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ABSTRACT

Bacteria mayive 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, lme beco
toxic if in excess amount. In order to survive, bactdrave developed defensive
mechanism#o protect themselves. Copper and silver levels need to be carefully maintained
within cells to balance cellular needs with potential toxicity. This dissemtéticuses on

the Cus copper and silver efflux systentkincoli.

TheE. colicussystem is composed of two divergently transcribed opeous§;FBA
andcusRSThe cusCFBAgenes encode for a tripartite metal efflux pump CusCBA and a
metallochaperone CusFh& cusRSgenes encode a twemmponent system Cus3usR
that regulates the expression of tis CFBAgenes 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 flagn CusR through histidydspartyl
phosphotransfer event. CusR then outputs cellular response by activating the upregulation
of the cusCFBAgenes, which then turn on the CusCBA efflux pump to eliminate excess

copper or silver in the periplasm.

While bacterial twecomponent systems have been widely studleginechanisms of
ligand-induced signal transduction by histidine kinases remain unclear. It is now known
thatcusSis essential for copper and silver resistance,@msS directly binds metal ions
in the periplasmic sensor domain and dimerizes upon metal biAding, the goal of this

research is to characterize the metal binding properties in the sensor domain, and

15



elucidate the signal transduction and autophosphorylatezhanisrmof CusSupon 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 resistanceEircoli. 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 domaifa$S. 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 aneliévance
in bacterial signaling events. It is then followed by an overview of thectwaponent
signaling systems which is broken down into two parts, the histidine kinase and the
response regulatorxBmples are given of bacterial histidine kinases tha¢lbeen studied
for their function and ligand binding properti@$e 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 bactegiandtal efflux pump
CusCFBA in Escherichia coliis further described and followedith a focus in the
regulatoryCusSCusRtwo-component systemmatregulates it. Finally, the main objective

of the study is explained.

1.1 Histidine phosphorylation

Protein phgphorylation is one of the most commarsgiranslational modifications
among all living things, including animals, plants, fungiastspacteria, and archaé3.
Protein phosphorylation was first identified by Levene at the Rockefeller Institute for
Medi cal Research in 1906. However, it wasn:
a serine phodrylation? This posttranslational 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 arpcaigsing 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 n®a8§% of all proteins may be

17



phosphorylated More importantly, abnormal levels of protein phosphorylation have been
found in major diseases such as cancer, diabetes, and rheumatoid arthritis.

There are nine known phosphoamino a@dd they can be divided into four groups:
O-phosphates (phosphoserine, phosphotyrosine, phosphothreoninphosphates
(phosphoarginine, phosphohistidine, phospholysine), acyl phosphates (phosphoaspartate,
phosphoglutamate), and@osphates (phosphotgie)® The most widely known and
studied phosphoamino acids are those-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 sigmploascades in eukaryotic cells,
transmitting signals from a cell surface to its nuclelmsbacteria, however, kinases more
frequently modify histidine and aspartate residues to generate phosphohistidine (pHis) and
phosphoaspartate (pAsp), and they are part of signaling pathways calledmponent
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.

Histidine was first synthetically phosphorylated in 1947 by Severin and Yudelovich,
andpHisvas first i1identified biochemically by
reported the pHis as a phosphoenzyme intermediate of succinate thiokinase in rat liver
mitochondriad ° 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 eukaryéfes! pHis is unigue among the
phosphoamino acids because it can be ginmylated on either the N1 or N3 position on

the imidazole ring generatingdHis or 3pHis, respectivelyFigure 1.1) Both isomers
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Isomerization

N=—" /?
N""""PH—-..,,
S f O
0
“HaN Facile
3 dephosphorylation _
Half life = 18 sec
In 1 M HCI, 49°C
O o

1-Phosphohistidine
(1-pHis)
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N::;’\ o N
NH f—)\\N
S S
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"HyN - dephosphorylation *HyN
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In 1M HCI, 49°C
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Kinetic Product

Thermodynamic product

Figure 1.1. Chemistry of phosphohistidine (pHis). pHexists in two isomers, -1

phosphohistidine (pHis) and 3phosphohistidine (RHis).
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are acid and heat labile withpHis being thermodynamically less stable thgpis, and

thus can be hydrolyzed faster (Figure 1.1). Therefore,-{tdiSisome is more favorable

than XpHis because it is thermodynamically more stdHleearlier characterized HKs,

only 3-pHis had been observed, such aSatmonella typhimuriur@heA andrhermotoga
maritimaHK853, and thus it was assumed that all badtétiés autophosphorylate at the

N3 position of the histidine imidazolé!* When compared to the most studied O
phosphates, pHi s hasl2tbh-13gkdéakmol fogpablis vefsushSytad r o | y s
-9.5 kcal/mol forO-phosphates).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
medanism for cells to respond to external stimuli and environmental conditions. As a
result, pHis occurs as a phosphoenzyme intermediate in proteins such as <t@ainyl
synthetase, pyruvate phosphate dikinase, and nucleoside diphosphatékittdseiever,

this alsomeans 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 phosphoty tisinas
estimated that pHis may account for approximately 6% all known phosphorylated proteins
in prokaryotes as well as eukaryotéslowever, known cases of pHis are less numerous
and pHis las remained largely invisible. The importance has likely been underestimated
due to the instability and the lack of experimental techniques to preserve thabdleid

pHis.

20



1.2 Two-component signalingsystems

Bacteria live in a variety of environmenihere 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 resposdeduyfic
adaptive responses. In bacteria, ®wamponent 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 $tatégrial osmoredation,
anaerobiosis, ett2%?2 TCSs also regulate pathoggity-related functions, such as motility,
qguorum sensing and drug resistafc& For example, the TCS/anSVanR from
Enterococcus faecaliegulates the expression wdn genes in response to glycopeptide
antibiotics, leading to vancomycin resistant bact&¥id! TCSs are widely distributed
throughout the prokaryotic and eukaryotic kingdoms, with the exception of maftmals.
They exist in almost all bacteria exceygycoplasma genitaliut¥ The number of TCSs
differs greatly in bacteria, which might correlate with the variety of stimuli bacteria are
expose to in their environmentin the Gramnegative bacteriunk. coli, the genome
encodes for 64 twoomponent proteins30 HKs and 34 RRg° The genome of
Synechocystisp. encodes for 80 twmomponent proteins (42 HKs and 38 RRs), in which
they constitute ~2.5% afncoded protein's: 2 TCSs have also been found in plants such
as Arabidopsis thalianaand tomato, in which they regutatethylenemediated fruit
ripening!? 27

Similar to most signaling pathways, TCSs are modular in architecture and they utilize
their conserved domains within proteing their functions. A prototypical TCS consists

of a membranéntegrated sensor histidine kinase (HK) and a cytoplasmic response
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regulator (RR), in which they work together through histiaspartyiphosphotransfer.
The chemistry of the classic twemmponeh phosphotransfer pathways involves three
phosphotransfer reactions and two phosphoprotein intermediates, as showmlg§Elb\w

1. Autophosphorylation: HKHi s + A FHis~E+ ABK (E1)

2. Phosphotransfer: HiKlis~P + RRA's p  Z-Hi$HKRRAsp~P

3. Dephospbrylation: RRAsp~P + HO Zz -RsB+R
Upon stimuli sensing, HK undergoes A-iRpendent auphosphorylation at a conserved
His residueon theHK. Then, the RR catalyzes the transfer of the phosyl groupfrom
the pHis to its owrconserved Asp residue. This causes the RR to be activated and thus
activates transcription of a set of genes that can respond to the environmentat&titnuli
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 ofHKOs phosphatase activi

1.2.1 Histidine kinases

Most histidine kinases (HKs) are homodimeric membrane recefitoey.consist
of two regions, a variable periplasmic sensor domain and seocaed cytoplasmic kinase
core. A prototypical HK usually starts with a short sequence in the cytoplasm followed by
a first t r-leixgTiMe)miich eontisuesdo a sensor domain in the periplasm.
The sensor domain is then connected to the cytoplasmic domain by a second
t r ans me ahblik @M2 (Figure 1.2).The cytoplasmic domain is made up of a
HAMP (namedfor beingpresent in Histidine kinases, Adenyl cyclases, Me#ttgepting
proteins and Phosphatasdejnain,a dimerization and histidine phosphotransferase (DHp)

domain and a catalytic and ATBinding (CA) domain'? 28 2°The kinase core has a
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conserved Fbox locded 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 domaidirectly or indirectlydetects environmental stimuli atichnsduces a

signal to th&kinase core through the linker domaiime input signal causes conformational
changes that triggel@n ATRdependent autophosphorylationaatonserved His residue
located on the DHp domaihklKs are known to funatin as homodimersnd thus the signal
transnission from the periplasmic sensor domairthte kinase core occurs through the
dimeric interfaceé® The class | HK utilizes histidyhspartyiphosphotransfer to
communicate with its cognate RRigure 1.3. Some HKs are known to be bifunctional,
possessing both kinase and phosphatase activities, such as EnvZ arid Malith 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.
Thesebifunctional HKs are commonly present in phosphotransfer pathways that need to
be shut down quickly? Phosphatase activity also appears to play a critical role in limiting

crosstalkd3

Besides the simple hisfiltaspartyiphosphotransfer system, some other HKs
utilize a histidytaspartydphosphorelay system. This more complex signal transduction
pathways are utilized by hybrid histidine kinases, such as ArcB and®é8These more
elaborate hybrid HKs are found in some prokaryotic HKs and almost all eukaryotic HKs,
and they have multiple phosphorylation sites to perform the multistegppbrelay 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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Periplasmic
sensor
TM1 domain TM2 HAMP DHp CA

I

Kinase core

I

Cytoplasmic domain

Figure 1.2. Domain organization of prototypical histidingnase. 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, thereasserved Fbox within
the dimerization and histidine phosphotransfer (DHp) domain, and conserved N, G1, F,

and G2 boxes within the catalytic and Abding (CA) domain.
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(A) Class |

Histidine kinase Response regulator
Input Receiver Effector
Hybrid histidine kinase Response regulator
Input Recelver Receiver Effector
(B) Class Il
Histidine kinase Response regulator
Input Regulatory Receiver Effector

MP

Figure 1.3 Domain organization and signaling events in TCBsre 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 | histidine kinases (HKs), the dimerization
and histidine phosphotransfer (DHp) domain contairm@served His residue and is
followed by the CA domain. HK communicates with RR through histdgarty
phosphotransfer. Hybrid HK has receiver and-¢bstaining phosphotransfer (HPt)
domains after CA. The HPt can either be attached to or separatedHKquash line).
Hybrid HK communicated with RR through histielyspartyphosphorelay. (B) In Class Il

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 ttheanblis 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 ujmladisAsp-His-Asp
phosphorelays which might facilitate a better ftoaing than prototypical HK¢Figure

1.3)%

Based ororganization of the kinase core, HKs have been grouped into class | and
class Il fFigure 1.3. In class | HKs, the Hbox-containing DHp domain is directly
connected to the CA domain. In class Il HKs, however, thmidcontaining HPt domain
is connectedda 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® Like the class | HKs, the class Il HKs also utilize a histiagpartyt
phosphtransfer scheme. IB. coli, the chemotaxis protein CheA is the sole representative

of class Il HKs?6

1.2.1.1 Sensor domain

Bacterial HKs sense a wide range of environmental stimuli such as small
moleculesNarX, CitA), temperature (DesK), antimicrobials (PhoQ), and osmotic changes
(EnvZ)3” HKs sense these signals through their sensor domain either directly or
indirectly!? Indirect ligand sensing is seen in LuxQ where it forms a complex with a
periplasmic binding protein LuxP to sense autoindi;end also in TorS where it binds
to an accessory periplasmic binding protein, TdoTsense trimethylaminl-oxide 38 3°
The sensor domains among HKs are highly diverse in their sequences, thus supporting the

idea that eachiK 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 cytopla®¥m.

Based on structural study of the extracellular sensor domains, it is revealed that
they can be divided into thre¥d ©cordstuaald
periplasmiebindingproteinlike (PBRI i ke) f ol d. The first cl ass
named termed PDC (PheQcuSCitA) 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 structurewere first solved**3 PDC folds has a PAfke topology in
which the central fivestranded antp ar adshelk t b i s -helices onkeithdr sitey U
This PDC fold differs from the PAS fold in that the structure begins with a letggriinal
Uhelix and ends with a shortiC e r miheliathat both lie on the sanside of the sheél.

The PDC fold appears to be most prevalent among extracellular sensor domains and so far
there are at least 16 HKs reported to@d®DC folds** 4The second class, dll f ol ds, i
represented by NarX and TorS, which they form foelix bundles?® 47 The third class

PBRlike fold has been seen in HKZZonsisting of two globular domains joined by a

hinge forming a grove between them that contains the ligarding site?® 4°

Some HKs that contain multiple transmembrane domains usually lack
extracellular domais) and thus the sensor domain may lie within the transmembrane
regions?® Some examples for this class of sensor domairthatemperature sensor DeskK,

the redox sensor Sen$he quorum sensor AgrC, anthe ethylene sensoEtrl from
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plants.5%%2 Biochemical studies comparinbe kinase activity between fdkngth DeskK
and the cytoplasmic domain of DesK lacking the transmembrane domain showed that
kinase activity was increased upon temperature chandgsmben the transmembrane
domain was intact® No structures of membrarembedded sensor domainsveabeen
reported.

Finally, sensor domains of HKs can also be found in the cytoplasm, wieere
domaincan be located either on thet&fminus before the first transmembrdredix or at
the Gtermirusafter the second transmembrardix and before the kinase cafeMany
cytoplasmic sensor domains adopt a true PAS (named for being first discovered in periodic
circadian proteins, akyhydrocarbon nuclear translocator proteins, and singieled
proteins) fold consisting of an asgarallel fives t r a msdnheede tb c o r ehelicds.a n k e d
PAS domains are known to function as input modules in proteins that sense oxygen, redox
potential light, and some other stimwf.Rhizobium melilotFixL senses oxygen through
a hemecontaining domain an8taphylococcus carnosi&eB senses oxygen through an
iron-sulfur [4Fe4SF* cluster®®5 Some other cytoplasmic sensor domains adopt a GAF
(named for being present in cGMipecific phosphodiesterases, adghyglyclases, and
formate hydrogenases) fold, another ubiquitous signaling motif that is related to PAS
domain. GAF fold has an amntiarallel sixs t r a n-sheetl corb.Mycobacterium
tuberculosiDosS and DosT are hergentaining redox sensors that have Gldimains”
58 Furthermore, some cytoplasmic sensor domains are found in phytochromes, ld&luble
photoreceptors found in bacteria, fungi, and plants. These cytoplasmic sensor domains

adopt PAS, GAF, and phytochrome (PHY) foffs.
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Despite structtal and biochemical analgs, 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
domainswould form dimers in solution when expressed as truncated préteiosvever,
it has been reported that HKs such as DcuS, DctB, CitA, and NarXasasbnomes
during purification?> 43 46Even so, the dimerization of the sensor domain of HKs are
generally weak and concentratidependent. Among extracellular sensor domains with
the PDC fold, only CitA (analyzed by sizxclusion chromatograpHy)and DcuS (I of
9.7 + 3.7 mM measured by equilibrium AU€are confirmedto dimerize weaklyin
solution. The sensor domain Bt coli TorS dimerizes in solution with &of 49.6 uM
measured by equilibrium AUE.Moreover, in contrst with the receptonftosine kinases
in eukaryoteswhich generally undergo ligaAdduced dimerization, the idea of ligand
induced dimerization of HK sensor domains was ruled out sincebglisvedthat HKs
exist as homodimer$.Nevertheless, liganrthduced dimerization in the sensor domains of
HKs have been reported in NarX and CffA*5The sensor domains of HKs must undergo
some kind of coformational 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, theawd Gterminal helices are expected to be
contigwus 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 coiledlt@Imotif, forming a fouthelical
bundle spanninghrough the cytoplasmic membrariéM2 is then followed by the other
linker domainga cytoplasmic HAMP linker domain which uslyahas 50 amino acids with
a helixturn-helix motif.t The HAMP domain consists of two amphtfiic helices with
coiled-coil propertiesin which a long loop connects them in parallel, and they farm
homodimeric, fowhelical, parallel coiledtoil structures?: 62

There are four basic mechanisms proposed for signal transduction by
transmembrane helices: association/dissociation (translatite 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 merfibPane.
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®N&r X3 46.
62 Rotation movements have been observedmogosed fothe quorum sensing protein
LuxPQ andthe redox sensor ArcB? 63 Additionally, scissor movements have also been
proposed fotheheparinbinding hybrid HK BT4663 and the magnesksensitivePhoQ3’

Different mechanisms have been proposed to describe HakliRated sigaling
transduction in HKs. In HK homodimeHHAMP domains are parallel fotnelical bundles
with two helices from each monomer. Several HAMP domain structures have been solved,
such afArchaeoglobus fulgiduaf1503 (PDB entry 2L7HY4, Streptococcus mutai®ovS
(PDB entry 4158®, and E. coli CpxA (PDB entry 4BIVYe. 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 lteginning of the second hefiX.In

addition, it was noted that the fehelical bundle has two interfaces: a far ir$tegbunit
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interface (between Ul and U2 -fubuninntetfacee s a me
(bet wele2nd ,-U20,1 6ab 6 Uflr om di fferent subunits)
mechanism of signal relay via tiAMP domain is unclear, the consensus in the field is
that HAMP domains are highly malleable structures which allow them to shuttle between
different conformations easiff.The HAMP domainoften connects directly to the DHp
domainin 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 magiisigesthe 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 Hbox represents the conserved catalytic His residue. Thus, the DHp domain
is the site of three catalytic reactions: histelautophosphorylation, phosphotransfer to the
cognate RR, and a phosphatase reaction (for bifunctional HKs %l DHp forms a
homodimeric antparallel fourh e | i ¢ a | bundl ehewiitche st woU1| ocanng
connected by a hairpin loop, with the catalytic His located a few turns down the bundle on
the solverte x p 0 s e d 1, as skown irtlie sdlution structure of the DHp domaf of
coli EnvZ 87 Based on sequence analysis, thbd# contains a seveamino acid stretch of
highly conserved sequence, as shown belofE®)’ (Figure 1.4

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

AA sequence: H - (D/E) - (L) - (KIR) - (T/IN) - P - L
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Figure 1.4.Sequence alignment of the kinase core of histidine kin&sesoli CusS,T.

maritimaHK853, S. aureus®hoR,E. coliCpxA, andE. wli EnvZ. Theconserved 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 conservptlosphoacceptor 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 resiges 5 and 6 are the sites where helix bending can occur to allow the top half

of DHp U1l to adopt multiple conformations

f

Ul i s more diverse, thus i ncreasingespeci:Hf

cognate RR8

The CA domain contains the cleotide 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 & obli EnvZ,
Thermotoga maritim&heA,E. coliPhoQ, adE. coliNtrB.5%’1 Later on, structures of the
entire kinase core or the cytoplasmanthin including the HAMP linker domain were also
solved, such as far. maritimaHK853 ancE. coli CpxA.%¢ 7°All the CA domain structures
show a conserved U/helices pankddragainkt fives apirale It hb e e

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

the AATP 1 ido. This doma i-bindingslomainsofuhe GHLr al | y

ATPase family (DNA Gyrase B, Hsp90, and Muf?)’! Thus, together these ATPase
become GHKL (DNA Gyrase B, Hsp90, histidine kinase, and MutL) superfafiippm
structural and biochemical studies, it is known that the N, G1, F, and G2 boxes are involved
in nucleotide binding and phosphotransfer’? Within the Nbox, there were two
conserved Asn residues with the first Asn reported to be involved in activating the catalytic
His in the Hbox and the second Asn involved in Mghelation®® 73 The F and G2 boxes

make up the ATP lid. The Glgch main chain amides backbones interact with ATP and
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properly orient is in the binding pocket for the activated His to atf&tkis bendhle G2
box al so hel ps s t-phbsphate to¢he Hih & additioa,nthe fhighty o f
conserved hydrophobic Phe in thebé&x and lle/Leu in the GBox are involved in
stabilizing the DHpCA interface3’ 66

As a homodimer, a HK can catalyze an Adépendent autophosphorylation
using eithertrans (in which CA domain autophosphorylates a conserved His on a DHp
domain from the other subunit) ais (in which CA domain autophosphorylates a
conserved His on a DHp domain from the same subunit) mechatfisiiStudies have
shown that either thigansor cis mechanism can be determined by the handedness of the
DHp loop/#

1.2.2 Respong regulators

In most prokaryotic TCSs, response regulators (RRs) are usually the terminal
component of the pathway, which function as phosphoryla#taiivated switches that
regulate output responses in order to adapt to environmental chRRgsatalyze the
phosphoyl-transfer from HKHis~P to itsconserved Asp residue in the RRgure 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'RFs’®Despite the ability of RR
to phosphorylate itself with smal.l mol ecul

RRs exist independently without its cognate HKs.

In E. coli, a total of 34 RRs have been identiff@dost common RRs consist of
two domainsa conserved Nerminal receiver domain and a variablégdminal effector

domain.The conserved Asp iscated in the receiver domajrigure 1.2).The eceiver
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domain can also be found in the hybrid HKs following the d&#nain, and is involved in

the histidylaspartyiphosphorelay (Figure 1.2). The majority of RR® transcription
factors with DNAbinding effector domains. In some cases, the receiver domain is found
to be an isolated protein without thet€@minal effecor domain attached; the westudied
chemotaxis protein CheY is one exam{€8In other cases, RRs have more than one C
terminal effector domains like those belong to QNfiamily, there are two @rminal

effector domains to the receiver domé&in.
1.2.2.1 Receiver domain

The conserved Nerminal receiver domains of RRs contain the conserved
phosphoacceptor Asp residues and they host three actfifiEst, they interact with their
cognate HKs and c at aphogphate td tihelr own coasersetl dsp. o f
Second, they catalyze autodephosphorylation. Third, they regulate the activities of their
effector domains in a phosphorylatidependent mannerWhen the Asp is not
phosphorylated it is in the inactive state (OFF), aén 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 absenceigifials or stimuli, the role of dephosphorylation is
essential for maintaining the ON/OFF state of TCS by preventing phosphorylation of RR

by other norcognate HKg?®: 29 80

The receiver domain is a consesgfoldd ~120
conserved in RR domains for which structures have been deterfdiffethe structures
show a central fivs t r anded parall el b sheet flanked

helices. This domain is chatadzed by a set of conserved residues in two regions, one is

35



the active site involved in phosphorylation/phosphotransfer and the other site is involved

in phosphorylatioAinduced conformational changes. The phosphotransfer active site is
Clustered at th€-t er mi nall esliegt,at canthins ta lbomserfied phosphoacceptor

Asp located at the end of b3 and two* conser
binding?® 82The other conserved region has ahhigy conser ved Ser/ Thr
Lysat the end of b5, and Phe/ Tyr at the beg
for phosphorylation, they have been found to be involved in phosphorylatianed

conformational changes important for RRtivation of the effector domatf. !

1.2.2.2 Effector domain

The phosphorylation of the conserved Asp ba teceiver 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 activitiesThe effector domain has DNbinding activity that can activate and/or
repress transcription of specific genes, which then actvate inactivats the
corresponding system to respond and adapt to the environmental cHRRgeBectors
typically bind to responsive elements to aater 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 domaing® 28 First is the OmpR/PhoB wingdtklix 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
DNAand fanking | oops or fAwingso ?Sdrendisthent act

NarL/FixJ fourhelix domains, in which the DNAinding domain has a typical heliMrn-
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helix motif. Third is the NtrC ATPaseoupled transcription factor, the most structurally
and functionally complex subfamily. This subfamily catsiof two domains, an ATPase
domain and a heliurn-helix DNA-binding domain.

1.2.2.3 Crosgalk

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
phosphorylationby a HK to a nonrcognate RR is highly probable, and this is termed
crossalk. 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 tH&is t
own cognate RR<Crosstalk is usuallyinfavorable andharmful to the cellsand thus is
often kept as minimum as possiB¥eA single bacterial cell can conta@s many as 200 to
300 HK-RR pairs,yet each HK has only one or two cognate RRs, revealing exquisite
partner specificity within @&h HK-RR pair* 2° Crosstalk between HKs and RRs from
different systems have been observed masthitro. In E. coli, it was reportedhat the
total number of crosstalk was 21 out of 692 zognate TCS pairs examined (~3.0%).
Complete and clear phosphotransfer between cognate TCS pairs is still unclear due to lack

of structures of HKRR complex.

1.3 Biological importance of copper and toxicity ofcopper and silver in bacteria
Transition metals are characterized by having partially fitledrbitals in many

compounds and they generally have more than one stable valenéé Asageresult, they

are generally used for electron transfer by valestagtle mechanisms in a variety of

biological processes. In the caskcopper, it can cycle betwedwo redox states, the
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reduced Cu(l) or the oxidized Cu(f).Copper is the second most prevalent biological
transition metal only after irof?.Due to its redox propertiesppper is an essential element

for most organisms because it acts as a cofactor in biological prosesteaseduction

of nitrite and ftrous oxidesiron transport, oxidative stress protection, pigmentation, and
blood clotting and can act as an electron caffiéhDeficiency of copper or disturbances

in copper homeostasis can lead to diseases such as Alzheimer disease, cystic fibrosis, and
Parkinson diseas®.Over 30 types of copp@&ontaining proteins are known, for example
lysyl oxidase (involved in the crosslinking of collagen), tyrosinase (required for melanin
synthesis), cytochrome c oxidase (the term@lattron acceptor of the respiratory chain),
and superoxide dismutase (required for defense against oxidative d&msmsther class

of copper proteins act as electron carriers, such as plastocyanins and afiubexsterial
coppercontaining proteins are extracytoplasmic and are found mainly in the periplasm or
embedded in the cytoplasmic membr&hi E. coli, Cu/Zn superoxide dismutase and
amino oxidase are periplasmic enzymes, and NADH dehydrog@naisé cytochrome ¢
oxidase are localized in the cytoplasmic membféne.

Iron is the most utilized transition metal in biological systems due to its wide range
of Fe(Il)/Fe(lll) redox potentials frorB00 to +700 V, depending on the iron ligands and
the protein environmenr®: & In contrast, the redox potential of Cu(l)/Cu(ll) is usually
higher than that of Fe(ll)/Fe(lll) ranging from +200 to +800 mV, depending on the type of
coordination of the copper to protéihThus, copper can be ubkas a redox active metal
in reactiongn which ironis unable to participatevhich makes it useful in active sites of
enzymes enabling them to directly oxidize substrateh as superoxides and phenol&tes

Cu(l) is a soft Lewis acid that can interact with soft ligands suc¢hials, hydrides, alkyl
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groups, cyanide, and phosphigé<u(l) usually favors tetrahegl geometryinvolving
sulfur donors such as cysteines and methioni@afll) is an intermediate Lewis acid that
can additionally complex witbulphate and nitrate, and it favors square plaoardination
involving nitrogen donors such as histidin€hus, esidues important in Geoordination

usually involve cysteines, methionines, and histidf$e’s.

While the redox property of copper is beneficial for biological procegsesn also
be harmful and cause cellular damage, anddhlysa small amount of intracellular copper
is needd and excess amounts are toxic even at low concentrations. Copper can initiate the
generation of redive hydroxyl radicalsn a Fentodike reaction, as shown in (E3), which
will lead to DNA damage, protein oxidation, or lipid peroxidation, and eventlesly to
cell deatht® Additionally, the hydroxyl radicals can also react with hydrogen peroxide

generating more reactive oxygen species, as shown in (E4).
Cu +HO:A C¥*+OH + OHE
OHE 8,AH.0 + H + OE (E4)

Copperinduced damage can also be caused by the depletion of sulfhydryls due to the redox

property of copper. These reactions are desciiedalv in (E5) and (E6).
2 CU¢"+2RSHA 2 Cu +RSSR + 2H (E5)
2CU +2H + O A 2 CU#* + H0, (E6)

The hydrogen peroxide generated from (E6) will then fuel the Fdik®mrreaction as
shown in (E3) and cause more cellular damage. The reduced Cu(l) is more toxic than the

oxidized Cu(ll), probably because it is watesoluble and it can diffuse throughet
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cytoplasmic membran&: 88 Copper toxicity can also be caused by ity to bind to
thiols in important metabolic enzymes, and to compete and displace natural metal ions
essential for protein functiof$.For example, Cu(l) can displace iron from isuifur
clusters of dehydratases and thus inactivate its enzymatic fufittidrerefore, it is
important for bacteria to regulate intracellular copper concentrations to protect the

intracellular environment.

While silver is irrelevanin biological processes, it shares similar cheahand ligand
binding properties with Cu(l)Like Cu(l), Ag(l) is a soft Lewis acid and thus hhagh
binding affinity for soft Lewis basis such as thiolBhus, t is also highly toxic at even
lower concentrationAg(l) was reported to inhibit the resptory chain and the exchange
of intracellular and extracellular phosphatéircoli.®® °4Similarly to Cu(l), Ag(l) toxicity
can also be due to itdbiity to interact with thiol groups in proteins and displace other
cofactors in enzyme®ecause of their toxicity, copper is often usexdan anthicrobial
agent inagricultural applicationsand clinical settingsand silver is often used as

antibacterihingredient inbothclinical and norclinical settings®: %

1.4 Mechanisms of copper resistance in bacteria

To survive under metatressed 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 uptakee2jraéqn
of metal ions inside the cell, 3) modification of metal ions to their less toxic state, and 4)
efflux of metal ions outside the c€Rigure 1.5) Copper resistance occurs using these four

mechanisms in bacteria.
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Figure 1.5. Metal homeostasimechanism in bacteridetal 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 exped 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 acid3.°’ This mechanism has beesuhd in Grarmegative bacteria
Pseudomonas aureofaciemns which EPS acts as a protective barrier under copper stress
conditiors.®” Bacteria are highly stimulated to produce EPS under metal stress camdition
and thus increase cell viabilityBacterial EPSare negativelyltarged 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 Gramnegative bacteri&. coli, the other three mechanisms of copper resistance
have beendentified, metal sequestration, modification, and efflux. Two chromosomally
encoded systems inlk@d in copper resistance, tbeeandcussystems, were identified in
E. coli.?® The cue (Cu dflux) system islikely the primary copper resistance mechanism
under both aerobic and anaerobic conditions, as it is induced under low copper
concentrations (~3 pMoppej while the induction of theuss y st em i sndt obse
up to ~200 uM coppet The Cue system consists of a copper efflityge ATPase CopA,

a periplasmic multicopper oxidase CueO, and a comsponsive metalloregulatory
protein CueR. CueR is located in the cytoplasm and is a {lezR-anscriptional activator
inducedby copper?® Upon copper sensing in the cytoplasm, it upregulatesdiression

of the copA and cueO genes?® CopA is a Ptype ATPase and is geired for copper
homeostasis under both anaerobic and anaerobic conditions. Free Cu(l) is actively pumped
out to the periplasm from the cytoplasm through the inner membrane by CopA, using the

energy from ATP hydrolysi¥° CueO is a periplasmic multicopper oxsgathat help
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detoxify the periplasm by oxidizing the more toxic Cugjheciedo the less toxic Cu(ll)
species® CueO is active only in the presence of oxygen.

When the copper levels continue to increase under aerobic conditions, the Cue system
can get saturated, aodly 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 didensetail below.

1.5 Escherichiacoli Cus system

The cus (Cu_snsing)system has two operons transcribed in opposite directions,
cusCFBAand cusRSoperons. TheusCFBAoperon encodes a tripartite efflux complex
CusCBA and a metallochaperone Cy{Bigure 1.§. ThecusRSperon encodes a histidine
kinase CusS and a response regul@usR, which are one of the TC&<E. coli. While
the Cue system is expressed under aerobic conditions, the Cus system is expressed under
anaerobic condition¥. However, the Cus system can also function under aerobic
conditions under extremely high copper concatiins® % As the Cue system is
ovemwhelmed, the accumulation of Cu(l) in the periplasm leads CusS to sense the stimuli
and transduce the signal to its cognate response regulator Cugphobpdorylagdd CusR
acts as a transcriptional activator and initiates the transcriptions@FBAgenes. This
leads to the transport of the excess copper from the periplasm across the outer membrane
by theRND-type (Resistance, Nodulation, and cell Division) efflux pu@psCBA85 102
The CusCBA proteins form a complex spanning through the inner membrane, periplasm,
and outer membrane. In addition, the Cus systemlso responsible for periplasmic

detoxification of Ag(l) ions, as Ag(l) has similar binding properties as Ctl).
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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 ofcti® gene led to a significd
decrease in copper tolerance, though not as severe as the deletisAarfdcusB!®? The
crystal structure of CusC has been solved,iaireveals that there is one monomer of CusC
in the asymmetric unit, with the biological trimer formed by the symmetry within the
crystall®Cus C homotrimer forms a ~WaBdresidindiomng U/
the outer meanbrealnei rmantdh-Harrg@ forms ahlige istennal cavilye U
with a volume of ~28,000 Rand a diameter of ~25 A, and this cy filled with water.

More interestingl-parrel is highly electroregative.rThus, fit wash i s
presumed that Cu(l) and Ag(l) cations are transported through the channel together with
the bulk solvent and avoid being trapped inside tmeebaVithin 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(1l) an dnetd birding® Therefdre, Cu(l) & Aghw a ny

most likely enter the CusC channel through CusA.

CusA is the inner membrane pem that belongs to the heawyetal efflux RND
(HME-RND) family, in which it utilizes the energy from proton flow from the periplasm
to the cytoplasm to transport its substi®té? 19CusA is the central component of the
CusCBA complex as the deletion@misAgene led to a complete loss of copper resistance
and the same copper sensitivity as seen in the deletion@fst#-BAgenes®’ The crystal
structure of CusA reveals a homotrimer with each monomer consists of 12 transmembrane

helices (TM1TM12) and a large periplasmic domain formed by two loops between TM1
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TM2 and between TMTM8.1% When comparing the structures of aposA and
Cu(l)/Ag(l)-bound CusA, a significant conformational changes in botpehplasmic and
transmembrane domains were observed. The metal binding site is located in the
periplasmic domain with Cu(l) or Ag(l) coordinated by three methionine residues (M573,
M623, and M672). Besides the thieket metal binding site, four other Mpairs 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 (MM501, M486M403, and
M391-M1009) are found within the transmembrane domain. Therefore, thesd/bt
pairs/clusters are thought to be important for binding and transport of Cu(l) and Ag(l), in
which the M271M755 pair can release the metals into the central funnel to reach the CusC

channel for final efflux}%

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 deldéticusBled to a
complete loss of copper tolerance, as seen with the deletousat®? Based on extended
x-ray absorption fine structurend mutagenesis studies, it has been proposed that CusB
forms a threamethionine (M21, M36, and M38; numbering is of the mature protein without
the leader sequence) metal binding itdTC experiments revealed that CusB binds to
Ag(l) with a 1:1 stoichiometry and tight binding affinity {i6f 24.7 nM)1°8 The crystal
structure of CusB shows that it is folded into an elongated structure and can be divided into
four different domains, i n wshrandshndthdfeurtf i r st
a | -helidal 1% However, 60 residues are missing from theéeNninus of CusB, where the

metal binding site is located, suggesting this is a dynamic region. Térystal structure

45



of the CusBA complex showhkat the homotrimer CusA interacts with six CusB protomers

through the periplasmic domain of CusA, where one CusA interacts with two'&usB.

CusF is a small, soluble periplasmic metallochaperone and is the fourth component
of the CusCFBA system. Even ttgiuthe deletion ofusFdid not lead to a complete loss
of copper tolerance, it is still required for a full copper tolerdfit€he structire of CusF
reveals a fives t r a rbdreelét! ChisF binds to Ag(l) and Cu(l) with a 1:1 stoichiometry
and tight binding dinities to both (k of 38.5 nM and lKof 495 nM respectively}*? CusF
has a unique metal coordination in which it coortbsahe metal ion with His(MetjH36,
M47, and M49) coordination and also a Trp (W44) residue capping over the metal forming
acation” i nt & TheW44 was determined to be maintaining a modexfiteity

to Cu(l) and also protecting Cu(l) from oxidation and outside liga&hd.

CusSCusRis the regulatory system for the expression of tateCFBAgenes in
response to the accumulatiohperiplasmic Cu(l) or Ag(l) (Figure 1.6XCusS is a 54 kDa
membraneassociated histidine kinase with 480 amino acids, such that the periplasmic
sensor domain is connected with the cytoplasdamaincontainingHAMP, DHp, and CA
domains through two transmembrane helices in the inner membrane (E@ufdecusS
gene is required for Cu(l)/Ag(l) resistance, as the deletion afitb&gene led to ioreased
Cu(l)/Ag(l) toxicity in E. coli.®* From sequencalignments, CusS has similarity to other
putative metalesponsive HKs such &seudomona€opS,SalmonellaSilS, andE. coli
PcoS with 46%, 68%, and B2similaritiesrespectively. However, highimilarities are
seen inthe kinase core andre lowerin 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 chahdésThe
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periplasmic sensodomain of CusS plays an important rolesensing Cu(lAg(l) and
transmittingsignals to the cytoplasmic kinase cdrbe periplasmic sensor domain of CusS
(residues 3987) has seven Met and nine His residues that may be involved in binding
Cu()/Ag(l). Equilibrium dialysis and ICRMS studies sbws that there are four Ag(l) ions
bound to one molecule of the periplasmic sensor domain of CusSd&esSwith an
apparent lKof 8.23 uM1'® CusSsa187)dimerizes upon Ag(l) bindingt® It is expected that
conformation changes would occur upon metal binding and trigger-d&€pendent

autophosphorylation on the highly conserved His residue (H2#&hgiBDHp 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 residy®51) on its receiver domain. When CusRli@sphorylated it is activated
and functions as a transcriptional activator. The effector domain hastiidig ability
and activateghe transcription of theusCFBAgenes. Deletion ofcusRled to a significant
copper sensitivity and accumulation of ceppin cells under anaerobic condition,

indicating the significant role afusRfor anaerobic copper tolerante.
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Figure 1.6. lllustration of Cu(l)/Ag(l) homeostasis mechanisms the Cus system in
Escherichia coliThe twacomponent system (TCS) Cu€3ISR regulates the transcription
of cusCFBA genes, which encode the CusCBA tripartite efflux pump and a
metallochaperone CuskEu(l)/Ag(l) are exported outside the cells through the CusCBA
efflux pump. TM, transmembrane helicesDHp, dimerization and histidine

phosphotransferase doma@®A, catalyic 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 antimicrolitalsolinthe
CusCFBA system is responsible for pumping out excess copper and silver from the
periplasm to the extracellular space. The expression ausi@FBAgenes is regulated by
the CusSCusR twecomponent system that works together through histdplarty
phosphotransfer. Even though the G&&R TCShas 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 aofirattah
efflux genes is not yet understoddly understanding this CusSusR regulatory system,

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

Prior to my research, the significancetloé cusSgene in Cu(l)/Ag(l) resistance B
coli was determined by 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(l), 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) anow are metal ions coordinat2élow does ligand bindingduce the
dimerization of the sensor domain of CusS? More importantly, how does metal binding in
the periplasmic sensor domain activatee cytoplasmic kinase? What are the
autophosphorylation and signal transduction mechanisms of CusS?

In this dissertatioomy work focuses on understanding and answering these questions.

| have been able to determine the structure of the sensor domain of CusS in the presence
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of its ligand, Ag(l) ions. From the crystal structure, we are abiketerminehe metaion
bindingsites By using this information, | have further investigated the roles of the metal
binding sites in metal resistance, liganduced dimerization, and activation of
autophosphorylation. Moreover, | have determined the autophosphorylation mechanism of
CusS. In addition, | have obtaineditial crystals for the cytoplasmic domain of CusS
despite the lack of time to obtain diffractiggality crystals to solve its 3D structure.
Preliminary studes on crogsilk between other necognate HKs and CusR hasalseen
performed. Finally, based on the findings, | have proposed a modehdosignal
transduction mechanism of CusS and also a modeth®tistidine phosphorylation

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

Chapter 1 introduces the tvommponent signaling systems asgmmarizes their
known structure and functios. It also describesopper and silver toxicity and the
mechanism of metal homeostasis in bactdie problemand context of this dissertation

is presented.

Chapter 2 presesithe crystal structure of the sensor domain of CusS bound to silver
ions. It further shows how the metal binding sites plegte in metalsensing andesistance
in E. coli. This chapter smmarizes the manuscript published in the journal Biochemistry;
the paper is appended Appendix A. Thiswork was completed with contributisrfrom
Aaron Issaian and Dr. Megan McEvoy. My contributions to this paper involve the sample
preparation for prota crystallizationjn vivocomplementation 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 forthe project and edited the manuscript.

In Chapter 3, | have described work showing tBatoli CusS autophosphorylates
its conserved H271 at the N1 position usingsamechanism 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. ddntributions involve the development

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

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

internal binding sites. | have shown that the dimerization o$éimsor 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 embedltrlgth CusS and kinase activities of nanodisc
embedded CusS variants were measured. Dr. Ch&daBsisted 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, | have described preliminary data of prestmtlies on the
crystallization of the cytoplasmic domain of Cusspfendix 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 mindings 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 C+8&sR twecomponent signaling system.
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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)

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

to this dissertation/Vhat 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 fiEmoherichia coli CusS is a
membraneassociated histidine kinase, which is a member of actmponent system
CusSCusR responsible for Cu(l)/Ag(l) resistancedincoli. 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 silvebound sensor domain of CusS (AgQlisSse187) shows that it forms
a homodimervia the Nterminal and @erminal helices. The structure also raigethe
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{ljn the interface
binding site is coordinated by two Met and one Phe forming an unusual-catiannt er act i
Functional analysis of CusS variants with mutations in the metal binding sites suggest that
the interface binding site is more important fortahesensing and metal resistanceEin

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

kinase activity.
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CHAPTER 3: CISPHOSPHORYLATION OF CUSS ON H271 SUPPORTS A
MODEL FOR ROTATION AND BENDING MOVEMENTS DURING
AUTOPHOSPHORYLATION

3.1 Abstract

Histidine phosphorylation is widely used by twomponent systems in bacteria to
sense and respond to environmental stimuli. Eachcowoponent 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 Cus2usR fromEscherichia colis responsible for upregulating the
cusCFBAgenes involved in Cu(l)/Ag(l) efflux under elevated metal concentrations in the
periplasm. Here, we investigate autophosphorylation in the cytoplasmic domain of CusS
and trangphosphorylation between CusS and CuBRvitro analysis show that CusS
autophephorylates 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 analysim vivo of CusS and CusR variants with mutations ie th
autophosphorylation or phosphoacceptor residues suggest that the phosphotransfer event
is essential in metal resistance k coli. Biochemical analysis shows that CusS
autophosphorylates usingces mechanism. Our results also support for a model irchvhi
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-rasslational modifications
among alliving things, including animals, plants, fungi, bacteria, and arch&&here are
nine known phosphoamino acids and they can be divided into four groygs$phates
(phosphoserine, phosphotyrosjinphosphothreoning)N-phosphategphosphoarginine,
phosphohistidine, phospholysinaryl ph@phates (phosphoaspartate, phosphoglutamate),
and Sphosphates (phosphocysteifi¢) bacteria, kinases that are part of femmponent
systems (TCSs) frequently modify His and Asp residues to generate phosphohistidine
(pHis) and phosphoaspartate (pAspHis is unique amonghe phosphoamino acids
because it can be phosphorylated on either the N1 or N3 position on the imidazole ring
generating dpHis or 3pHis, respectively. When compared to the most studied O
phosphates, pHis hasl2tb-13gdedenol forgpBis versusthSytad r o | y s
-9.5 kcal/mol for Gphosphates).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 cedlto respond to external stimuli and environmental conditions.

TCSsare the predominant signaling systems used in prokaryotes to sense, respond,
and adapt to a variety of stimuli in the environmdrite signaling pathways consists of
three phosphotransferreactions? First, a histidine kinase homodimeris
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 depltatpbtor

by an intrinsic or HKinduced 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 stimulil? 4 A prototypical TCS is comprised of an intelgrmembrane HK and its
cognate cytoplasmic RRTypically, 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 theytoplasmic domain initiating autophosphorylation on the conserved and
specific His residuein most prokaryotic systems, the RRs are the terminal oo of

the signaling pathway that function as phosphorylatictivated 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
sequencé? 260ne of the TCSs, CusSusR, regulates the expressiorca6CFBAgenes
responsible for maintaining metal ion homeostasis in cells. The periplasmar s®main
of CusS senses increased levels of Cu(l)/Ag(l) and transmits a signal to the cytoplasmic
kinase domain upon binding Cu(l)/Ag(l). The cytoplasmic domain of CusS consists of
t hree domai ns: a Ahi st i di n eaccdptingmotems, aden
phosphataseso (HAMP) domai n, a dimerizat.
domain, and a catalytic and ATP binding domain (&A)jhe HAMP domain consists of
two amphipathic helices with coilexbil properties, and they form a homodimeric, four
helical, parallel coilegtoil structure®®® The DHp do mai nhelicesthhtude s |
mediate homodimerization by forming a four helix bundlé* The CA domain typically
forms an U/b sandwich that binds ATP and c

His residue in the DHp domafi.The H271 residue of CusS corresponds to the highly
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conserved histidieresidue found in all histidine kinasbsut t her e Hnaison 6t be
or in vivofunctional studies to prove it: 1’

Here, we have used novel monoclonal-ghtis antibodies to investigate the catalytic
mechanism of the cytoplasc 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 combineid witio complementation
assays were performetb further investigate the functional significance of the
phosphoacceptor residues in both CusS (H271) and CusR (D51). Biochemical studies have
shown that Cus undergoes autophosphorylation viaia 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 autophosphorylateans (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 Strainsand plasmids constructions

TMHMM transmenbrane topology prediction software predicted the cytoplasmic
domain of CusS (Cus§ to consist ofamino acids K208 and A480. Tlees$p, gene
encoding amino acids 2880 was amplified using oligonucleotides containing sites for
Nhel and Xhol restrictioendonucleases. The amplified product was digested using Nhel
and Xhol enzymes and ligated into pET21b(+). The correct final product pECT&R)

was verified by DNA sequencing. The finarsion ofCusS, includes Nterminal MAS
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residues as a starting Mad a cloning artifact, and-términal LE residues as a cloning
artifact before the 6xHis tag. This construct is named asd8B88t. The construction of
CusSp with a Gterminal StregMyc-StrepFLAG-HA-Strep tags was synthesized by Bio
Basic (Amherst, NY) into pET28b(+) between Ncol and Notl sites. This longer construct
is named as Cusgslong.

The Cus§-short and Cusglong constructs were used as templates f
mutagenesis using the QuikChange Il XL Siieected Mutagenesis Kit (Strategene, La
Jolla, CA). Constructs were made with mutations of the catalytic histidine residue H271A
(CusSp-H271A), the ATP binding site N386A/N414A double mutant (G#&\), and
both catalytic histidine and ATP binding site H271A/N386A/N414A triple mutant (GUsS
AAA). All plasmids were sequenced for accuracy.

The cusRgene encoding amino acids227 was amplified using oligonucleotides
containing sites for Ndel and Xhol restran endonucleases. The amplified product was
digested using Ndel and Xhol enzymes and ligated into pET22b(+). The correct final
product pET22kcusR was verified by DNA sequencing. The fingérsion of CusR
includesanN-terminal startingnethionineand Gterminal LE residues as a cloning artifact
before the 6xHis tag. This pET22lisRconstruct was used as a template to generate the
mutant pET22iusRD51A where the catalytic aspartate residue was mutated to alanine.
All plasmids used are listed Table3.1.

The bacterial strains and plasmids usedifiovivo complementation assays are
listed in Table 3.2. Knockout stragpc uwaRmade using the lamb&edmediated gene
recombination technique as described in Chapter 2. For growth experimemsl gtrain

was transformed with either pET21b(+) or pET22b(+) empty vectoptheu str&dn was
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Table 3.1. Plasmidsused for protein expression and purification

Plasmid Genotype Source/Reference
PET21b(+) pBR322 orilac coding sequencam@® | Novagen
CusSp-short PET21b(+)tusSQp-6xHis This work
CusSp-shortH271A | pET21b(+)tusQ-H271A This work
CusSp-shortAA PET21b(+)tusQ-N386A/N4A14A This work
CusSp-shortAAA PET21b(+)CusQy-H271A/N386A/N414A This work
PET28b(+) pBR322 orilac coding sequencé&ar® Bio Basic
CusS,-long EE;?EXE#Z?CFSU%MW Strep \I;:svlé)rEasm, This
CusSp-long-H271A | pET2&(+)/lcusSy-H271A This work
CusSp-long-AA PET28b(+)/cusSy-N386A/N414A This work
CusSplong-AAA PET28(+)/cusSp-H271A/N386A/N414A This work
PET22b(+) pBR322 orilac coding sequencem@® | Novagen
CusR pPET22(+)/cusR6xHis This work
CusRD51A PET22(+)/cusRD51A-6xHis This work
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Table 3.2 Bacterial strains and plasmidsed forin vivocomplementation assay

Genotype Source/Reference

Strain
BW25113 g‘;q’r”gB;‘;’g 5 %”ﬁﬁhbgggilg Datsenko & Wannét?
Jw50821 BW25113tpc us S : kan Datsenko & Wannét?®
JWO05601 BW25113tpc u::&aRR Datsenko & Wannét®
WT BW25113fpc u e OYpETRIb(E)or Previous work®, This

PET22b(+) work

pc usS BW25113fpc u e O pETR2HS) Previous work®
pCsk BW25113fpc u e O dpETRDR) This work

Plasmid
PET21b(+) pBR322 orilac coding sequencemp?
pcusS E. colicusScloned into pET21b(+) Previous work®
pcusSH271A PET21b(+)EusSH271A This work
PET22b(+) pBR322 orilac coding sequenceam@d® | Novagen
pcusk E. coli cusRcloned into pET22b(+) This work
pcusRD51A PET22D(+)/cusRD51A This work
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transformed with pET21b(+)pcusS or pcusSH271A and thegc u stRin was
transformed with pET22b(+pcusR or pcusRD51A
3.3.2 Protein expression and purification

For expression of the homodimer Cys§hort and Cussglong, E. coliBL21(DE3)
cells were transformed with pET2tlnsS-short or pET28kusSp-long and grown in LB
containing 100 pg/mL ampicillin or 30 pg/mL kanamycin respectively. For the isolation
of heterodimer of Cusgshort and Cusglong, E. coli BL21(DE3) cells were co
transformed with varied combinations of pET2dks3s-short and pET28kcusSy-long
plasmids, followed by selection on the basis of double resistance to 100 pg/mL ampicillin
and 30 pg/mL kanamycin. Cultures were grown in LB media containing the appropriate
antibiotics at 37°C until OB of 0.50.7, then 1 mM IPTG was added and the celtuas
continued to grow for another 5 hr.

To purify homodimers Cusgshort or Cus&-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 pug/ndachof aprotinin, leupeptinandpepstatin.
Lysis was achieved using Branson sonifier and the cell debris was removed by
centrifugation. The supernatant was applied t&" ISiepharose 6 Fast Flow resin (GE
Healthcare) equilibrated in binding buffer. The columrswaen washed with washing
buffer (binding buffer containing 0.5 % Triton-200), 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 NacCl).
The recovery and purity of the proteins were chedke8DSPAGE. The purified protein
fractions were then pooled and dialyzed against final buffer. The protein concentration was

determined usinthe Bradford assay.
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The isolation of the heterodimers was achieved using béttSepharose resin and
StrepTactin Sepharose resin (IBA). The supernatant was first loaded ofitBéyiharose
resin, then washed and eluted as described above. Both thg-§8hus$ homodimer and
CusSp-shortCusSp-long heterodimer were in the eluted tiaas from the Ni* Sepharose
column. To isolate the CugSshortlong heterodimer, the eluted fractions from the first
step were loaded onto Strd@jactin resin. The Cuggshort homodimer was in the flew
through, and the Cugsshortlong heterodimer was eluted with final buffer containing 2.5
mM desthiobiotin. The recovery and purity of the proteins were checked byP3IGE.

The purified protein fractions were pooled and dialyzed against final buffer. The protein
concentratiorwas determined using the Bradford assay.

CusR and Cus®51A were purified adescribed fothe Cusg-short homodimer.
3.3.3 Two-Color dot blot analysis todetect the phosphorylation position orCusSy-

short

Dot blot analysis was used detect the phosphorylan position onCusSp-short
with antiN1-phosphohistidine (anti-pHis, clone SC1l, EMD Millipore) and antN3-
phosphohistidine (anB-pHis, clone SC3%, EMD Millipore) antibodies. The purified
CusSp was diluted to 10 uM with kinase buffer (50 uM Tpasl 8.0, 50 mM KCI, and 10
mM MgClz) andthe autphosphorylation 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 pL of
before and after addition of ATBamples were spotted orekdH-activatedoolyvinylidene
difluoride (PVDF) membrane and allowed to dry at room temperature for 1 hr. The
membrane was blocked in blocking buffer (PBS, 0.1% Tw&n3% 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 btfer at room temperature for 2 hr (rabbit aipHis mixed with
mouse antHis tag, or rabbit anB-pHis antibodies mixed with mouse a#tis tag; diluted
antr1-pHis and antB-pHis to 1:1,000, diluted mouse a#tis tag to 1:4,000). After 3 x5
min wases in PBST (PBS + 0.1% Twe&0),themembrane was incubated in secondary
antibodies at room temperature for 1 hr (goat-gatibit IR 800 mixed with goat anti
mouse IR 680; diluted both 1:15,000 in PBSIMe membrane was washed 2 x 2 min in
PBST, then Z 2 min in PBSThe died membrane was imaged using Odyssey Infrared
Imaging System (LICOR Biosciences).
3.3.4 Autophosphorylation assay of homodimer and heterodimer Cuss

The purified Cus§ was diluted to 25 uM with kinase buffer (50 uM Tris pH 8.0,
50 mMKCI, and 10 mM MgGlJ). The autphosphorylation reaction was initiated by adding
ATP at a final concentration of 1 mM. The reaction was performed at 37°tfes
ranging from 0 min to 2 hr (or unless stated otherwesed,terminated by adding an equal
vo ume of 2X SDS sample buffer (120 mM Tris
mercaptoethanol, and 0.1% bromophenol blue). The samples were then analyzed by SDS
PAGE followed by Western blats described in 3.3.6
3.3.5 Phosphotransfer toCusR by Cus%y~P

CusSp was autphosphorylated as described above at 37°C for 30 min, then was
mixed with CusR at molar ratio of 1:1. The trgsteosphorylation reaction was performed
at 37°C fortimes ranging from 0 to 5 min, unless stated otherwi$e reaction was
terminatedby adding 2X SDS sample buffer. The samples were analyzed W3B&

followed by Western bloing asdescribedn 3.3.6
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3.3.6 Two-color Western blot analysis to detect phosphohistidine (pHis)

After proteins were separated by SP8GE, they were transferred to PVDF
membrane at constant 150 mA for 2 hr using sayitransfer cell (BieRad). Dual
detection Western analysis was performed as described previou8I8.8 with the
exception that th primary antibodies used were rabbit @nfiHis and mouse anrHlis tag
(diluted 1:1,000 and 1:4,000 respectively in blocking buffer).

3.3.7 In vivo complementation assay on CuSfontaining plates

Cellswere grown in Luria Broth (LB) media containing 100 pg/euapicillin at
37°C overnight. Fresh LB media containing 100 pg/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 Olgyoof 0.8 with LB containing 100 pg/mL ampltn. Serial dilutions from
1 to 10’ were made from this culture. All dilutions were spotted twice onto LB agar plates
containing 100 pg/mL ampicillin, 1 mM IPTG, and a range of Cu&éhcentrations (3
mM). Plates were incubated at 37°C for 24 hr, tbelhgrowth was scored on a scale of 0
8, with 8 representing cells that grew in the last dilution’fXhd 0 representing no cell
growth. The scores were converted to % cell survival, with 100% survival representing cell
growth out to 16§ and 10’ dilutions. Conversion between scores and % cell survival is

shownin Table 3.3All 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
107 8 100
10° 7 100
10° 6 10
10* 5 1
103 4 0.1
10? 3 0.01
10? 2 0.001
1 1 0.0001
0 0 0
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3.4 Results
3.4.1 CusSpis phosphorylated at the N1 nitrogerof H271 in the presence of ATP

In order to characterize the pdsinslational modification on theytoplasmic
domain of CusS (Cusgg} in vitro, the cytoplasmic domain consistingresidues 20880
was isolated and purified. Phosphohistid{pélis) is unique among phosphoamino acids,
because there are two biologically relevant isomers that can oathrindazole nitrogen
atoms on histidine, N1 and N3, can be phosphorylated to genertter &
phosphohistidine (pHis) or 3-phosphohistidine (pHis). Novel primary antibodies that
are specific to 1and 3pHis were recently describedt® Dot blot analysis using these
antibodies was used to determine whether CusS undergoes autophosphorylation at the N1
or N3 atom of histidine

The autphosphorylation reaction was performed in kinase buffer containing the
divalent metal ion Mg and ATP. Twecolor dot blot analysis was performed. The pHis
substrate signal is visualized in green and thet&tissignal is visualized in red. Theta
His tag was usetb detectthe presence of the proteins.yellow color indicateshe
presence oboth thepHis signal and the Hitag As shown inFigure 3.1 pHis is detected
only on the antil-pHis blot and not the ar8-pHis blot, indicating that phosphorylation
occurs on the N1 position of tistidine inCusSp.

Figure 3.2A shows the phosphorylation of CusSat different time points.
Autophosphorylatin was detected within 5 minf the start of the reactioand the
maximum level of phosphorylation was observed within 30 Mihen H271 ofCusS,
was mutated to Ala (CugsSH271A) andhein vitro phosphorylation aay was performed,

this constructid na show any level of phosphorylation even up to {Higure 3.2B)
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Anti-1-pHis Anti-3-pHis

+ ATP

A0m @

Figure 3.1. Dot blot analysis of Cuss Cus%, was diluted to 1QuM in kinase buffer and

autophosphorylation was initiated by adding ATP. Samples were collected at 0 and 30 min,
then 2 pL of each was spotted on PVDF membrane and probed with@iis and anti

His tag antibodies simultaneously (left), or with épHis and antiHis tag antibodies
simultaneously (right). Membranes were scanned using both channels on the Odyssey

imaging system.
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A

CusS,, + 1 mM ATP CusS,,-H271A + 1 mM ATP

Oom 2m 5m 15m 30m 1hr 2hr Om 5m 15m 30m 1hr

Figure 3.2. In vitro autophosphorylation of CugSwild-type (A) and Cusg-H271A
mutant (B) with ATP. Each CusS construct (28) was diluted in kinase buffer containing
ATP to a final concentration of 1 mlihd 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 $SIX&E. After electrophoresis, the
proteins were transferred onto PVDiembranes and analyzed by Western blot probed
with anti1-pHis and antHis tag antibodies simultaneously. Membranes were scanned

using both channels on the Odyssey imaging system.
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3.4.2 CusS undergoegis autophosphorylation

Autophosphorylaon can occur potentially via eitheras or trans mechanism
(Figure 3.3). To test whether CusS undergoes autophosphorylatiars or trans we
performed autophosphorylation assays of different combinations oftypédand mutant
heterodimers. Heterodimers of wilgpe and mutants were formed by using the
coexpression method as described in Casinal!* When residues N380 and D411 on
HK853 are mutated, phosphorylation is prevented by disrupting the interaction with ATP
in the ATP binding sité* Using a sequence aligrent of Cus§ and HK853, the
corresponding residues of CusS (N386 and N414) were identified (F3g#®. The
mutants prepared were the replacement of the phosphoacceptor His with Ala (H271A,
CusS$p-H271A), a CA domain double mutation (N386A/N414A, CysSA) that prevents
autophosphorylation by disrupting ATP binding, and a triple mutant
(H271A/N386A/N414A, Cusg-AAA). Kinase assays confirm that the Cys8A and
CusSp-AAA constructs show no autophosphorylatidingure 34B).

To distinguish eactsubunit of the heterodimers, we utilized the subunit mass
different between the short form of Cys®ith C-terminal 6xHis CusSp-shor) and the
long form ofCusSpwith C-terminalStrepMyc-StrepFLAG-HA-Strep tagsQusSp-long).

We also prepared bothrfos as either wildype or the desired mutants. To form the
CusSp-short and Cusglong homodimers, cells were transformed with plasmids
expressing each construct individually and proteins were purified BySspharose resin
and Streplactic Sepharoseesin respectivelyTo generate different combinations of
heterodimers (Figure 3.5A column 1), Cysshort and Cusglong forms were co

expressed and purified by both?Nand Strepractin Sepharose resins. The heterodimers
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were soluble and functionalnd they migrated in nativEAGE at an intermediate position
between the bands of the CysShort and Cusglong homodimers (Figure 3.5B). The
CusSp-long honodimers migrated faster than the Cgs$hort homodimers due to its
lower pl (calculated pl of 32 for Cus&y-long versus 6.18 for Cugsshort). Cus§-long
homodimer was soluble and functional as shown by the phosphorylation assay analyzed by
both native and SDSPAGE (CRung, Figure3.5C and D).

The phosphorylation assays for the homodimers and heterodimers were initiated by
adding ATP, then were analyzed by Western blotting of both RBfAM@E and SDSAGE
gels. Figure 3.5A shows the expected results for ediser transphosphorylation of the
different construct combinations, and the phosphorylated subunits are colored in red. For
instance, for heterodimers 4 and 7, phosphorylation can only occur thrdagh
phosphorylation; and for heterodimers 8 and 9, phosphorylation can only occur through
trans phosphorylation. The SBBAGE results (Figur&.5D) were comparedwith the
expectedbutcomegFigure 3.5A). Figure 3.5D shows pHis signal from heterodimers 4
and 7, and no phosphorylation from heterodimers 8 anehih is consistent withcis
phoghorylation The other heterodimers sh@ivosphorylation profileconsistent witltis
phosphorylation as wellCis phosphorylation waslso confirmed by Westerrblots
following nativeePAGE, in which pHis signal were detected on the corresponding

heterodinersshown by the intermediate bands (Fig8r&C).
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Cis mechanism Trans mechanism

4

Figure 3.3. Histidine kinases may autophosphorylate using eitbes@ transmechanism.
Cartoons show homodimers of the cytoplasmic domain of HK, consisting iiflistedine
kinases, Adenylyl cyclases, Methyhccepting proteins, Phosphatase§HAMP),
Dimerization andHistidine phosphotransfer (DHp), ar@Chtalytic ATP binding (CA)
domains. Cis phosphorylation (left) occurs when the CA domain of one subunit provides
the ATP and phosphorylatesthonserved His of the same subuhiinsphosphorylation
(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 Cug&8nd autophosphorylation of Cug8ariants. (A)

Sequence alignment of the cytoplasmic domaiik.ofoli CusS (residues 20830) with

the cytoplasmic domain offhermotoga maritimaHK853 (residues 23289). The

conserved catalytic His residues are highkghtn bold in a red box. The residues

highlighted in blue boxes are the residues involved in ATP bindingC(B%, wild-type,

CusSp-H271A, CusG-N386A/N414A (Cus§-AA), and Cusg-H271A/N386A/NAL4A

(CusSp-AAA) (25 uM) were diluted in kinase buffer otaining ATP & a final

concentration of 1 mMind eactions were incubated at 37°@nples were collected at 0

and 30 min. The autophosphorylation reactions were terminated by adding 2X SDS sample

buffer and were loaded onto SIPRAGE, followed by Westerhlot analysis using anfi-
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pHis and antHis tag antibodies simultaneously. Membranes were scanned using both

channels on the Odyssey imaging system.
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Figure 3.5. CusSp autophosphorylates usingcegs mechanism. (A) lllustratio of the
expected and experimental results of autophosphorylation studies with homodimers and
heterodimers of Cugs The first column identifies wildype Cus&-short homodimers
(CPshor), wild-type Cusg-long (CRong), and total of nine differemteterodimers numbered

1-9, which are either of wildype or carrying mutations with disrupted phosphoacceptor
His or ATP binding (indicated by a red circle crossed with a line). &Eis$drt is

represented by blue rectangles and GulEfg is representedy gray rectangles.
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Phosphorylated CugsSis shown in red rectangles and labeled with a P. The second and
third columns depict the expected phosphorylation pattern disr and trans
phosphorylation, respectively. The last column summarizes the phospioorgatterns
observed in our experiments. (B) NatWAGE analysis of the homodimers and
heterodimers revealed by Coomassie staining. (C) Autophosphorylation analysis by native
PAGE followed by Western blotting using an aipHis antibody. Membranes were
imaged using the Odyssey imaging system. (D) Autophosphorylation analysis by SDS
PAGE followed by Western blotting using an aiMpHis antibody. Labels short/short,
short/long, and long/long were used on the na@&E analyses to identify the
homodimeror heterodimer. For SDBAGE, short and long were used to identify each

subunit.
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3.4.3 Phosphotransferfrom CusSp~Pto D51 of CusR

The cognate pair of the histidine kinase CusS is the response regulatofTGusR.
investigate HisAsp phosphotransfer between CusS and CusRars-phosphorylation
assay was performed and analyzed using thelgpitlis antibody. First, Cuss was
phosphorylated with ATP to generate phosphorylafedS, (CusSy~P). The trans
phosphorylatioreventwasinitiated bymixing equal molar amourdf the CusSp-pHisand
the cognateCusR.The trangphosphorylation fronCusSy~P to CusR was monitored by
the loss of pHis signal o0BusSy~P.

As depicted in Figure 3.6A, when equal amounts of CusR are addedodfg-P
sample, the yellow bands disappeared fromsS, indicating the loss of pHis signal.
Phosphoryl transfer frolBusS,~P to CusR occurred within 0.5 min. To ensure the loss of
signal wasno6t duQusSyB saingleean dqudl wlunme @iiise buffert h e
was added to theusSp~P sample as a control. No change was seen in this sample (Figure
3. 6A, Abuffero | ane). To test the phosphor
to an alanine (Cus®51A) and the tranphosphorylation assay wasnormed by mixing
CusSp~P with an equimolar amount of purified CuBR1A. The pHis signal o@usS3y~P
persisted when mixed with Cudb51A (Figure 3.6B), indicating that the phosphoryl
group could not be transferred to CusR in this mutant. Therefore,iDbkely the

phosphorylation site in CusR.
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A CusS,~P CusS~P + CusR

Om 30m 05m 1m 2m 5m buffer

B CusS,~P  +CusR-D51A

Om 30m 05m 2m

4 CUSR-D51A

Figure 3.6. In vitro transphosphorylationof CusR by Cus@~P. The phosphorylated
CusSp (CusSp~P) was prepared by incubation with 1 mM ATP in kinase buffer at 37°C
for 30 min. Trangphosphorylationo CusR wildtype (A) and CusFD51A mutant (B)

were performed by mixing equimolar amounts of GggS and CusR wildype or mutant.
Samples were collected at the indicated times and stopped by adding 241\pI8 buffer.
Proteins were separated by SBSGE, followed by Western blot analysis using ahti

pHis and antHis 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 phosphorylaticsites involved in
phosphotransfersignaling and are essential for cell survival in the presence of
copperin vivo
The conservedresidues Cus&271 and CusHD51 are the putative

phosphorylation sites involved in the Hisp phosphotransfer pathway to activate

downstream regmse. Themportance of theeusSgene in copper resistanceshaeen
previously shownwherethe deletion of chromosomalsSled toa decrease in copper
tolerance and increase of minimum inhibitory concentration (MIC) value to $liVias.
investigate the role of the phosphoacceptor sites in metal resistagees8yand Cusi
vivo, E. coli cells expressing fullength CusS wildype, CusSH271A, CusR wildtype,
and CusRD51A were evaluated for survival on Cus€bntaining media (Figurd.7 and

3.8). The background strain (WT) has a chromosomal deletiooueD (qpc u)e ®

multicopper oxidase that converts Cu(l) to Cu{?hThus with thisqppc u batkground,

we are able to observgrowth phenotype even under aerobic environmf&nio
characterize CusS and CusR variantsgiiee u sir&n contains deletion of botueOand

cusSgenes and thgoc u str&tn contains deletion of botlieOandcusRgenes (Table 3.2).

The WT strain was transformed with either pET21b(+) or pET22b(+) empty vector, the

c ussradn was transformed witlusSwild-type (pcus$ andcusSH271Amutant pcusS

H271A), and thepc u strRn was transformed wittusRwild-type (cusR andcusR

D51Amutant pcusRD51A) (Table 3.2).

As shown in Figure 3.7A, the WT strain shows a phenotype at 2.75 mMAuSO

whereagpc ustrédn shows a phenotype at 1@ CuSQ and has no growth after 2 mM

CuSQ. When wildtype CusS is provided on a plasmid in the ustrén ¢(pc us S),pcus S
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the growth defect is rescued. Although full complementation is not observed, the % cell
survival is significantly higher than tlheec ustr&n with growth observed up to 2.5 mM
CuSQ. This is consistent with previous findintfs/Vhen the putative catalytic His residue
was mutated to Algpcuss-H271A), the cell growth is disrupted at 1.25 mM Cu3@d no
growth is observed after 1.75 mM Cu&@hich is lower % cell survival thagpc u $aS
ensure that the fulength CusS wildype and Cus$271A mutant proteins were
expressed at the similar levels from the pET21b(+) plasmids, Western blot analysis was
performed by detecting the expressed proteins with aibaHis tag antibody. Figurg.7B
shows that both CusS wilype and Cus$H271A mutants are expressed at similar levels.
No Histagged CusS was detected from W& strain orgpc u it the pET21b empty
vector(Figure 3.7B)

The effects of CusR v aroppgenchalengeswasatsdb | s 6 .
tested(Figure 3.8A). The WT strain experiegg susceptibility at 2.75 mM C@&, while
thegpc u sr&dn experiences a phenotype at 1.25 mM Gud shows no growth after 2
mM CuSQ. This is consistent with the growth effects oétpc u sdr&n (Figure3.7A).
Whengpc uwaR complemented with witype CusR from a plasmidgc u s R/),@arc u s R
almost full complementation is observed. When the phosphoacceptor Asp was mutated to
an Ala @oc u s R /-ObtAy &k % cell survival is considerably decreased and is not
significantly different than thepc u stiRin. Western blot analysis shows that the
expression levels of witlype CusR and CusR51A are similar, and no expression of
His-tagged CusR was detecttdm the WT andpc u witR pET22b(+) empty vector

(Figure3.8B).
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Figure 3.7.Cel | s ur vi v aueQmusSvith WET31bcusB\WT/H271Agrown

in various amounts of CuS@nd relative expression levels of C8g/H271A from
pPET21b(+) plasmids. (A) Cells were grown at 37°C on LB agar plates containing 100
pg/mL ampicillin, 1 mM IPTG, and various concentrations of Cu&EeB mM) for 24 hr.

The graph is shown relative to 10@%ll survival, which is defined as cell growth in the
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10°and 10’ 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
CuSQ, and continuedhaking at 37°C for 6 hr. Cells were normalized to the samgOD
before collecting the pellets. ArdixHis tag antibody was used to probe the expressed wild
typeCusSandCus82 7 1 A mut a ncusSveMTransionnted vgih empty plasmid

pPET21b(+) as catrols.
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in various amounts of CuS@nd relative expression levels of CugR/D51A from

pPET22b(+) plasmids. (A) Cells were grown at 37°C on LB agar plates containing 100

pg/mL ampicillin, 1 mM IPTG, and various concentrations of Cuf28 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°and 10’ dilutions. Error bars indicate standard deviations of triplicate @xpeets. (B)

Cells were grown at 37°C for 2 hr, then cells were induced with 1 mM IPTG and 0.5 mM
CuSQ, and continued shaking at 37°C for 6 hr. Cells were normalized to the sagspe OD
before collecting the pellets. ArixHis tag antibody was used to prdbe expressed wild

type CusRand CusR5 1 A mu t a n tusRweva traasforthedguith empty plasmid

PET22b(+) as controls.
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3.5 Discussion

Two-component systems are the prevalent signal transduction pathway employed by
prokaryotes tadetect 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 moldar basis of thislis-Asp phosphotransfezvent 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 kinased@ussS f
E. coliis a component of the TCS involved in sensing and responding to elevated Cu(l)
and Ag(l) concentrations. CusS is a membrassociated protein with a periplasmic
sensor domain connected to the cytoplasmic domain through two transmembraege helic
Here we investigated autophosphorylatiowitro of the cytoplasmic domain of CusS and
phosphotransfein vitro to CusR by Western blotting using novel and robust monoclonal

antipHis antibodies.

Protein phosphorylation is common among all cladedfef including animals,
plants, fungi, bacteria, and archaea. This-astslational 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 geate 1pHis or 3pHis respectively. The-3
pHis isomer is more favorable tharpHis because it is thermodynamically more stdble.
In spite of this, IpHis have been observed in mammalian NME family members (aka
Nm23 or nucleoside diphosphate kinad®PK) andE. coli, Dictyostelium discoideum
andDrosophilaNDPK 11 129|n bacterial TCS, several HKs are phosphorylated at the N3

position of the corexyved His residues, includin§almonella typhimuriun€CheA and
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Thermotoga maritimaK8531% 14In our study, dot blot analysis using monoclonal-anti
1-pHis and antB-pHis antibodies was performed on CgsFheseexperiments show that

the His is phosphorylated at its N1 position (Fig@&). This finding overturnghe
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 maxi level of
autophosphorylation of CugSwas reached within 30 min to 1 hr (Figl#2A), which is
similar to previous findings of autophosphorylation r&fédoreover, we have confirmed
that the highly conserved H271 on CussS is the phosphorylation site. dtutdtH271 to

Ala prevents autophosphorylation of Cys@igure 3.2B). Our studies have shown that
the novel monoclonal antiHis antibodies could be a robust and effective new method to

study phosphohistidine.

In bacterial TCSs, classical phosphotransfehe predominant pathway, in which a
HK transfers a phosphoryl group from a conserved His to a conserved Asp in fie RR.
The cognate RR pair of the HK CusS is CusR. Here, we have shown that trans
phosphorylation occurs from CugSP to CusR, and it occurs rapidly with the maximum
level of transphogphorylation observed within 0.5 min (Figu3&A). When the conserved
D51 was mutated to Ala, the phosphoryl group from Gua@s not transferred (Figure
3.6B), indicating that D51 is needed for phosphotransfer. Rates of autophosphorylation and
transphoghorylation were found to be different between different-RIR pairs, which
could be an intrinsic property for each different pair responding to different s&inuli.
Based on the rates and levels of phosphorylation of &as8 phosphotransfer to CusR,

the CusSCusR TCS is able to respond quickly to changes in the accumulation of Cu(l) or
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Ag(l) in the periplasm of bacterial cells. Since both Cu(l) and Ag(l) can be highly toxic at
very low concentrations (at pM and nM respectively), fast histdygartyl

phosphotansfer will help to maintain metal homeostasis in cells.

Upon Cu(l) and/or Ag(l) 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 autophosphorylatioon 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 upregulattas@FBAgenes to
turn on the CusCBA Cu(l)/Ag(l) efflux pumpf the CusSH271 and CusfD51 are the
main phosphoacceptor sites of the TCS, when the H271 or D51 is disrupted, the
phosphotransfer bet ween CusS and CusR won
tolerance inE. 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 irE. coli T kusS/pqus$i271A a n dcusBIpcusD51A mutations cause
significant decreases impper tolerance. The expression of CusS from a plasmid does not
provide full compl e me ncus&(FigurerB.7A). AAs prelvieuslyp h e n o t
described, this may be caused by the stress of expressing high levels of a large membrane
protein (54 kDa)and whether the expressed fidhgth CusS is functional is not knowh.
C, the expression of CusR gi ves cusR(Higure c o mp | ¢
3.8A), as CusR is a smaller (25 kDa), soluble cytoplasmic protein. RRs generally exist in
greatermbundance than the cognate HK&ne example is for the TCS Phd®poP, where
the number ofRR PhoP is approximately 2.7 pM and its cognhate HK PhoQ is

approximately 0.5 uM under neinducing conditiong?*
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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. Gren 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 fromE. colidemonstrated that it autophosphoryldatesgans in which the
CA domainof one subunit phosphorylates the conserved His on the DHp domain from the
other subunit?? Trans autophosphorylation was also found&ncoli NtrB, CheA, AtoS;
Agrobacterium tumefacieNdrA; and StaphylococcusueusAgrC, and thus all HKs were
assumed to autophosphorylaite trans'?3?” Therefore, all HKs were assumed to
universally aitophosphorylaten trans mechanism. However, it was later shown that
bacterial HKs can also autophosphorylateisimechanism, 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 iThermotoga maritima HK853 and
Staphylococcus weus PhoR, and lateE. coli ArcB was also found to utilize ais
mechanism in 2018: 1?2 Here, we have demonstrated that Gus8ndergoes
autophosphorylatiomn cis (Figure 3.5). This further confirms that though there is high
homology among HKs, differing autophosphorylation mechanismsieerved. The DHp
domain is made up of two asgiia r adhleéli c¥ds, U1l and U2, conne:«
named the DHp loop. In the HK hoodimers, this DHp domain forms a felelix bundle.
Previously, it has been reported that the handedness of thdddplps a functionally
relevant determinant of thds or transautophosphorylation mechanigfirhe handedness
is defined by whether the U Rhthasded)artefatb ed on

t h e UHandéd) whert looking down the axis of the fbetix bundle from the N
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terminus, as depicted igure 3.9A and BIt was reported that when the DHp loop is
right-handed it autophosphorylatestimans (Figure 3.9A), ad when it is lefthanded it
autophosphorylates iis (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) &KB53 (PDB entry 2C2A) were

aligned, it shows that they both adopt ttlix bundle, but the DHp loops have different

handednes¥: °The DHp loop in HK853 islelh anded, wher etothedefti s pos

of U1, and experi ments hav ecisk¥ K ohigmas beem t
confirmed by DHp loop swapping experiments where chimeras were constructed by
replacing the DHp loop from EnvZtréns) with the DHp loop from PhoRc(s).
Autophosphorylation assays showed that the ERk@R chimera autophosphorylated in
cis.’”* In addition, chimeras where the DHp loops of Entiar(s) and HK853 €is) were
interchanged were also done and studmuch they also showed that DHp loop domain

is sufficient to change autophosphorylation mecharifsRurthermore, DHp loop
handedness could be influenced by the loop length, shorter D@aigophosphorylating

in transand longer DHp loop autophosphorylatingia’# As shown in Figure 3.9C, EnvZ

(trans) has ashorter DHp loop compared to CusS, HK853 or Phm§. (It should also be

It

noted that the DHp |l oop is diverse relative

Based on this sequence alignment, and our observatmspifosphorylation of CusS, we
predict that the DHp loop d&. coliCusSislethanded and t hat 't he
positioned t o t38R. Clysafstructord of thelcytdplEsmig 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 foinelix bundle upstream of the CA domain. Signal
transduction in prototypical HKs starts with detection of a stimulus by the sensor domain,
which then tiggers 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 cytopasmic 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
phosphoacceptdis that favors autophosphorylatiéh/?Since both HK853 and CugS
autophosphorylate iwis, we hypothesize that perhaps similar movements as seen in
HK853 would be observed in CugDespite the lack a€usSp 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 UdfHKaRRdintesattion (Figure 3.9Cp® ci f i c i
Mutational studies have been done in HK853 by generating mutants HKEB and
HK853-Y272D. These mutations disrupted the formation of HKB#3468 complex and
prevented tranphosphorylation to RR468 from HK853-<fIn order to advance in this

area, mutational studies and atomic resolution structures of CusS and CusR are needed.
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A Right-handedness, frans autophosphorylation Left-handedness, cisautophosphorylation

peTe w% o

C RR binding
1 DHp loop
Cuss 250 HMIFRIEDVFTROSNFSADIAHEIRTPITNLITQTEIALSQSRSQ-KE-LEDVLYSNIEELTRMARKMVSDMLFLAQADNNG 328
HEK§53 239 KELERLKRIDRMKTEFIANIS}LELRTP@AJ:K@ETIYNSLGELDLSTLKEFLEVIIDQSN}EENILNELLDFSRLERKS 319
PhoR 311 HDITNLRKQLENLRREFVANVSHELRTPITSIKGFAETLIDGARND-AESLDMFLNIIIKESNRIESLVTDLLDLSHIEQHT 390
Envz 222 HZMAAGVKQLADDRTLIMAGVSHDI.RTPLTRIRI.ATEMMSEQDG————Y—LAESINRDEECNAIIEQFIDYI.RTG—————Q 292

* * LA

Figure 3.9.Histidine kinases autophosphorylatdransor in cis, which can be influenced

by the DHp loop length. () A schematic showing how the DHp loop handedness is
predicted to deterine autophosphorylation. lllustratiqnight) showing the locations of

the helices when looking downthe DHpfdue | i x bundl e (| efdt U2i s d
helices are | abeled, and the helices from
The DHp | oop comeleicdédangi ¢$ hehdwmo dy an arrov
to the r i ght-haodednésddriving the GAaamaindlogent t he Hi sd o
other subunit and the HK autophosphorylatesans (B) When U2 is 1loc
of U1, -hatndedheassdrivingtfietCA domain closer to the His on the same subunit

and the HK autophosphorylatesais. (C) Sequence alignemt of the DHp domains d.

coli CusS,T. maritimaHK853, S. aureusPhoR, ancE. coli EnvZ. The conserved His
residues i s hi ghhelicas tate stbwniby blue eylinders Tboee the
alignments, the DHp loop is shown by a downwtating red bracket, and the region

involved in RR binding is shown by a downwdeting green braak. This secondary
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structure is labeled based on the crystal structure of HK853 (PDB entry 3DGE). The known
Ul and U2 secondary structures of the HKS8E
shaded gray. The residues on HK853 (T267 and Y272) highlighteedi boxes are the

residues involved in the interactions with its cognate RR468.
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CHAPTER 4: METAL -INDUCED DIMERIZATION OF THE SENSOR DOMAIN

OF HISTIDINE KINASE CUSS INCREASES ITS KINASE ACTIVITY
4.1 Abstract

Sensor histidine kinases of tasmmponent systems agssential for bacteria to sense,
respond, and adapt to changing environments, such as elevation of Cu(l)/Ag(l) metal ions
in the intracellular space. IBscherichia coli the CusSCusR twecomponent system is
responsible for the upregulation ausCFBA geres under increased Cu(l)/Ag(l)
concentrations to help maintain metal homeostasis in cells. CusS is a homodimeric integral
membrane protein that binds to elevated Cu(l)/Ag(l) in the periplasm and transduces a
signal to its cytoplasmic kinase domain through 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(l) enhancesdimerization of the sensor domain of
CussS through only the interface binding site and not the internal binding site. We utilized
nanodisc technology to study fuéingth CusS wildype and mutants and we show that
CusS embedded in a nanodisc is stabbk active. From the phosphorylation studies of
full-length CusS wiledype and mutants, we show that metaluced dimerization in the
sensor domain triggers kinase activity in the cytoplasmic domain. From these findings, we

propose a signal transduction nebdf CussS.
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4.2 Introduction

Bacteria live in a variety of environmerdad therefore havdevelogdmechanisms
to respond to changing environments. The predominant signal transduction mechanism in
bacteria isthrough twecomponent regulatory systems (TG3Y2 The classical TCS is
made up of two components, a histidine kinase (HK) and a respegsktor (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 isdraresi 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 daindiks would form dimers in
solution when expressed and purified as truncated prdtditmyever, it has been reported
that HKs such as DcuS, DctB,t&j and NarX are monomeric during purificatiti?3: 46

How the oligomeric state contributes to the signal transduction in HK is unclear.

While copper is an essentialealent 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 propertie®> °° 129Sjlver is not required for any biological process, but it shares
similar chemical and ligand binding properties with Cu(l), and it is toxic at even lower
concentratinsi®® Therefore, organisms have developed mechanisms to maintain metal
homeostasis in the intracellular environmenbtigh acquisition, sequestration, and efflux
of metal ions.E. coli survives copper stress by pumping out excess metals through the
CusCFBRA efflux pump, in which the C&CusR TCS regulates the expression of

cusCFBAgenes. CusS is a coppsensing histidine kinase with a periplasmic sensor

95



domai n, two thelieas samgopidsmia AP dbmain, and dgopjasmic
kinase corelt was previously shown that theisSgene has an important role in silver
resistanceand regulation of copper homeostasis, #mat the sensor domain of CusS
[CusSse187) interacts directly with Ag(l) and undergoes a conformational chandge a
dimerizes upon metal bindirfg.1*®The crystalstructure of the silvebound periplasmic
sensor domain dE. coli CusS[Ag(l)-CusSsa1s7)] reveals shomalimer with fourAg(l)
per dmer, two in the interfacbinding sites and the other two Ag(l) in the internal binding
sites® Functional studies further showed that the interface binding sites are more important
than he internal binding sites for metal resistanceEincoli.*® Although the crystal
structure has given great insight on the molechésis of metal binding on Cus&isr),
the relevance of the metal binding residues and metal binding sites inimoetdd
dimerizationand signaltransductionto the kinase core i&. coli remains unclearThe
hypothesis is thanetalinduceddimerization of the periplasmic sensor domain of CusS is
the triggerfor signaltransductiorto the kinase core aridusactivatescusCFBAgenes 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 th&iaas®e properties in are
detail. Unlike liposomes, nanodiscs provide a soluble and Ai#te@hospholipid bilayer
environment that provides stability and accessibility of the target membrane p#étein.
also allows beer control of the oligomeric state of the target membrane proteiti2A

nanodisc is composed of two ampditpc 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 homogéffedisThe self
assembly of nanodismontaining 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 (NBCusS) asliustrated inFigure 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(.vitro crossinking and sedimentation velocity
analytical ultracentrifugation (SYAUC) experiments show that the interface binding site
is responsible for metahduced dimerization of Cugsis7)while the internal binding site
is not. We have also sucstdlly selfassembled fullength 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 agtties. 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 prot eikEncelligdMSP1D1
bilayer is shown in gray. Nanodisc is made up by two molecules of amphipathic
MSPLD1 (1) mol ecules surrounding the phospho
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 Strainsand plasmids constructions

The Nterminal Strep tagged Cug&isz) wild-type and mutant plasmids used for
expression and purification are showrTable 4.1The pTXB3CusSsa1s7) plasmid with
N-terminal Strep tag and mutation S19@As constructedsing thepcusgg1s7) plasmid
as the starting materialhe Ser residue adjacent to the intein cleavage site was mutated to
Ala (S192A) to increase cleavage efficiency (New EndlBiolabs manual E6901) using
the QuikChange Il XL SiteDirected Mutagenesis Kit (Stratagene, ldlal CA). Thus,
after cleavagefahe intein tag, there is a-terminal EGSA sequence artifact. Stteg Il
wasadded to the Merminusof CusSse1s7) by mutagenesis following the protoaaf Liu
& Naismith 132 Mutations of the relevant metal binding residuesenimtroduced into
pStrepcus$a187yWT using the QuikChange 1l XL SiteDirected Mutagenesis Kit.
Mutations H42A/F431/H175A were made to eliminate the interface binding sites creating
pStrepcus$o1s7yAlA. Mutations M1331/M1351/H145A were made to eliminate the
internal binding sites creatim@Strepcus$o1s7yllA. The correct mutations were verified
by DNA sequence analysis. Primers used for mutagenesis aradiJigdle 4.2 The final
purified protens are CusSge1s7) containing Nterminal Strep tag, @erminal EGSA
residues after intein cleavage, and the desired mutations introduced.

Plasmids used for the expression and purification olénljth CusS wileype and
mutants are listed in Table 4.PlasmidspcusSWT, pcusSAIA, and pcusSIIA were
previously made and described. PlasmpiadisSH271A containing a mutation disrupting

the catalytic H271 residue was madeng theQuikChange Il XL SiteDirected
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Table 4.1 Plasmidsused for protein expression and purification

Plasmid Genotype Source/Referenc
pTXB3 pBR322derivativg am® NEB
PCUSSTa-187) PTXB3/cusSss187) Previous work!®
pStrepcusSsois7y | PTXB3/cusSse1s7) with N-terminal Strep :
WT tag andS192A This work
pStrepcusSeo1s7r | pStrepcussee187yWT + .
AlA H42A/FA31/H176A This work
pStrepcusSeo1s7r | pStrepcuseo187yWT + :
A M1331/M1351/H145A This work
pPET21b(+) pBR322 orilac coding sequencem@® Novagen
DCUSSWT {:)aEgTZJb(+)/cusSN|th C-terminal 6xHis Previousworkds
pcusSH271A PET21b(+)/cusSH271A This work
PCuUsSAIA PET21b(+)/cusSH42A/F431/H176A Previouswork*
pcusSIIA PET21b(+)/lcusSM133I/M135I/H145A | Previouswork®
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Table 4.2 Primer list used for mutagenesis in this study. Codons representing the residues

mutated and Strefag |l inserted arbolded and the nucleotides mutated arederlined

Mutation Forward primer Reverse primer

H42A/FA3I CCATGGTAAAAGTGGCT | CATTAATATCCTGCTCG
ATTGCCGAGCAGGATAT | GCAATAGCCACTTTTAC
TAATG CATGG

H176A GCGCTTTCGATCGATTTT | CATTTATGTAATGAAGA
GCTCTTCATTACATAAAT | GCAAAATCGATCGAAA
G GCGC

M1331/M135I CCGGCCCGACATIATG | CCGTGACCGTGGCCTGG
ATTCCAGGCCACGGTCA | AATCATAATCGTCGGGC
CGG CGG

H145A CACGGGCATATGGAAGC | CATCCGCCAGTTGCTAG
TAGCAACTGGCGGATG | CTTCCATATGCCCGTG

S192A GAATAAA CTCGAGGGCT | GCATCTCCCGTGATGCA
CTGCCTGCATCACGGGA | GGCAGAGCCCTCGAGTT
GATGC TATTC

N-terminal Stregag Il | AAGAAGGAGATATAACC | CATGGTTATATCTCCTTC]

on pTXB3cusSee1s7r | ATGTGGAGCCACCCGC | TAAAGTTAAACAAAATT

WTandi 1A AGTTCGAAAAA GTAAAA | ATTTCTAGAGG

constructs GTGCATTTTGCCGAG

N-terminal Stregtag Il | AAGAAGGAGATATAACC | CATGGTTATATCTCCTTC]

on pTXB3cusSee1s7r | ATGTGGAGCCACCCGC | TAAAGTTAAACAAAATT

AlA construct AGTTCGAAAAA GTAAAA | ATTTCTAGAGG
GTGGCTATTGCCGAG
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Mutagenesis KitThe correct mutation was verified by DNA sequence analy/bis final
purified full-length CusS protein containst€minal 6xHis tag.
4.3.2 Protein purification of N-terminal Strep-tagged Cus®s1s7) wild-type and

mutants

Purification of StrepCusSse187yWT and mutantsStrepCusSgo1s7yAlA and
StrepCusSso1s7rllA were prepared as previously describaith some change'd®
Following the overnight oolumn cleavage, the eluted fractions were loading onto a
StrepTactin resin affinity column (IBA, Genany), washed with Buffer W (100 mM Tris
pH 8.0, 150 mM NacCl), and protein was eluted with Buffer E (Buffer W + 2.5 mM
desthiobiotin) in 4 mL fractions. Purity of protein fractions was detected byF5R&EE.
Fractions that were not 100% pure were furthaifigd using a HiPrep Sephacrytl®0
26/60 column previously equilibrated with Buffer W. P@teepCusSse187) wild-type or
mutants were then pooled and concentrated tel O1tg/mL. Then, the proteins were
dialyzed against 25 mM MES pH 6.0 fsothernal titration calorimetryTC) experiments
and 50 mM HEPES pH 7.5 fgraphite furnace atomic absorption spectrometer (GFAAS)
experiment to determine Ag and Cu conterits,vitro crosslinking andanalytical
ultracentrifugatio{AUC). Protein concentrationgere determined using Bradford assay.

To obtain Ag(l}loaded StrefCusSssi1s7) wild-type and mutants for GFAAS,
crosslinking, and AUC, dialysis was perfor:i
a 5fold molar excess of AgN©three times. After equibiration, excess and unbound
met als were removed by dialysis against 50
Dialysis was performed using Slide Lyzer dialysis cassettes (Thermo Scientific). After

dialysis, the protein concentrations were determumsdg Bradford assay.
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4.3.3 Determination of Ag and Cu contents of Cus@e1s7) proteins by GFAAS.

To prepare protein samples for graphite furnatmemic absorption spectrometer
(GFAAS), 10pL of concentrated @o- and Ag-bound StrepgCusSse1s7) wild-type and
mutants were diluted in 40% HN@race metal grade) and were mineralized &CSfor
1 hr. Samples were then diluted to a final nitric acid concentration of 4% with-maneo
water. Samples were agaéd in a graphite furnace ICH33 atomic absorption
spectrometer (Thermo Scientific). A standard calibration curve was generated. using
20 ppb Ag and to 40 ppb Cu, with final RO 0 . 9 groteinBrid enetal concentrations
were determineds an average tifireereplicates.

4.3.4 Isothermal titra tion calorimetry

ITC measurements were performed on a MicroCal WP microcalorimeter
(Northampton, MA). The titrant solutions (1 mM AgNOwere prepared by mixing
appropriate amounts of 100 mM Agh&tock solutions with buffer (25 mM MES pH 6.0)
retainedfrom the final dialysis of the protein sampldde StrepCusSge187yWT and
StrepCusSea187-AlIA protein samples were prepared at 10 uM with buffer retained from
the final dialysis of the protein samples (20 pM$trepCusSse-187y11A). Both theprotein
sample and titrant soluths were degassed in a MicroQdermoVac (Northampton, MA)
before loading into the cell and syringe respectively. For a typical titration, 1.6 mL of
degassed protein was injected with 5 pL of 1 mM AgNd@er 10 sec every Biin for a
total of 50 injections at 2Z, following an initial injection of 2 pL. 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 proteiare 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(l) and proteins. The combined heat of dilution and
nonspecific effects were accounted for by averatiiedast four points of the titration and
subtractinghe value from all data point$* 13+ 13This subtraction was performed because
the heats observed for Ag(l) titrated into buffer were significantly lower than those
observed inhe final points of corresponding experimental titrations, which is likely due to
nonspecific interactions of the metal and prot@&ime first point was removed before fitting
and analysis to account for anomalies due to diffusion from the syringe dunitigragjon.
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 eacleiprabnstruct was repeated
three times to ascertain reproducibility, and the binding constants and stoichiometry were
averaged.
4.3.5 In vitro chemical crosslinking with BS

The amine reactive crosslinking reagenf BSs[sulfosuccinimidyl] suberate) was
purchased from Thermo Scientific Pierce (Rockford, IL). A 25 mM stock of the crosslinker
BS® was prepared in water. The crosslinking reactions were carried out in 50 mM HEPES
buffer pH 7.5 with a final reaction volunoé 45 pL. A 50fold molar excess of crosslinker
BS® (0.5 mM) was added to 10 uM apo or Ag(l) bound GasSr) wild-type and mutants.
The reactions were incubated on ice for 2 hr and the reactions were quenched by adding 1
M ammonium bicarbonate tinal concentration of 20 mM. Theasie amount oéach
protein was loadedmo SDS gels. The crosslinked prodwgere separated by SEFAGE
and visualized by silver stainirand Western blot using afitrep tag antibodyand the

bands were quantified using &geJ.

104



4.3.6 Sedimentation velocity aalytical ultracentrifugation

A Beckman Xl:I equipped with integrated absorbance and interference opiEs
used for the sedimentation velocity analytical ultracentrifugai®nAUC) expemment
All apo and Ag(lybound StrepCusSsg1s7) wild-type and mutants were prepared at
concentration 0D.3 mg/mL and centrifuged at 40,000 rpm at 4°C. The absorbance and
interference data were analyzed usitige Sedfit program using a continuous c(s)
distribution model. Sedimentati@oefficients (so.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 purased from Addgene (plasmid # 20061) and used for
bacterial expression of the membrane scaffold protein for nanodisc fornitibnis
construct contains MSP1D1 protein in pET28a vector with aerMinal 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 MSPEDdgli BL21(DE3)
cells were transformed with pMSP1D1 and grown in LB containing 34 pg/mL kanamycin
at37 e C u nobof 0.81.Q,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 mphenylmethylsulfonyl fluoride
(PMSF),4 pg/mL of aprotinin, leupeptin, pepstafprotease inhibitors), and 1% Triton X
100 at 4eC for 1 hr. The cells were then |

sec rounds with 1 min pause in between).yebonuclease | (DNasel) was added to a
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final concentration of 10 pg/mL and the lysate was mixed for another 30 min prior to
centrifugation to remove the cell debris. The supernatant was applied 6 eoNimn
equilibrated in binding buffer, washed witfashing 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 byFSRE= and
fractions containing MSP1D1 were pooled andneentration was determined
spectrophotometrically wusingcmthe extinctio

The Nterminal 7xHis tag on MSP1D1 was removed by treatment with TEV
protease. The 7xHis tag c¢cleaved MSP1D1 i s
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 (~2624 hr). To remove the EDTA and DTT, the mixture was dialyzed against
final bufferat4 e C. T RT&V @oteblse, sleaved 7xHis tag, and uncleaved MSP1D1
were removed by applying the mixture ontd™i ol umn. The MSP1D1(71)
in the flow through and washes. The MSP1D
MSP1D1 and could bastinguishedby SD® AGE as MSP1D1(17) migrat e
The recovery and purity of-PAGEddtbelffadgtions wa s
containing pure MSP1D1(7) were collected a
was measured using the Bradf assay.
4.3.8 Preparation of detergent solubilizedE. coli phospholipids

E. coli lipids were prepared by placing 2 mL of 25 mg/mL 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/mioatyl-b-glucopyranoside (OGP) and
|l et solubilized at 4eC for 1 hsolubibzedlipidht i | t
was extruded through 0.2 um polycarbonate filter 13 times using theemtmider (Avanti
Polar Lipids Inc.). The filtered lipid was thenguioted, frozen in liquid i and stored at
80eC. The | ipid concentration was deter min
4.3.9 Phosphorus assay

Phosphorus assay was performed as described previously by Boldog et al. Briefly,
in this assay, phosphorgsntainingcompounds (KEHPQy) are hydrolyzed by Qs and
the released phosphorus is then oxidized b®:Ho inorganic orthophosphate (FQ.
When anmonium molybdate tetrahydrate [(MEMo0O4-H2O] is added, a
heteropolyphosphomolybdate complex is formed, in whiatnugduction 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
at820nm@(ya xi s) versus 07 97. 5rd(wagid), withfafinplRofs phor u

O 0.9842%Figure
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Figure 4.2. Linear calibration curve for phosphorus standards to determine lipid
concentration. The calibration gives a linear relationship wilvdRue of 0.9848. The

absorbance value read at 820 nm is the basis for quantification.
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4.3.10 Expression and purification of histidine kinase CusS wiletype and mutants

The overexpression of fulength CusS proteins were performed in an auto
inducing ondition in the absence of IPTG as described by Studier with some changes as
detailed below3® E. coli BL21(DE3) cells were transformed with plasmids containing
genes encoding for CusS, Cud371A, CusSAIA, and CusSIIA (Table 4.). Overnight
cultures of each strain were grown in LB

Fresh LB media containing 100 pg/mL ampicillin and 1X 5052 mixture (0.5% glycerol,

m

0.05% glucose, 0.2% lactose) was inoculated with the overnight cultugear@wn at 37 e

Once the OD600 reached ~0.8, the temperatu

and culture was continued to grow overnight-220hr).

To solubilize the membrane protein CusS, cells were resuspended in 50 mM Tris
pH 8 containing 1 mMphenylmethylsulfonyl fluoridg(PMSF), 4 ug/mL of protease
inhibitors, and lysozyme. Lysis was achieved by sonification at output 7 (fs&c30@unds
with 1 min pause in between). DNasel was then added to a final concentration of 10 pg/mL
to remove any DNAand lysate was mixed for another 30 min. The lysate was fractionated
by ultracentrifugation at 125,000p¢or 1 hr into membrane fraction (pellet) and cytosolic

fraction (supernatant). The pellet containing the membrane fraction was resuspended in

binding buffer containingl MM Mgl and sol ubilized with 2%

1.5 hr. The mixture was ultracentrifuged at 125,009 for 1 hr and the supernatant
containing the solubilized membrane protein CusS was collected.

To purify CusS, the superratt was applied onto a Nicolumn, washed with
HEPES binding buffer (50 mM HEPES pH 7.5, 200 mM NaCl, 20 mM imidazole)

containing 0.05% +dodecytb-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 N&aC05% DDM). The recovery
and purity of proteins were checked by SBAGE and the fractions containing CusS were
pooled and concentrated. The protein was t@|l
The protein concentrations were determined specttoptedrically using the extinction
coef fi ci e ntenmFour CudStvarihrds wite purified: CoaS, CusSH271A,
CusSAIA, and CusSIIA.
4.3.11 Reconstitution and purification of nanodiscs contaimg wild-type and mutant

CusS membrane proteins

The nanodis system is a threeomponent 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 detergentthe selfassembly of the membrane protein embedded in the nanodiscs is
initiated. Her e, the three csoloblizede ootis us e
lipids, and CusS proteins in DDNDDM 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.
I n accordance with previous Exillipds/DDdM,hed pr
and CusS were combined in a nralatio of 1:65:6:0.23% 137The final concentrations of
the components in the mixt urEecolwmgds689mMM 0 OM |
DDM, and 15 puM CusS. The mixture was incubated on ice for 1 hr. To promote the self
assembly of nanodiscs containing CussS, the detergent was slowly removed by adding 200
mg Biobeads SM2 (Bi&kad) per 1 mL mixture and incubated with gentle shaking 4 e C
for 4 hr. The mixture was then transferred into fresh 200 mg/mL Biobeads SM2 and

continued incubation at 4eC overnight. The
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to separate nanodiscs containing CusS-OU3S) from empty nanodiscs. The mibd was
applied onto a Ni column, washed with HEPES binding buffer, and eluted with 400 mM
imidazole in HEPES binding buffer. The recovery and purity ofGU3S was checked by
SDSPAGE, and fractions containing NOusS were pooled and concentrated to 0.3
mg/mL (-3 uM CusS). Finally, NBCusS was dialyzed against 50 mM HEPES pH 7.5
buffer at -CassSCanceriiratiens Webe determined by Bradford assays. There
were a total of four NBCusS proteins prepared: NDusSWT, ND-CusSH271A, ND-
CusSAIA, and ND-CusSIIA.
4.3.12 Autophosphorylation assay of CusS variarg in nanodiscs

The purified NDCusS wildtype and mutants were diluted to 0.2 mg/mL (~1.8 pM
CusS) in HEPES kinase buffer [50 mM HEPES pH 7.5, 50 mM KIROmM Mg(NQ)2].
Three reactions were prepaifed each NDCusS protein: apdlD-CusS with the addition
of ATP (apo, + ATP); silver bound NQusS with the addition of ATP (+ Ag, + ATP); and
silver bound NDBCusS without ATP [+ Ag,-]]. For reactions with silver, AgNwas
added to a final concentratiaf 400 uM 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 teinated by adding 4X SDS sample buffer (pH 8.8) and analyzed by
SDSPAGE followed by twecolor Western blot analysis previously described in Chapter

3 underMaterials and Methods 3.3.6
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4.4 Results
4.4.1 The metal binding properties of StrepCusSze187)wild-type and mutants

In the crystal structure of AgEPusSse 187) two Ag(l) ions are bound per monomer,
with one in the interface binding site and the other in the internal bindin®y Jitestudy
whether each metal binding site has different metal binding properties than the other, the
interface metal binding residues (H42A/FA3I/H176A, Si3S39187yAlA) and internal
metal binding residues ((M1331/M1351/H145A, Str€psSse1s7ylA) were mutatedto
remove metal binding at each sifEhen, to investigatand compare the metal binding
properties,metal contents in each protein variants befand after Ag(l) loading were
measured by GFAAS. The calculated number of metals per-Strsfiss187) molecule
were summarized in Table 4 Quantitation of the amounts of metal ions in the proteins
shows approximately four Ag(l) ions per St€psSse187-WT molecule. No change of
Ag(l) contents was observed in the St@psSgo1s7rAlA or StrepCusSseis7yllA
mutants. Traces amounts of copper was detected in both before and after addition of Ag
samples, with no significant changes between sampleSAS 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 properttas,thermodynamics of binding
of Ag(l) to all threeStrepCusSso1s7) variants were measured by isothermal titration
calorimetry (ITC). A representative microcalorimetric experiment from each variant is
depicted in Figure 4.3. As the AgN@as titrated into the StrepusSse1s7) solutions, the
amount of heat released was measured for each injection (Figure 4.3 top panels). It is

evident that Ag(l) binding to StrePusSss1s7)is anexothermic process. Origin software
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using the single set of equivalent sites model was usedttefintegrated peaks plotted
against the molar ratio of Ag(l) to Str€pusSsa187) The red solid lines represent the non
linear least squares fit which yield binding stoichiometiy ( e nt hal py of Dbir
apparent association constakg)(and apparent dissociation constamt{= 1/Ka). The ITC
experiments revealed that both St@pSSze187yWT and StrepCusSsei1s7rAlA have
similar binding stoichiometriesf approximately 3.00 (Table 4). StrepCusSgo1s7ylIA
has a slightly higher bindinga@thiometry of 3.89. The apparent affinky of each protein
was also measured. The St€psSse187yWT has appareriq of 9.41 + 2uM, which is
slightly higher than thepparenkKq measured fobtrepCusSzg187yAlA and StrepCus Sz
187y1lA at 6.87+ 0.6 uM and5.70+ 0.1 uM respectively.
4.4.2 The interface binding sites play a role in metalinduced dimerization of the
sensor domain of CusS
Most histidine kinases (HKs) are known to exist and function as homodimers, and
that signal transduction occurstire 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 protein®. Even so, the dimerization of the sensor domain of HKs are generally
weak and concentratiesependent. One example is the sensor domaih obli TorS, in
which it dimerizes in solution witKq of 49.6 uM measured by equilibrium AUCStudies
have reported, however, that masgnsor domains are monomeric in solution during
purification, such as DcuS, DctB, CitA, and N&x?3 46Sedimentation velocity AUC and
in vitro crossinking experiments have showhiat apeCusSss1s7)is primarily monomeric

in solution, and that the addition of Ag(l) enhances the dimerization of fous$°
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Table 4.3 Metal contents of Stre@usSse-3s7)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 Agkifollowed by dialysis to remove excess free

metal. Values indicated are the averages of three measurements, including the standard

deviations.
Number of Ag / CusSse | Number of Cu / CusSse
187) 187)
As purified
StrepCusSzg187yWT 0.0019 + 0.0003 0.2£0.1
StrepCusSze187rAlA 0.082 + 0.0011 0.17 £ 0.05
StrepCusSsa1s7yIIA 0.0(B5 + 0.0008 0.10£0.03

After addition of Ag by dialysis

StrepCusSzo187yWT 3.87 £0.08 0.16 £ 0.03
StrepCusSsg1s7yAlA 3.96 £ 0.08 0.13+0.04
StrepCusSszoas7ylIA 40+0.1 0.15+0.02
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Figure 4.3 Binding of Ag(l) to StrepCusSsg187)proteins measured by isothermal titration
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panels present the raw data for titrating 1 mM AgN@o 10 pM StrepCusSse-187yWT

(left), 10 uM StrepCusSee1s7yAlA (middle), and 20 UM StrefCusSee1s7ylIA (right).

The bottom panels present the titration plot derived from the integrated raw data and the

[Ag(D)]/[Strep-CusSea187) ratio. The red solid line in the bottom panels represent the best

fit for Ag(l) binding accoding to a single set of equivalent sites model. The thermodynamic

parameters are listed rable 4.4
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Table 4.4 Binding parameters of Ag(l) binding to Str€usSse-187)wild-type and mutants

obtained by ITC measurements. Standard deviations were derived from triplicate runs.

Binding Enthalpy of Appa.rem Appafer.“
- ) . associlation dissociation
stoichiometry, | bi ndi n¢
n (kcal/mol) constant,Ka constant,Kg
(1M (uM)
StrepCus
P WTSG“‘*” 3.06+0.1 8.60+ 0.7 1.09+ 0.2 9.41+2
StrepCus
P AIAsmm 3.00+05 -11.0+ 0.01 1.46+ 0.1 6.87+0.6
StrepCus
P ”A‘%m” 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 Cygs$7), we have alsbypothesized that the presence
of Ag(l) is likely to strengthen the dimeric interfat® o further investigate this hypothesis,
in vitro crosdinking and analytical AUC were performed on the apo and Agghnd

StrepCusSse187)Wild-type and mutats.

In thein vitro crosslinking studies, the oligomerizationSifepCusSge-187)variants
were probed using the homobifunctional amieactive crosslinker BSand analyzed on
SDSPAGE followed by silver staining=igure 4.4Ashows that all apStrepCusSso187)
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(l), significant increasn the higher molecular weight
bands are observed from tBérepCusSse1s7yWT and-IIA samples, but not from the
StrepCusSse187yAlA. The relative densities of the bands were measured using ImageJ
and are listed in Table 4.5. This analysis shows that Agind StrepCusSse187yWT
and-11A have more intense higher molecular weight bands when compared to the apo state
(3.73fold and 2.16fold respectively). TheStrepCusSge1s7yAl A sampl e doesnb
any change in the intensity of the higher molecular weight band when compared to the apo
and Ag(lybound proteins. In order to confirm that the higher molecular weight band
correspnds to theStrepCusSsse187) homodimer, Western blot analysis was performed
following the SDSPAGE using antBtrep tag antibody. As shovam Figure 4.4Bsimilar
protein migration was observed on the Western blot with similar density profiles,
confirming that the higher molecular weight bands con&tirepCusSszs1s7). The relative
densities in the Western blot of the higher molecular weight bands from theb&giid

proteins were compared to the apo proteins. As in the silver stained gelshéwt
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Figure 4.4 In vitro crosslinking reactions of apo and Ag8jrepCusSse3s7)wild-type

and mutants. Apoand Ag(l} StrepCusSsess7) samples (10 uM) in the presence and
absence of B&crosslinker were analyzed by SBPRGE followed by silver staining (A)

and Western analysis (B). The Western blot analysis was performed ushRiraptiag
antibody. The expected monomer (~18 kDa) S€egSse3s7)is indicated by (*) and the
expected mner (~36 kDa) is indicated by (**). The measured relative densities of the dimer

bands (**) are summarized ifable 4.5
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Table 4.5 Relative densities of dimerization of the sensor domain $Ireg$sg.187) wild-
type and mutants in apand Agbound states measured by ImageJ. The relative densities
were measured relative to the apo protein in each variant from both-sdweed gel

(Figure 4.4A) and Western blot (Figure 4.4B).

Relative Density
Silver stained gel Western blot
apo StrepCusSeo187yWT 1.00 1.00
Ag StrepCusSeo187yWT 3.73 2.92
apo StrepCusSee-187rAIA 1.00 1.00
Ag StrepCusSso187yAlA 1.00 1.21
apo StrepCusSse-187y 1A 1.00 1.00
Ag StrepCusSsg1s7ylIA 2.10 1.93
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StrepCusSso187yWT and StrepCusSse187yIIA proteins have 2.9%old and 1.93%old

increases in dimerization, whiftrepCusSse187rAlA only has 1.2%fold.

The oligomeric state of apo and Aglipund proteins were also analyzed using
sedimentation velocity analyticailltracentrifugation (SVAUC). 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 dt@the different rate of migration in the centrifugal field and dimers
will sediment at a different rate than monom®#sin these experiments, the monomeric
StrepCusSse187yWT andStrepCusSse187y1IA appear at a sedingation coefficient (S)
of approximately 1.8, and the monomeBitepCusSsa187-AlA appears at slightly higher
2.1 S (Figuret.5). For the Ag(l}StrepCusSee1s7yWT, there was a distinct shift in the S
ataround 3.2 S, representing a molecule more elongated than the morgiree@useo
187y WT (Figure 4.5A). In the Ag(H5trepCusSee1s7rAlA, a monomeric species and also
a higher molecular weight speciesaabund 4.8 S were observed (Figure 4.5B). This 4.8 S
oligomer is not expected to be a dimeSofepCusSea187rAlA. The Ag(l)-StrepCusSse
187yllA 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 also observed.

4.4.3 Full-length CusSis stably embeddedin 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 helicé$.*°Due to the difficulties in working with a fulength 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 Sedimemation velocity analytical ultracentrifugation analysis of apo (purple)

and Ag(lybound (blue)StrepCusSse-as7) proteins: WT (A), AlA (B), and IIA (C). For the
Ag(l)-bound proteins, Ag(l) was loaded onto protein samples by dialysis method. The
concentréion of proteins used in the experiments was 0.3 mg/mL in 50 mM HEPES pH

7. 5. Sedi mentation of proteins were perfor
nm. The apestrepCusSsesszy WT and mutants appear as a monomer at around 1.8 S,
which is indcated by (*). The metahduced dimerization of the A@/T and AgllA

appear at around 325 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 detergestlubilized stge. 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 manipulaté3® 132 |n addition, the unidireatinal insideout 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, bese the liposome needs to be disrupted to
reach to the sensor domai?!42On the contrarynanodisc technology provides a soluble

and nativelike 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 proteif! 132The 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 (FighrB3° 131 The chemoreceptor Tar and
several HKs, such as AgrC and CpxA, have been successfully assembled into nanodiscs
for functional studie$*>145

The hstidine kinase CusS is an integral membrane prosé@id consists of a
periplasmic sensor domain that is connectec twytoplasmic kinaseore through two
transmembrane helices and a HAMP linker domain. How Cu(l)/Agi@ifling in the
periplasmic domaimcrease#s kinase activity was unclear due to the lack fafnctional
assay method fdhis integralmembrane prota. Here, we reconstitutefdll -length CusS

in nanodiss (ND-CusS), which allowed us to investigate CusS signaling in a Rigtere
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lipid bilayer environment with full accessibility to both sensor and kinase dswiausS.

The MSP protein we used is the MSP1D1 which has thelfirsimino acids deletesince

these are not required for nanodisc formation. MSPhB4 an Nerminal 7xHis tag
followed byaTEV cleavage sité3'Here, weremoved he 7 xHi s tag to obt :
which allows us to se the 6xHis tag on CusS for convenient purification of theONBS.

Most studieddescribed byhe 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 trangnembrane proteins from eukaryote®wever since thehistidine kinase Cusis

from E. coli, usinga lipid bilayer environmensimilar to thatof E. colicells, containing a
mixture of phosphatidyl ethanolamine, phoddhd glycerol, and cardiolipinyould be

more suitablé3® “8Indeed, when comparing the kinase activity of-RDsS fromE. coli

lipids versus from POPC lipids, the kinaseivaty of ND-CusS made using. colilipids

is higher (data not shown). Alsematic diagram othe preparation and purification of

CusS imanodissis illustrated in Figure 4.6A. The reconstitution was done by mixing the
appropriate molar ratios of MSP1D1 E. colilipids, and CusS in detergecbntaining
buffer. Ex c e(Bigure MS6GPR ,D1{ M) x t wladdedotothe asseenbly wa s
mixture to ensure the formation of excess enmaiiyodiscgo then favor the incorporation

of only one CusS homodimer peanodisc To initiate the selassembly othe nanodisc
mixtures (containing emptynanodiscsand NDCusS), Biobeads SM were added to
slowly remove the detergent. The MusSwaspurified overaNi%* column, as showhy

the SDSPAGE gel in Figure 4.6B-ull-length CusS is stably embeddedhenanodiscs.
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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). Allthec o mponent s MSP1IELQIlpids (gray), arel CusS a |l ) ,
homodimer are mixed together in detergent DDM. Biobeads SM2 are added to remove the
detergent, initiating the sedfssembly of empty nanodiscs or NIDISS (mixture). The ND

CusS is purified sing a Nf* column. (B) Coomassistained SDS gel of samples from
ND-CusS preparation and purification. Thefule ngt h CusS ( ~55 kDa)

(~22 kDa) are indicated by arrows and labels.
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4.4.4 CusS embedded in nanodiscs is active

CusS senses and birtdsAg(l) in the periplasmic domain, then transduces a signal
to the cytoplasmic domain to initiate autophosphorylation on its conserved Ha71.
examine whether the histidine kinase CusS in nanodiscs is functional, we performed kinase
assays of NBCusS inthe absence and presence of the stimuli Ag(l). Due to solubility
issues of AgN@ 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 KI2O® mM
Mg(NOz3)2 (HEPES kinase bufferAfter adding AgNQ 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 antl-pHis antibody As shown in Figure 4.7A, the most
autophosphorylation was observed fordldDsSWT when both Ag(l) and ATP are present.
This suggests that Ag(l) binding activates the kinase activity on CusS and that the
autophosphorylation is ATBependent. In the absenof Ag(l) and in the presence of ATP,
less autophosphorylation was observed forGIBSWT. 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 wasngbetely abolished on NHCusSH271A

under all conditions, including when both Ag(l) and ATP are present (HguB.
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A ND-CusS- B ND-CusS- C ND-CusS- D ND-CusS-

WT H271A AlA 1A
AQ(U - + + _ + + - + + - + +
ATP + + . e + 2 - + - - - -

< CusS

Figure 4.7. Autophosphorylation of the fulength histidine kinase CusS in nanodiscs.

Each protein (A) NBCusSWT, (B) ND-CusS-H271A, (C) ND-CusSAIA, and (D) ND-

CusSIIA was diluted in HEPES kinase buffer to a final concentration of 0.2 mg/mL. The
absence (1) and presence (+) of Ag(l) or AT
incubated at room temperature for 1 Bamples were separated by SPAGE and

analyzed by Western blot using afitpHis antibody. Membranes were imaged using the

Odyssey imaging system.
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4.4.5 Metal-induced dimerization increaseskinase 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 irk. coli.*® In addition, based on the crystal structure of Ag{l}sSss187), we
hypothesized that Ag(l) binding at the interface of Gi43&r) strengthens the dimerization
of CusSsa187)*° When the interface binding site residues are mutafdd), no significant
dimerization of the Cug$.187) was observed from thi& vitro crossinking and the SV
AUC experiments (Figure 4.4 add5). However when the internal binding site residues
are mutated-{IA), dimerization of the sensor domain still occurs similarly to the ayfae
protein (Figure 4.4 and.5). To further investigate the role of the metal binding sites and
metatinduced dimeization in CusS kinase activity, mutations of the interface binding site
(CusSAIA) and internal binding site (CusiBA) were generated in the fuléngth CussS.
These protein variants were embedded into nanodiscs, generatiGgd&EAIA and ND-
CusSIIA respectively. Autophosphorylation assays were then performed on both ND
CusSAIA and ND-CusSIIA and analyzed as described for the wiyghe protein. When
the interface binding site is mutated (MINsSSAIA), no increase of pHis signal was
observed in the preace of both Ag(l) and ATP (Figure 4.7C). However, when only the
internal binding site is mutated (NOusSIIA), an increase in pHis signal was detected

when Ag(l) and ATP weradded (Figre4.7D).
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4.5 Discussion

The sensor domain of CusS sensesiased level of metals ions in the periplasm and
binds to Ag(l) at both the interface and internal binding $it&@owth assays have shown
that the interface mdtaon binding site is more important for metal sensing and metal
resistance iik. coli*® Chapter 3 investigated the biochemical properties of the cytoplasmic
doman of CusS and showed that CusS is autophosphorylated at the N1 position on the
conserved H271 using @s autophosphorylation mechanism. However, how the sensor
domain communicates with the cytoplasmic domain remains unclear. The aim of the
present studyvas to establish am 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 dormathis study, arN-
terminal Strep tag was added to Cgsf7) for ease of purification and analysis usary
ant-Strep antibody

The crystal structure of AgAPuUsSse187) showsthattwo metalions are bound per
CusSse-187) monomer, where one is located in the inteefbinding site and the other one
is located in the internal binding sitePrevious studies of Cug&is7) using ICRMS to
measure metal contents in solutiorowled there are approximately four Ag(l) ions per
monomerti® Here, we also show that there are four Ag(l) ions per STuegHso187)
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(l) idhsTherefore, the transiergnd
nonspecificallypound Ag(l) ions in solution were not captured in the crystal structure.

Unexpectedly, there are also four Ag(l) ions pEepCusSzs187-AlA and-IIA molecules,
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which implies that there could be three nonspecifiehtiynd Ag(l) ios to each variant
(Table 4.3).CusSsse1s7) has nine His and seven Met residues (FiguBA), of which
several are clustered in the outer loop of the sensor doffRagare 4.8B). Thus, the
nonspecific binding of Ag(l) to protesobserved could be due tinis MetHis loop.

The presence of two different metal binding sites raises questions about whether there
is cooperative binding between them. Ag(l) binding to S€eRSss187)Wwas measured by
ITC and is summarized imable 4.4 StrepCusSse187yWT shows three stoichiometries
with an apparent binding affinity of approximately 9.41 pM. Since two metal ions per
CusSse1877monomer are seen in the crystal structure, then the 3 stoichiometries in the ITC
titration of StrepCusSsg187yWT may reflect thédinding 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. $lreg%so 187y
AlA also is best fit by three sichiometries, which may reflect the binding of one Ag(l) 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-Strefss 187y IIA mutant,
the interfae binding site is not disrupted. Therefore, the best fit stoichiometry of roughly
4.00 could reflect one Ag(l) binding to the interface binding site, two nonspecifically
bound Ag(l) ions, as well as protein dimerization. Or, the four stoichiometries redigict
one Ag(l) binding to the interface binding site and three nonspecifibaliypd Ag(l) ions,
which match the GFAAS data. The apparenbKStrepCusSse-187yWT, -AlA, and -1l A
were measured to be 9.41241M, 6.87 + 0.6 uM, and 5.70 + OlM respectively. The
binding affinity measured for the wHiype protein was similar to the previously

determinedaffinity of 8.23 pMusing equilibrium dialysis and IGMS 1'% The mutants
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Met-His loop

Figure 4.8. Structure of the Ag(HCusSse1s7y 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 ox. (B) Closeu p vi ew of the Met and Hi sHisresi du

|l oopo. (PDB entry: 5KU5)
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have slightlyhigher apparent binding affinity compared to théd-type. The Strep
CusSsa1s7rllA has a lower apparerKy than the StrefCusSssi1s7-AlA mutant, which
could indicate that the interface binding site could have a slightly higher affinity for Ag(l).
However, because of the small difference in the apparevdlides (~1.5@M difference),

we cannot conclude whether the interface binditg Isinds 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, DctBnd CitA*+43 The purified truncated Cug®is7) also exists
primarily as a monomer, though Cus%s7)dimerization is enhanced upon Ag(l) binding,
as shown byin vitro crosdinking and SVAUC experiment3i® Ligandinduced
dimerization has been observed in other HKs su€itdsand NarX upon binding to citrate
and nitrate respectivefy: 46 In this study, we have shown that the interface binding site
contributes to the dimerization of CysSs7) upon Ag(l) binding, while the internal
binding site does not (Figure 4.4 and Table).4%g(l) binding altered the sedimentation
coefficients of the Stre@usSse187yWT and-llA proteins, which indicate the eaistence
of dimeric forms (Figurd.5A and4.5C). Although a highanolecular weight fornis seen
in the StrepCusSse187yAlA sample (Figure4.5B), 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 resites (H42A/F431/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.

131



How metal binding and metatduced dimezation 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 ligamdliced dimerization of the sensor domain
is expected to be functionally relevam this study, nanodiscs were used as a tool to study
the full-length integral membrane protein CusS in a ndtkeslipid bilayer environment.

The major advantage of nanodiscs is that target membrane proteins embedded in the
nanodiscs are accessiblerh both sides of the membrane bilayer, bothgéaplasmic
sensor domain and the cytoplasmic domain. CusS was stably embeddedandtiscs
(Figure4.6)and autophosphorylation activity was detected (Figuré). Thisshowsthat
ND-CusSWT is active,but more importantly, the action of the kinase activity was
triggered upon Ag(l) sensing @ increase pHis signal was detected only when both
Ag(l) and ATP wergresent, and not in the sample only Ag(l) was present (Figure 4.7A).
A faint pHis sigal was seeim the samplevhereATP was presenand Ag(l)was absent

this could be due to the high concentration of ATP used (2 mM ATREthmay favor
kinase activity in the cytoplasmic kinase domain. The pHis signal detected freBuN®

WT was from atophosphorylation on its conserved H271, as no kinase activity was
detected whermH271 was mutated to an Ala (Figude7/B), consistenwith the results
reportedin Chapter 3. When the interface binding site was mutated {SIBsSAIA), no
increase in pHis wasbserved in the presence of both Ag(l) and ATP when compared to
the samples with ATP or Ag(l) only. When the internal binding site was mutated, however,
in the presence of ATP, the pHis signal increases upon addition of A&gfliré 4.7D).

Basedon our sudies on the kinase activities of the MIDSS variants, these results suggest
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that metalinduced dimerization at the interface binding sites in the sensor domain of CusS
activates the kinase activity in the cytoplasmic kinase domain.

Taken together, ouesults indicate that upon sensing Ag(l) in the periplasm by the
sensor domain of CusS, Ag(l) ions bind to Getsg7)through the interface and the internal
binding sites. Cus&s1s87) 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 dct that isolated fullength 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.

Basedon our studies, we propose a signal transduction model of histidine kinase
CusS (Figure4.9). Full-length CusS exists as a homodimer stabilized by the
transmembr ane (hiBtdihe kidasenadenylyl cydlases, mdthgtepting
proteins, phosphasae s 0 ( HA MP) and dtleendenerization and histidine
phosphotransfer (DHp) domatA Within the homodimer, the TM forms a fehelix
bundle that spans through the inner membrane. The HAMP linker daowsiss of two
amphigthic helices withcoiled-coil properties thatorms a homodimeric, fouhelical,
parallel coiledcoil structure®® 1 The DHp domainhast w o-helides that mediate
homodimerization by forming a four helix bundi®llowed by the catalytic and AFP
binding (CA) domait#? 7 Typically,h e CA domai n f or msbingasn U/ b
ATP and catalyzes autophosphorylation of a conserved His residue in the DHp 8bmain.

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(l)/Ag(l) in theperiplasm, the sensor domain directly binds to Cu(l)/Ag(l) ions
through the interface and internal binding sites. The Ag(l) binding in the interface binding
sites enhances dimerization of the two sensor domains through-taedN\NGterminal
helices in thesensor domain (PDB entry 5K&%, which triggers downstream local
conformational changes in the TM, HAMP linker, DHp, and CA domains. These
conformational changdsring 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 likelype 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 thei three

dimensional structures of tlago and ligandbound 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 -indtaded dimerization

through the interface metal binding sites triggers conformational change in the downstream
domairs (red line) placing the ATP binding site in the CA domain closer to the conserved

His residue, favoring histidine phosphoryl :
domains of CusS are labeled as TM, transmembrane; HAMEdJine kinase, adenyly

cyclases, methyhcepting proteins, phosphatases; DHpimerization and histidine

phosphotransfer; CAsataytic and ATP binding domait?.
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CHAPTER 5: DIFFRACTION STUDIES OF THE CYTOPLASMIC DOMAIN OF
CUSSAND PRELIMINARY STUDIES OF CROSSTALK BETWEEN CUSRAND

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 colihas a metal efflux pump CusCBA than can eliminate excess toxic
Cu(D/Ag(l) ions from the periplasmic to the extracellular space. Thectmponent
system Cus®usR regulates the expression of the efflux pump genes in response to metal
accumulation. The ktidine 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 heliceg’he structure of the periplasmic sensor domain has been
determined, howevdhe treedimensional structure of the cytoplasmic domain of CusS
remains unknown. In this study, we described our attempts in crystallizing the cytoplasmic
domain of CusS (Cus§ . The crystals produced and
diffractions. Thecrystallization and freezing conditions for Cys®ere optimized in the

hope of obtaining better diffracting quality crystals.
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5.2 Crosstalk Studies Between Nor€Cognate Histidine Kinases and CusR in

Escherichia coli(APPENDIX C)

Summary

Baderia live in changing environments and thus need systsosh as tweo
component systems$p help bacteria sense, respond, and adapt to variations in external
conditions. Eachtwo-component systentonsiss of a sensor histidine kinase and a
response regular, in which the histidine kinase senses the external stimuli and activates
the cognate response regulatbroudh histidylaspartyl 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 nezognate response regtdr.While crosstalk is usually harmful to the
cells, some crosalk has been found tee functionally beneficial for the cell€usR has
been reported to be phosphorylated by threeaogmate histidine kinasés vitro: BarA,

UhpB, and YedV. In this stly, we report preliminary results from copper survival assays
showicusB spp mor e det r i me rcisddnd thabcogpdr accumeldtidns t h 8
i s el e wasRceld. Histidinedinase CpxA has been shown to respond to copper

stress while YedV des not, which might imply that HK CpxA could complement CusS.

More studies are required to determine whether crosstalk between othmygmaite HKs

and CusR occun vivoand their role in metal resistancelncoli.
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS

The work in this dissertation focused on investigating the signaling mechanism used
by Escherichiacoli 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 Cug=2usR upon Cu(l)/Ag(l) sensing by the histidine kinase CusS,
which then activate the DNAbinding transcription factor CusR to upregulate the
cusCFBAgenes. The work in this dissertation describes the role of the sensor histidine
kinase CusS in Cu(l)/Ag(l) sensing through its periplasmic sensor domain and how it
relates to the kinasgctivity in its cytoplasmic kinase domain.

ThecusRSyenes are located on the chromosom. @oli next to thecusCFBAgenes,
and these sets of genes @emscribed in opposite directioH8.ThecusR3)enes encode a
two-component system with CusS as the membleamand histidine kinase and CusR as
the cytoplasmic response regulatdi*’Previously it has been shown thhe cusSgene
is needed for Cu(l)/Ag(l) resistance i coli, and thatt is linked to the expression of
cusCFBAgenes! The histidine kinase CusS senses and binds to Cu(l)/Ag(l) ions in the
periplasm and transduces signal to its kinase domain, initiating ATdependent
autophosphorylation oa conserved catalytic id. In vitro studies have shown that CusS
senses and binds to Ag(l) directly through the periplasmic sensor défhdipon Ag(l)
binding, the periplasmic domain of CusS undergaesonformational change and
dimerization is enhanceéd® However manyquestiongegardingCusS signal transduction
and autophosphorylation mechanisms remain largaBnswered. As described this

dissertation, studs were conducted to understat@ metal binding properties e
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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 2the crystal structure of the sesrsdomain of CusS bound to Ag(l) ions
(Ag(l)-CusSso187) was presented. AgHPusSsei1s7y forms a homodimer through
association between tiN and Gt e r mi-heliaels. THé structure also reveals that there
are four Ag(l) ions per homodimer with two Ag(l) 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(l) ion is coordinated by two histidines and one
phenylalanine forming an unusual caton i nt er acti on. Mor eover,
residues from the interface binding site are conserved among CusS homologues and other
Cu()/Ag(l) 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 iR. coli, residues in each metal binding site were mutatée. T
disruption of the interface binding site led to increase sensitivity to copper and the
disruption of the internal binding sitead little effect Based on these structural and
functional data, it was concluded that the interface binding site is fuatifiomore
important for Cu(l)/Ag(lresistancen E. coli.

Upon sensin@gn environmental signal, aytieosphorylation on the conserved His of
the HK is initiated, followed by phosphotransfer to a conserved Asp on its cognate RR.
However, due to the instaltyt of pHis and the technical challenges for such analysis, the
mechanism of phosphorylation of HKs remains understudied. In Chapterd&seebed
the use ofobust monoclonal anpHis anibodies to investigate the aptwosphorylation

of the cytoplasmiddomain of CusS and phosphotransfer to CirsRitro. The dot blot
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analysis shows that Cug$ phosphorylated at the N1 position on the histidine imidazole,
which overturns the previous assuroptthat all bacterial HKs auptnosphorylate at the

N3 positon. 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 ofc,Cass®
phosphotransfeto CusR imply that the TCS Cug2usR is able to respond quickly to
elevated levels of Cu(l) or Ag(l) in the periplasm. In addition, the disruption of these
phosphoacceptor sites on CusS (H271) and CusR (D51) leddexrease in copper
tolerance irkE. col, which shows that the phosphotransfer event between CusS and CusR
is required in metal resistance. In this chapter, we @¢saribe experiments thahow
CusSp undergoes autophosphorylation #gis mechanism, in which the CA domain of

one subunit phghorylates the conserved His on the DHp domain of the same subunit.
This overturns another early assumption that all HKs autophosphorytea@snin which

the CA domain of one subunit phosphorylates the conserved His on the DHp domain from
the other subnit.”* We have confirmed that despite high homology among HKs, different
mechanisms of aaphosphorylation can occur. It was reported that the handedness of the
DHp loop is a functionally relevant determinant of tgor trans autophosphorylation
mechanism, with righbandedness undergoitrgns phosphorylation and lefiandedness

in cis.”* Therefore because we have obsenasphosphorylationywe have predicted that

the DHp loop of CusS is leftanded andthath e DHp U2 shoul d be pos
of Ul. Additionally, we specul ate thlat our

movemens in the DHp and CA domain maintain the kinase state.
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In prototypical HkKs, the sensor domain dhe HK transducesa signal to the
cytoplasmic domain upon stimuli sensing. Thus, the sensing of Cu(l)/Ag(l) through the
sensor domain of CusS transduces signal to the cytoplasmic kinase core through the
transmembrane helices and the HAMP linker domain. Although ékst ad functionas
a homodimer, the truncated periplasmic sensor domain does not always exist in a dimeric
form .42 46.59HKs such a CitA and NarX are monomeric in solution and dimerize upon
binding to their ligands citrate and nitrate respecti¥&lff The truncated Cug.isy)is
alsomonomeric in solution and the presence of Ag(l) enhances the dimerization @bCusS
187 However, how metal binding and metatiuced dimerization in the sensor domain of
CusS activates autophosphorylation activity in the cytoplasmicagoms 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 liganohduced dimerizationand autophosphorylation were
investigated. ITC experiments have demonstrated that the interface and internal binding
sites have similar binding affinity to Ag(l). From tire vitro crossinking and SVAUC
experiments, we have confirmed that the interfacedibg site contributes to the
dimerization of Cus&e1s7)in the presence of Ag(l) 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. @ investigate ha stimuli sensing leads to signahfrsduction, we
applied nanodisc technology to study the-fatigth membrane protein CusS in a native
like lipid bilayer environmentWe illustrated that fullength CusS variants were stably
embedded in the NDs and tha¢ were able to perform autophosphorylation assays with

them. NDCusSWT was active and underwent autophosphorylation on the conserved
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H271 upon Ag(l) binding. Furthermore, without the interface binding site,
autophosphoryl ati on thisébadp @ tworkoconslwdesvhatdnetal Ov e r a
induced dimerization through the interface binding site is important for signal transduction
that triggers autophosphorylation in CussS.

Despite these significant findings, some important questionsherCusS signal
transduction and autophosphorylation mechanism remain largely unanswered due to lack
of structural datan the fulllength CusS and on the full cytoplasmic domain of CusS. It is
expected that Cu(l)/Ag(l) binding in the periplasmic sensor domey 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 movemenskiteon perpendicular to
the membrane), rotation along an axis parallel to the membrane (pivot motion), and rotation
perpendicular to the membrafie 8 Piston sliding movement has been proposed in
chemotactic receptor Tar and in several HiKish as DcuS, CitA, and Napk.4? 43, 46, 62
From alignments othe structures of ap@nd ligandbound sensor domanthe positions
of the N and Gterminal helicesvere comparedA downward displacement of the- C
terminal helix was observed in aspartate receptor Tar upon aspartate binding, and a
downward displacement of the-tdrminal helix was observed in HK NarX upon nitrate
binding?®: 115 148|n CitA, an upward displacement of thet&minal helix of the sensor
domain was observed upon citrate binding, thus pulling the TM2 in an upward piston
movement3 Future experiments aiming to obtain a 3D structure of apo gussmight

be helpful in determining any displacements on theatd/or Gterminal helices in the
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sensor domain of CusS, since these helices are expected to be contiguous with the
transmembrane helicés.

The full cytoplasmic domain of thgrototypic HK CusS consists afHAMP 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 suuuetof the full cytoplasmic region of prototypic
(HAMP-containing) HKs was reported until recently. A 3D structure of the full
cytoplasmic domain d&. coliCpxA (CpxAnpc), a HK that regulates Cpx signaling system
that regulates an envelope stress respomas solvedn the active kinase statéIn this
paper, the authors reported that the HAMP domains modulagesemental helical
mobil ity of -helicestapeomdter aastrongthBlicalUbending movement and
dynamical asymmetry that charactestige kinaseactive state. They emphasized that the
helical bending was caused by S238 and highly conservedrg88es (Figure 6.1). The
first kink at the S238 was probably required to dwieric claslat a layer of polar residues
(Q239Q240) and the second kink is caused by the proline resitheee is asymmetry in
the structurein which one CA is irthe active state and the other oneingctive. These
asymmetric kinaseompetent states have also been biochemically demonstrated for NRII
and HK8533% 149 and structurally predicted for DeskK, VicK, and EnvZ chimsépa’ 150
In all structures of HKRR complexes, such as HK8B5R468, the HK component is
symmetric and thus symmetric conformations of HKs maybe related with either
phosphotransfer or phosphatase reactioiOveral, it is now believed that the symmetry

asymmetry transitions are important for functién’3
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As mentioned in Chapter 5 (Appendi x B),
diffracting-quality crystals of th entire cytoplasmic domain of CusS. However, due to the
high homology and conservation of the kinase domain, we believe thag@uis&ave
similar fold as other HKs. Therefore, the amino acid sequence otwaSsubmitted to
Robetta server for 3D structure predicti6hThe top predicted structure was built using
the crystal structure of the cytoplasmic domairfcotoli CpxAnpc (PDB entry 4BIU), as
shownin Figure 6.2° The HK CpxA.pc shares significant homology with HK CugS
with 31.1% identity and 47.9% similarity (Figure 6.8s shown in the predicted 3D

structure of Cus@ (Figure 6.2), the HAMP domain forms a parallel ftnadix bundle with

two helices from each monomer. The BdHp dom
U2), where Ul contains the conserved His r
domain. The CA domain has an U/ b sandwich

helices. As shown on Figure 6.1, the S238 and P253 residues omdeppadkrespond to

R261 and P276 on CugSTherefore, it is feasible that R261 and P276 residues may cause
helical bending on the top half ofwdl on
structure, and asymmetrically positioning the CA domain closer to the H271 within th
same subunit.

Structural evidence has suggested that communication bethesensor and kinase
domairsin HK signaling is mediated by subtle structural changes along the dimer interface
and that there may be related aspects of symmetry andaraetyyn The liganebound state
of a histidine kinase sensor generates kinase actostgnfiny receptors and phosphatase
activity for others. While we can use symmedgymmetry transitions to describe the

functional states of the kinase domain, we can adsoit to describe the senstmmain.
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CusScp 208 KGHAPIRSVSRQIQNITSKDLDVRLDPQTVPIELEQLVLSFNHMIERIEDVFTRQSNFSA
CpxAHDC 188K - PARKLKNAADEVAQGNLRQHPELEAGPQEFLAAGASFNQMVTABERIRMITS

* k% * % **** * * %

CusScp 268 DIA EIRTPI TNLITQTEI ALSQSRSQKELEDVLYSNLEELTRMAKMVSDMLF.BRA
CpxAHDC 245 DIS ELRTPLTRLQLGTALLRRRSGESKELER—IE— TEAQRLDSMINDLLVMSRNQQK

*% ** *kk * *  kkkk * * )\' * *

CusScp 327 NQLIPEKKMLN - LADEVGKVFDFFEALAEDRGVELRFVGDKCQVAGDPLMLRRALSNLLS
CpxAHDC 301 NALVSETIKANQLWSEVLDN AAFEAEQMGKSLTVNFPPGPWPLYGNPNALESALENIVR

*** ** k% *kk ******

CusScp 386 NALRYTPTGETIVVRCQTVDHLVQVIVENPGTPIAPEHLPRLFDRFYRVDPSRQRKGEGS
CpxAHDC 360 NALRYSHTK -- IEVGFAVDKDGITITVDDDGPGVSPEDREQIFRPFYRTDEARDRESGGT

*kkkk * k% * % *%* * kkk k ok Kk 0k

CusScp 446 GIGLAIVKSIVVAHKGTVAV - TSDARGTRFVITLPA
CpxAHDC 418 GLGLAIVETAIQQHRGWVKAEDSPLGGLRLVIWLPLYK

* kkkkk * % % * K % k% k%

Figure 6.1 Sequence alignment of the entire cytoplasmic domaih obli CusS (Cuss,
residues 20880) andE. coli CpxA (CpxAHDC, residues 18855). 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 staneture

highlighted in green. Conserved residues are labeled with asterisks (*).
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— HAMP

CA —

—— DHp

Figure 6.2 3D structure of the entire cytoplasmic domairEofcoli CusS (residues 208
480) predicted by Robettd! This structure was built based on the structure of the
cytoplasmic domain oE. coli CpxA (PDB entry 4BI®), which shares significant
sequence homology with CugS(31.1% identity, 47.9% similarity, calculated by
EMBOSS Needle). The catalytic H271 residseshown in magenta stick representation.
Two residues (R261 and P276) that correspond to S238 and P253 omp€pxé shown

in green sticks. An ADP molecule adapted from PDB entry 4BIU is shown in line

representation in the CA domain. The domains of CagSabeled as HAMHMistidine

146



kinase, adenylyl cyclases, mettagepting proteins, phosphatases; DHiperizationand

histidine phosphotransfer; CBataltic and ATP binding domaitt.
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Structures of HK sensor domaim apo and ligandbound statetiave beersolved, and
from the analysis of these known structures, it is suggested that symmetric sensos domain
leadto kinase activity. For example, apo TeF8rT is asymmetric and the kinase domain
is in the phosphatase state; upon binding to the ligand tritaetineN-oxide, TorSTorT
is symmetric and the kinase domain is in the kinase $tiBased on these studies, it is
plausible to hypothesize that symmetric extracellulamgeeaent triggers an asymmetric
cytoplasmic arrangement, and the asymmetric extracellular arrangement triggers a
symmetric cytoplasmic arrangemeéatt>?

Finally, a new signal transduction mechanism can be further proposdsl fmdi
histidine kinase CusS (Figure 6.3}. low concentratioaof Cu(l)/Ag(l) in the periplasm,
CusS does not bind to metal ions and thus the sensor domaamiasymmetric apo state
(Figure 6.3, left). In this apo CusS state, the cytoplasmic domaimas/mmetri¢ kinase
inactivearrangement. When the Cu(l)/Aplevels 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). Ligamtluced dimerization of the sensor domain through
the interface binding sisetriggers pistotiike movement in the transmembrane domain,
which then transduesesignal down to the cytoplasmic domain. This signal triggers
conformational changes in the HAMP domain. Consequently, it stresses the top half of
DHp U1l hel i x 6 hne P2Ve residues shavn R Breen 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 Am&cleotide closer to the
phosphoacceptor H271 on the same sitbinitiating 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 thecleotide will be useful in understanding the different
conformations othecytoplasmic domain at its active and inactive states.

Based on structural and biochemical results of several HKs studies, such as HK853,
EnvZ, and CpxAthe catalytic mechanismof HK autophosphorylatioat themolecular
level hasbeendescribed* 5 73The residues involved in the autophosphorylation reaction
are highly conserved in the-bbxin the DHp domain and in the IR, and G2 boxes in the
CA domain (Figure 1.4). Thereforeysing this information, we can propose the
autoplosphorylation mechanism of Cus§Figure 6.4). In the proposed
autophosphorylation reactiai Cus$ the nucleophilicity of the phosphoacceptor H271 is
enhanced by the neighlwg conserved acidic residue E272 thatsaa$ 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 t o -pahtotsapchka tteh eephosphaleHs progigiorented in the ATP
binding pocket by the @ch mainchain amides in the G2 box. This bendable G2 box also
stabilizes tpbosphaasktet oot heipdsphodyl.transferl | o wi
to form pHis, ADP is produced, carrying negative ghar 0 nphadsphate. Bhis negative
charge is neutralized by the positive charge from a conserved R433 itbtheadrd also
by the Mg@*ion. The essential Mgion plays a key role in the stabilization of the transition
state and is chelated by a higlignserved N386. Mutation of this ¥fgchelating N386
(N386A) was shown to abolish kinase activity of CiggShapter 3)The hgh resolution

structure of Cuss with nucleotide bound is necessary to further confirm this proposed
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reaction. Alternatively, miational studie®f the highly conserved residues can be done
followed by autophosphorylation assays.

In Chapter 5 (Appendix C), we hadescribed experiments that shtvat there might
be othernoncognate HKs that can craatk with CusR in response twopper stress.
Al t hough the preliminary data shown wereno
functionally beneficial crogsilks for metal resistance i coli, we believe that we have a
foundation to further investigate theiskeas Future expements involving triple mutant
strains (BW2511¢c u e Opc u,s S pc pBWA5113pc ue Opcus Spy ed
BW25113pc u e Opc u sasdgBwasl¥gc u e O (pc u sirs whickntipeB copper
susceptibilityis comparedvith BW25113pc u e O ool besuSeful to determine which
other HKsmight affect copper tolerance B coli. In vivo complementation assays can
also be performed by complementing different HKs in plasnpidsXA pyedV pbarA and
puhpB into BW25118pc u e O optzain;$h& plasmids that can rescue the phenotype will
indicate their capability to crossk with CusR and mediate copper resistance. Furthermore,
specificity between CusSusR in the molecular level can also be investigated. To do this,
co-crystallization of Cusg and CusR can be performed to obtain a 3D sira®f Cus§-
CusR and capture their interactiah themolecular level. It has been reported that the
bottom half of the DHp UY Therefdrd, alternativelytwe e R R
can perform mutagenesis on the residues in the RR binding domain of, GusiS
investigatephosphotransfer to CusR.

In this dissertation, | have described mechanism of copper sensing and ekpadilin

This body of work has further expanded our understanding of how the histidine kinase
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CussS transduces signal to its cytoplasmic kinase domain in response to Cy(biddj(ig

in the periplasmic sensor domain.
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Apo Cus$S Cu(l)/Ag(l)-bound Cus$S

Periplasm

W

866860088660
Cytoplasm

Figure 6.3. Proposed model for CusS signal transduction mechamiansymmetry
asymmetry transitions. Structure of the sensor domain of CusS is from the solved crystal
structure of Ag(HCusSse17) (PDB entry 5KU5)# Structure of the cytoplasmic domain is

the predicted 3D structure from Robéltaln 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(l)/Ag(l) levelghiea periplasm, the sensor domain
binds to the metal ions. In Cu(l)/Ag{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 pisi&e 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

~

AnPoO.
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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 nucleophiltflofo attack
>phosphate of ATP. H2 71 -plosphate, whichmseroperty at t a
oriented in the binding pocket by the Gigh mainchain amides of the G2 box. (B) In the
intermediate reaction, the phosphegybup transfer is stalled by the G2 box. (C) The
o-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

positivecharged R433 and Mcation.
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ABSTRACT: In bacteria, two-component systems act as signaling systems to respond to
environmental stimuli, Two-component systems generally consist of a sensor histidine kinase and a
response regulator, which work together through histidyl-aspartyl phosphorelay to result in gene
regulation. One of the two-component systems in Escherichia coli, CusS—CusR, is known to induce
expression of cusCFBA genes at increased periplasmic Cu(1) and Ag(1) concentrations to help maintain
metal ion homeostasis. CusS is a membrane-associated histidine kinase with a periplasmic sensor
domain connected to the cytoplasmic ATP binding and catalytic domains through two transmembrane
helices. The mechanism of how CusS senses increasing metal ion concentrations and activates CusR is
not yet known. Here, we present the crystal structure of the Ag(I)-bound periplasmic sensor domain of
CusS at a resolution of 2.15 A, The structure reveals that CusS forms a homodimer with four Ag(I)
binding sites per dimeric complex. Two symmetric metal binding sites are found at the dimeric
interface, which are each formed by two histidines and one phenylalanine with an unusual cation—7
interaction. The other metal ion binding sites are in a nonconserved region within each monomer.
Functional analyses of CusS variants with mutations in the metal sites suggest that the metal ion

bR

I

- e
@ i@
ADP

binding site at the dimer interface is more important for function. The structural and functional data provide support for a model
in which metal-induced dimerization results in increases in kinase activity in the cytoplasmic domains of CusS.

opper is an essential metal element for most organisms

because it acts as a cofactor in numerous biological
pmcesses.l However, only a small amount of intracellular copper
is needed, and excess amounts can be toxic even at low
concentrations, in part because of its redox properties.”* While
silver is not required for any biological processes, it shares similar
chemical and ligand binding properties with Cu(1), and it is also
highly toxic at even lower concentrations,” Therefore, organisms
have developed homeostatic mechanisms to tightly regulate the
acquisition, sequestration, and efflux of copper and silver to
protect the intracellular environment.

Bacteria live in changing environments and thus need systems
that can respond to variations in external conditions. In bacteria,
two-component systems are the major systems of signal
transduction that help bacteria sense, respond, and adapt to
chemical, physical, and nutritional stimuli such as ions, pH,
oxygen pressure, redox state, sugars, and amino acids.”® A
canonical two-component system consists of a sensor histidine
kinase and a response regulator that work together through
histidyl-aspartyl phosphorelay to respond to environmental
conditions with changes in gene transcription. Many histidine
kinases are homodimeric transmembrane proteins that consist of
a variable periplasmic sensor domain flanked by two trans-
membrane a-helices that span the cytoplasmic membrane. The
transmembrane helices in histidine kinases are expected to form
dimeric four-helix bundles, similar to that observed in the sensory
rhodopsin 1T in complex with its transducer.” The conserved
kinase core is located in the cytoplasm. The classic signal

- ACS Publications @ 2016 American Chemical Society
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transduction pathway of a histidine kinase-response regulator
pair involves the detection of environmental stimuli by the
periplasmic sensor domain of the histidine kinase and direct or
indirect signaling to the cytoplasmic kinase domain. ATP-
dependent autophosphorylation occurs at a conserved His
residue in the kinase core. The phosphoryl group is then
transferred from the histidine kinase to a conserved Asp residue
on the N-terminal receiver domain of the response regulator,
which in turn activates the C-terminal effector domain to mediate
an adaptive response. The phosphorylated response regulator
activates transcription of genes that respond to the environ-
mental stimulus.>

In the Gram-negative bacterium Escherichia coli, one of the
cognate histidine kinase-response regulator pairs is CusS—CusR,
which is the regulatory system for the expression of the cusCFBA
genes in response to the accumulation of periplasmic Cu(I) or
Ag(1). CusS is a canonical transmembrane histidine kinase with a
periplasmic sensor domain, two transmembrane a-helices, and
three domains in the cytoplasm: a “histidine kinase, adenylyl
cyclases, methyl-accepting proteins, phosphatases” (HAMP)
domain, a dimerization and histidine phosphotransfer (DHP)
domain, and a kinase core.” Previous studies have shown that the
cusS gene is required for Cu(1)/Ag(1) resistance in E. coli; a cell
strain with a cusS gene deletion has increased Cu(1)/Ag(I)
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sensitivity and a decreased level of expression of the cusC gene.y
The periplasmic domain of CusS consists of residues 39—187
and has a molecular mass of approximately 17 kDa.'’
Biochemical studies have shown that CusS;y_4) binds Ag(I)
ions and that the presence of Ag(I) enhances dimerization of
CusSUq,lsﬂ.” However, because no structures have been
previously determined for a sensor domain responsive to
Cu(I) or Ag(1), unclear are the process by which metal binding
occurs and the relationship with dimerization. How the signal is
transduced to the cytoplasmic kinase core is still unknown.

In this study, we present the crystal structure of the Ag(I)-
bound periplasmic sensor domain of E. coli CusS [Ag(I)—
CusS(‘;.,,lg,—)] determined at a resolution of 2.15 A. Mutagenesis
combined with in vive complementation assays was performed to
investigate the functional significance of metal ion binding. This
work provides the framework for understanding the molecular
role of CusS in Cu(l)/Ag(l) resistance and the mechanism of
CusS signal transduction in E. coli.

W MATERIALS AND METHODS

Protein Purification and Crystallization of Ag(l)—
CusS39_1g7)» The pTXB3-CusS(3y_14-) plasmid was used for
expression of CusS@g,W),” Apo CusS39_47) and silver-loaded
CusSizo-157) [Ag(1)—CusS (35 197y] were prepared as previously
described.' ' Ag(1)—CusS(30_ 57 in 25 mM MES buffer (pH 6.0)
was concentrated to 7—8 mg/mL for crystallization. Initial
crystallization of Ag(I)—CusS(y_147y was performed with
commercially available Index HT screening solutions (Hampton
Research). Droplets consisting of 0.2 4L of protein solution and
0.2 uL of each precipitant solution were mixed in sitting drops in
a 96-well plate using a PHOENIX protein crystallization robot
(Art Robbins Instruments). Clusters of rod-shaped crystals of
CusSi39-147) formed after 1 week in a precipitant solution
containing 100 mM Tris-HCI (pH 8.5), 200 mM ammonium
acetate, and 25% PEG-3350 at 4 °C. The crystallization
conditions were further optimized in the initial precipitant
solution with varying PEG-3350 percentages and protein:preci-
pitant ratios using sitting-drop vapor diffusion at 4 °C. Clusters of
crystals were observed in all drops containing 100 mM Tris-HCl
(pH 8.5), 200 mM ammenium acetate, and 25% PEG-3350 with
a 1:2 protein:precipitant ratio. Diffraction quality protein crystals
were obtained by equilibrating droplets against 1 mL of
precipitant solution using the sitting-drop vapor-diffusion
method at 4 °C. Crystals were flash-frozen in liquid nitrogen.

Data Collection, Structure Determination, and Refine-
ment. X-ray diffraction data for Ag(I)—CusSq;y_i5; were
collected on Stanford Synchrotron Radiation Lightsource
(SSRL) beamline 7-1 at 100 K and 1.494 A. The diffraction
data sets were processed and scaled with CrystalClear. The initial
phases were obtained by the single-anomalous diffraction (SAD)
method using AutoSol Wizard. Tnitial model building was
performed using AutoBuild Wizard (Phenix). Further model
building and refinement were performed using COOT and
REFMACS. Data measurement, phasing, and refinement
statistics are listed in Table 1.

The structure of E. coli Ag(1)—CusS;5_57) was determined
initially at a resolution of 2.80 A using the SAD data collected at
the higher wavelength (1.494 A) from a single frozen crystal of
Ag(T)—CusS 3_17) in space group P22,2, (Table 1). The model
was then refined to 2.15 A resolution against the data collected at
a lower wavelength (1.036 A). R, and Rg,, are 19.27 and
25.67%, respectively, and show good stereochemistry (Table 1).
The asymmetric unit contains four CusS(yy_;5;, molecules
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Table 1, Data Collection and Refinement Statistics

wavelength (A)
space group

cell dimensions

AS([)*C“‘S[ W9—L87)
Data Collection”
1.494
22,2,

Ag(l)*(:u»“sw—m

1.036

P22,2,

ab, ¢ 35.18, 9571, 203.12 3523, 96.29, 203.66
a, fiy 90, 90, 90 90, 90, 90
(deg)
resolution (A) 35.18—2.80 (2.90-2.80) 3329-2.15 (2.23-2.15)
total no. of 468382 134231
reflections
no. of unique 17836 38599
reflections
Ryerge (%) 111 (29.5) 11.0 (40.9)
1/a(1) 18.7 (9.5) 63(24)
cor;p]ctcm:m 100.0 (100.0) 99.0 (99.8)
(%
redundancy 26.26 (26.85) 348 (3.52)
Refinement
resolution (A) 2.15

b e
R/ Rie” (%)
no. of atoms

24.97/28.64

protein 4631
Ag 8
acetate 4
water 204
B factor {(A%)
protein 349
Ag 27.3
acetate 57.1
water 327
root-mean-
square deviation
bond 0.0063
lengths
(&)
bond 1.0596
angles
(deg)
Ramachandran
plot (%)
most 97.75
favored
allowed 2.10
outliers 0.17

“Values in parentheses are for the highest-resolution shell. (’R,,‘Ee was
calculated using 5% of the data set.

(termed chains A—D) and eight Ag(I) ions. Within the
asymmetric unit, chains A and B form a dimer with four Ag(T)
binding sites and chains C and D form another dimer with the
other four Ag(T) binding sites. The two dimers in the asymmetric
unit were related by noncrystallographic 2-fold axes.

Residues 39—185, including the N-terminal Met, were ordered
in chain A. Chain B includes residues 39—184. Chain C includes
residues 39—182 and has the poorest electron density in which
loop residues 122—125 were built in manually. Chain D consists
of residues 39—182. A moiety well fit by an acetate molecule was
found within chain D, consistent with the presence of acetate in
the crystallization buffer. This acetate molecule was coordinated
by a water molecule and is not expected to be functionally
relevant.

DOL: 10.1021 facs biochem 6600707
Biochemistry 2016, 55, 5296-5306
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Strain and Plasmid Constructions for Complementa-
tion Assays. Bacterial strains and plasmids used are listed in
Table S1. Knockout strains [wild type (WT) and AcusS] were
made using the lambda-Red-mediated gene recombination
technique as described by Datsenko and Wanner.'? Briefly, the
cat gene was amplified via polymerase chain reaction (PCR) with
FRT sites from the pKD3 plasmid, using primers containing the
flanking regions corresponding to the gene to be deleted from
the genome. The temperature sensitive pCP20 plasmid encoding
the FLP recombinase was used to remove the antibiotic
resistance cassettes in the AcusS strain, and the cat cassette was
not removed from the WT strain. For growth experiments, the
WT strain was transformed with pET21b(+) empty vector and
the AcusS strain was transformed with each of the eight plasmids
listed in Table S1.

To create the plasmid constructs expressing wild-type and
mutant versions of full length CusS, the cusS gene was amplified
via PCR and cloned into the multiple cloning site of pET21b(+)
using the restriction enzymes Nhel and Xhol. The resulting
construct containing the full length cusS gene (pcusS) was used as
a template for mutagenesis using the QuikChange Kit.
Constructs were made with mutations of the metal binding
residues at the interface binding site [H42A/F431/HI176A
(peusS-AIA)], the internal binding sites [M133I/M1351/
H145A (pousS-TIA)], and in both the interface and internal
binding sites [H42A/F431/H176A/M1331/M1351/H145A
(peusS-AIA-IIA)]. Single mutations were also made of the
metal binding residues at the interface binding site (peusS-H424,
peusS-F431, and peusS-H176A). All plasmids were purified and
sequenced fU[ accuracy.

In Vivo Complementation Assays on CuSO,-Contain-
ing Plates. All strains containing the necessary plasmids were
grown in Luria Broth (LB) medium containing 100 pg/mL
ampicillin at 37 °C overnight. Fresh LB medium containing 100
pg/mL ampicillin was inoculated with the overnight cultures by
1:50 dilution, and then growth was continued at 37 °C for 3.5 h.
Cell densities were normalized to an ODgy, of 0.8 with LB
containing 100 sig/mL ampicillin. Serial dilutions from 1 to 107"
were made from this culture. All dilutions were spotted twice
onto LB agar plates containing 100 yg/mL ampicillin, 1 mM
isopropyl f-p-1-thiogalactopyranoside (IPTG), and a range of
CuSO, concentrations (0—3 mM). Plates were incubated at 37
°C for 24 h, and then cell growth was scored on a scale of 08,
with 8 representing cells that grew in the last dilution (1077) and
0 representing no cell growth. The scores were converted to
percent cell survival, with 100% survival representing cell growth
out to 107 and 1077 dilutions. Conversion between scores and
percent cell survival is shown in Table $2. All growth experiments
were conducted a minimum of three times.

Determination of the Accumulation of Intracellular
Copper in CuSO,-Containing Media. To determine the
accumulation of copper in cells, all nine strains used in the in vivo
complementation assays were grown in LB medium as described
above. When cells reached an ODg of 0.8—0.9, cells were given
1 mM IPTG and 0.5 mM CuSQ,, and growth was continued at
37 °C. Cell aliquots were collected before induction as 0 h
samples, and then aliquots were collected 3 and 6 h after the
addition of IPTG and CuSQO,. All cultures were normalized to a
final OD gy of 0.8 and centrifuged to obtain cell pellets. The cell
pellets were washed three times with sterile 1X PBS containing 1
mM EDTA to remove excess extracellular copper. Washed
pellets were dried at 75 °C for 2 hin a Savant SPD1010 SpeedVac
Concentrator (Thermo Scientific). To each pellet was added 1
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mL of 70% trace metal nitric acid, and cells were mineralized at
80 °C for 2 h. Samples were then diluted to a final nitric acid
concentration of 4% with nanopure water. Samples were
analyzed in a graphite furnace iCE3400 atomic absorption
spectrometer (Thermo Scientific). A standard calibration curve
was generated using 0—40 ppb Cu, with a final R? of >0.99. The
concentration of copper for each strain was determined as an
average of four replicates. The statistical significance of the data
was determined using ¢ test analysis.

B RESULTS

Overall Structure of Ag(l)—CusS;g 147 The overall
structure of Ag(T)—CusSsy ) is a mixed a/ff fold with a
PAS-like topology (Figure 1). The central five-stranded

Figure 1. Crystal structure of the Ag(l)fCusS(w,m-) monomer.

antiparallel f-sheet is flanked by a-helices on either side. This
fold differs from the common PAS fold"” in that the structure
begins with a long N-terminal a-helix and ends with a short C-
terminal @-helix that both lie on the same side of the sheet. This
topology has been identified in the structures of other histidine
kinase sensor domains such as PhoQ [Protein Data Bank (PDB)
entry 3BQ8], DcuS (PDB entry 3BYS), and CitA (PDB entry
2J80), which were the initial three «/f fold sensor domains
whose structures were determined."*~'° Thus, this fold has been
termed the PDC (PhoQ—Dcu$S—CitA) fold."? The long N-
terminal helix is expected to continue into transmembrane helix 1
(identified as residues 15—37 by TMHMM version 2.0'%), and
the short C-terminal helix would be followed by transmembrane
helix 2 (identified as residues 187—206 by TMHMM version 2.0)
in the full length protein.

There are four Ag(T)—CusS;3_,4y molecules in the
asymmetric unit that interact to form two homodimers, similar
to the homodimers seen in other sensor domains of two-
component systems as discussed below. The two homodimers in
the asymmetric unit have similar structures, as determined by
pairwise superposition using Superpose version 1.0.” The
overall root-mean-square deviation (rmsd) for the C* atoms
was caleulated to be 0,588 A with the greatest deviations in the
loop regions. The B factors in the two dimers are also similar to
each other throughout the structure. The highest B factors are
observed in the loops (residues 64—68, 130—146, and 156—
164), suggesting flexibility in these regions.
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Figure 2. Crystal structure of the Ag(I)—CusS 39 57, homodimer. () In this homodimeric structure of Ag(1)—CusS(3y_7), the bound Ag(I) ions are
shown as gray spheres and metal binding residues are shown as sticks (this view would be expected to be approximately perpendicular to the membrane
for the intact protein in vivo). (b) Top view (toward the membrane if looking at the protein in vivo) of the Ag(1)—CusS 3957, homodimer highlighting

the metal binding sites.

The contacts between the two subunits of the homodimer are
primarily between their N- and C-terminal helices, which form a
central parallel helical bundle (Figure 2). PDBePISA (Proteins,
Interfaces, Structures, and Assemblies) was used to calculate the
buried surface area and complex formation significance score
(CSS)."® The buried surface area was calculated to be 1720 A2
between chains A and B and 1470 A” between chains C and D. In
this algorithm, the CSS values range from 0 to 1 as interface
relevance to complex formation increases. The CSS value was
determined to be 0.387 for both homodimers in the asymmetric
unit. This relatively low value indicates that the interface has little
relevance to formation of the homodimer complex; however, this
calculation did not take into consideration the metal ion binding
sites that are at the dimer interface.

Structural Similarities of Ag(l)—CusSgg_1g7) and Other
Proteins. The structure of Ag(I)—CusS 3o 57) was submitted to
DALI server version 3 to identify other proteins in the PDB that
have similar three-dimensional structures.'” The top six similar
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structures that were identified are the sensor domains of histidine
kinases of other two-component systems, WalK (PDB entry
4YWZ?’), ResE (PDB entry 4ZR7, unpublished), CdgS9 (PDB
entry 4U65™"), CitA (PDB entry 2J80'°), TIpB (PDB entry
3UB8**), and PhoQ (PDB entry 3BQ8""), with Z scores of 10.1,
9.4, 8.3, 7.8, 7.5, and 7.5, respectively. The backbone rmsd’s of
these structures compared to chain A of Ag(I)—CusS( 39-157) are
2.5,2.8, 3.1, 3.3, 3.8, and 3.4 A, respectively. WalK is a histidine
kinase involved in regulating cell wall homeostasis. ResE is a
histidine kinase involved in the regulation of aerobic and
anaerobic respiration. LapD ortholog CdgS9 is involved in the
regulation of biofilm formation. CitA is a histidine kinase that
regulates the transport and anaerobic metabolism of citrate. TlpB
is a pH-sensing histidine kinase. PhoQ is a Mg**-sensing histidine
kinase involved in the regulation of virulence and stress
response.'"'®*' 7> These sensor domains, like Ag(I)—
CusS(39_157), have the same PDC fold with a central five-
stranded antiparallel #-sheet flanked by a-helices. None of these
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Figure 3. Metal binding sites of Ag(I)—CusS(3y_;47. (a) Close-up of the interface binding sites. (b) Close-up of the internal binding site.

proteins shares significant sequence homology with CusS39_;47)
(identity scores range from 9 to 17%).

Metal Binding Sites. Despite the similar folds of Ag(I)—
CusS(39_ig7) and other sensor domains of two-component
systems, these other sensor domains respond to widely different
stimuli. No other structures of sensor domains that respond to
Cu(1) or Ag(I) have been determined, and therefore, the Ag(I)—
CusS(39_1y7) structure provides a unique opportunity to under-
stand responsiveness to these monovalent metal ions.

Eight silver ions were observed in the asymmetric unit, with
four of the Ag(1) ions associated with each homodimer (Figure
2). In each dimer, two of the Ag(T) ions (Agl and Ag2) are
symmetrically located at the dimer interface (“interface” binding
sites), and the other two Ag(1) ions (Ag3 and Ag4) are in the
outer loops of each monomer (“internal” binding sites) (Figure
3). The internal binding sites are approximately 17 A from the
interface binding sites. The residues that coordinate the metal
ions at the dimer interface are contributed from both subunits of
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the dimer: Agl is coordinated with the side chains of F43 from a1
and H176 from @4 of chain A and H42' from 1" of chain B. Ag2
interacts with the side chains of H42 from a1 of chain A and F43’
from 1’ and H176' from a4’ of chain B. The internal binding
site residues are contained within each subunit of the dimer: Ag3
in subunit A is coordinated by the side chains of M133, M135,
and H145 and the carboxylic oxygen from the backbone of S84,
and Ag4 is similarly coordinated in the other monomer. Strong
electron density for each of these Ag(I) ions is consistent with full
occupancy of the Ag(I) site (Figure S1).

The metal coordination site at the dimer interface is unusual in
that a phenylalanine residue coordmates with the Ag(I) ion. A
search of the PDB using Ligand Expo”” for entries containing
Ag(I) resulted in 17 entries for different proteins. The only
protein that interacts with Ag(T) using an aromatic ring is Ag(T)—
CusF (PDB entries 2QCP and 2VB3), which has a Ag(1)—W44
interaction,”””” though no structures show phenyl—Ag(T)
interactions. In Ag(I)—CusSm_l,ﬁJ, the benzene ring of F43 is
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