols, the MSP1D1(ī), E. coli lipids, DDM, 

and CusS were combined in a molar ratio of 1:65:6:0.1.130, 137 The final concentrations of 

the components in the mixture were 150 ÕM MSP1D1(ī), 9.75 mM E. coli lipids, 0.9 mM 

DDM, and 15 µM CusS. The mixture was incubated on ice for 1 hr. To promote the self-

assembly of nanodiscs containing CusS, the detergent was slowly removed by adding 200 

mg Biobeads SM2 (Bio-Rad) per 1 mL mixture and incubated with gentle shaking at 4ęC 

for 4 hr. The mixture was then transferred into fresh 200 mg/mL Biobeads SM2 and 

continued incubation at 4ęC overnight. The mixture was collected for further purification 
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to separate nanodiscs containing CusS (ND-CusS) from empty nanodiscs. The mixture was 

applied onto a Ni2+ column, washed with HEPES binding buffer, and eluted with 400 mM 

imidazole in HEPES binding buffer. The recovery and purity of ND-CusS was checked by 

SDS-PAGE, and fractions containing ND-CusS were pooled and concentrated to 0.3 

mg/mL (~3 µM CusS). Finally, ND-CusS was dialyzed against 50 mM HEPES pH 7.5 

buffer at 4ęC. The ND-CusS concentrations were determined by Bradford assays. There 

were a total of four ND-CusS proteins prepared: ND-CusS-WT, ND-CusS-H271A, ND-

CusS-AIA, and ND-CusS-IIA.  

4.3.12 Autophosphorylation assay of CusS variants in nanodiscs 

The purified ND-CusS wild-type and mutants were diluted to 0.2 mg/mL (~1.8 µM 

CusS) in HEPES kinase buffer [50 mM HEPES pH 7.5, 50 mM KNO3, 20 mM Mg(NO3)2]. 

Three reactions were prepared for each ND-CusS protein: apo-ND-CusS with the addition 

of ATP (apo, + ATP); silver bound ND-CusS with the addition of ATP (+ Ag, + ATP); and 

silver bound ND-CusS without ATP [+ Ag, (-)]. For reactions with silver, AgNO3 was 

added to a final concentration of 400 µM first then incubated at room temperature for 30 

min, prior to the addition of ATP. The autophosphorylation reactions were initiated by 

adding ATP at a final concentration of 2 mM and incubated at room temperature for 1 hr. 

The reactions were terminated by adding 4X SDS sample buffer (pH 8.8) and analyzed by 

SDS-PAGE followed by two-color Western blot analysis previously described in Chapter 

3 under Materials and Methods 3.3.6. 
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4.4 Results 

4.4.1 The metal binding properties of Strep-CusS(39-187) wild-type and mutants 

In the crystal structure of Ag(I)-CusS(39-187), two Ag(I) ions are bound per monomer, 

with one in the interface binding site and the other in the internal binding site.45 To study 

whether each metal binding site has different metal binding properties than the other, the 

interface metal binding residues (H42A/F43I/H176A, Strep-CusS(39-187)-AIA) and internal 

metal binding residues ((M133I/M135I/H145A, Strep-CusS(39-187)-IIA) were mutated to 

remove metal binding at each site. Then, to investigate and compare the metal binding 

properties, metal contents in each protein variants before and after Ag(I) loading were 

measured by GFAAS. The calculated number of metals per Strep-CusS(39-187) molecule 

were summarized in Table 4.3. Quantitation of the amounts of metal ions in the proteins 

shows approximately four Ag(I) ions per Strep-CusS(39-187)-WT molecule. No change of 

Ag(I) contents was observed in the Strep-CusS(39-187)-AIA or Strep-CusS(39-187)-IIA 

mutants. Traces amounts of copper was detected in both before and after addition of Ag 

samples, with no significant changes between samples. GFAAS measurement of the buffer 

without protein does not indicate any significant amount of silver, but small amount traces 

of copper (data not shown). 

To further investigate the metal binding properties, the thermodynamics of binding 

of Ag(I) to all three Strep-CusS(39-187) variants were measured by isothermal titration 

calorimetry (ITC). A representative microcalorimetric experiment from each variant is 

depicted in Figure 4.3. As the AgNO3 was titrated into the Strep-CusS(39-187) solutions, the 

amount of heat released was measured for each injection (Figure 4.3 top panels). It is 

evident that Ag(I) binding to Strep-CusS(39-187) is an exothermic process. Origin software 
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using the single set of equivalent sites model was used to fit the integrated peaks plotted 

against the molar ratio of Ag(I) to Strep-CusS(39-187). The red solid lines represent the non-

linear least squares fit which yield binding stoichiometry (n), enthalpy of binding (ȹH), 

apparent association constant (Ka) and apparent dissociation constant (Kd = 1/Ka). The ITC 

experiments revealed that both Strep-CusS(39-187)-WT and Strep-CusS(39-187)-AIA have 

similar binding stoichiometries of approximately 3.00 (Table 4.4). Strep-CusS(39-187)-IIA 

has a slightly higher binding stoichiometry of 3.89. The apparent affinity Kd of each protein 

was also measured. The Strep-CusS(39-187)-WT has apparent Kd of 9.41 ± 2 µM, which is 

slightly higher than the apparent Kd measured for Strep-CusS(39-187)-AIA and Strep-CusS(39-

187)-IIA at 6.87 ± 0.6 µM and 5.70 ± 0.1 µM respectively.  

4.4.2 The interface binding sites play a role in metal-induced dimerization of the 

sensor domain of CusS 

Most histidine kinases (HKs) are known to exist and function as homodimers, and 

that signal transduction occurs in the context of a dimer. Therefore, it was assumed that the 

sensor domain of HKs would form dimers in solution when expressed and purified as 

truncated proteins.40 Even so, the dimerization of the sensor domain of HKs are generally 

weak and concentration-dependent. One example is the sensor domain of E. coli TorS, in 

which it dimerizes in solution with Kd of 49.6 µM measured by equilibrium AUC.47 Studies 

have reported, however, that many sensor domains are monomeric in solution during 

purification, such as DcuS, DctB, CitA, and NarX.42, 43, 46 Sedimentation velocity AUC and 

in vitro crosslinking experiments have shown that apo-CusS(39-187) is primarily monomeric 

in solution, and that the addition of Ag(I) enhances the dimerization of CusS(39-187).116   
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Table 4.3. Metal contents of Strep-CusS(39-387) wild-type and mutants measured by GFAAS. 

Ag and Cu metal ions contents were determined after initial purification (as purified, before 

loading Ag) and after dialysis against AgNO3 followed by dialysis to remove excess free 

metal. Values indicated are the averages of three measurements, including the standard 

deviations. 

 
Number of Ag / CusS(39-

187) 

Number of Cu / CusS(39-

187) 

As purified 

Strep-CusS(39-187)-WT 0.0019 ± 0.0003 0.2 ± 0.1 

Strep-CusS(39-187)-AIA  0.0032 ± 0.0011 0.17 ± 0.05 

Strep-CusS(39-187)-IIA  0.0035 ± 0.0008 0.10 ± 0.03 

 

After addition of Ag by dialysis 

Strep-CusS(39-187)-WT 3.87 ± 0.08 0.16 ± 0.03 

Strep-CusS(39-187)-AIA  3.96 ± 0.08 0.13 ± 0.04 

Strep-CusS(39-187)-IIA  4.0 ± 0.1 0.15 ± 0.02 
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Figure 4.3. Binding of Ag(I) to Strep-CusS(39-187) proteins measured by isothermal titration 

calorimetry. The titrations were performed in 25 mM MES pH 6.0 at 22ęC. The upper 

panels present the raw data for titrating 1 mM AgNO3 into 10 µM Strep-CusS(39-187)-WT 

(left), 10 µM Strep-CusS(39-187)-AIA (middle), and 20 µM Strep-CusS(39-187)-IIA (right). 

The bottom panels present the titration plot derived from the integrated raw data and the 

[Ag(I)]/[Strep-CusS(39-187)] ratio. The red solid line in the bottom panels represent the best 

fit for Ag(I) binding according to a single set of equivalent sites model. The thermodynamic 

parameters are listed in Table 4.4. 
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Table 4.4. Binding parameters of Ag(I) binding to Strep-CusS(39-187) wild-type and mutants 

obtained by ITC measurements. Standard deviations were derived from triplicate runs. 

 
Binding 

stoichiometry, 

n 

Enthalpy of 

binding, ȹH 

(kcal/mol) 

Apparent 

association 

constant, Ka 

(105 M -1) 

Apparent 

dissociation 

constant, K d 

(µM) 

Strep-CusS(39-187)-

WT 
3.06 ± 0.1 -8.60 ± 0.7 1.09 ± 0.2 9.41 ± 2 

Strep-CusS(39-187)-

AIA  
3.00 ± 0.5 -11.0 ± 0.01 1.46 ± 0.1 6.87 ± 0.6 

Strep-CusS(39-187)-

IIA  
3.89 ± 0.3 -7.12 ± 0.05 1.75 ± 0.04 5.70 ± 0.1 
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Based on the crystal structure of CusS(39-187), we have also hypothesized that the presence 

of Ag(I) is likely to strengthen the dimeric interface.45 To further investigate this hypothesis, 

in vitro crosslinking and analytical AUC were performed on the apo and Ag(I)-bound 

Strep-CusS(39-187) wild-type and mutants.  

In the in vitro crosslinking studies, the oligomerization of Strep-CusS(39-187) variants 

were probed using the homobifunctional amine-reactive crosslinker BS3 and analyzed on 

SDS-PAGE followed by silver staining. Figure 4.4A shows that all apo Strep-CusS(39-187) 

variants migrate at the same position in both the absence and presence of crosslinker, even 

though small amount of higher molecular weight species are observed in the presence of 

crosslinker. Upon addition of Ag(I), significant increases in the higher molecular weight 

bands are observed from the Strep-CusS(39-187)-WT and -IIA samples, but not from the 

Strep-CusS(39-187)-AIA. The relative densities of the bands were measured using ImageJ 

and are listed in Table 4.5. This analysis shows that Ag(I)-bound Strep-CusS(39-187)-WT 

and -IIA have more intense higher molecular weight bands when compared to the apo state 

(3.73-fold and 2.10-fold respectively). The Strep-CusS(39-187)-AIA sample doesnôt show 

any change in the intensity of the higher molecular weight band when compared to the apo 

and Ag(I)-bound proteins. In order to confirm that the higher molecular weight band 

corresponds to the Strep-CusS(39-187) homodimer, Western blot analysis was performed 

following the SDS-PAGE using anti-Strep tag antibody. As shown on Figure 4.4B, similar 

protein migration was observed on the Western blot with similar density profiles, 

confirming that the higher molecular weight bands contain Strep-CusS(39-187). The relative 

densities in the Western blot of the higher molecular weight bands from the Ag(I)-bound 

proteins were compared to the apo proteins. As in the silver stained gels, Ag(I)-bound 
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Figure 4.4. In vitro crosslinking reactions of apo and Ag(I)-Strep-CusS(39-387) wild-type 

and mutants. Apo- and Ag(I)- Strep-CusS(39-387) samples (10 µM) in the presence and 

absence of BS3 crosslinker were analyzed by SDS-PAGE followed by silver staining (A) 

and Western analysis (B). The Western blot analysis was performed using anti-Strep tag 

antibody. The expected monomer (~18 kDa) Strep-CusS(39-387) is indicated by (*) and the 

expected dimer (~36 kDa) is indicated by (**). The measured relative densities of the dimer 

bands (**) are summarized in Table 4.5. 
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Table 4.5. Relative densities of dimerization of the sensor domain Strep-CusS(39-187) wild-

type and mutants in apo- and Ag-bound states measured by ImageJ. The relative densities 

were measured relative to the apo protein in each variant from both silver-stained gel 

(Figure 4.4A) and Western blot (Figure 4.4B). 

 

 Relative Density 

 Silver stained gel Western blot 

apo Strep-CusS(39-187)-WT 1.00 1.00 

Ag Strep-CusS(39-187)-WT 3.73 2.92 

apo Strep-CusS(39-187)-AIA  1.00 1.00 

Ag Strep-CusS(39-187)-AIA  1.00 1.21 

apo Strep-CusS(39-187)-IIA  1.00 1.00 

Ag Strep-CusS(39-187)-IIA  2.10 1.93 
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Strep-CusS(39-187)-WT and Strep-CusS(39-187)-IIA proteins have 2.92-fold and 1.93-fold 

increases in dimerization, while Strep-CusS(39-187)-AIA only has 1.21-fold. 

The oligomeric state of apo and Ag(I)-bound proteins were also analyzed using 

sedimentation velocity analytical ultracentrifugation (SV-AUC). SV-AUC is commonly 

utilized to determine protein molecular weight and to identify the degree of oligomerization. 

A high speed rotor is used in this experiment to sediment all particles in the samples. SV 

separates proteins due to the different rate of migration in the centrifugal field and dimers 

will sediment at a different rate than monomers 138. In these experiments, the monomeric 

Strep-CusS(39-187)-WT and Strep-CusS(39-187)-IIA appear at a sedimentation coefficient (S) 

of approximately 1.8, and the monomeric Strep-CusS(39-187)-AIA appears at slightly higher 

2.1 S (Figure 4.5). For the Ag(I)-Strep-CusS(39-187)-WT, there was a distinct shift in the S 

at around 3.2 S, representing a molecule more elongated than the monomeric Strep-CusS(39-

187)-WT (Figure 4.5A). In the Ag(I)-Strep-CusS(39-187)-AIA, a monomeric species and also 

a higher molecular weight species at around 4.8 S were observed (Figure 4.5B). This 4.8 S 

oligomer is not expected to be a dimer of Strep-CusS(39-187)-AIA. The Ag(I)-Strep-CusS(39-

187)-IIA sample shows a monomer at 1.8 S and a dimer at around 3.5 S. A higher oligomeric 

state at around 6.2 S is also observed. 

4.4.3 Full -length CusS is stably embedded in nanodiscs 

The prototypical HK is a homodimeric integral membrane protein, in which the 

periplasmic sensor domain is connected to the cytoplasmic domain through two 

transmembrane helices.12, 139 Due to the difficulties in working with a full-length membrane 

protein HK, complete understanding in the signaling transduction mechanism of HK is 

lacking. Membrane proteins are generally solubilized and purified in the presence of   
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Figure 4.5. Sedimentation velocity analytical ultracentrifugation analysis of apo (purple) 

and Ag(I)-bound (blue) Strep-CusS(39-387) proteins: WT (A), AIA (B), and IIA (C). For the 

Ag(I)-bound proteins, Ag(I) was loaded onto protein samples by dialysis method. The 

concentration of proteins used in the experiments was 0.3 mg/mL in 50 mM HEPES pH 

7.5. Sedimentation of proteins were performed at 40,000 rpm at 4ęC and followed at 280 

nm. The apo-Strep-CusS(39-387) WT and mutants appear as a monomer at around 1.8 S, 

which is indicated by (*). The metal-induced dimerization of the Ag-WT and Ag-IIA 

appear at around 3.2-3.5 S, and is indicated by (**). 
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detergent. However, the native structure and function of many membrane proteins might 

be disrupted in the detergent-solubilized state. A commonly used method to address this 

issue is by reconstituting the protein into a lipid bilayer, or a liposome. However, 

proteoliposomes may be big, unstable, and the preparation of unilamellar vesicles is hard 

to manipulate.130, 132 In addition, the unidirectional inside-out orientation of 

proteoliposomes (in which the periplasmic sensor domain is inside the liposomes and the 

kinase domain is outside) makes it more difficult to investigate kinase activity in response 

to stimuli binding in the sensor domain, because the liposome needs to be disrupted to 

reach to the sensor domain.140-142 On the contrary, nanodisc technology provides a soluble 

and native-like phospholipid bilayer environment that provides stability and accessibility 

of the target membrane protein.  

Moreover, this approach allows better control of the oligomeric state of the target 

membrane protein.131, 132 The nanodisc is made up of two amphipathic membrane scaffold 

proteins (MSP) that encircle a population of lipid bilayer, shielding the hydrophobic lipid 

acyl chain and making the particle soluble (Figure 4.1)130, 131 The chemoreceptor Tar and 

several HKs, such as AgrC and CpxA, have been successfully assembled into nanodiscs 

for functional studies.143-145  

The histidine kinase CusS is an integral membrane protein and consists of a 

periplasmic sensor domain that is connected to a cytoplasmic kinase core through two 

transmembrane helices and a HAMP linker domain. How Cu(I)/Ag(I) binding in the 

periplasmic domain increases its kinase activity was unclear due to the lack of a functional 

assay method for this integral membrane protein. Here, we reconstituted full -length CusS 

in nanodiscs (ND-CusS), which allowed us to investigate CusS signaling in a native-like 
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lipid bilayer environment with full accessibility to both sensor and kinase domains of CusS. 

The MSP protein we used is the MSP1D1 which has the first 11 amino acids deleted since 

these are not required for nanodisc formation. MSP1D1 has an N-terminal 7xHis tag 

followed by a TEV cleavage site.131 Here, we removed the 7xHis tag to obtain MSP1D1(ī) 

which allows us to use the 6xHis tag on CusS for convenient purification of the ND-CusS. 

Most studies described by the Sligar lab have used a single lipid type, such as palmitoyl-

oleyl-phosphatidylcholine (POPC), to form the lipid bilayer, and they are commonly used 

for transmembrane proteins from eukaryotes. However, since the histidine kinase CusS is 

from E. coli, using a lipid bilayer environment similar to that of E. coli cells, containing a 

mixture of phosphatidyl ethanolamine, phosphatidyl glycerol, and cardiolipin, would be 

more suitable.130, 146 Indeed, when comparing the kinase activity of ND-CusS from E. coli 

lipids versus from POPC lipids, the kinase activity of ND-CusS made using E. coli lipids 

is higher (data not shown). A schematic diagram of the preparation and purification of 

CusS in nanodiscs is illustrated in Figure 4.6A. The reconstitution was done by mixing the 

appropriate molar ratios of MSP1D1(ī), E. coli lipids, and CusS in detergent-containing 

buffer. Excess MSP1D1(ī) (Figure 4.6B, ñMixtureò lane) was added to the assembly 

mixture to ensure the formation of excess empty nanodiscs to then favor the incorporation 

of only one CusS homodimer per nanodisc. To initiate the self-assembly of the nanodisc 

mixtures (containing empty nanodiscs and ND-CusS), Biobeads SM-2 were added to 

slowly remove the detergent. The ND-CusS was purified over a Ni2+ column, as shown by 

the SDS-PAGE gel in Figure 4.6B. Full-length CusS is stably embedded in the nanodiscs. 
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Figure 4.6. The histidine kinase CusS is stably incorporated into a nanodisc. (A) Schematic 

diagram illustrating the preparation of nanodiscs containing the membrane protein CusS 

(ND-CusS). All the components MSP1D1(ī) (blue oval), E. coli lipids (gray), and CusS 

homodimer are mixed together in detergent DDM. Biobeads SM2 are added to remove the 

detergent, initiating the self-assembly of empty nanodiscs or ND-CusS (mixture). The ND-

CusS is purified using a Ni2+ column. (B) Coomassie-stained SDS gel of samples from 

ND-CusS preparation and purification. The full-length CusS (~55 kDa) and MSP1D1(ī) 

(~22 kDa) are indicated by arrows and labels. 
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4.4.4 CusS embedded in nanodiscs is active 

CusS senses and binds to Ag(I) in the periplasmic domain, then transduces a signal 

to the cytoplasmic domain to initiate autophosphorylation on its conserved H271. To 

examine whether the histidine kinase CusS in nanodiscs is functional, we performed kinase 

assays of ND-CusS in the absence and presence of the stimuli Ag(I). Due to solubility 

issues of AgNO3, the ND-CusS purified was dialyzed against 50 mM HEPES pH 7.5 and 

the kinase buffer was modified to be 50 mM HEPES pH 7.5, 50 mM KNO3, 20 mM 

Mg(NO3)2 (HEPES kinase buffer). After adding AgNO3 to the appropriate samples, the 

autophosphorylation assay was initiated by the addition of ATP and incubation at room 

temperature for 1 hr. The extent of autophosphorylation was analyzed by Western blot 

probed by the anti-1-pHis antibody. As shown in Figure 4.7A, the most 

autophosphorylation was observed for ND-CusS-WT when both Ag(I) and ATP are present. 

This suggests that Ag(I) binding activates the kinase activity on CusS and that the 

autophosphorylation is ATP-dependent. In the absence of Ag(I) and in the presence of ATP, 

less autophosphorylation was observed for ND-CusS-WT. To ensure that the pHis signal 

detected was from the autophosphorylation on the conserved H271, the catalytic His was 

mutated to an Ala. The kinase activity was completely abolished on ND-CusS-H271A 

under all conditions, including when both Ag(I) and ATP are present (Figure 4.7B). 
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Figure 4.7. Autophosphorylation of the full-length histidine kinase CusS in nanodiscs. 

Each protein (A) ND-CusS-WT, (B) ND-CusS-H271A, (C) ND-CusS-AIA, and (D) ND-

CusS-IIA was diluted in HEPES kinase buffer to a final concentration of 0.2 mg/mL. The 

absence (ī) and presence (+) of Ag(I) or ATP in the reactions are indicated. Reactions were 

incubated at room temperature for 1 hr. Samples were separated by SDS-PAGE and 

analyzed by Western blot using anti-1-pHis antibody. Membranes were imaged using the 

Odyssey imaging system.  
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4.4.5 Metal-induced dimerization increases kinase activity 

It has been previously shown that the metal ion binding residues at the dimer 

interface are conserved within orthologs and that this site is more important for metal 

resistance in E. coli.45 In addition, based on the crystal structure of Ag(I)-CusS(39-187), we 

hypothesized that Ag(I) binding at the interface of CusS(39-187) strengthens the dimerization 

of CusS(39-187).45 When the interface binding site residues are mutated (-AIA), no significant 

dimerization of the CusS(39-187) was observed from the in vitro crosslinking and the SV-

AUC experiments (Figure 4.4 and 4.5). However, when the internal binding site residues 

are mutated (-IIA), dimerization of the sensor domain still occurs similarly to the wild-type 

protein (Figure 4.4 and 4.5). To further investigate the role of the metal binding sites and 

metal-induced dimerization in CusS kinase activity, mutations of the interface binding site 

(CusS-AIA) and internal binding site (CusS-IIA) were generated in the full-length CusS. 

These protein variants were embedded into nanodiscs, generating ND-CusS-AIA and ND-

CusS-IIA respectively. Autophosphorylation assays were then performed on both ND-

CusS-AIA and ND-CusS-IIA and analyzed as described for the wild-type protein. When 

the interface binding site is mutated (ND-CusS-AIA), no increase of pHis signal was 

observed in the presence of both Ag(I) and ATP (Figure 4.7C). However, when only the 

internal binding site is mutated (ND-CusS-IIA), an increase in pHis signal was detected 

when Ag(I) and ATP were added (Figure 4.7D).  
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4.5 Discussion 

The sensor domain of CusS senses increased level of metals ions in the periplasm and 

binds to Ag(I) at both the interface and internal binding sites.45 Growth assays have shown 

that the interface metal ion binding site is more important for metal sensing and metal 

resistance in E. coli.45 Chapter 3 investigated the biochemical properties of the cytoplasmic 

domain of CusS and showed that CusS is autophosphorylated at the N1 position on the 

conserved H271 using a cis autophosphorylation mechanism. However, how the sensor 

domain communicates with the cytoplasmic domain remains unclear. The aim of the 

present study was to establish an in vitro system to further investigate the biochemical 

function of CusS and the contribution of the two metal binding sites in the periplasmic 

sensor domain to the activation of the cytoplasmic kinase domain. In this study, an N-

terminal Strep tag was added to CusS(39-187) for ease of purification and analysis using an 

anti-Strep antibody. 

The crystal structure of Ag(I)-CusS(39-187) shows that two metal ions are bound per 

CusS(39-187) monomer, where one is located in the interface binding site and the other one 

is located in the internal binding site.45 Previous studies of CusS(39-187) using ICP-MS to 

measure metal contents in solution showed there are approximately four Ag(I) ions per 

monomer.116 Here, we also show that there are four Ag(I) ions per Strep-CusS(39-187) 

molecule in solution measured by GFAAS (Table 4.3). This metal content difference 

between the crystal structure and in solution may be due to differences in sample 

preparation and two nonspecific binding of Ag(I) ions.45 Therefore, the transient and 

nonspecifically-bound Ag(I) ions in solution were not captured in the crystal structure. 

Unexpectedly, there are also four Ag(I) ions per Strep-CusS(39-187)-AIA and -IIA molecules, 
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which implies that there could be three nonspecifically-bound Ag(I) ions to each variant 

(Table 4.3). CusS(39-187) has nine His and seven Met residues (Figure 4.8A), of which 

several are clustered in the outer loop of the sensor domain (Figure 4.8B). Thus, the 

nonspecific binding of Ag(I) to proteins observed could be due to this Met-His loop. 

The presence of two different metal binding sites raises questions about whether there 

is cooperative binding between them. Ag(I) binding to Strep-CusS(39-187) was measured by 

ITC and is summarized in Table 4.4. Strep-CusS(39-187)-WT shows three stoichiometries 

with an apparent binding affinity of approximately 9.41 µM. Since two metal ions per 

CusS(39-187) monomer are seen in the crystal structure, then the 3 stoichiometries in the ITC 

titration of Strep-CusS(39-187)-WT may reflect the binding of two metal ions as well as the 

enthalpic change upon dimerization. However, the third stoichiometry could also be caused 

by nonspecific binding of additional silver and not protein dimerization. Strep-CusS(39-187)-

AIA also is best fit by three stoichiometries, which may reflect the binding of one Ag(I) in 

the internal binding site and nonspecific binding of additional silver. No dimerization was 

expected in this mutant as will be discussed below. For the Strep-CusS(39-187)-IIA mutant, 

the interface binding site is not disrupted. Therefore, the best fit stoichiometry of roughly 

4.00 could reflect one Ag(I) binding to the interface binding site, two nonspecifically-

bound Ag(I) ions, as well as protein dimerization. Or, the four stoichiometries could reflect 

one Ag(I) binding to the interface binding site and three nonspecifically-bound Ag(I) ions, 

which match the GFAAS data. The apparent Kd of Strep-CusS(39-187)-WT, -AIA, and -IIA 

were measured to be 9.41 ± 2 µM, 6.87 ± 0.6 µM, and 5.70 ± 0.1 µM respectively. The 

binding affinity measured for the wild-type protein was similar to the previously 

determined affinity of 8.23 µM using equilibrium dialysis and ICP-MS.116 The mutants  
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Figure 4.8. Structure of the Ag(I)-CusS(39-187) monomer showing all the Met and His 

residues. (A) The secondary structures are colored in gray. The nine His and seven Met 

residues are shown in red lines. The Met and His residues on the loop are highlighted in 

black box. (B) Close-up view of the Met and His residues on the loop, named ñMet-His 

loopò. (PDB entry: 5KU5) 
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have slightly higher apparent binding affinity compared to the wild-type. The Strep-

CusS(39-187)-IIA has a lower apparent Kd than the Strep-CusS(39-187)-AIA mutant, which 

could indicate that the interface binding site could have a slightly higher affinity for Ag(I). 

However, because of the small difference in the apparent Kd values (~1.50 µM difference), 

we cannot conclude whether the interface binding site binds to metal first prior to the 

internal binding site.  

Bacterial HKs are known to exist and function in homodimers. However, the sensor 

domains of HKs do not always exist in a dimeric state when purified as truncated forms, 

such as PhoQ, DcuS, DctB, and CitA.41-43 The purified truncated CusS(39-187) also exists 

primarily as a monomer, though CusS(39-187) dimerization is enhanced upon Ag(I) binding, 

as shown by in vitro crosslinking and SV-AUC experiments.116 Ligand-induced 

dimerization has been observed in other HKs such as CitA and NarX upon binding to citrate 

and nitrate respectively.43, 46 In this study, we have shown that the interface binding site 

contributes to the dimerization of CusS(39-187) upon Ag(I) binding, while the internal 

binding site does not (Figure 4.4 and Table 4.5). Ag(I) binding altered the sedimentation 

coefficients of the Strep-CusS(39-187)-WT and -IIA proteins, which indicate the coexistence  

of dimeric forms (Figure 4.5A and 4.5C). Although a higher molecular weight form is seen 

in the Strep-CusS(39-187)-AIA sample (Figure 4.5B), this is not likely to represent a dimer 

since the S value is much larger. This higher molecular weight form could be caused by 

the hydrophobic residues (H42A/F43I/H176A) introduced on the surface of the protein, 

causing changes in protein surface contacts. The interface metal binding site plays an 

important role in the dimerization of the sensor domain of CusS. 
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How metal binding and metal-induced dimerization in the sensor domain lead to 

activation of the cytoplasmic kinase function was investigated. Histidine kinase activity 

occurs in the context of dimers and thus ligand-induced dimerization of the sensor domain 

is expected to be functionally relevant. In this study, nanodiscs were used as a tool to study 

the full-length integral membrane protein CusS in a native-like lipid bilayer environment. 

The major advantage of nanodiscs is that target membrane proteins embedded in the 

nanodiscs are accessible from both sides of the membrane bilayer, both the periplasmic 

sensor domain and the cytoplasmic domain. CusS was stably embedded in the nanodiscs 

(Figure 4.6) and autophosphorylation activity was detected (Figure 4.7A). This shows that 

ND-CusS-WT is active, but more importantly, the activation of the kinase activity was 

triggered upon Ag(I) sensing as an increased pHis signal was detected only when both 

Ag(I) and ATP were present, and not in the sample only Ag(I) was present (Figure 4.7A).  

A faint pHis signal was seen in the sample where ATP was present and Ag(I) was absent, 

this could be due to the high concentration of ATP used (2 mM ATP), which may favor 

kinase activity in the cytoplasmic kinase domain. The pHis signal detected from ND-CusS-

WT was from autophosphorylation on its conserved H271, as no kinase activity was 

detected when H271 was mutated to an Ala (Figure 4.7B), consistent with the results 

reported in Chapter 3. When the interface binding site was mutated (ND-CusS-AIA), no 

increase in pHis was observed in the presence of both Ag(I) and ATP when compared to 

the samples with ATP or Ag(I) only. When the internal binding site was mutated, however, 

in the presence of ATP, the pHis signal increases upon addition of Ag(I) (Figure 4.7D). 

Based on our studies on the kinase activities of the ND-CusS variants, these results suggest 
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that metal-induced dimerization at the interface binding sites in the sensor domain of CusS 

activates the kinase activity in the cytoplasmic kinase domain. 

Taken together, our results indicate that upon sensing Ag(I) in the periplasm by the 

sensor domain of CusS, Ag(I) ions bind to CusS(39-187) through the interface and the internal 

binding sites. CusS(39-187) dimerizes through the interface binding sites which triggers the 

autophosphorylation on the conserved H271 in the cytoplasmic domain. Such results 

suggest that CusS kinase function is dependent and sensitive to the energetics of the dimer 

interface. The fact that isolated full-length CusS is active only after reconstitution into 

nanodiscs, and not when in the detergent only (data not shown), suggests that the functional 

homodimeric state is lost in detergent and regained upon reconstitution. 

Based on our studies, we propose a signal transduction model of histidine kinase 

CusS (Figure 4.9). Full-length CusS exists as a homodimer stabilized by the 

transmembrane (TM) domain, the ñhistidine kinase, adenylyl cyclases, methyl-accepting 

proteins, phosphatasesò (HAMP) domain, and the dimerization and histidine 

phosphotransfer (DHp) domain.12 Within the homodimer, the TM forms a four-helix 

bundle that spans through the inner membrane. The HAMP linker domain consists of two 

amphipathic helices with coiled-coil properties that forms a homodimeric, four-helical, 

parallel coiled-coil structure.60, 61  The DHp domain has two Ŭ-helices that mediate 

homodimerization by forming a four helix bundle, followed by the catalytic and ATP-

binding (CA) domain.12, 74  Typically, the CA domain forms an Ŭ/ɓ sandwich that binds 

ATP and catalyzes autophosphorylation of a conserved His residue in the DHp domain.69 

In the proposed model, the periplasmic sensor domains of apo CusS (Figure 4.9, left) have 

minimum surface contact with each other and thus exist mainly in monomer. Upon elevated 
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levels of Cu(I)/Ag(I) in the periplasm, the sensor domain directly binds to Cu(I)/Ag(I) ions 

through the interface and internal binding sites. The Ag(I) binding in the interface binding 

sites enhances dimerization of the two sensor domains through the N- and C-terminal 

helices in the sensor domain (PDB entry 5KU545), which triggers downstream local 

conformational changes in the TM, HAMP linker, DHp, and CA domains. These 

conformational changes bring the catalytic ATP binding site in the CA domain closer to 

the conserved H271 in the DHp domain and favors autophosphorylation. Although a 

complete understanding of movements of the TM, HAMP, DHp, and CA cannot be 

elucidated, these changes are likely to be communicated directly to the TM2 helix because 

it connects the sensor domain to the cytoplasmic domain. Further insights into the 

conformational changes leading to kinase activation will require knowledge of their three-

dimensional structures of the apo and ligand-bound states. 
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Figure 4.9. Signal transduction model of the histidine kinase CusS. In this model, the 

sensor domain of CusS dimerizes upon metal binding. The metal-induced dimerization 

through the interface metal binding sites triggers conformational change in the downstream 

domains (red line) placing the ATP binding site in the CA domain closer to the conserved 

His residue, favoring histidine phosphorylation, shown by red circles with labeled ñPò. The 

domains of CusS are labeled as TM, transmembrane; HAMP, histidine kinase, adenylyl 

cyclases, methyl-accepting proteins, phosphatases; DHp, dimerization and histidine 

phosphotransfer; CA, catalytic and ATP binding domain.12



136 
 

CHAPTER 5: DIFFRACTION STUDIES OF THE CYTOPLASMIC DOMAIN OF 

CUSS AND PRELIMINARY STUDIES OF CROSSTALK BETWEEN CUSR AND 

OTHER NON-COGNATE HISTIDINE KINASE S 

The methods, results, and discussions of the studies in this chapter are presented in 

Appendix B and Appendix C in this dissertation. What follows is a summary of the 

experiments and findings from each study. 

5.1 Crystallization and Preliminary X-Ray Crystallographic Analysis of the 

Cytoplasmic Domain of the Histidine Kinase CusS (APPENDIX B) 

Summary 

Escherichia coli has a metal efflux pump CusCBA than can eliminate excess toxic 

Cu(I)/Ag(I) ions from the periplasmic to the extracellular space. The two-component 

system CusS-CusR regulates the expression of the efflux pump genes in response to metal 

accumulation. The histidine kinase CusS is a homodimeric integral membrane protein that 

is made up of a periplasmic sensor domain and a cytoplasmic domain connected by two 

transmembrane helices. The structure of the periplasmic sensor domain has been 

determined, however the three-dimensional structure of the cytoplasmic domain of CusS 

remains unknown. In this study, we described our attempts in crystallizing the cytoplasmic 

domain of CusS (CusScp). The crystals produced and collected didnôt have good 

diffractions. The crystallization and freezing conditions for CusScp were optimized in the 

hope of obtaining better diffracting quality crystals. 
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5.2 Crosstalk Studies Between Non-Cognate Histidine Kinases and CusR in 

Escherichia coli (APPENDIX C) 

Summary 

Bacteria live in changing environments and thus need systems, such as two-

component systems, to help bacteria sense, respond, and adapt to variations in external 

conditions. Each two-component system consists of a sensor histidine kinase and a 

response regulator, in which the histidine kinase senses the external stimuli and activates 

the cognate response regulator through histidyl-aspartyl phosphotransfer, which then 

control downstream gene transcription. Despite frequent specificity between cognate two-

component system pairs, crosstalk has been observed where a histidine kinase 

phosphorylates a non-cognate response regulator. While crosstalk is usually harmful to the 

cells, some crosstalk has been found to be functionally beneficial for the cells. CusR has 

been reported to be phosphorylated by three non-cognate histidine kinases in vitro: BarA, 

UhpB, and YedV. In this study, we report preliminary results from copper survival assays 

showing ȹcusR is more detrimental to the cells than ȹcusS, and that copper accumulation 

is elevated in ȹcusR cells. Histidine kinase CpxA has been shown to respond to copper 

stress while YedV does not, which might imply that HK CpxA could complement CusS. 

More studies are required to determine whether crosstalk between other non-cognate HKs 

and CusR occur in vivo and their role in metal resistance in E. coli.
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS  

The work in this dissertation focused on investigating the signaling mechanism used 

by Escherichia coli in response to elevated levels of copper and silver ions in the 

periplasmic space. The expression of the metal efflux pump CusCBA is regulated by the 

two-component system CusS-CusR upon Cu(I)/Ag(I) sensing by the histidine kinase CusS, 

which then activates the DNA-binding transcription factor CusR to upregulate the 

cusCFBA genes. The work in this dissertation describes the role of the sensor histidine 

kinase CusS in Cu(I)/Ag(I) sensing through its periplasmic sensor domain and how it 

relates to the kinase activity in its cytoplasmic kinase domain. 

The cusRS genes are located on the chromosome of E. coli next to the cusCFBA genes, 

and these sets of genes are transcribed in opposite directions.103 The cusRS genes encode a 

two-component system with CusS as the membrane-bound histidine kinase and CusR as 

the cytoplasmic response regulator.98, 147 Previously it has been shown that the cusS gene 

is needed for Cu(I)/Ag(I) resistance in E. coli, and that it is linked to the expression of 

cusCFBA genes.91 The histidine kinase CusS senses and binds to Cu(I)/Ag(I) ions in the 

periplasm and transduces a signal to its kinase domain, initiating ATP-dependent 

autophosphorylation on a conserved catalytic His. In vitro studies have shown that CusS 

senses and binds to Ag(I) directly through the periplasmic sensor domain.116 Upon Ag(I) 

binding, the periplasmic domain of CusS undergoes a conformational change and 

dimerization is enhanced.116 However, many questions regarding CusS signal transduction 

and autophosphorylation mechanisms remain largely unanswered. As described in this 

dissertation, studies were conducted to understand the metal binding properties of the 
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periplasmic sensor domain of CusS and to connect how the metal binding in the periplasm 

triggers kinase activity in the cytoplasmic domain. 

In Chapter 2, the crystal structure of the sensor domain of CusS bound to Ag(I) ions 

(Ag(I)-CusS(39-187)) was presented. Ag(I)-CusS(39-187) forms a homodimer through 

association between the N- and C-terminal Ŭ-helices. The structure also reveals that there 

are four Ag(I) ions per homodimer with two Ag(I) ions located in the interface binding 

sites and the other two in the internal binding sites. The interface binding site has a unique 

metal coordination where the Ag(I) ion is coordinated by two histidines and one 

phenylalanine forming an unusual cation-ˊ interaction. Moreover, the metal binding 

residues from the interface binding site are conserved among CusS homologues and other 

Cu(I)/Ag(I) binding proteins such as CinS and SilS, while the metal binding residues from 

the internal binding site are not. To further investigate the role of each metal binding site 

in copper resistance in E. coli, residues in each metal binding site were mutated. The 

disruption of the interface binding site led to increase sensitivity to copper and the 

disruption of the internal binding site had little effect. Based on these structural and 

functional data, it was concluded that the interface binding site is functionally more 

important for Cu(I)/Ag(I) resistance in E. coli. 

Upon sensing an environmental signal, autophosphorylation on the conserved His of 

the HK is initiated, followed by phosphotransfer to a conserved Asp on its cognate RR. 

However, due to the instability of pHis and the technical challenges for such analysis, the 

mechanism of phosphorylation of HKs remains understudied. In Chapter 3, we described 

the use of robust monoclonal anti-pHis antibodies to investigate the autophosphorylation 

of the cytoplasmic domain of CusS and phosphotransfer to CusR in vitro. The dot blot 
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analysis shows that CusScp is phosphorylated at the N1 position on the histidine imidazole, 

which overturns the previous assumption that all bacterial HKs autophosphorylate at the 

N3 position. Moreover, we have confirmed that the highly conserved H271 on CusS is the 

phosphorylation site and that the phosphoryl group on H271 is transferred to the highly 

conserved D51 on CusR. The fast rates of autophosphorylation of CusScp and 

phosphotransfer to CusR imply that the TCS CusS-CusR is able to respond quickly to 

elevated levels of Cu(I) or Ag(I) in the periplasm. In addition, the disruption of these 

phosphoacceptor sites on CusS (H271) and CusR (D51) led to a decrease in copper 

tolerance in E. coli, which shows that the phosphotransfer event between CusS and CusR 

is required in metal resistance. In this chapter, we also describe experiments that show 

CusScp undergoes autophosphorylation by a cis mechanism, in which the CA domain of 

one subunit phosphorylates the conserved His on the DHp domain of the same subunit. 

This overturns another early assumption that all HKs autophosphorylate in trans, in which 

the CA domain of one subunit phosphorylates the conserved His on the DHp domain from 

the other subunit.74 We have confirmed that despite high homology among HKs, different 

mechanisms of autophosphorylation can occur. It was reported that the handedness of the 

DHp loop is a functionally relevant determinant of the cis or trans autophosphorylation 

mechanism, with right-handedness undergoing trans phosphorylation and left-handedness 

in cis.74 Therefore, because we have observed cis phosphorylation, we have predicted that 

the DHp loop of CusS is left-handed and that the DHp Ŭ2 should be positioned to the left 

of Ŭ1. Additionally, we speculate that our results support for a model in which rotational 

movements in the DHp and CA domain maintain the kinase state. 
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In prototypical HKs, the sensor domain of the HK transduces a signal to the 

cytoplasmic domain upon stimuli sensing. Thus, the sensing of Cu(I)/Ag(I) through the 

sensor domain of CusS transduces signal to the cytoplasmic kinase core through the 

transmembrane helices and the HAMP linker domain. Although HKs exist and function as 

a homodimer, the truncated periplasmic sensor domain does not always exist in a dimeric 

form.42, 46, 59 HKs such as CitA and NarX are monomeric in solution and dimerize upon 

binding to their ligands citrate and nitrate respectively.43, 46 The truncated CusS(39-187) is 

also monomeric in solution and the presence of Ag(I) enhances the dimerization of CusS(39-

187). However, how metal binding and metal-induced dimerization in the sensor domain of 

CusS activates autophosphorylation activity in the cytoplasmic domain is not known. 

Experiments described in Chapter 4 characterize this domain and identify its role in kinase 

activity. More specifically, the roles of the different metal binding sites (interface and 

internal binding sites) in ligand-induced dimerization and autophosphorylation were 

investigated. ITC experiments have demonstrated that the interface and internal binding 

sites have similar binding affinity to Ag(I). From the in vitro crosslinking and SV-AUC 

experiments, we have confirmed that the interface binding site contributes to the 

dimerization of CusS(39-187) in the presence of Ag(I) while the internal binding site does not. 

Ligand-induced dimerization of the sensor domain of CusS occurs only when the interface 

binding site is intact. To investigate how stimuli sensing leads to signal transduction, we 

applied nanodisc technology to study the full-length membrane protein CusS in a native-

like lipid bilayer environment. We illustrated that full-length CusS variants were stably 

embedded in the NDs and that we were able to perform autophosphorylation assays with 

them. ND-CusS-WT was active and underwent autophosphorylation on the conserved 
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H271 upon Ag(I) binding. Furthermore, without the interface binding site, 

autophosphorylation wasnôt observed. Overall, this body of work concludes that metal-

induced dimerization through the interface binding site is important for signal transduction 

that triggers autophosphorylation in CusS. 

Despite these significant findings, some important questions on the CusS signal 

transduction and autophosphorylation mechanism remain largely unanswered due to lack 

of structural data on the full-length CusS and on the full cytoplasmic domain of CusS. It is 

expected that Cu(I)/Ag(I) binding in the periplasmic sensor domain may lead to secondary 

structure changes in proximal transmembrane domain. There are four basic mechanisms 

proposed for signal transduction by transmembrane helices: association/dissociation 

(translation in the plane of the membrane, piston movement (translation perpendicular to 

the membrane), rotation along an axis parallel to the membrane (pivot motion), and rotation 

perpendicular to the membrane.43, 61 Piston sliding movement has been proposed in 

chemotactic receptor Tar and in several HKs such as DcuS, CitA, and NarX.30, 42, 43, 46, 62 

From alignments of the structures of apo- and ligand-bound sensor domains, the positions 

of the N- and C-terminal helices were compared. A downward displacement of the C-

terminal helix was observed in aspartate receptor Tar upon aspartate binding, and a 

downward displacement of the N-terminal helix was observed in HK NarX upon nitrate 

binding.46, 115, 148 In CitA, an upward displacement of the C-terminal helix of the sensor 

domain was observed upon citrate binding, thus pulling the TM2 in an upward piston 

movement.43 Future experiments aiming to obtain a 3D structure of apo CusS(39-187) might 

be helpful in determining any displacements on the N- and/or C-terminal helices in the 
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sensor domain of CusS, since these helices are expected to be contiguous with the 

transmembrane helices.45 

The full cytoplasmic domain of the prototypic HK CusS consists of a HAMP linker 

domain followed by DHp and CA domains. During the last few years, a number of 

structures of truncated domains have shed light into various aspects of signal transduction 

mechanism of the TCSs. However, no structure of the full cytoplasmic region of prototypic 

(HAMP-containing) HKs was reported until recently. A 3D structure of the full 

cytoplasmic domain of E. coli CpxA (CpxAHDC), a HK that regulates Cpx signaling system 

that regulates an envelope stress response, was solved in the active kinase state.66 In this 

paper, the authors reported that the HAMP domains modulates the segmental helical 

mobility of the central HK Ŭ-helices to promote a strong helical bending movement and 

dynamical asymmetry that characterizes the kinase-active state. They emphasized that the 

helical bending was caused by S238 and highly conserved P253 residues (Figure 6.1). The 

first kink at the S238 was probably required to avoid steric clash at a layer of polar residues 

(Q239-Q240) and the second kink is caused by the proline residue. There is asymmetry in 

the structure, in which one CA is in the active state and the other one is inactive. These 

asymmetric kinase-competent states have also been biochemically demonstrated for NRII 

and HK85373, 149, and structurally predicted for DesK, VicK, and EnvZ chimeras.65, 73, 150 

In all structures of HK-RR complexes, such as HK853-RR468, the HK component is 

symmetric and thus symmetric conformations of HKs maybe related with either 

phosphotransfer or phosphatase reaction.14, 73 Overall, it is now believed that the symmetry-

asymmetry transitions are important for function.37, 73 
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As mentioned in Chapter 5 (Appendix B), we havenôt successfully crystallized 

diffracting-quality crystals of the entire cytoplasmic domain of CusS. However, due to the 

high homology and conservation of the kinase domain, we believe that CusScp will have 

similar fold as other HKs. Therefore, the amino acid sequence of CusScp was submitted to 

Robetta server for 3D structure prediction.151 The top predicted structure was built using 

the crystal structure of the cytoplasmic domain of E. coli CpxAHDC (PDB entry 4BIU), as 

shown in Figure 6.2.66 The HK CpxAHDC shares significant homology with HK CusScp 

with 31.1% identity and 47.9% similarity (Figure 6.1). As shown in the predicted 3D 

structure of CusScp (Figure 6.2), the HAMP domain forms a parallel four-helix bundle with 

two helices from each monomer. The DHp domain is formed by two long helices (Ŭ1 and 

Ŭ2), where Ŭ1 contains the conserved His residue and is continuous from Ŭ2 of HAMP 

domain. The CA domain has an Ŭ/ɓ sandwich fold made up by five ɓ strands and three Ŭ 

helices. As shown on Figure 6.1, the S238 and P253 residues on CpxAHDC correspond to 

R261 and P276 on CusScp. Therefore, it is feasible that R261 and P276 residues may cause 

helical bending on the top half of Ŭ1 on the DHp domain as observed in the CpxAHDC 

structure, and asymmetrically positioning the CA domain closer to the H271 within the 

same subunit. 

Structural evidence has suggested that communication between the sensor and kinase 

domains in HK signaling is mediated by subtle structural changes along the dimer interface 

and that there may be related aspects of symmetry and asymmetry. The ligand-bound state 

of a histidine kinase sensor generates kinase activity for many receptors and phosphatase 

activity for others. While we can use symmetry-asymmetry transitions to describe the 

functional states of the kinase domain, we can also use it to describe the sensor domain.



145 
 

CusScp     208 KGHAPIRSVSRQIQNITSKDLDVRLDPQTVPIELEQLVLSFNHMIERIEDVFTRQSNFSA 

CpxAHDC    188 K --- PARKLKNAADEVAQGNLRQHPELEAGPQEFLAAGASFNQMVTALERMMTSQQRLLS 

               *...* * .      .    *  . .    * *      *** *.  .* . * *      

 

 

CusScp     268 DIA HEIRTPI TNLITQTEI ALSQSRSQKELEDVLYSNLEELTRMAKMVSDMLFLAQA- DN 

CpxAHDC    245 DIS HELRTPLTRLQLGTALLRRRSGESKELERIE---- TEAQRLDSMINDLLVMSRNQQK 

               ** **.***.*  *   * .    *   **** . .... *  *.  *. *.* .   .   

 

 

CusScp     327 NQLIPEKKMLN - LADEVGKVFDFFEALAEDRGVELRFVGDKCQVAGDPLMLRRALSNLLS 

CpxAHDC    301 NALVSETIKANQLWSEVLDN - AAFEAEQMGKSLTVNFPPGPWPLYGNPNALESALENIVR 

               * *. *    *.*  **   .  ***    . . . *       . * *  *  ** *..  

 

 

CusScp     386 NALRYTPTGETIVVRCQTVDHLVQVIVENPGTPIAPEHLPRLFDRFYRVDPSRQRKGEGS 

CpxAHDC    360 NALRYSHTK -- IEVGFAVDKDGITITVDDDGPGVSPEDREQIFRPFYRTDEARDRESGGT 

               *****. * ..* *        . . *.  *  . **    .*  *** *  * *   *.  

 

 

CusScp     446 GIGLAIVKSIVVAHKGTVAV - TSDARGTRFVITLPA--  

CpxAHDC    418 GLGLAIVETAIQQHRGWVKAEDSPLGGLRLVIWLPLYK 

               *.***** . .  *.* *  . *   * * ** ** ..  

 

Figure 6.1. Sequence alignment of the entire cytoplasmic domain of E. coli CusS (CusScp, 

residues 208-480) and E. coli CpxA (CpxAHDC, residues 188-455). The conserved 

catalytic His residues are indicated with white text and highlighted in black. Two residues 

(S238 and P253) that are responsible in causing helical bending in CpxAHDC structure are 

highlighted in green. Conserved residues are labeled with asterisks (*).  
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Figure 6.2. 3D structure of the entire cytoplasmic domain of E. coli CusS (residues 208-

480) predicted by Robetta.151 This structure was built based on the structure of the 

cytoplasmic domain of E. coli CpxA (PDB entry 4BIU66), which shares significant 

sequence homology with CusScp (31.1% identity, 47.9% similarity, calculated by 

EMBOSS Needle). The catalytic H271 residue is shown in magenta stick representation. 

Two residues (R261 and P276) that correspond to S238 and P253 on CpxAHDC are shown 

in green sticks. An ADP molecule adapted from PDB entry 4BIU is shown in line 

representation in the CA domain. The domains of CusS are labeled as HAMP, histidine 
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kinase, adenylyl cyclases, methyl-accepting proteins, phosphatases; DHp, dimerization and 

histidine phosphotransfer; CA, catalytic and ATP binding domain.12 
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Structures of HK sensor domains in apo and ligand-bound states have been solved, and 

from the analysis of these known structures, it is suggested that symmetric sensor domains 

lead to kinase activity. For example, apo TorS-TorT is asymmetric and the kinase domain 

is in the phosphatase state; upon binding to the ligand trimethylamine-N-oxide, TorS-TorT 

is symmetric and the kinase domain is in the kinase state.152 Based on these studies, it is 

plausible to hypothesize that symmetric extracellular arrangement triggers an asymmetric 

cytoplasmic arrangement, and the asymmetric extracellular arrangement triggers a 

symmetric cytoplasmic arrangement.73, 152  

Finally, a new signal transduction mechanism can be further proposed for E. coli 

histidine kinase CusS (Figure 6.3). At low concentrations of Cu(I)/Ag(I) in the periplasm, 

CusS does not bind to metal ions and thus the sensor domain is in an asymmetric apo state 

(Figure 6.3, left). In this apo CusS state, the cytoplasmic domain is in a symmetric, kinase-

inactive arrangement. When the Cu(I)/Ag(I) levels are elevated, the sensor domain of CusS 

binds to metal ions through its interface and internal binding sites forming a symmetric 

arrangement (Figure 6.3, right). Ligand-induced dimerization of the sensor domain through 

the interface binding sites triggers piston-like movement in the transmembrane domain, 

which then transduces signal down to the cytoplasmic domain. This signal triggers 

conformational changes in the HAMP domain. Consequently, it stresses the top half of 

DHp Ŭ1 helix (between the R261 and P276 residues shown in green sticks), promoting 

segmental helical motions that result in a dynamical asymmetry between the CA domains. 

One of the CA domains is mobile and brings the ATP nucleotide closer to the 

phosphoacceptor H271 on the same subunit, initiating a cis autophosphorylation reaction. 

The other CA domain remains in an inactive conformation. To confirm this model, further 
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experiments focusing on obtaining 3D structures of the cytoplasmic domain of CusS in the 

absence and presence of the nucleotide will be useful in understanding the different 

conformations of the cytoplasmic domain at its active and inactive states. 

Based on structural and biochemical results of several HKs studies, such as HK853, 

EnvZ, and CpxA, the catalytic mechanism for HK autophosphorylation at the molecular 

level has been described.14, 66, 73 The residues involved in the autophosphorylation reaction 

are highly conserved in the H-box in the DHp domain and in the N, F, and G2 boxes in the 

CA domain (Figure 1.4). Therefore, using this information, we can propose the 

autophosphorylation mechanism of CusS (Figure 6.4). In the proposed 

autophosphorylation reaction of CusS, the nucleophilicity of the phosphoacceptor H271 is 

enhanced by the neighboring conserved acidic residue E272 that acts as a general base 

acceptor deprotonating the His N3 proton. A conserved polar residue N382 helps the 

general base E272 in increasing the nucleophilicity of H271. The activated H271 is then 

ready to attack the ɔ-phosphate of ATP. The ɔ-phosphate is properly oriented in the ATP 

binding pocket by the G-rich main-chain amides in the G2 box. This bendable G2 box also 

stabilizes the transfer of the ɔ-phosphate to the H271. Following the ɔ-phosphoryl transfer 

to form pHis, ADP is produced, carrying negative charge on the ɓ-phosphate. This negative 

charge is neutralized by the positive charge from a conserved R433 in the F-box and also 

by the Mg2+ ion. The essential Mg2+ ion plays a key role in the stabilization of the transition 

state and is chelated by a highly conserved N386. Mutation of this Mg2+-chelating N386 

(N386A) was shown to abolish kinase activity of CusScp (Chapter 3). The high resolution 

structure of CusScp with nucleotide bound is necessary to further confirm this proposed 
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reaction. Alternatively, mutational studies of the highly conserved residues can be done 

followed by autophosphorylation assays.   

In Chapter 5 (Appendix C), we have described experiments that show that there might 

be other non-cognate HKs that can crosstalk with CusR in response to copper stress. 

Although the preliminary data shown werenôt able to conclusively tell whether there are 

functionally beneficial crosstalks for metal resistance in E. coli, we believe that we have a 

foundation to further investigate these ideas. Future experiments involving triple mutant 

strains (BW25113ȹcueOȹcusSȹcpxA, BW25113ȹcueOȹcusSȹyedV, 

BW25113ȹcueOȹcusSȹbarA, and BW25113ȹcueOȹcusSȹuhpB) in which their copper 

susceptibility is compared with BW25113ȹcueOȹcusS will be useful to determine which 

other HKs might affect copper tolerance in E. coli. In vivo complementation assays can 

also be performed by complementing different HKs in plasmids (pcpxA, pyedV, pbarA, and 

puhpB) into BW25113ȹcueOȹcusS strain; the plasmids that can rescue the phenotype will 

indicate their capability to crosstalk with CusR and mediate copper resistance. Furthermore, 

specificity between CusS-CusR in the molecular level can also be investigated. To do this, 

co-crystallization of CusScp and CusR can be performed to obtain a 3D structure of CusScp-

CusR and capture their interaction at the molecular level. It has been reported that the 

bottom half of the DHp Ŭ1 helix is the RR binding domain.37 Therefore, alternatively we 

can perform mutagenesis on the residues in the RR binding domain of CusScp and 

investigate phosphotransfer to CusR. 

In this dissertation, I have described mechanism of copper sensing and export in E. coli. 

This body of work has further expanded our understanding of how the histidine kinase 
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CusS transduces signal to its cytoplasmic kinase domain in response to Cu(I)/Ag(I) binding 

in the periplasmic sensor domain. 
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Figure 6.3. Proposed model for CusS signal transduction mechanism via symmetry-

asymmetry transitions. Structure of the sensor domain of CusS is from the solved crystal 

structure of Ag(I)-CusS(39-17) (PDB entry 5KU5).45 Structure of the cytoplasmic domain is 

the predicted 3D structure from Robetta.151 In apo CusS (left) the sensor domain is in an 

asymmetric arrangement, while the cytoplasmic is in a symmetric arrangement and is in 

the inactive state. Upon elevation of Cu(I)/Ag(I) levels in the periplasm, the sensor domain 

binds to the metal ions. In Cu(I)/Ag(I)-bound CusS (right), the sensor domain of CusS 

dimerizes upon metal binding through the interface binding site and adopts a symmetric 
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arrangement. The dimerization triggers piston-like movement in the TM domain, which 

causes helical bending in the DHp domain and swings the CA domain closer to the catalytic 

H271 on the same subunit. The transferred phosphate is shown by red circles with label 

ñPò. 
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Figure 6.4. Proposed mechanism for CusS autophosphorylation. (A) The phosphoacceptor 

H271 is activated for nucleophilic attack by its neighbor acidic residue E272 that acts as a 

general base. A polar residue N382 also helps increase the nucleophilicity of H271 to attack 

ɔ-phosphate of ATP. H271 is in line to attack the attack ɔ-phosphate, which is properly 

oriented in the binding pocket by the Gly-rich main-chain amides of the G2 box. (B) In the 

intermediate reaction, the phosphoryl-group transfer is stabilized by the G2 box. (C) The 

ɔ-phosphate is transferred to the H271 at its N1 position on the imidazole ring forming 

pHis and generates product ADP. The negative charge in the ADP is neutralized by a 

positive-charged R433 and Mg2+ cation.
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APPENDIX A:  

THE STRUCTURE OF THE PERIPLASMIC SENSOR DOMAIN OF THE 

HISTIDINE KINASE CUSS SHOWS UNUSUAL METAL ION COORDINATION 

AT THE DIMERIC INTERFACE  
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Reprinted with permission from Affandi, T., Issaian, A. V., and McEvoy, M. M. (2016) 

The Structure of the Periplasmic Sensor Domain of the Histidine Kinase CusS Shows 

Unusual Metal Ion Coordination at the Dimeric Interface, Biochemistry 55, 5296-5306. 

Copyright 2016 American Chemical Society. 
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