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ABSTRACT

Increased emergence of antibiotic resistance in bacpathbgens has posed a
serious threat to human health. Due to similar structural anddoattharacteristics of
metal and antibiotic resistance systems in gram-negativerlzcthere is a growing
concern that metal contamination functions as a selective agehe iproliferation of
antibiotic resistance. The CusCFBA copper/silver resistarsterayofEscherichia coli
forms a protein complex that spans the inner and outer membrashésnations in the
efflux of metal from the periplasm to the extracellular spalceorder to understand the
molecular details of metal resistance by the Cus syatelmmore specifically, to define
the role of the periplasmic components in CBA type metal traregort characterized
CusB and probed its interactions with CusF using various structulabiachemical
tools. CusB was previously thought to play a relatively passieeasobn adaptor protein
that stabilized the association of the inner and outer membraneingrot Through
isothermal titration calorimetry (ITC), X-ray absorption spestopy (XAS), and
mutagenesis, | have shown that CusB binds Cu(l)/Ag(l) with highitgtfusing three
conserved methionines. Gel filtration chromatography experiméwoisesl that upon
binding Ag(l), CusB undergoes a substantial conformational changeportbmtly,
functional metal binding by CusB is essential for cell survivakenvironments with
elevated copper concentrations. The small periplasmic metal bipchtgin CusF is a
unique component of monovalent metal resistance systems serving an arfknotion.

To determine the nature and specificity of interaction betweek @ud CusB, ITC and
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NMR were used to show that the interaction between CusF and CosBakdependent
and specific for the components of Cus system. From NMR cherhifapsrturbations,
the CusB interaction face on CusF was determined to overlap witheta binding site.
XAS experiments demonstrate metal transfer between CusB asfe], @hich supports
the role of CusF as a metallochaperone. In summary, these ndergonstrate an
active role for CusB in metal resistance, and suggest thatldbsible role for CusF is

that of a metallochaperone for CusB.
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CHAPTER 1

INTRODUCTION

“If you think that biochemistry is the organic chemistry of livBygtems; then you are
misled, biochemistry is the coordination chemistry of living sys(@ve®d, Naturaissen
Schatfter, 1975, 68, 357)”

1.1 Metals in Biochemistry

Like all eukaryotes and other prokaryotic cells, 97%Estherichia cols dry
weight is comprised of the elements C, H, O, N, S and P (Waeked., 2004). In
addition to the 6 non-metals and chlorine, 11 metals are essemtiglonents of all
microbial cells. These include 4 main group elements consistiNg'oK™ (alkali metal
ions), M¢* and C4" (alkaline earth metals), 6 transition metals consisting o€EeMo,
Mn, Co and Ni in the decreasing order of their prevalence afd(Etiis et al., 2003;
Wackett et al., 2004). While Zhand transition metals constitute only 1-2% of the mass
of a microbial cell (Wackett et al., 2004), cell functioning dependfi@m far more than
the figure suggests (Ainscough and Brodie, 1976). Figure 1.1 defgatents essential
for life. The main group elements mostly serve as counter-ionsari@ns like
nucleotides or carbohydrates of aspartate and glutamate resigueseins (Wong et al.,
2004). Transition metal ions, on the other hand, due to their abiligceptand donate
electrons, participate in numerous metabolic junctions in every loghgNelson, 1999).
While the ionic interactions of main group metals are relativedgak, transition metal

ions form strong bonds with functional groups such as thiolates andzotiida
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nitrogens in proteins (Wong et al., 2004). Since the discovery of sherfatalloenzyme,
carbonic anhydrase in 1939 (Keilin and Mann, 1939), several hundreds of other
metalloenzymes have been found (Kobayashi and Ponnamperuma, 1985). Nothbly, bot
the first globular protein structure (Perutz, 1962) and the firstbreame protein structure
(Deisenhofer and Michel, 1992) to be solved by X-ray crystallograpleye
metalloproteins. Today, approximately one-third of all known proteins beee found
to require metal cofactors for function (Rosenzweig, 2002).

As important as transition metals are, their presence insgxukethe required
concentrations is toxic for the cells. Since they cannot be deboadeodified like toxic
organic compounds, metal concentration is regulated by other mechdnisthations,
mostly the sulfur lovers, may be sequestered by thiol-containoigcales. Second, the
accumulation of the toxic metal ion can be diminished by actitre®sn or efflux from
the cell. Third, some metal ions may be reduced to a less toxic oxidation gtatdg@!)
to Hg(0) (Nies, 1999). Fourth, metal exclusion may be mediatetidrgtéons of the cell
wall (Bruins et al., 2000). Finally, metal homeostasis may weval combination of one
or more of the mentioned mechanisms (Nies, 1999). This dissertaannsestigation

of the efflux mode of copper regulation insigscherichia coli.
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Group 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18
Period

1
1 H
3 4 5 6
2 Li Be B C
3 11 | 12 13 | 14
Na [ Mg Al | Si
4 19 | 20 21 | 22 24 31 |32
K |Ca |Sc |Ti Cr Ga | Ge
5 37 | 38 39 |40 |41 43 44 |45 |46 |47 |48 | 49 |50
Rb | Sr Y Zr | Nb Tc |Ru [Rh |Pd |Ag | Cd | In | Sn
6 55 | 56 57 | 58 |59 61 62 (63 |64 |65 |66 |67 [68 [69 |70 |71 |72
Cs|Ba |[Lu [Hf | Ta Re [Os | Ir Pt |Au [Hg | Ti | Pb |Bi [Po | At | Rn

XIV Key:

Major, essential, all life
Major, cations, all life
Major, anion, all life
Essential, trace, all life
Specialized uses, some life

Transported, reduced
and/or methylated, some
microbes

Inert or unknown biological
function

0 ONNE0

i
(o
10

Major biological transition
metals

FIGURE 1.1 Periodic representation of the elemen() Conventional table with linear
columns and rowgB) Spiral representation of the elements, which clusters elsnteat

are prominent in biological systems (Adapted from Wackett et al., 2004).
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1.2 Copper in Life

Copper, the second most abundant transition metal in living systersts asia
cofactor in a large number of metalloproteins. Due to its redogepties, it has an
indispensable role in some of the fundamental biochemical procesdeasrespiration
and photosynthesis. Of approximately 13,000 metalloproteins in the ldpetaéin

database in March 2007t{p://metallo.scripps.edy/about 530 contained copper. The

evolution of biological systems that utilize copper can be trbee# to the period in
which the earth’s atmosphere became oxygenated (Singleton andihe2B07). Life
arose in a reducing medium about 4.0 billion years ago. The primoackahs were
estimated to have high,H concentrations amounting to approximately 1 mM (da Silva
and Williams, 1991). The reducing atmosphere, by locking copper icufi¢ form
from which it precipitated as insoluble £3; resulted in the biological non-availability
of copper (Williams and Abolmaali, 1998). The oxygenation of the gthere, brought
about by cyanobacteria about 1.0-2.0 billion years ago, increasedatiitysof the
oxidized form of transition metal ions (Williams and Abolmaali, 1998Je to the high
potential necessary for oxidation to the Cu(ll) state, sigmificidation of insoluble
Cu(l) to soluble biologically available Cu(ll), however, occdrrenly after massive
oxidation equivalents were produced upon arrival of multicellular photostyat
organisms. The high potential required for oxidation of Cu(l) to Ciglideally suited

for catalysis of typically inhibited reactions of (Kaim and Rall, 1996).
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1.2.1 Copper coordination and catalysis

Copper is a first row transition metal, which principally has datwon states,
Cu(l) and Cu(ll) (Koch et al., 1997), although some Cu(lll) com@exe also known
(Conry, 2006). The Cu(ll)/Cu(l) redox reaction is widely used in bioltmg activate
substrates via redox transformations or to carry out an electnosfér event (Halcrow et
al., 2001). In the Cu(l) oxidation state, copper ion is a closed shellriclye
symmetric d° ion that prefers a coordination number of 2, 3 or 4 with linear, trigmmal
tetrahedral geometries, respectively (Conry, 2006). In termsrdf dnd soft acid-base
theory proposed by Pearson (Pearson, 1963), Cu(l) is a soft Lediaratiprefers soft
Lewis base ligands like thiolates or the sulfur of thioether nesigioch et al., 1997).
When Cu(l) is bound to polypeptides, ligands are usually provided bgntiveo acids
cysteine or methionine (Koch et al., 1997). In the Cu(ll) oxidatiole stapper is a‘’d
ion, which contains one unpaired electron. The metal-ligand interactichge Cu(ll)
complexes are usually stabilized through Jahn-Teller distortikdaisn(and Rall, 1996),
which lifts the degeneracy of the octahedrgaé@orbital subset (Housecroft and Sharpe,
2001), resulting in four short equatorial and another one or two longer axial bonds (Conry,
2006). Different extents of axial elongation of the octahedronpghguce tetragonally
distorted octahedral, pyramidal and square planar geometwieesponding to the
coordination numbers of 6, 5 and 4, respectively (Kaim and Rall, 1996)ll) Guén
intermediate Lewis acid according to the hard and soft a@d-Haoryy and thus its

range of polypeptide ligands is increased to include the imidaztrilegem atoms of



20
histidine, carboxylate moieties of aspartate and glutamate, pégitteone nitrogen and
carbonyl groups, and the sulfur atoms of cysteine or methionine (Kath £997). Cu(l)
and Cu(ll) have very different coordination preferences and ionic(faélb and 0.72 A,
respectively), which necessitates large geometrical clsamgéhe course of the redox
reaction. In contrast, the other metals used for biological reglgications, (e.g. Mn, Fe,
Co, Ni, Mo, W, and V), all undergo small to minimal changes in nubdecstructure for
one-electron reactions (Halcrow et al., 2001). The large struateoaganizations
associated with copper redox are, however, favorable for catalygiat they facilitate
the oxidative substrate binding reactions found in copper/dioxygen dheifua Silva
and Williams, 1991). The large reorganization energy is disadvantaffgomnocesses
requiring rapid electron transfer. According to the Franck-Cortorciple, the active
site geometry of a redox metalloenzyme must approach that apgirepriate transition
state for rapid transfer of electrons (Roat-Malone, 2002). Anniags evolutionary
solution to this problem is seen in proteins that contain a type of copper centttygadle
|. Different copper proteins/enzymes have been classified bas#te dgpe of copper
center present in them as illustrated in Table 1.1. The strusdttype | copper site is a
compromise between the stereochemical and electronic requiresh€ugl) and Cu(ll).
Type | copper sites require minimal reorganization energy tlswetween the oxidized
and reduced states, since their geometries are essentialigatiéHalcrow et al., 2001)
The redox potential for the Cu(ll)/Cu(l) couple, which lies around & Yh a similar
range to the potentials of the biologically important redox couflgsO,/ O,

NO'/NO-/NO, phenoxyl/phenolate or o-quinone/o-semiquinone/catecholate (Kaim,
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2003). Half reactions and standard redox potentials (versus NHE9 &u(l)/Cu(0) and

Cu(I)/Cu(l) couples in aqueous solutions are shown in equations 1 and 2.

Cu(l)(aq) + e- Cu(s), &= +0.52 v (1)

v

Cu(ll)(aq) + e- > Cu(xR0.153 vV (2)

Since the potential for £H,0 couple is +0.81 V at neutral pH, it is clear that
Cu(0) can be readily oxidized to Cu(l) and subsequently to Cu(ll) (Singleton aBdihe
2007). Numerical values for the above equations change as coppeoigasied in
enzymes are surrounded not by water but by a variety of bialoigands. These
ligands alter the electromotive force of copper ions, makingsylséeem more or less
easily oxidized or reduced (Roat-Malone, 2002).

As shown in Table 1.1, six different types of copper binding centersdvalreed
for catalyzing various biochemical reactions. Thus, the roleopper in fundamental
biological processes in different life forms cannot be ovesgtaA condition in humans
called Menkes disease is caused due to the disturbed distributioriany diepper from
the site of absorption in intestines to other parts in the bodgléEon and Le Brun,
2007). The resulting copper deficiency causes neurological, skaledapigmental
abnormalities and death by the age of 3 years (Lutsenko and Petris Sk@§ldton and

Le Brun, 2007).
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1.2.2 Copper toxicity

The properties of copper that make it an essential cofactoetera enzymes
also make it commensurably toxic. Because of its spedéctrenic state of one

unpaired electron in the 4s orbital in Cu(l) and in eith@g2ar d2 orbital in Cu(ll),

copper has a character comparable to radicals and can thysietsdct with other
radicals, best with molecular oxygen (Nies, 1999). A free radicdéfined as a species
that has one or more unpaired electrons. AmOlecule, due to its 2 unpaired electrons,
each located in a differemt orbital, behaves like a radical (Halliwell and Gutteridge,
1984).

Cu(l) readily reacts with super oxide radicals (Cand hydrogen peroxide §8,)
(by-products of normal metabolic processes) in Fenton-like reactmsation 3) to
generate extremely toxic hydroxyl radical®¥Kl). The resulting Cu(ll) is re-reduced by
O, in a Haber-Weiss-like cycle (Equations 4 and 5) (Singleton a@8run, 2007). At
low steady-state concentrations of Gind HO, normally presentn vivo, the rate
constant for the Haber-Weiss (HW) reaction has been shown to toallyirzero.
Transition metal ions in an unbound form in the intracellular mediurmasacatalysts for
the HW cycle as they cause an increased formation of hydradidals (Halliwell and
Gutteridge, 1984). Addition of equations 3 and 4 gives the net readimmnsin

equation 5. In fact, the conversion of @Qnd HO; to the highly cytotoxicOH can only

take place when catalytic concentrations of transition metals are present.

Cu(l) + K0, > Cu(ll) +-OH + OH (3)
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Cu(ll) + O, Cu(l) + & (4)

v

HO, + O, > O, +*OH + OH (5) (HW)

The hydroxyl radicals, once generated, react rapidly (Halliasetl Gutteridge,
1984) with almost every type of molecule found in living cellsgi&a and Chow, 2003),
including sugars, amino acids, phospholipids, DNA and organic acids, mgsuiltlipid
peroxidation, DNA cleavage, and protein damage.

Copper toxicity also likely results from the high affinity of Qugnd Cu(ll) for
different groups in proteins, causing the displacement of the naéted ion from active
sites (da Silva and Williams, 1991). The interaction of metal cation with congédards
depends on its charge/radius ratio or polarizing power. The mongzpbla the atomic
structure is, the “softer” is the metal ion and stronger areénteractions with ligands
(Hobman et al., 2007). On moving from left to right across the periabie in the first
row transition metal series, the ionic radius of free metalndhe gaseouphase shows
a gradual decrease due to the incomplete screening of the addisitale charge. In
the case of high spin octahedral complexes however, Ni(ll) shouldebgnthllest ion
because the additional electron in Cu(ll) will go to theosdital subset, as concluded
from the crystal field stabilization energies. Singeosbitals are directed towards the
incoming ligand, the additional electron would experience more reputsnd thus a
slight increase in the ionic radius of Cu(ll). However, siGcgll) complexes are not
truly octahedral due to Jahn-Teller distortions, Cu(ll) turns obetthe smallest in size
with the highest polarizing power (Housecroft and Sharpe, 2001; Hughesoalel P

1989). The general stability of high spin octahedral metal compfexése replacement
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of water by other ligands was presented by the Irvindihl series (da Silva and

Williams, 1991), as follows:
Mn(Il) < Fe(ll) < Co(ll) < Ni(ll) < Cu(ll) > zn(l1)

Thus, Cu(ll) preferentially binds to ligand sites over other dntateetals (Brown
et al., 1994) and if all metal ions were equally available teeprstin a cell, with affinity
being the sole criterion for binding, all metallo-proteins wouldobez copper proteins
(Tottey et al., 2007). Likewise, other metals that are softid. @cids with large and
polarizable atomic structure are also mostly toxic (Pead@$8). These include Ag(l),
Au(l), Cd(ll), Hg(ll) and Pb(ll), which can form stable complsxeith soft Lewis bases

that possess polarizable donor atoms such as S and N groups (Hobman et al., 2007).

In a normal yeast cell, the concentration of free copper ion has beetedejodoe
extremely low (approximately T6M) (Rae et al., 1999). The accumulation of copper in
excess of required concentrations is implicated in several ngualopathologies
including Alzheimer’s, Parkinson’s, Amyotropic Lateral Sclerogisl &rion diseases
(Gaggelli et al., 2006). An autosomal recessive genetic disoatled Wilson’s disease
is caused by a defect in the enzyme responsible for biliamgtxet of excess copper
resulting in the copper accumulation in liver and death due to liverdgBrewer, 2000).
Several homeostasis systems for regulation of copper concemdératie thus present in

all organisms.
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1.3  Copper Homeostasis in Eukaryotes

The essential yet toxic nature of copper requires an elalsysiiemn for copper
sequestration and delivery to various essential enzymes withoellhehile preventing
accumulation of copper in a free toxic form (Poulos, 1999). The $astharomyces
cerevisiaehas served as a valuable model to study copper metabolism inaickaejls
(Wong et al., 2004). There are 3 known biological processes thateregpper in yeast,

(i) mitochondrial oxidative phosphorylation, (ii) superoxide anion detoxifinaand (iii)
iron metabolism (Lee et al., 2006). Initial studies on copper uptakeast ydentified the
high affinity copper transporter 1 (Ctrl) (Dancis et al., 1994) arml low affinity
transporters, Ctr2 (Kampfenkel et al., 1995) and Ctr3 (Knight,e1296). Since Ctrs do
not possess an ATPase domain, the driving force for the Ctr mediapper transport is
not known (Lee et al., 2006). Ctrl endocytosis has been speculated torbeabragism
for transport. CU2K® antiport was suggested as another mechanism after
electrochemical measurements revealed that copper ion uptekepied with K efflux
in 1:2 stoichiometry (Derome and Gadd, 1987). Extracellular coppeallyu(ll), is
reduced to Cu(l) by plasma membrane reductases encoded by Fifek2hefore being
imported by Ctrs (Hassett and Kosman, 1995; Rees and Thiele, 200#scripgon of
Frel is regulated by intracellular copper through the action oplper-dependent
transcription factor Maclp (Georgatsou and Alexandraki, 1999).

The use of Cu(l) rather than Cu(ll) by copper transporters appears
thermodynamically favorable. The lower valence states ofiti@msnetals are generally

more exchange labile, e.g. the water exchange rate for eftiiee orders of magnitude
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faster than for Fe(lll) (10s* for Fe(ll) compared to £s*for Fe(lll)). In extracellular
fluid, the reduction of Cu(ll) complexed to organic molecules wouldrfaisplacement
of the ligand to which the metal ion is bound, thus providing a source ofvailaiae
copper upon reduction (Magnani and Solioz, 2007). Additionally, since Ragljewer
potential chemical ligands than Cu(ll), the transport of reduced coppéd be an
important step in determining the specificity of the process (Labbe and Thiele, 1999).

Once copper crosses the plasma membrane, it needs to be atehyedi
sequestered to prevent its reaction with reactive oxygen sprmbsas @ and HO,
(Labbe and Thiele, 1999)The cytoplasmic condition of cells is reducing. The tripeptide
glutathione (GSH) is present at high concentrations (3-5 mM) aomablably the major
reducing agent inside the cytoplasm of all living cells @etl969). It is known that
copper is immediately complexed by GSH upon entering the cekdRran et al., 1989).
GSH depletion was shown to potentiate metal toxicity in F&itio et al., 1986), mice
(Singhal et al., 1987) and cultured cells (Kang and Enger, 1988; Odlli, €it988).
Under conditions of high copper concentration in the surrounding environmeioi@ gr
of small cysteine-rich polypeptides with repeated C-X-X-C oX-C-sequence moaotifs,
called metallothioneins (MT) are produced in eukaryotic cetlsvak shownn vitro that
Cu(l)-GSH could mediate Cu(l) transfer into metal depleted Marrgira et al., 1993).
MTs are effective in copper ion detoxification due to remarkatgd&al binding properties
resulting from a high (30% of the amino acids) cysteine confriingan, 1995). By
forming polymetallic thiolate bond clusters, MTs shield the metafrom the cytoplasm

and thus prevent it from performing Fenton-type reactions (Elam et al.,. 20@@) MTs,
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Cupl (Fogel and Welch, 1982) and Crs5 (Culotta et al., 1994) have bagheaden S.
cerevisiae. Induction of thecuplandcrs5genes is mediated through the copper-binding
transcription factor Acel (Thiele, 1988). Studies have shown thathHd¥s no direct
role in copper uptake but they are important for storage of metafaangrotection
against copper toxicity (Lin and Kosman, 1990) .

With this apparent vacuum of free copper, how do copper requiring eszym
obtain their essential cofactor (Field et al.,, 2002)? The discafeMenkes (Davies,
1993; Hamer, 1993) and Wilson’s (Bull and Cox, 1994; Solioz and Vulpe, 1996) disease
about 15 years ago added a new dimension to the study of intracelapaer
metabolism. The molecular details of intracellular traffickileggan to emerge with the
discovery of copper handling accessory proteins, called copper chapétanetta et al.,
1997; Pufahl et al., 1997) or metallochaperones (Rosenzweig, 2001). Coaperanes
are defined as proteins that escort the metal to specfjgec-requiring targets in the cell
(Culotta et al., 1997), thus ensuring efficient delivery. Not onlyhdg protect the metal
ion from the housekeeping scavenging molecules (GSH and MTSs), buprakect the
environment from the reactive nature of the metal ion (Elam et al., 2002).

In this regard, three small copper-binding proteins, Atx1 (Lid.e1897), Cox17
(Glerum et al.,, 1996) and CCS (Culotta et al., 1997) have been ieena$ being
involved in copper mobilization to the desired destinatior®. icerevisiae By serving as
copper chaperones, they deliver copper to the late secretory corapist mitochondria,
and cytosolic Cu,Zn-Superoxide dismutase respectively, providingethered cofactor

for three biological processes as discussed above (Labbe aald, TH999). It is
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unknown how the chaperones are themselves loaded with copper, or howntliffer
chaperones are selected by their partner proteins (MaltkriHorn, 2002). Atx1l was
shown to interact with the soluble domain of Gtrlvitro and copper transfer from the
importer to the metallochaperone appeared thermodynamicallyafdeo(Xiao et al.,
2004).

Atx1 (antioxidant 1) was the first member to be identifiech (@und Culotta, 1995)
and was so named because it was first identified as a suppoéssadative damage in
yeast SOD null mutants. Atx1 is an 8.2 kDa cytosolic proteinghwhontains a single
amino terminal MTCXXC copper-binding motif. Thiols of the two cyss act as
ligands to bind one Cu(l) atom per polypeptide (Pufahl et al., 1997). -Sux@)interacts
with the N-terminal MTCXXC residues of the P-type ATPaseXjgresent in the trans-
golgi network and is shown to transfer Cu(l) to Ccc2 via serfebridlged Cu(l)
intermediates (Pufahl et al.,, 1997). In an ATP-dependent manner, Cu(hems
incorporated into Fet3 multicopper oxidase in a post-golgi compartiiengt(al., 1997,
Yuan et al.,, 1995). Fet3 is located in the cell membrane andjugred for the high
affinity iron uptake into the yeast cell (Askwith et al., 1994)ixJAdeletion mutants
could not grow in iron-limiting conditions, but could be rescued by copper
supplementation (Lin et al., 1997). Additionally, Ccc2 overexpression coutdct the
poor growth phenotype observed in limited iron conditionsAfix1l yeast. This
corroborated the model where Atx1 delivers Cu(l) to Ccc2, which inttansfers it to
Fet3 (Lin et al., 1997). Ccc2 is a functional and structural homololgeomammalian

WND and MNK P-type ATPase copper transporters, which are regpan Wilson and



33

Menkes diseases, respectively. The human homolog of Atx1 is Atoxch wlelivers
copper to MNK (ATP7A) and WND (ATP7B) ATPases, respectiveiNalker et al.,
2002). While ATP7A directs copper within the TGN to several cumyaes, ATP7B
directs copper incorporation into ceruloplasmin, a serum ferroxidasedhtains more
than 95% of the copper found in blood (Balamurugan and Schaffner, 2006 aHelnd
Gitlin, 2002). Both WND and MNK can complement a Ccc2 null mutation i
heterologous yeast systems (Hung et al., 1997; Lee et al., 2006; Payne and 928).

Superoxide Dismutasel (SOD1) is largely a cytosolic enzymeethaloys a
copper cofactor to catalytically disproportionate” @ H,O, and Q (McCord and
Fridovich, 1969). The chaperone which delivers Cu(l) to SOD1 is CCGHpEL
Chaperone for 6D1). The copper chaperone function for CCS first became evident
from studies on deletion mutants lgé7 (gene that encodes CCS). These mutants were
devoid of SOD1 activity despite normal expression of SOD1 (Culottal.et1997).
SOD1 function could be restored by copper supplementation, supporting ghat it
inactivity is the result of inadequate copper incorporation (Culati.e1997). That
CCS activates SOD1 by directly inserting the copper cofactcarbe apparent when
copper loaded CCS was found to activate apo-SOD1 in the presecagepefr chelating
agent (Rae et al., 1999).

The third chaperone identified is Cox17 which facilitates therabl/ of copper
sites in cytochrome c oxidase (COX). COX is a terminalymez of the electron
transport chain located in the inner mitochondrial membrane, whathlyzes the

oxidation of reduced cytochrome c, coupled to the reduction of oxygen to tvecutes



34
of water. Cox17 was first identified by genetic screening of yeast &mpiratory
deficient mutants (Glerum et al., 1996). Cox17 is a cysteine rich polypep®@eaohino
acids that resides partially in the cytosol (40%) and partialihe mitochondrial inter-
membrane space (60%) (Beers et al., 1997). Cox17 delivers Cu(lp1o&craccessory
protein present in the intermembrane space (Horng et al., 2004), iwhich is involved

in the assembly of dinuclear gaite in COX (Abajian and Rosenzweig, 2006).

1.4  Copper Homeostasis in Prokaryotes

The best understood copper homeostasis system in prokaryotes is that of
gram-positive bacteriuminterococcus hiraeand gram-negative bacteriuBscerichia
coli. Besides copper sensors, neitBehiraenor E. colihas any known copper-requiring
proteins present in the cytosol. K coli, known cuproenzymes like cytochrome c
oxidase, superoxide dismutase, NADH dehydrogenase2 (NDH-2), aromatine
oxidase (MaoA) and 3-oxy-D-arabino-heptulosonate-7-phosphate-syntbasemesent
in the periplasm (Magnani and Solioz, 2007; Rensing and Grass, 2003amispgsitive
bacteria, which are devoid of periplasm, the copper requiring pr@erscated outside
of the cytoplasm. For example, another gram-positive bactaBagilus subtilishas a
caa3-type cytochrome oxidase in which an externally locatedingime c is covalently
fused to subunit Il of the oxidase (Tottey et al., 2005). The only kngatera that
suggests the need for cytoplasmic copper in bacteria is thenthesis of molybdenum

cofactor (Kuper et al., 2004; Schwarz and Mendel, 2006).
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How copper enters the cell is not clear.Elrcoli, copper has been shown to cross
its first barrier, the outer membrane, through porins (Lutkenhaus, 1977)traReport
across the cytoplasmic membrane, Ctrl-like systems like ihosekaryotes have not
been discovered in bacteria (Magnani and Solioz, 2007). Thus, the nsachgnwhich
copper makes it to the cytosol in bacteria remains unknown. Qu(ljbeation across
the cytoplasmic membrane seems to be the most plausible scpremently (Outten et
al., 2001).

Unlike eukaryotes, metallothioneins involved in copper sequestration in the
cytosol are not known to exist in any class of bacteriapx@gmnobacteria (Turner and
Robinson, 1995). In a recent study on identification of proteins expregdeacterial
community in a waste water treatment bioreactor upon exposure Mo ldwgls of
cadmium, no metallothioneins were detected in the culture (Lacdradd., e2007).
Apparently, the energetic cost of metal complexation is higherrietal efflux (Nies,
1999). Elaborate mechanisms for copper efflux have been recogieading and
Grass, 2003). The participating proteins are found to be eitheriglésim. Pco system

(Lee et al., 2002)) or chromosomally encoded.

1.4.1 Plasmid-encoded copper resistance i. coli

The plasmid-borneop gene clustecopABCDRSencoding proteins responsible

for copper resistance iRiseudomonas syringae@as the first copper resistance system to

be described in detail. It was discovered in bacteria isol&sponsible for causing
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speck disease (Bender and Cooksey, 1987) in tomato cultures in Soutlikemmi@dhat
had been sprayed with copper sulfate for fungal and bacterial eliseasol (Mellano
and Cooksey, 1988b). Tlwmp gene products are closely related to the products of the
pcoABCDRSperon fromE. coli with amino acids identities of 76%, 55%, 60%, 38%, 61%
and 30%, respectively (Silver and Phung, 1996). Thesstem responsible for copper
resistance ift. coliwas first isolated from a strain present in the gut flora of pigs fed on a
copper-enriched diet (Brown et al., 1995; Tetaz and Luke, 1983). Coppee uist
widely used in pig feeds due to its growth promoting capad@grier et al., 1955).
Copper resistance manifested by Ehecoli pco (andP. syringaecop) operons is copper
inducible (Mellano and Cooksey, 1988a; Rouch et al., 1985). The two-component
regulatory systempcoRS induces transcription of thecoABCD operon. PcoS is a
periplasmic histidine kinase, which senses copper and autophosphoryataR, upon
phosphorylation by PcoS, binds to DNA and acts as a transcriptigatactMills et al.,
1994). Unlike theeop operon ofP. syringaghowever, an additional gene callpcoEis
present inE. colis pco system. pcoE is also under the control of PCORS but it is
transcribed from a separate promoter (Rouch and Brown, 1997). PcaAukieopper
oxidase present in the periplasm (Huffman et al., 2002). PcadRely present in the
outer membrane (Lee et al., 2002). PcoA, in concert with PcoB cdnigrer copper
resistance. PcoC is also a periplasmic protein (Huffman, &0412) that has been shown
to bind both Cu(l) and Cu(ll) in structural studies (Zhang et al., 20B6pC has been
proposed to dock with PcoA after acquiring Cu(l) in the periplasnifaotets oxidation

to the less toxic Cu(ll) form (Huffman et al., 2002). PcoD wytoplasmic membrane
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protein with eight predicted transmembrane helices (Lee €2(2). PcoE, which is
transcribed from its own promoter, is a small periplasmic proleinis required for full
copper resistance. It likely functions as a periplasmic coppgperone (Magnani and
Solioz, 2007; Rensing and Grass, 2003). Since toxic transition metats begen
abundant on this earth from the beginning of life, it is hypothesizadnetal efflux
systems arose shortly after prokaryotic life started (Sil¥886; Silver and Phung le,
2005) and that they are mostly found on plasmids due to their easeséétri@aom one to

another bacterium.

1.4.2 Chromosomally-encoded copper resistance i. coli

Although the plasmid-encoded copper resistance determind&ntaali has long
been known, copper resistance factors encoded by the chromosome seeitlzedeonly
recently (Nies, 2003). The two most well studied chromosomally ensyséeins found
to catalyze the removal of excess copper from the cell arg@pper efflux) and Cus
(copper sensing) respectively. The Cue system consists of @ercopsponsive
metalloregulatory protein, CueR, that upregulates the expressioproteins, CopA (a
P-type ATPase having significant homology to eukaryotic copgersporters), and
CueO (a multicopper oxidase, similar to fet3 in yeast and cersloplan humans). The
Cus system, like the Pco system, is regulated by a two compsigeat transduction

system encoded byusRandcusS cusRSactivates the expression afisCFBA which
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acts to protect the cell under anaerobic conditions when Cuefnbscnon-functional

(Franke et al., 2003; Outten et al., 2001) (Figure 1.2).

CusC

QOuter membrane

CusF

CusB

Periplasm

CusA

Inner membrane

FIGURE 1.2 Schematic
of the CusCFBA copper
efflux system of

Escherichia coli

The evolution of this sophisticated efflux system (CusCFBA) beayegarded as

an adaptive measure to cope with the various metal stress condiior@is natural

habitat is the digestive tract of warm-blooded animals. Herednditions prevalent are

usually anaerobic with possibly high concentrations of copper. Thus, Cus@iBA

have been an adaptationgocoli's specific ecological niche (Rensing and Grass, 2003).

1.4.3 The CusCFBA system dE. coli

CusCFBA, unlike its multi-drug export homologs, possesses a 4 component

organization. In accordance with other CBA transporters, CusA, @udBCusC serve

as Resistance, Nodulation and Cell Division (RND), Membrane Fusteipr(MFP)

and Outer Membrane Factor (OMF) proteins, respectively. An addliti fourth
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component, CusF, found only in putative copper/silver resistance systelosated in
the periplasm.

Earlier studies on related CBA transport systems had showrosettlbridge”
export from the cytoplasm to the extracellular space with no periplasminediates, as
mediated by the channel formation of three proteins (Koronakis 9809; Thanabalu et
al., 1998; Thanassi and Hultgren, 2000). Recent biochemical and strgtidiak have
revealed uptake also from the periplasm (Murakami et al., 2002skaya and Nikaido,
2000). The periplasmic component, MFP in these studies, has been praphsadidn
mostly as an adaptor protein, holding the inner and outer membrane conspion@ace
and thus facilitating the efflux process. No direct involvementM#Ps in the
periplasmic uptake has been reported. Genetic studies on the GusgstBm suggest
periplasmic copper transport (Grass and Rensing, 2001; Outten et al., 2001).
Participation of the periplasmic components CusB and CusF in cogmspdort was
demonstrated by a decrease in the Minimum Inhibitory Concentratitf9) @A copper in
the absence of either component (Franke et al., 2003). This indibate@usB, and
likely MFPs in other CBA systems, have an active role in tH&ixe process.
Furthermore, CusF exists as a single polypeptide with CusBonme shomologous

systems, which points at plausible involvement of CusF in metal extrusion.
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15 Significance: From metal transport systems to multi-drug exportes

Studies on the bacterial Cus system will not only enhance our usthrgy of
copper regulation/ resistance in bacteria, but may also aidtier henderstanding of
efflux mediated by CBA type multi-drug exporters. Theseaigrowing concern that
metal contamination functions as a selective agent in the patider of antibiotic
resistance. This hypothesis has been tested in a number cdrdieudies. For example,
mercury has been used in dental amalgams since theet@ury. It is slowly released
from the amalgams and retained in the body. A recent report oeribaisblates from
patients with amalgam fillings showed that the bacteria wesistant both to mercury
and antibiotics (Pike et al., 2002). In another study, the antilsietisitivity of bacteria
taken from ash settling basins (ASB) of coal-fired power plaais investigated. Coal-
fired power plants are a major source of global metal polluticouenting for 10-60% of
the anthropogenic emissions of different transition and heavy meféle bacteria
isolated from ASBs of these plants were found to be more antHestistant

(Stepanauskas et al., 2005), thus substantiating the co-selection phenomena.
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1.6 Dissertation Outline

This dissertation is a biochemical study of CusB and its irtterecwith CusF,
aiming to delineate the efflux mechanidrhundamental information regarding the role of
CusB was sought. The prior body of knowledge regarding this classteins suggested
that they played a relatively passive role in stabilizingdtfleix complex. The work in
this dissertation sought to determine whether additional functions are present.

In Chapter 2, biochemical characterization of CusB defining itsveact
involvement in the efflux process is presented. It is shown that GueB substrates
Ag(l) and Cu(l) in a trigonal geometry with methionine ligands amdlergoes a
conformational change upon binding. The particular residues that farhinding site
are determined using sequence alignments and mutagenesis staogpestantly, metal
binding by CusB is also shown to be essential for metal resistance.

In Chapter 3, the chaperone nature of CusF is revealed. Intersttidies
between CusF and CusB using isothermal titration calorimeffZ)(land X-ray
absorption spectroscopy (XAS) are presented. Through ITC, it is sihavCusF and
CusB interact only in the presence of metal ion and that theatiten between the two
proteins is highly specific. Metal transfer between CusF an& Gudemonstrated using
a novel XAS approach, which showed that Cu(l) can be reversibly éreesfbetween
CusF and CusB, with an approximately 50% end distribution between the two proteins.

Chapter 4 discusses structural characterization of interadigtmseen CusF and

CusB using NMR spectroscopy. Chemical shift assignments of)-Bg6F in the
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presence of CusB determined the residues in CusF that wergcaigfty affected by the
presence of CusB. It is shown that the residues most affeaddikely to be involved in
interaction with CusB are the ones that are present on the bnaedalg face of CusF.
This is the same face that other proteins with the same $ofduaF (OB fold) use to
interact with their respective partners.

In chapter 5, various constructs of CusB that were designed intordaprove
upon the recombinant protein yields, and to make the protein more ameaoable f
structural studies, are discussed. Strategies taken in tleiafiref designing those
constructs, and results from initial experiments that were peefrto test the system,
are presented.

Chapter 6 is a summary of the experiments presented in edudipters. It also
discusses approaches that may be taken in future to furthemtiestanding of the

system.
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CHAPTER 2

SUBSTRATE-LINKED CONFORMATIONAL CHANGE IN THE
PERIPLASMIC COMPONENT OF A CU(l)/AG(l) EFFLUX SYSTEM

In this chapter, | report our results from the biochemical charaation of the
periplasmic component CusB and discuss the novelty of our findings atorelto
findings reported in literature on homologous CBA systems. | haveribled the
resistance, nodulation, division (RND) component of CBA systemseatgr detail to
differentiate the drug export from metal efflux class and udiscour results with
reference to information garnered from drug exporter’'s studise contents of this
chapter were published in the Journal of Biological Chemisttly wontributions from
Wenbo Liu, Ninian J. Blackburn, Christopher Rensing and Megan M. McBagyai et
al., 2007). Mutants were generated by Wenbo Liu and EXAFS datacekseted by

Ninian J. Blackburn.

21 ABSTRACT

Gram-negative bacteria utilize dual-membrane RND-type efflux egste export
a variety of substrates. These systems contain an esgenihsmic component that is
important for assembly of the protein complex. We show here hieapériplasmic
protein CusB from the Cus copper/silver efflux system hastiaatrrole in Cu(l) and

Ag(l) binding. Isothermal titration calorimetry experimentsnd@strate that one Ag(l)
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ion is bound per CusB molecule with high affinity. X-ray absorptietspscopy data
indicate that the metal environment is an all-sulfur three-cooelimgivironment.
Candidates for the metal-coordinating residues were identifeed $equence analysis,
which showed four conserved methionine residues. Mutations of threbesé t
methionine residues to isoleucine resulted in significant efeectSusB metal bindinon
vitro. Cells containing these CusB variants also show a decredsaribility to grow
on copper containing plates, indicating an important functional role étalrbinding by
CusB. Gel filtration chromatography demonstrates that upon bindingl, nGaiaB
undergoes a conformational change to a more compact structure.d Basthese
structural and functional effects of metal binding, we propose ttie periplasmic
component of RND-type efflux systems plays an active role porexhrough substrate-

linked conformational changes.
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2.2 INTRODUCTION

Efflux systems of the resistance nodulation division (RND) faesuié/key players
in the intrinsic and acquired antibiotic resistance of gram-negatacteria (Poole and
Srikumar, 2001). These systems confer resistance to otherwiaé detcentrations of
drugs and metal ions, and also mediate efflux of bacterial produatisas siderophores,
peptides, and quorum sensing signals (Piddock, 2006; Yang et al., 2006). With
antibiotic-resistant pathogens representing a growing thteathuman health,
understanding these efflux systems is of significant importance.

RND-type efflux systems form a transenvelope complex cosgprisf three
fundamental components: an energy-utilizing inner membrane proteangTet al.,
1999), an outer membrane factor and a periplasmic component (Dinh et al., T9@4)
inner membrane components are proton-substrate antiporters of the piRMNEN
superfamily, which are sub-classified on the basis of their éeghsubstrate (Tseng et al.,
1999). Members of the heavy metal efflux (HME) sub-familfRBID transport systems
are highly substrate specific, with the ability to differaietihetween monovalent and
divalent ions (Tseng et al., 1999). In contrast, the hydrophobe/amphighile (efAE)
sub-family of RND protein systems has significantly broaddsssate recognition.
Members of the HAE-RND systems transport a wide range aottatally unrelated
molecules including antibiotics, dyes, detergents, bile saltsanargsolvents and

antimicrobial peptides (Poole, 2004).



46

Insights into the functions of the three fundamental components of &M
systems have been gathered from studies of a variety of$ystBms. By far, the most
information at the structural and biochemical levels is known forirther and outer
membrane proteins. The overall picture that has emerged ishthatner and outer
membrane proteins form a channel that spans the periplasmic(Ega@gan et al., 2004;
Touze et al., 2004). The substrate is taken up from either thenmamebrane, cytoplasm,
or periplasm, depending on the properties of the substrate and the gagitfuk system
(Zgurskaya and Nikaido, 2000). The RND protein drives substrate etkpough the
channel formed by the outer membrane protein utilizing the protonegtaacross the
inner membrane. Though the periplasmic component is an esserttiaf BAND efflux
systems (Franke et al., 2003), the role it plays in the efflux process is msiclekss

Several functions have been postulated for the periplasmic componhentftén
termed an adaptor protein, which may have a function in bridginghtitex and outer
membrane components. This role is supported by biochemical experithahtsave
shown a direct interaction between this component and the inner ardnoernbrane
proteins (Touze et al., 2004). More recent studies suggest that tiptagmeic
component could contribute to the regulation of the open and closed cftétesouter
membrane protein. Evidence for this function of the periplasmic adaati®in is given
by the observation of conformational variants in the crystatttre of the periplasmic
protein AcrA from the AcrAB-TolC HAE-RND efflux system (kblosko et al., 2006)
and observation of direct interactions between the coiled regions gbetfy@asmic

protein and outer membrane protein (Lobedanz et al., 2007). Howleegretiplasmic
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protein likely has a further functional role, since even a consgtytopen mutant of an
outer membrane protein requires the periplasmic component (Augusius2€04). In a
reconstituted system without the outer membrane protein, the gemipladaptor AcrA
is essential to the function of the RND pump AcrD (Aires and NikaR005), which
further supports the hypothesis that the periplasmic proteins egnaptive roles in
substrate capture and extrusion.

CusCFBA, the Cu(l) and Ag(l) efflux system frdf coli, consists of CusB, the
periplasmic protein, CusA, the inner membrane proton/substrate antipbttee HME-
RND family and CusC, the outer membrane protein (Franke et al., Zo@ike et al.,
2003; Munson et al., 2000). In addition to the three fundamental proteins, the Cus system
has a fourth component, the small periplasmic metal-binding prGtesf, which has
homologs only in putative monovalent metal ion resistance systeark@-et al., 2003).
In addition to conferring Ag(l) resistance (Franke et al., 2001), th€EBA system has
been shown to be important for copper resistance primarily undercd@ conditions,
suggesting that its other physiologically relevant subsisa@u(l) (Outten et al., 2001).
Copper and silver belong to the same group of the periodic table, tlkeef&digh) and
Ag(l) have similar coordination chemistries and can be treatedgchangeably in many
cases (Solioz, 2002). However, silver is predominantly found in the sxjfation state
under both aerobic and anaerobic conditions, whereas Cu(l) only predominders
anaerobic conditions.

To address the role of the periplasmic component, we examined GusBhe

CusCFBA system as a representative of the periplasmic proteins of RMDsgEtems.
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2.3 MATERIALS AND METHODS

2.3.1 Protein expression and purification.Genomic DNA fromE. coli strain W3110
was used to amplify theusBgene. The primers used for the PCR reaction contained
unique restriction sites at the 5' elitt@R) and 3' endXhol). After restriction enzyme
digestion of the PCR product, it was ligated into the pASK-IBA3 (IBA, Germargtpre
The result was a construct that contained the full-leng8B gene followed by region
encoding a short cloning artifact (LEVDLQGDHGL) and a C-texahiStrep affinity tag
(SAWSHPQFEK).

The cusBcontaining plasmid was transformed irio coli BL21 (\DE3). Cells
were grown in LB media containing 100 pg/mL ampicillin at 37 °Cl timty reached an
O.Dgpo 0of 0.6-1.0, then induced with 200 pug/L of anhydrotetracycline (AHT)gaodn
at 30 °C for another 6-8 hours. Cells were harvested by ceatidngand frozen at -20
°C.

Cell pellets were resuspended in 50 mL of 100 mM Tris (pH 8.0), NMWN&CI
per liter of cell culture. Protease inhibitors (leupeptin (fio@hcentration 2 pg/mL),
pepstatin (final concentration 2 pg/mL), and PMSF (final conceotrd&i5 mM)) and
DNasel (approximately 150 units) were added, then cells weed lyg a French Press.
3-((3-Cholamidopropyl)dimethylammonio)-1-propanesulfonate (CHAPSL% w/v)
(MP Biomedicals) was added to the lysate, then cells weret@elby centrifugation at
31000Xg. The supernatant was loaded @ttepTactin-resin (IBA, Germany) affinity

column. After washing the column with 100 mM Tris (pH 8.0), 150 m&CNbuffer,



49
protein was eluted using the same buffer, plus 2.5 mM desthiobiotinfralti®ns were
dialyzed vs. 50 mM Tris (pH 9.0) buffer and loaded onto a MonoQ 10/100 GL anion
exchange column (Amersham) equilibrated with the same buffer. Wasluted from
the column by a linear gradient of 0-300 mM NacCl in 50 mM Tris (gH. 9Aliquots of
the fractions were run on SDS polyacrylamide gels and staindd @abmassie to
determine purity. CusB protein was also verified by Western aiatlysis using
horseradish peroxidase-conjugated antibody specific t&Gtreptag (IBA, Germany).
The N-terminal sequence of CusB was confirmed by sequenciragtidas >95% pure
were pooled and dialyzed in appropriate buffer and concentrated usingorAm
concentrators with a 5 kDa molecular weight cut-off. Protencentrations were
determined using the BCA assay (Pierce Biotechnology) fahallexperiments except

EXAFS for which the Bradford assay (Bradford, 1976) (Biorad) was used.

2.3.2 Isothermal titration calorimetry ITC measurements were performed on a
Microcal VP-ITC Microcalorimeter (Northampton, MA, USA),pigally at 25 °C. The
titrant solution was made by mixing appropriate amount of stockl s@tgion (90 mM
AgNOs in nanopure Milli-Q water) with buffer retained from the finahlgsis of the
protein sample. CusB was extensively dialyzed in 50 mM cacedi&t 7.0). Both
protein and titrant were thoroughly degassed in a ThermoVac appékdicrocal). For
a titration experiment, approximately 1.7 mL of 22 uM CusB waseplan a reaction
cell and injected over 20 seconds with 10 uL 300 pM Agl@ution with a 5-minute

interval between each injection. The titrations of the CusB msuted211, M361, M38lI
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and M283l were carried out as described for wild-type CusB, ugrgein
concentrations of 18.0, 19.0, 20.0 and 34V, respectively. In order to ensure adequate
mixing of the titrand and the titrant, the reaction cell wasioaausly stirred at 300 rpm.
A total of 25 injections were made. The heat due to dilution, mezdlagifects and
other non-specific effects were accounted for by averadiegldst three points of
titration and subtracting that value from all data points (ded@sand Bosshard, 1999;
Kittleson et al., 2006). Data were fitted using a single-site hgndiodel in the Origin
software package (MicroCal). The software uses a non-linearsigaates algorithm and
the concentrations of the titrant and the titrand to fit the entt@dlpnge per injection to
an equilibrium binding equation. The binding enthalpy chaftgeassociation constant
Ka, and the binding stoichiometny were permitted to float during the least-squares

minimization process and taken as the best-fit values.

2.3.3.1X-ray absorption spectroscopy.Samples for EXAFS were prepared in an
anaerobic chamber. CusB was first dialyzed in 20 mM 3-(N-Mombpli
propanesulfonic acid (MOPS), pH 7.0. Ascorbate solution buffered at pWas.@hen
added to argon-purged protein at a final concentration of 50 mM. ;@&#Sladded such
that the ratio of CusB to Cu(l) was 1:1. The protein was fudteyzed against 20 mM
MOPS, 10 mM ascorbate, pH 7.0, to remove unbound copper. The final conoerdfat
protein was determined using the Bradford assay (Bradford, 1806)L of CusB-Cu(l)
was mixed with 20 pL of ethylene glycol, transferred to EXAk&s, then flash frozen

in liquid nitrogen.
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2.2.3.2Collection and analysis of XAS dataCu K-edge (8.9 keV) extended X-ray
absorption fine structure (EXAFS) and X-ray absorption near emgetise (XANES)
data were collected at the Stanford Synchrotron Radiation Labp@terating at 3 GeV
with currents between 100 and 50 mA. All samples were measurbdaon line 9-3
using a Si(220) monochromator and a Rh-coated mirror upstream obtiecimomator
with a 13 KeV energy cutoff to reject harmonics. A second Rlomilownstream of the
monochromator was used to focus the beam. Data were collectedrestience mode
using a high-count-rate Canberra 30-element Ge array deteittomaximum count
rates below 120 kHz. Ai6Z-1 Ni oxide filter and Soller slit assembly were placed in
front of the detector to reduce the elastic scatter peakscaixs of a sample containing
only sample buffer were collected, averaged, and subtractedtliem@veraged data for
the protein samples to remove Z-} #uorescence and produce a flat pre-edge baseline.
The samples (8(L) were measured as aqueous glasses (>20% ethylene glyt6lKa
Energy calibration was achieved by reference to the firaidn point of a copper foil
(8980.3 eV) placed between the second and third ionization chamber.e@atdan and
background subtraction were performed using the program modules of EPXAKFS
(George, 1990). Data from each detector channel were inspectelitdoesyor drop-
outs before inclusion in the final average. Spectral simulationcavaiged out using the
program EXCURVE 9.2 (Binsted et al., 1998; Binsted and Hasnain, 1996; Gurrialan e

1984; Gurman et al., 1986) as described previously (Blackburn et al., 2000).
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2.3.4 Sitedirected mutagenesis and growth inhibition studiesf Cus. The
QuikChange sitelirected mutagenesis protocol (Stratagene, La,JOl&f.) was used t
alter the individual methionines isoleucines in CusB. Plasmid pASK3 containing
cusBgene was used as a template. Primer pairs usgdroéouce the point mutatior
were antiparallel and overlapping. PCR proc were treated wittDpnl to digest the
dammethylated template plasmic The correct mutations were verified by D
sequence analysis. The purifitPCR productcontaining the point mutation w.
transformed into EC95(AcueO AcusB strain (Franke et al., 2003) Bf coli. Wild-type
cusBand an empty pASK3 vector (without ticusBgene) were also transformed it
EC950 to use as controls in the growth inhibititudies.

For growth inhiktion experiments, mutants, wikype and the cells containit
empty vector were grown overnight in LB medium. li€evere diluted 1:100 in fres
media and grown at 3T until they reached angy, of approximately 0.5. At this pnt,
the cells were subjected to two different protocoFor one set, cells were induced
CusB expression at the same time as they were eapgoscopper by streaking the ce
directly on LB-agar plates containing 100 pg/mL ampicillin, 50lu4HT anc varying
concentrations of Cugl0.0, 0.5, 0.75, 1.0 and 1.5 mM). For the secatdthe cell
were induced to express CusB before subjecting tttemetal stress. The cells at
Asoo Of 0.5 were induced with 50 pg/L AHT and grown &t °€ until theyreached an
Agoo Of approximately 1.0. At this point, cells wererestked on LB-agar plates
containing 10Qug/mL ampicillin and varying concentrations of C, (0.0, 0.5, 1.0, 1.2

and 1.5 mM), but no AHT. All plates were incubas®0 °C for approximely 18 hrs.
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2.3.5 Analytical ultracentrifugation.  Sedimentation equilibrium analysis was
performed in a Beckman Optima XL-1 analytical ultracentrifugiag an An-60Ti rotor
and an absorbance optical system. A six-channel equilibrium cedepguipped with
sapphire windows was used to run three sample-solvent pairs simoukane Sample
and solvent volumes were 110 pL and 125 pL respectively. Data weretedlat 4 °C
at speeds of 15000, 20000 and 25000 rpm on samples at three concentrations ranging
from 5 uM to 14 pM for apo-CusB and 5 pM to 14 pM CusB with 10 to 28AgMO;
for CusB-Ag(l). Samples were allowed to equilibrate for 12 hreagh speed, after
which five replicate scans were taken every 4 hrs in a ste60.005 cm. These scans,
spaced 4 hrs. apart, were overlaid in order to determine ifilmquah had been
established. Final equilibrium scans were then performed irpaigie of 0.001 cm and
absorbance was monitored at 280 nm and 255 nm. Fifteen replicatevecariaken and
averaged at every radial increment.

The SEDNTERP program (Laue et al., 1992) was used to calch&ateartial
specific volume (0.7318 mL/g) and the buffer density (1.00605 g/mL) at 4 Pl
baseline offset was constrained to approximately 0.04 for allddétasets. The
distribution of single ideal species and monomer-dimer/monomer-tregaiibrium
species was analyzed according to equations described by MeRa@li€¢McRorie and
Voelker, 1993). All fits were done by non-linear least squares sinaty the primary
data using the General curve fit function of Kaleidagraph ver8&i (Synergy

Software).
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2.3.6 Size exclusion chromatographySize exclusion chromatography was performed
using a Superdex 200 10/300GL analytical column (Amersham Pharmacia Biotech) on an
Akta Prime System (Amersham Pharmacia Biotech). 60-70 pulprofein at a
concentration of 180 uM was loaded onto the column pre-equilibrated with 50 mM
sodium phosphate, pH 7.0. The column was run at a flow rate of 0.4 mhfidin
absorbance was measured at 280 nm. Fractions of 500 pL were doll&cte Ag(l)-
CusB, AgNQ dissolved in water was added to the protein at two-fold molassxcThe

size exclusion column was calibrated with the following globyastein markers
(molecular mass and retention volumes are reported): thyroglole@thkDa, 9.7 mL),
ferritin (440 kDa, 11.2 mL), catalase (232 kDa, 13.0 mL), aldolase (158 & mL),
albumin (67 kDa, 14.4 mL), ovalbumin (43 kDa, 15.3 mL), chymotrypsinogenA (25 kDa

17.1 mL), ribonuclease (13.7 kDa, 17.7 mL).
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2.4 RESULTS

2.4.1 Calorimetric titration indicates Ag(l) binding by CusB To investigate whether
CusB could play a role in substrate binding, we employed isothatraibn calorimetry
(ITC) to study the binding of Ag(l) by Cusia vitro. ITC detects changes in the heat
absorbed or released during a binding event (i.e. the binding enttiadmge). The
titration of Ag(l) into the solution of apo-CusB showed a chandending enthalpy that
was not seen in the control titrations without CusB protein, gl@adicating a binding
event (Figure 2.1). The large exothermic peaks eventually diminish®gust the heat
of dilution after approximately 11 injections. A single-site bindimgdel was used to fit
the data, yielding &, value of4.04 X 10 M (corresponding to K4 of 24.7 nM)and a
stoichiometry of Ag(l) to CusB of 0.72 £ 0.01. The dissociation constaotld be
treated as an approximate value as it is at the loweslohimeasurement by ITC. This
affinity is similar to that measured for the periplasmic co@® silver binding protein
CusF from the Cus system (Kittleson et al., 2006), and clearly démai@ssthat CusB is

a metal binding protein.
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FIGURE 2.1 ITC data for titration of 22 uM CusB with 300 uM Agh@t 25 °C.
Both solutions were made in 50 mM cacodylate (pH 7T®p, raw data.Bottom plot
of integrated heats versus Ag(l)/CusB ratio. The solid lipeesents the best fit for a

one-site binding model.
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2.4.2 EXAFS spectroscopy of CusB-Cu(l).In order to identify the potential metal
ligands in CusB, we performed X-ray absorption spectroscopy (XASusB bound to
Cu(l). XAS data were collected on two independent samples of ctgguerd CusB and
gave identical results within experimental error. The giigwr edge region of the
spectrum (Figure. 2.2, inset) shows a weak feature at 8983.7te\imansity equal to
0.62 of the normalized edge height. The position and intensityhief geak is
characteristic of Cu(l) bound to the protein, in a 3-coordinate envinan(Reckering et
al., 1993; Ralle et al., 2003). Figure 2.2 shows the Fourier transfatrexaended X-ray
absorption fine structure (EXAFS) for a representative samie. spectrum consists of
intense oscillations extending beyond k=12.8, Ahe energy cutoff used to avoid
background errors due to small amounts of contaminating Zn in the safpé&efirst
shell of the phase-corrected FT maximizes at ~2.3 A (chaistitteof Cu(l)-thioether or
thiolate coordination). The best fit to the data was obtained witlu-$ Gcattering
interactions with Cu-S bond length of 2.287 A and a Debye WaltéorfdDW, %) of
0.011 & (F = 0.43). We also tested fits that utilized 2 and 4 Cu-S itters. These
gave similar Cu-S bond lengths but had uniformly worse F valog® (and 0.56,
respectively). Since the simulated bond lengths remained cldBes® expected for 3-
coordination, this analysis confirmed the 3-coordinate assignmentit usirig 2 Cu-S
and 1 Cu-O/N interaction had a more acceptable F value (0.51), WithS at 2.300%
(26°= 0.006 &) and Cu-O/N at 2.050 A 3= 0.017A?), but the large DW term for the
single low-Z copper scatterer suggested this latter modelesaseasonable than the 3

Cu-S fit. However, the 3S fit also has a high DW for the G3h&8ll suggesting some
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heterogeneity in the Cu-S distances. Splitting these distada® not lead to
improvements in the F value. We conclude that the most reasonat#¢tméitithe data
is 3 slightly inequivalent Cu-S interactions at an averagentistaf 2.29A from the
central Cu(l) atom.

Since CusB does not contain any cysteine residues, the sulfurirtanspecies
in CusB that coordinate Cu(l) are methionine residues. The unusuadyCu-S bond
length of 2.29A is in agreement with this conclusion, since 3-coordinate Cutogte
ligated sites typically exhibit Cu-S bond lengths in the 2.23-&28nge (Pickering et al.,
1993; Ralle et al., 2003). Here the weaker donor properties ohibether ligand
appears to lead to lengthening of the Cu-S(met) bonds. Methionsmesramonly used
in periplasmic proteins for metal coordination because the oxidizimgoament of the
periplasm renders cysteine less effective. However, fead gnodels exist for 3-
coordinate methionine-coordinated Cu(l), and the CusB site represenfgst such

structure to be described for a metallopratein

2.4.3 Assignment of the metal-chelating ligandsTo identify candidates for the 3
metal-coordinating methionines detected from the EXAFS dagacanservation of the
methionines in CusB was examined. From a BLAST search withmtitere CusB
sequence, the top 51 sequences (considering only one sequence from eaclvaeyenus
selected for alignment. The alignment, generated with QWstasing the default
parameters, shows that of the 9 methionines in the mature sequerCesBf 4

methionines (M21, M36, M38 and M283) are well-conserved in these proteins (Appendix
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B). Methionine is always found at position 21, with one exception whesehistidine.
Position 36 is always a methionine, except for one occurrenceevithisran aspartate.
Position 38 is always conserved as a methionine. Position 283 is uBually as
methionine (47 out of 52 sequences) but is also found as a leucine, ibremmalanine.
Furthermore, in more extensive alignments (data not shown) metrsa2ine36 and 38
are primarily conserved in the periplasmic proteins of putathenovalent metal
resistance systems, while M283 is conserved among periplasmimgresgorting a
variety of substrates. The other methionine positions, 162, 199, 213, 296, and 370, show
much greater variability in the homologs and do not consistently lmevappropriate
properties for metal coordination. These positions are usuallyped by hydrophobic
residues. Therefore, of the methionines in CusB, three of the feliconserved

methionines are likely candidates for the metal-coordinating methionines.

2.4.4 Ag(l) affinity of conserved methionine mutanis vitro. To identify which three
of the four methionines are involved in metal binding, ITC was usetttermine the
ability of the four individual CusB mutants M21l, M361, M38l and M283bind Ag(l)
in vitro (Figure 2.3A-D). CusB M21Il showed a 10-fold reduction in the bopdiffinity
for Ag(l) as compared to wild-type CusB, with dissociationstant of 0.2 uM. CusB
M361 and M38I showed no specific binding to Ag(l). The affinity of Bud283I for
Ag(l) was same as wild-type, with a dissociation constant ohMO Thus, the most
significant effects in metal binding affinity are seen for Ewsriants M361 and M38lI,

with a more modest decrease in affinity seen for CusB M211.
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FIGURE 2.2 EXAFS data for CusB-Cu(l). Experimental (black) and simulated
(red) Fourier transforms and EXAFS (top inset) for CusB-Cu(lyay)-absorption
edge intensity of 8983 eV is diagnostic of 3-coordinate geometry (bottom inset).
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variants with AgNO Experimental
conditions were similar to those described for wild-type Cu3Bp, raw data. Bottom
plot of integrated heats versus Ag(l)/CusB ratio. Theldole represents the best fit for a
one-site binding model. CugB) M21l; (B) M36l; (C) M38I; and(D) M283l.
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2.4.5 Conserved methionines are crucial for metal resistancko test whether metal
binding by CusB plays a functional role in metal resistance xammed the ability oE.
coli cells containing the individual CusB variants M21l, M36l, M38l and8B8l to
survive under elevated concentrations of copper. Cells containimgoéabhe CusB
variants were compared with wild-type CusB for their growtilitg in copper-rich
environments (Table 2.1), in a background where the chromosomal comesBxdnd
the multicopper oxidaseueO have been deleted. The latter deletion has been shown
previously to be required to observe a copper-sensitive phenotype underc aerobi
conditions (Franke et al., 2001; Franke et al., 2003). Cells were pitxénduced to
express CusB before subjecting them to copper stress, (séfalde 2.1), or were
induced for CusB expression at the same time as they were dxfmdsbke copper-
containing media (set ‘b’, Table 2.1) as described in the Bxpeatal Procedures. The
results obtained from these two sets of experiments areasinfiells containing wild-
type CusB or each of the variants grow normally up to 0.5 mM Co&licentration.
When CusB expression was induced before the cells were subjeatestal stress (set
‘a’), all the cells expressing CusB variants showed copper s&ysivith mucoid
colonies by 1.0 mM Cuglconcentration. For the cells that were not pre-induced to
express CusB (set ‘b’), at 1.0 mM Cu@he cells with CusB variants M211, M361, and
M38I did not show growth, cells with the CusB M283I variation showednisimed
growth, and the cells with wild-type CusB were not inhibitedh®se concentrations of
copper. Although the mutation of M283 lowered the resistance of @@thpared to the

wild type, the CusB M283 variant could survive higher copper concemtsatiompared
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to the other three variants. The mutations of CusB methionines 21, 36 aiud 38
isoleucine decreased the tolerance of the cells to copper compar#ideusBdeletion,

suggesting that these methionines play an essential role in metahssista

2.4.6 CusB is monomeric in solution The periplasmic proteins clearly function in the
cell as part of a multimeric protein complex, though it is not knovether the
periplasmic protein itself forms a higher order species. Termne the oligomeric state
of CusBin vitro in the presence and absence of substrate, we performed sedonentati
equilibrium analysis. From this technique the molecular mass girttein species can
be determined in a shape-independent manner. Data from three diffi@nesntrations

of protein, 5 uM, 9 uM, and 14 pM, with and without Ag(l), were fit welth a single
ideal species model at all speeds, with residuals in the abtepéage (Data for 9 uM
protein concentration shown in Figure 2.4. Data for 5 puM and 14 pM mprotei
concentrations are not shown). From these experiments, the mole@asdaes of apo-
CusB and CusB-Ag(l) were predicted to be ~43 kDa, consistent wittatbelated value

of 43.8 kDa. These results indicate that CusB is monomeric in sglgtrafar to the
isolated periplasmic proteins from the HAE family of RND wetfsystems (Higgins et al.,
2004; Zgurskaya and Nikaido, 1999a). Additionally, these data showhéhatigomeric

state of CusB does not change in the absence and presence of metal.
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FIGURE 2.4 Sedimentation equilibrium analysis @A) apo-CusB andB) CusB-
Ag(l). Bottom panelshow data points and curve fits for protein at a concentration of
approximately 9 uM (4g0=0.43) at three different speeds oj (5000, (1) 20000 and

(0) 25000 rpm with scans at 280 nmlop panelsshow the residuals left when

subtracting the calculated values from the measured points.
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2.4.7 Ag(l) binding causes a conformational changeThe structural properties of
CusB in the apo- and Ag(l)-bound states were further analyzed asialytical gel
filtration chromatography. Elution volumes from a gel filvatcolumn can determine
the relative molecular weight of a species as compared to glotalibration proteins.
However, unlike sedimentation equilibrium where molecular weight métation is
independent of protein shape, analytical gel filtration retention voluamelsin turn the
molecular weight calculation, can be significantly affectedh®y shape of the protein.
Based on homology to two periplasmic proteins from the HAE faofilRND systems
for which structures have been determined (Akama et al., 2004b;nsliggial., 2004;
Mikolosko et al., 2006), CusB is expected to have a non-globular, elongatetlirgtr
Figure 2.5 shows the elution profiles of CusB in both the apo and-lgded forms.
As expected, both apo and metal-bound CusB elute from the column witholasse
than expected for a 43 kDa globular protein, which likely reflectelangated shape.
However, there is a marked difference in the elution volumes betapaCusB and
CusB-Ag(l). The apo-protein elutes from the column at a retentiarmeobf 14.1 mL
whereas CusB-Ag(l) elutes at a retention volume of 14.6 mL. th&sanalytical
ultracentrifugation data clearly indicate that apo-CusB and @ugB are monomeric,
the change in elution volume is indicative of a conformational chaiite decrease in
retention volume of CusB-Ag(l) compared to apo-CusB suggests tis&8 hdergoes a

conformational change upon binding silver to a more globular state.
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FIGURE 2.E Analytical gel filtration on a Superdex 200 10/300GL analyticalrool
of apo- and Ag(l)-bound CusB in 50 mM sodium phosphate, pH 7.0. Solid line
represents the apo-CusB, which eluted at approximately 14.1 mL addshed line
represents CusB-Ag(l) which eluted at approximately 14.6 mL. Absoebaalues
were normalized. Inset plot shows the relative retention volumgotdin molecular

weight standards.
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2.5 DISCUSSION

We have demonstrated that the periplasmic protein CusB ista biading
protein and have identified the three residues that are most tikkphay a role in metal
coordination. Furthermore, we have shown that defects in metal bireiolj in a loss
of metal resistancm vivo, suggesting that CusB metal binding plays an important role in
metal resistance in this system. Substrate binding by agari protein has not been
previously demonstrated in an RND efflux system. In two distaetated non-RND
tripartite export systems where the inner membrane protein dseloneither the major
facilitator superfamily (MFS) or the ATP-binding cassetteB(A superfamily, the
periplasmic portions of these systems have been shown to bind suljBoeges-
Walmsley et al., 2003; Thanabalu et al., 1998). However, in RND efflsterss, the
only reported substrate binding site is in the inner membrane prdeirakami et al.,
2006).

Substrate binding by CusB suggests that it could have a dnlecin substrate
efflux and that it does not simply serve as a passive analpaired to link the inner and
the outer membrane components. It is possible that the substraieé bpuCusB is
subsequently exported from the cell. Studies from several othéens/shave
demonstrated that substrates that originate in the periplasm cexpbded. Genetic
evidence suggests that in the case of Cu(l) and Ag(l) transpd&. coli, the inner
membrane P-type ATPase CopA is likely responsible for transgmodss the inner

membrane, and that the CusCFBA system does not serve a redundaohft;m&@oppA
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(Grass and Rensing, 2001). Thus, the most likely origin of subdstatsported by
CusCFBA is from the periplasm. Uptake of a metal substrata the periplasm is
supported by studies of the divalent metal export system Czcl@®BA Cupriavidus
(formerly Ralstonig metallidurans In this case an additional system that transports
Co(ll) from the cytoplasm to the periplasm was absolutely reddor CzcCBA function,
implying that CzcCBA takes up its substrate from the periplddomkelt et al., 2004).
In addition, CzcCBA was rendered ineffective in the absen€&adA and ZntA P-type
ATPases, which translocate Cd(ll) and Zn(ll) from the cytopldenthe periplasm
(Munkelt et al., 2004). Other systems similarly suggest allpsmic mode of drug entry
(Aires and Nikaido, 2005; Nikaido et al., 1998).

We have demonstrated that substrate binding is linked to a o@tfonal change
to a more compact state. Conformational changes in periplasmeangrdtom other
systems have been previously proposed. Four conformations of AcrAcaysreed in
the asymmetric unit of the AcrA crystal which differed in fi@sition of theo-helical
domain with respect to the lipoyl domain (Mikolosko et al., 2006). Addilipnasing
EPR spectroscopy, AcrA was reported to undergo a conformationabimgament
triggered by pH changes (Ip et al., 2003). Molecular dynanmeslaiions also suggest
inter-domain motions of the periplasmic protein MexA (Vaccaralgt2006). In all
these studies, the suggested consequence of the conformational tjexsbiin the
association of the three components and the opening or closing of theantheuter

membrane proteins of the tripartite complex.
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From these studies, we conclude that the periplasmic protein CudBe of
CusCFBA complex has a substrate-linked role beyond that of aolsiadf protein
bridging the inner and outer membrane components. It is possibledtatiimding to
CusB induces a conformational change to open the outer membrane phatenel, or
CusB may hand off metal to the inner membrane complex for expoprevious studies
of RND efflux systems, substrate binding has only been reportébddanner membrane
protein. It is possible that in the Cu(l)/Ag(l) efflux systewhere a very specific
substrate is exported, substrate selection by the periplasmmonent could provide the

needed specificity.
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CHAPTER 3

DIRECT METAL TRANSFER BETWEEN THE PERIPLASMIC COMPONENTS
OF THE CUSCFBA CU(l)/AG(l) EFFLUX SYSTEM ESTABLISHES AROL E

FOR CUSF AS A METALLOCHAPERONE

In this chapter, | report our results from the interaction stuzkéseen the
periplasmic components CusB and CusF of the CusCFBA system. ettedlland
analyzed the data in this chapter, with assistance from Ninaoki®lrn in the XAS data

collection at SSRL.

3.1ABSTRACT

The potential toxicity of excess intracellular copper hasttedhechanisms to
carefully regulate copper concentrations. Hncoli, a tripartite system consisting of
CusCBA is expected to span the inner and outer membrane to pumpa@ai(Bg(l)
from the periplasm to the extracellular space. The fourth component of tiessyRisF,
is a small periplasmic metal binding protein. We show here usathermal titration
calorimetry (ITC) that the interaction of CusF and CusB isatra#pendent, and only
occurs when one of the proteins is in the metal-bound state and thesoimehe apo
state. In the absence of metal, or if both proteins are occwiednetal, no interactions

are detected. Metal transfer between CusF and CusB was deatemhstsing X-ray
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absorption spectroscopy (XAS). As both CusF and CusB use methionthgesefor
metal coordination, the metal sites of CusF and CusB weredglighed in the XAS
experiments by incorporation of selenomethionine into CusF. Theasedulhe XAS
experiments on CusF/CusB/Cu(l) samples show that Cu(l) carvessitdy transferred
between CusF and CusB with an approximately 50% end distribution betiaesénwo
proteins. The demonstration of direct transfer of metal betweeR @ud CusB is
consistent with the role of CusF as a metallochaperone, and thussGhsHirst copper

chaperone to be reported for proteins involved in metal efflux.
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3.2INTRODUCTION

Transition metals are a necessary component of living celle t®their redox
capability, they participate in numerous enzymatic processetsdi 1999). As
important as they are, their ability to undergo redox transitioemde them
commensurably toxic when present in excess of the required concentrationorfsdlgit
the strong bonds that transition metals form with functional grougs asithiolates and
imidazolium nitrogens in proteins can account for some of theiritpxj¢/ong et al.,
2004). Thus, the dual nature of transition metals continually challeetjeso maintain
a delicate concentration balance within the cellular milieu.

To aid in the homeostatic balance of essential but toxic megdis have evolved
a complex network of metal trafficking pathways (Luk et al., 2008)ch of the current
state of knowledge regarding these pathways has emerged foolilessbn copper.
Copper exists as a cofactor in more than 30 enzymes in a humaiLboelyal., 1999).
Copper has high affinity for ligands commonly present in proteins, and cibwisl
potentially displace other metal cofactors from their natugankls. In addition, the
redox cycling between Cu(l) and Cu(ll) can catalyze the ptamuof highly toxic
hydroxyl radicals, which can damage lipids, proteins, DNA and dbi@nolecules
(Harrison et al., 2000). An effective means of preventing theaytoeffects of copper
is to keep it complexed (Singleton and Le Brun, 2007). Free Cu(l) iomt@sd been
reported to be very low (I§M in an unstressed yeast cell) implying that there is @® fr

metal ion pool inside the cell (Rae et al., 1999).
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Until recently, it was not known how copper enzymes obtained theangal
cofactors in this apparent vacuum of free copper (Field et al., 2008) the discovery
of Menkes (Davies, 1993; Hamer, 1993), Wilson (Bull and Cox, 1994; Solioz aipe,V
1996) and Lou Gehrig’s (Corson et al., 1998) diseases, the investigatimrabtecular
bases of copper metabolism gained greater attention. The naoledetails of
intracellular trafficking began to emerge with the discovergaiper handling accessory
proteins, called copper chaperones (Culotta et al., 1997; Pufahl et al., 4997)
metallochaperones (Rosenzweig, 2001). They are defined as pribtainsscort the
metal to specific copper-requiring targets in the cell (Puéaldl., 1997). Not only do
they protect the metal ion from the housekeeping scavenging malesulth as
glutathione and metallothioneins but also protect the cell fromethetive nature of the
metal ion (Elam et al., 2002). Although several copper chaperoneshkan identified
in eukaryotes (O'Halloran and Culotta, 2000), all of them target prdateasnevitably
require copper for their activity. No copper chaperones pattiicgpan efflux systems
have been reported to date. Copper carriers that are idemtifisoime other copper
resistance systems have only been postulated to act as chapendmeno clear
demonstration of the chaperone function (Djoko et al., 2007; Hussain et al., 2007)
Recently a chaperone was identified in the detoxification pumpetdlioid arsenite iik.
coli (Lin et al., 2006).

The CusCFBA system is a Cu(l)/Ag(l) efflux system tisatxpected to form a
complex spanning the inner and outer membran&s obli. It is thought to pump Cu(l)

and Ag(l) from the periplasmic space to the extracellulacespasing the proton gradient
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across the inner membrane as an energy source. The CusCRBAsgfilem consists of
CusA, the inner membrane proton/substrate transporter of th&tares-nodulation-
division (RND)-type family, CusC, the outer membrane protein, aml geriplasmic
proteins, CusB and CusF. CusB is a member of the periplasmitoagaptein or
membrane fusion protein (MFP) family, which likely stabilizes @wesCBA complex,
and metal binding by this protein serves an essential role inrm@dsted resistance
(Bagai et al., 2007; Franke et al., 2003). The fourth component, CusF,mslla s
periplasmic metal binding protein (Franke et al., 2003; Kittletal., 2006) of unknown
function. While CusC, CusB and CusA are homologous to the three compoherts
characterized multidrug resistance systems, e.g. AcrAB-TOUSF has homologs only
in putative monovalent metal resistance systems. It has been feubstiiat CusF could
act as a metallochaperone to deliver metal to the Cus system@moval from the
periplasm, or it could potentially serve a role as a metal depemdgulator of the
CusCBA complex (Loftin et al., 2005)

Here, we demonstrate that CusF and CusB directly interagtro in a metal-
dependent fashion using ITC analysis. XAS was used to determineCufig
environment in samples containing CusF, CusB and Cu(l). These exparshew that
Cu(l) can be transferred between CusF and CusB regardless dfewlisF or CusB
was originally in the metal-bound form. An increase in the Cb3el length in CusF
was observed in CusF/CusB/Cu(l) mixtures. Direct metal feartsetween the two
proteins was demonstrated by ITC experiments conducted betweemprmitehe Cus

system and a homologous silver binding protein, SilF. The resulkesé experiments
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are consistent with a role for CusF as a metallochaperonedd@usCFBA Cu(l)/Ag(l)

efflux system.
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3.3 MATERIALS AND METHODS

3.3.1 Protein expression and purificationThe expression and purification of CusF and
CusB inEscherichiacoli was performed as described earlier (Bagai et al., 2007; laiftin
al., 2005). For EXAFS studies, selenomethionine-labeled CusF (SeM-Quas-)
produced fronkE. coliBL21 (ADES3) cells containing the pASKIBABAsF plasmid grown

in the M9 minimal medium supplemented with L-selenomethionine, leuisioleucine
and valine at a concentration of 50 mg/L and lysine, phenylalanine awhite at a
concentration of 100 mg/L (Doublie, 1997). All the buffers used for the patin of

SeM-CusF contained 10 mM dithiothreitol.

3.3.2 Isothermal titration calorimetry ITC measurements were performed on a
Microcal VP-ITC Microcalorimeter (Northampton, MA, USA), tgpily at 25 °C. Both
apo and Ag(l) bound forms of CusB, CusF and SilF were extenslisiyzed in 50 mM
cacodylate, pH 7.0. The titrand and the titrant were thoroughly depismsael hermoVac
apparatus (Microcal). For a titration experiment, approximdté&ymL of titrand protein
was placed in a reaction cell and injected with titrant proteimn 2@eseconds. The first
injection was 2 pL, and all subsequent injections were 10 pL. AdD&b6 injections
were made with a 5-minute interval between each injection. dier @ ensure adequate
mixing of the two proteins, the reaction cell was continuously dtiate300 rom. The
heat due to dilution, mechanical effects and other non-specificelfece accounted for

by averaging the last three points of titration and subtrat¢hiag value from all data
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points (Kittleson et al., 2006). In order to investigate the nuegaéndence of interaction,
a series of four different experiments were conducted. Tineteded the titrations of
apo-CusF into apo-CusB, Ag(l) bound CusF (Ag(l)-CusF) into apo-CusB)-8gsF
into Ag(l)-CusB and Ag(l)-CusB into apo-CusF. For the fesgperiment, approximately
20 uM apo-CusB was titrated with 375 pM apo-CusF. 375 pM Ag(IQues used in
second and third titration experiments. The concentrations of apo ahebAg(d CusB
were 24.0 uM and 23.0 puM respectively. For Ag(l)-CusB into apo-Gtrsfian, 142
UM Ag(l)-CusB was injected into 17 uM apo-CusF. To deterntieatffinity of SilF for
Ag(l), 36 uM apo-SilF was titrated with 300 uM Agh@ 50 mM cacodylate, pH 7.0.
Interaction of either CusF or CusB with SilF was testeditbgting 21 uM apo-CusB
with 170 uM Ag(l)-SilF, 29 uM apo-CusF with 170 uM Ag(l)-S#iRrd 30 uM apo-SilF
with 275 puM Ag(l)-CusF in 50 mM cacodylate, pH 7.0. As controls, gaotein was
titrated into buffer, or buffer was titrated into each protein terda@he the heat changes
due to protein dilution. A single-site binding model was fitted to the daing the
Origin software package (MicroCal). The software uses a ineafl least-squares
algorithm and the concentrations of the titrant and the titrand tbefienthalpy change
per injection to an equilibrium binding equation. The binding enthalpy ehadhg
association constamt,, and the binding stoichiometrywere permitted to float during

the least-squares minimization process and taken as the best-fit values.

3.3.3.1Extended X-ray absorption fine structure spectroscopy (EXAFSamples for

EXAFS were prepared in an anaerobic chamber. CusB and SeM\@areF first
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dialyzed outside in 20 mM N-(2-Acetamido)-2-aminoethanesulfonic ABGES), pH
7.0. Proteins were then argon purged and transferred to the anaerofribecha
Ascorbate solution buffered at pH 7.0, made inside an anaerobic ahambadded to
the argon-purged proteins to a final concentration of 50 mM. £u&d then added such
that the final copper concentration was 25% in excess of the pootecentration. The
proteins were dialyzed against 20 mM ACES, 10 mM ascorbate, pH 7rémive
unbound copper. The final concentration of protein was determined usiBgatti®rd
assay (Bradford, 1976) (Biorad). For EXAFS sample preparation,insotere mixed
with 20-30% ethylene glycol, transferred to EXAFS vials andhflaszen in liquid
nitrogen. EXAFS experiments were conducted on four different samflesse were
SeM-CusF in apo- and Cu(l)-bound forms, at concentrations ofuB88@&nd 200uM,
respectively, Cu(l)-SeM-CusF mixed with apo-CusB and Cu(l)-Cosed with the
apo-SeM-CusF. In the samples containing Cu(l)-SeM-CusF and aji)-@ues final
concentrations of both proteins were 110 pM. In order to measure thEkiokthe
metal transfer reaction, the mixtures of CusF and CusB vilerged to incubate before
adding ethylene glycol and flash freezing for either 4, 14 or Bdites. For the sample
containing Cu(l) bound CusB and apo-SeM-CusF, the final concentratiqooebeiM-

CusF was 8mM and that of Cu(l)-CusB was 126M.

3.3.3.2EXAFS data collection and analysis Cu K-edge (8.980 KeV) and Se K-edge
(12.658 KeV) extended X-ray absorption fine structure (EXAFS) data for CusFusil C

were collected at the Stanford Synchrotron Radiation Laboratorytopesa 3 GeV with
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currents between 100 and 50 mA. All samples were measured on beam line1Se3dby
a Si(220) monochromator and a Rh-coated mirror upstream ofdheamromator with a
13 KeV (Cu) or 15 KeV (Se) energy cutoff to reject harmaniés second Rh mirror
downstream of the monochromator was used to focus the beam. Dataolected in
fluorescence mode on a high-count-rate Canberra 30-elementr&e datector with
maximum count rates below 120 KHz. Au6Z-1 metal oxide (Ni, As) filter and Soller
slit assembly were placed in front of the detector to reduceldiséc scatter peak. Four
to six scans of a sample containing only sample buffer (50 mM sodium phosphate, pH 7.2)
were collected at each absorption edge, averaged, and subtranteithdraveraged data
for the protein samples to remove Z-} Ruorescence and produce a flat pre-edge
baseline. This procedure allowed data with an excellent Idigimeise ratio to be
collected down to 10QuM total copper in the sample. The samples (&) were
measured as aqueous glasses (>20% ethylene glycol) at 10-1tekgy Ealibration was
achieved by reference to the first inflection point of a coppetal foil (8980.3 eV) for
Cu K-edges and a selenium metal foil (12658.0 eV) for Se Kseqg@ced between the
second and third ionization chamber. Data reduction and backgroundcsabtraere
performed with the program modules of EXAFSPAK (George, 1990). fdataeach
detector channel were inspected for glitches or drop-outs beifdtesion in the final
average. Spectral simulation was carried out with the progra@URXE 9.2 (Binsted
et al., 1998; Binsted and Hasnain, 1996; Gurman et al., 1984; Gurmanl1€gél),as

previously described (Blackburn et al., 2000).
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3.4 RESULTS

3.4.1 CusF and CusB interact only in the presence of metalso determine if CusF
and CusB are interacting partners in the metal efflux procedgated by the CusCFBA
system, we looked for evidence of an interaction between the tteinsin vitro using
isothermal titration calorimetry (ITC). ITC detects changethe heat absorbed/released
during a binding event (i.e. the binding enthalpy change). Thediirafi Ag(l)-CusF
into the solution of apo-CusB (Figure 3.1(A)) and the reverseaitraf Ag(l)-CusB into
apo-CusF (Figure 3.1(B)) showed similar changes in enthalpy. ehthalpy change was
not observed in the control titrations of Ag(l)-CusF into buffer or buffeo apo-CusB
(data not shown). Additionally, no change in the heat absorbedeaseel was detected
upon titration of apo-CusF into apo-CusB (Figure 3.1(C)) demonstrahiag the
observed binding depended on the presence of metal ion. Furthermatientdf Ag(l)-
CusF into Ag(l)-CusB also showed no change in enthalpy (FRja(®)), indicating that
an enthalpy change for this system requires one of the two prédeemsst in the apo-
form. In the above experiments, the enthalpy changes could be duedbpmiotein-
protein interactions, or could be due to metal release from one paatsampanied by
binding by the other, or a combination of these. To account for thescapic enthalpy
changes and discern the molecular basis of the reaction in oemsystray absorption

spectroscopy (XAS) studies were conducted.
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FIGURE 3.1 ITC data for titration ofA) 375 uM Ag(l)-CusF into 24 pM apo-CusH)
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(D) 375 pM Ag(l)-CusF into 23 pM Ag(l)-CusB in 50 mM cacodylate, pbl Top raw
data.Bottom plot of integrated heats versus titrant/titrand ratio. The $iokdrepresents
the best fit for a one-site binding model.
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3.4.2 EXAFS analysis of Selenomethionine-labeled CuskFhe metal environments of
the individual CusF and CusB proteins have been previously deterniagdi(et al.,
2007; Loftin et al., 2007). Both proteins have 3-coordinate sites, with RadgRg 2
sulfur ligands from methionines and 1 nitrogen ligand from a histidine (Loftin et al.) 2007
and CusB having 3 sulfur ligands from methionines (Bagai et al., 200Y)determine
the ligand environment of Cu(l) in samples containing both CusB and CGUsE,
analysis was performed. XAS is a spectroscopic technique thates both electronic
structure and atomic resolution molecular structure informationhgacs a bridge
between molecular and electronic structure techniques. To distirtgaifgands arising
from the methionines of one protein from the other, cells expressisg ®Were grown in
the minimal medium supplemented with selenomethionine, such that selbnmmme
(SeM) was incorporated into CusF in place of methionine. Aniadditadvantage to
SeM labeling is that the binding site can be probed prior to metdinigi via Se XAS,
enabling tracking of the movement of metal ion in the protein mixtures.

Figure 3.2(A) shows the Fourier Transform (FT) and Extendedy>&bsorption
Fine Structure (EXAFS) for apo-SeM-CusF from data measur¢deaSe edge. The
spectrum consists of a sharp intense FT peak around 2 A correspantliegriethyl and
methylene C atoms covalently bonded to SeM. This spectrtypical for an unligated
SeM side chain with the Se-C distance of 1.955 A. However, additieaglres are
present in the FT around 3 A. The 3 A feature is well-fit b§eaSe interaction and
suggests that each of the two Se atoms in the copper bindingsieeaces scattering

off the neighboring Se at 2.84 A.



84

The Se EXAFS spectrum changes dramatically for Cu(l)-SeisF. While Se-C
scattering is still observed at 1.964 A, a new intense and well-resolvedfesadiiserved
in the FT corresponding to a Se-Cu interaction at 2.407 A (Figure)R.2BBcause CusF
contains four Met ligands and only two of these are ligands to,Gl€lshell occupancy
of Se-Cu scattering is expected to be 0.5 Se-Cu interactiortstpeSe in the protein.
Simulations using this value ofsNc,result in a Debye-Waller (DW) factor of 0.005, A
which is entirely appropriate for a first-shell Se ligand tgqllC Of additional interest is
the shoulder observed on the high-R side of the Se-Cu peak around 3 Aapbike
protein, this feature can be simulated by a Se-Se intera¢tth8%A, which implies that
the relative position of the Se atoms in the metal bindinglsiés not change when Cu(l)
binds, and that the site is therefore pre-formed for metal binding.

The metal binding site was further studied using Cu EXAFSgurgi 3.2(C)
shows experimental and simulated data for the Cu EXAFS of CelllFSusF. Again,
since Cu(l) is expected to be coordinated by one N (H36) and tiWo(Bd7, M49)
(Loftin et al., 2007), one might expect a similar pattern of faanspeaks as for the Se
edge. In actuality, the Cu EXAFS shows an unresolved firstigbak in the transform
which can nevertheless be simulated by 2 Cu-Se and 1 Cu-Hisidjimgl multiple
scattering from outer-shellfz and G/Né atoms of the imidazole ring from the nearby
tryptophan). As expected, the Cu-Se distance was found to beacadetat that
determined from the Se EXAFS (2.406 A), although curiously the CDV8dactor was
higher (0.009 vs. 0.005%% When the Cu-Se DW factor was set equal to its value

determined from the Se EXAFS, the Cu-Se coordination number féldto No easy
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explanation exists for the discrepancy since incomplete Se ingbehnd/or
substoichiometric Cu site occupancy should result in lower shell aocypat the Cu
edge. Nevertheless, the combination of Se and Cu EXAFS led to ateohsand
unambiguous structural description of the metal binding site with) Gagnd by 1 His

and 2 SeM ligands at 2.01 and 2.41 A, respectively.

3.4.3 Transfer of Cu(l) from CusF to CusB measured by EXAFSThe addition of
apo-CusB to a Cu(l)-SeM-CusF sample caused significant chamgbse Se and Cu
EXAFS spectra. Figures 3.3(A) and 3.3(B) show the changte &8u and Se edges,
respectively, for a sample of Cu(l)-loaded SeM-CusF incubatéd apo-CusB for 30
minutes before being transferred to the EXAFS cell and froZEime most dramatic
effects are seen in the FT of the Se EXAFS (Figure 3.3(B)CB.3(here a significant
decrease in the intensity of the Se-Cu peak is observed, whiiet¢hsity of the Se-C
peak remains unchanged. Since CusF, but not CusB, is Se-labeldecrtbase in Se-Cu
measured by Se EXAFS is the result of loss of Cu(l) palty from the CusF binding
site. For Se EXAFS analysis, the Se-Cu coordination number lgasdlto vary, while
its DW factor was held constant at 0.005 ASmall variations in metrical parameters
(Rse-c Rse-cu Rse-sd were permitted. The analysis led to excellent fits widhpBrcent
reduction in Se-Cu shell occupancy, a small increase (~0.02 A) Beti@u bond length,
but no difference in Se-C or Se-Se interactions. This reswhtirely consistent with
transfer of Cu(l) out of the Se environment and demonstrates thiy wfil SeM

substitution coupled to Se-XAS analysis in observing metal transferigacti
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Analysis of the Cu EXAFS provided an additional probe of metal #ansin
previous work, we have reported that CusB binds Cu(l) in an all-Boaenwent, with
coordination to 3 methionine residues with Cu-S bond lengths of 2.28 -2.3adghi(Bt
al., 2007). Copper transfer from CusF to CusB should therefore be accethpgnoss
of Cu-N and Cu-Se (the ligands to CusF) and replacement by th8 (Met)
environment of CusB. Knowledge of the binding site environment of both dodor a
acceptor protein allowed us to set constraints on the coordination number as follows:
Ncu-n = 0.5*Ncy-se
Ncu-s= 3 - 1.5*Neu-se

The data were analyzed by imposing these constraints, and allomlinthe N
seto vary. As before, small variations in distances were pinitThe result of these
simulations is that the Cu-Se coordination number dropped by 50 percaotlyex
equivalent to the change observed at the Se edge, while an appropriate incCeaSeat
2.288 A was observed (Table 3.1). The Cu edge data are thus emnsigh Cu(l)
transfer into the all-S environment of the CusB protein, with &Clistance equal to that

obtained previously from studies on the fully reconstituted Cu(l)-CusB protein.
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3.4.4 Kinetics of transfer measured by EXAFESThe ability to directly observe metal
transfer out of CusF allowed us to begin to examine the kinetitiseometal transfer
process. Such data have not been available in studies of intefatietallochaperones
with their acceptor proteins, since it is generally diffidaltobserve transfer without
separation of donor and acceptor. NMR methods that have been used ioeexam
mixtures (Achila et al., 2006; Banci et al., 2006) cannot utilize fraodutions, such that
the kinetic information is limited to determining exchange gater systems at
equilibrium. The ability to freeze the solution at various time pgogtfter mixing
followed by Se-XAS analysis of the extent of transfer providepowerful extra
dimension to the present approach. Therefore, in addition to the sarsplibel@ above,
which was incubated for 34 minutes before freezing, two additiongbleanincubated
for 4 and 14 minutes before freezing, were made. In both casesxtdm of transfer
was close to 50 percent, and the Se data were identical 84 timenute sample (Figure
3.4 (A), (B) and (C)). This result indicates that metal transfeelatively rapid and
proceeds to an end point of equal Cu(l) distribution between donor anutacceless

than 4 minutes.
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3.4.5 Metal transfer is reversible To examine whether metal transfer can directly
occur in the reverse direction from CusB to CusF, we monitored tten@€$e EXAFS

of a sample of Cu(l)-CusB mixed with apo-SeM-CusF. The spsbtrav the loss of the
Cu(l)-S environment of CusB and replacement by the Cu(l)-Se enwrdnaf SeM-
CusF (Figure 3.5). Notably, we again observed an increase in @EHMRI length of
0.02A and approximately 50 percent distribution of Cu(l) between the QuE asF
proteins. Therefore, Cu(l) transfer between CusF and CusB isitdeeand proceeds to

an equivalent end-point regardless of which protein is pre-loaded with Cu(l).

3.4.6 Metal transfer occurs directly between proteins of the Csygstem Metal
equilibration between CusF and CusB, as demonstrated by XAS could be a
thermodynamic consequence of their similar affinities for YAg(l). Thus, metal
distribution could result from metal being released by one protebettaken up by
another. In order to determine whether the metal transferaused by specific protein-
protein interactions or by a simple thermodynamic distribution éetvwhe two proteins,
we investigated the binding reaction between apo-CusB and ah@usdtog, SilF. SilF,
with 51% identity to CusF, is a component of a homologous SiIICFBA&®syptesent in
Salmonella typhimuriumSilF binds Ag(l) with a i of 35 nM, similar to the affinity of
CusF fro Ag(l) (Figure 3.6(A)).

Ag(l)-SilF was titrated into apo-CusB to determine whetheotld functionally
substitute for CusF. If similar binding isotherms are obtainedoutd imply that the

proteins were coming together just for the redistribution of imeite considering their
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similar affinities for Ag(l) and that no true interactionsmMaeing monitored. However,
we did not see any significant change in binding enthalpy fotitraion (Figure 3.6(B)).
Furthermore, titration of Ag(l)-SilF into apo-CusF (Figure 3.6(@&)Jl reverse titration of
Ag(l)-CusF into apo-SilF (Figure 3.6(D)) didn’t show any enthatpgnges either. This
clearly indicates direct metal transfer through protein-pnatgieractions between CusF
and CusB.

It also established that metal transfer is specific amdahgstomponents of heavy
metal efflux systems. In addition, it suggested that thelnseteot being released into
the solution from one protein to be taken up by another rather itdiseet metal

exchange between CusF and CusB.

3.4.7 CusF and CusB found as a single polypeptide in the putativéugfisystems
BLAST search of the non-redundant protein database using CusFEramli as the
guery sequence returned some hits where putative MFP component sed ptehe N-
terminus of CusF homologs. Appendix C shows a ClustalW sequence altgoin@usF
and homologous proteins identified from the BLAST search. The ezestef CusF as a
single polypeptide with CusB in other systems substantiates our fimpdsat the two

proteins interact to mediate metal extrusion.
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3.5 DISCUSSION

We have demonstrated that CusF and CusB int@ragtro when either of the
two proteins have Ag(l)/Cu(l) bound, but do not interact if both areepteas apo-
proteins or if both have a bound metal. We have also shown that raetfet results
from specific interaction between proteins in the Cus systeim thiat a replacement of
CusF with a homolog SilF failed to reveal a binding enthalpy ahapgn titration into
CusB during ITC analysis. Earlier studies have also noted highifisipecin
metallochaperone systems. For example, domain | of CCS, arhéimdlog, was found
to be non-interchangeable with Atx1 in am vivo study (Schmidt et al., 1999).
Furthermore, absence of the binding enthalpy change between eith2ra@adisAg(l)-
SilF or CusF and Ag(l)-SilF suggested that we are monitoritrgeainteraction with a
direct metal exchange between CusF and CusB, and not a simpgale disétibution
process, considering similar affinities of CusB, CusF and SilF for Ag(l).

To discern the structural environment of the metal ion in theiomaotixture,
consisting of one protein in the apo and another in a metallated for®,adalysis was
performed. A novel Selenium K-edge EXAFS approach was used to th®lxending
site in CusF. Many metallochaperones and metal transportersSdgation to
coordinate metal ions. This is particularly true for copper panissystems, where
cysteine or methionine coordination is used to stabilize the Cuidption state. The
strong Cu-S scattering observed in the X-ray absorption spdcttese systems has

provided valuable structural information on the coordination environmenheset
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otherwise “spectroscopically silent” Cu(l) environments. Dud#stincreased scattering
power, selenium substitution can provide a convenient XAS probe for both
characterization of the metal center and for monitoring theferlapsocess from donor to
acceptor protein. While substitution of selenocysteine (SeC) aicthe sites of copper
proteins is complicated by the fact that t-RNA-mediated Se®rporation utilizes
complex molecular machinery involving additional SECIS RNA eleméhat often
preclude the use of simple cloning techniques, selenomethionine (SeMijusiolbsdoes
not suffer from this complexity and has been widely used to leqmioteins with the
“heavier” scatterer Se for MAD phasing of protein crystabigpdpy density maps. Here
we have reported on the use of SeM substitution to characterizdethech sites of
CusF and CusB.

Data collection at Se edge for SeM-CusF not only allowed usaimier changes
in the CusF binding site upon binding of Cu(l), but also enabled us to mtihvétohange
in Cu(l) environment in the presence of apo-CusB. The data showed gnaoly that
on mixing, copper transferred out of the Se environment of CusF in®-é&m¥ironment
of CusB. The small but reproducible increase in Cu-Se bond length 3did-CusF is
mixed with CusB is noteworthy, and suggests that the averaga Samvironment is
different in the mixtures than in an isolated Cu(l)-SeM-Cudtis could imply that
when CusF and CusB interact, the Cu which remains in the Se €itesbfis structurally
perturbed, and may point to a small population of CusF-CusB complexes tiee
observed bond length is the average of CusF-Cu(l) and CusF-CuB)-&uducts.

Earlier studies have shown a formation of transient adduct inahsfér of copper ion in
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Atx1-Ccc2 (Arnesano et al.,, 2001; Banci et al., 2006) and HAH1l-WLi&tems,
respectively (Achila et al., 2006). Although, the Cu(l) location wigiristein complexes
is modeled using NMR in these studies, this is the first tirhas been observed directly
in context of the ligands.

Furthermore, the strength of the technique also helped us to estHidish
reversibility of this process inferred from a 50% equilibrium dhstron of copper
between both proteins. This is an important finding which implies GuaB has the
potential to lose Cu(l). It is significant in the light of tleetfthat CusCFBA is an efflux
system and CusB should be able to transfer Cu(l) to other componehésro&chinery
to mediate its expulsion. The reversibility of reaction has laéen shown earlier using
indirect methods for transporters like Ccc2 and Wilson’s protein DYWHNd their
cognate chaperones (Huffman and O'Halloran, 2000; Yatsunyk and Resgn2007).
Kinetic analysis demonstrated that the transfer procesdasvely rapid in the forward
direction and equilibrium is established within 4 minutes of mixing)8TysF and apo-
CusB, which is also in line with the results reported for othstesys (Huffman and
O'Halloran, 2000; Yatsunyk and Rosenzweig, 2007). From Table 3.1videsné that
the increase in Cu-Se appears greatest at longer time pesibd$ suggests another
plausible scenario for the increased bond length. The longer bond Imigjth be
attributed to slower back transfer of Cu(l) from CusB to Cu8B shown in Figure 3.7,
the transfer of Cu(l) from CusF to CusB likely involves 3 intadiates, a tetragonal
complex consisting of 3 ligands from CusF and 1 from CusB, anothectaddh both

proteins contributing 2 ligands each and a third tetragonal complexstwogsof 3
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ligands from CusB and 1 from CusF, respectively. As the metalis completely
transferred into the trigonal environment of CusB from tetragamalptex, CusB likely
undergoes a conformational change (Bagai et al., 2007). This confuralathange
may sterically inhibit the correct orientation of CusB and CiasRhe back transfer to
happen. This in turn may increase the activation energy bamisrmaking the reaction
kinetically difficult. In an attempt to remove Cu(l) from CusBvitro, ligands in CusF
likely undergo structural perturbation, manifesting an increased bondthle
Additionally, the conformational change in CusB probably regulates thengpef CusA,
CusC channel to mediate Cu(l) efflux by these two proteins.

These findings point at CusF being the copper chaperone of the Cus@§iBm s
We propose here that CusF sequesters Cu(l)/Ag(l) in the periplasmragdired for the
full resistance of the CusCBA components, as suggested e&iarké et al., 2003).
The sequestered Cu(l) is then carried and handed off to CusB fouavextrusion from
the cell. In this process, CusF likely enhances the metal auptbkthe CusCBA
machinery by interacting with CusB in the right orientation sihet the probability of
“effective” collisions between metal ion and CusB is increaswdl the rate-limiting
activation energy barrier is lowered. The specificity arldctieity of interaction with
rapid forward transfer are typical properties of copper chapgrovke speculate that the
transfer of copper from CusF to CusB is also kinetically cdettphs suggested in Atx1-
Ccc2 (Huffman and O'Halloran, 2000) and other systems (Yatsunyk and Reggnz
2007). In the presence of a shallow thermodynamic gradient, asi@eddrom similar

binding affinities of CusF and CusB for Ag(l), the rapid transfediated by specific
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recognition, which lowers the activation barrier, seems to bentbst reasonable
explanation. Additionally, the presence of CusF and CusB as one pidigen other
efflux systems may imply that CusF and CusB worked togethen@agprotein in certain
systems and were separated in this system to plausibly mltependent regulation of

the two modules of MFPs to enhance the efficiency of copper detoxification.
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FIGURE 3.7 Model for Cu(l) exchange between CusF and CusB.
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CHAPTER 4

THE CUSB BINDING INTERFACE ON CUSF OVERLAPS WITH THE METAL SITE

In this chapter, the structural features of CusF and CusBaati@ns are

investigated by NMR spectra. | performed all the work described in this chapte

4.1INTRODUCTION

Copper homeostasis has become an area of intense research &b fiv hgears
due to the toxic nature of this redox-active metal. While coppekeipad efflux
processes are not well understood, protein-protein interactions hawesli@wvn to be an
integral component of copper sequestration and transfer processes irukatyotes
(Arnesano et al., 2001; Horng et al., 2004; Lamb et al., 2001) and prokayates et
al., 2003; Cobine et al., 2002). Copper chaperones responsible for delivapper ¢o
various essential enzymes interact specifically with trespective partners (Lu et al.,
1999; Strausak et al., 2003), although not essentially in a metal-depdadiiun
(Benitez et al., 2008; Casareno et al., 1998; Schmidt et al., 2000).

CusB and CusF are periplasmic components of the CusCFBA Cu(l)/@&gux
system present in the cell envelopeEstherichia coli. While CusB is a homolog of the
adaptor component (Bagai et al., 2007) of CBA-type multidrug exporteksiidi and

Zgurskaya, 2001) present in gram-negative bacteria, CusF honat®deund only in
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putative copper/silver transport systems. CusA is a resistamttdation-division
(RND)-type component located in the inner membrane, which faeditaetal export by
coupling it with proton import, and CusC is an outer membrane proteamk&ret al.,
2003). We have shown previously that CusF is likely a metallochapearbthe Cus
system, which escorts metal ions to the periplasmic adaptorippr@asB, for their
subsequent extrusion from the cell. Here, we have taken a safuefoyproach to
investigate interactions between these two components of the CAs@HRIX
machinery.

Through NMR chemical shift perturbation experiments, we show@hbaf and
CusB interact only in the presence of metal ion and that the chterais specific
between the two proteins. Chemical shift perturbation is a powadthod to decipher
protein-protein/protein-ligand contacts. It relies on the observdhat although the
NMR chemical shifts are primarily determined by covalenicstre, the shifts can be
further influenced by non-covalent interactions with the environmeiné fGrmation of a
protein complex results in new non-covalent contacts for atoms ibirtdeng interface
and hence in chemical shift variations (Wuthrich, 2000).

Furthermore, chemical shift assignments of CusF-Ag(l)/CusBe wesed to
determine the residues in CusF-Ag(l) that are significarftcted by CusB binding.
Mapping of these residues on the CusF structure (Loftin et al., #@Mates that only
one face of the CusB-barrel, which is formed by strangd- B3, is involved in the

interaction.
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4.2 MATERIALS AND METHODS

4.2.1 Protein expression and purification The expression and purification of CusB in
Escherichiacoli was performed as described previously (Bagai et al., 2007). For
preparation of uniformly°N—labeled CusFE. coli BL21 (\DE3) strain containingusF

in pASK-IBA3 was grown in M9 minimal media (Sambrook et al., 1989)asnimntg 1.0
g/liter *>NH,4CI (Cambridge Isotopes Laboratories) as the sole source oferitrogells
were grown in 20 mL of Luria Bertani (LB) media overnight, thentiiged and
transferred to 1 L of M9 media and grown at 37 °C until theyhexhan O.Qygo of 0.6-
1.0, then induced with 200 pg/L of anhydrotetracycline (AHT). Growth eeatinued at
30 °C for 8-10 hrs. FArC and?H labeling, the procedure was slightly modified. From
the glycerol stock of cells maintained at -80 °C, 3.0 mL of LB media inoculated.
Cells were grown for approximately 3 hours at 37 °C after wihier were transferred to
50 mL of M9 media made in4® and containing 0.15 §C glucose and 0.05'gNH,CI
(Gardner and Kay, 1998) at concentrations of 3.0 g/L and 1.0 g/L, respeciivie cells
were grown for another 7 hours to agpdof approximately 1.5, then gently pelleted and
transferred to 200 mL of M9 media made 41,0 and containing°*C glucose and
1>NH,CI at the concentrations stated above. The culture was growpgooximately 20
minutes before transferring to 800 mL of M#40) at 37 °C. At O.Rg of 0.2, cells
were induced with AHT at a final concentration of 200 pg/L andténgperature was

reduced to 28 °C. Cells were grown for another 12 hours before bamgsted by
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centrifugation. The purification of CusF was performed asrde=sd previously (Loftin

et al., 2005).

4.2.2 NMR spectroscopy.For NMR samples, botfH, °N, **C-CusF and CusB were
dialyzed against 50 mM cacodylate, pH 7.0. AgM@s added to CusB and the labeled-
CusF proteins separately at a concentration ratio of 2:1 each.préteens were then
redialysed in the same buffer to remove unbound Ag(l). CusF and CareBseparately
concentrated using Amicon concentrators with a 5 kDa moleculghtveut-off. Protein
concentrations were determined using the BCA assay (PiéotecBnology). *H-"N
Heteronuclear Single Quantum Coherence (HSQC) (Bodenhausen and Ruben, 1980)
experiments with a Transverse relaxation optimized spectrog¢&9SY) option (Riek

et al., 2000) were performed at 298 K on a 600 MHz Varian Inova instrueqeiped
with a four channel pulsed-field gradient triple-resonance probe. vizagacollected on
four different samples. Spectra were obtained for (i) 150 uM ays6~C(ii)) 150 uM
Ag(l)-CusF; (iii) 170 uM Ag(l)-CusF mixed 1:1 with apo-CusB ang) (60 uM apo-
CusF mixed 1:1 with Ag(l)-CusB. All samples contained 1%B%0 and 0.02% Nap\
256 increments of 2048 complex data points were collected for egwriraent.
Spectral widths of 7.2 kHz and 1.82 kHz were used in'theand N dimensions
respectively. Spectra were processed with NMRPIPE (Delagl al., 1995) and
analyzed with NMRView (Johnson and Blevins, 1994). Control HSQCs df Cuthe
presence of either CueO or Bovine serum albumin (BSA) werectadlen a similar

manner except that the CusF used for the experiments was labgedith °N. *°N-
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CusF was mixed 1:1 with either CueO or BSA and AgM@s added to the mixture at
twice the concentration of the proteins. To determine the backbageraests of CusF-
Ag(l)/CusB, a three-dimensional HNCA (Bax and lkura, 1991) spectrum wased on
170 uM Ag(l)-CusF mixed with apo-CusB in a ratio of 1:1. The stah¢tHSQC and

HNCA pulse sequences from Varian Biopack were used to acquire the spectra.
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4.3 RESULTS

4.3.1 Chemical shift changes reveal metal-dependent interactionsveen CusF and
CusB. Results obtained from previous CusF/CusB interaction studies strsunggest a
direct interaction between the two proteins in the presence o0)/&g(l) (Chapter 3).
To investigate the structural effect in CusF due to CusB biridinro, *H->"N HSQC
spectra of Ag(l)-containing and apo forms of CusF were celiert the presence of apo
and Ag(l)-bound CusB. Since resonances in HSQC correspond to the amide groups of all
amino acids in the polypeptide backbone except proline, it provides ativffmeasure
to probe effects of environmental changes on each amino acid in thgeaobgeotein
without having to mutate individual residues. The HSQC spectrum of apb-Qixed
1:1 with apo-CusB showed no change in the chemical shifts when anpéh the
spectrum of apo-CusF alone (Figure 4.1(A)), indicating no interactitimeimbsence of
metal. However, the HSQC spectrum for apo-CusF mixed 1:1 vg(h-SusB showed
significant changes compared to the spectrum of apo-CusF alonere(Fgl(B)),
indicating that the two proteins interact in the presence of metal ion. A $&ues were
noted to undergo substantial line broadening such that they could not lotedlete
Furthermore, the HSQC spectrum of Ag(l)-CusF mixed 1:1 wib-@usB revealed
similar chemical shift changes in comparison to the spectrunAdgh-CusF alone
(Figure 4.1(C)). This result indicates that when either CusFueB has metal bound to
it, the two proteins interact in a similar fashion. The sintylaof the HSQC spectra of

Ag(l)-CusF mixed with apo-CusB and apo-CusF mixed with Ag(l)-CusBlglgaints at
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identical interaction between the two proteins regardless of wifithe two contained
metal before mixing with the apo-form of the other (Figure 4.1 (D)).

Our previous results have shown that in mixtures of CusF and CusBgihd
the metal distributes approximately equally between the tweipso{Chapter 3). If the
spectral changes in CusF upon the addition of CusB were simply dadistribution of
metal between both proteins, the CusF HSQC spectra in the pregetieeB and Ag(l)
would be expected to be the same as the NMR spectrum of CusE.5viglquivalents of
Ag(l). However, a comparison of these spectra show that thg/@g¢F/CusB spectra
are not the same as the spectrum of CusF containing 0.5 equivalégid)dfigure 4.1
(E)). Though the positions of some of the resonances in the AggF/CusB spectra are
similar to those of CusF with 0.5 equivalents of Ag(l), other resosanaee positions
distinct from those in the spectra of either the apo-CusF, 8gélF- or CusF with 0.5
equivalents of Ag(l). This result indicates that there are iaddit effects of CusB on
CusF in addition to those caused by the presence or absence of metal.

No change in the chemical shifts of Ag(l)-CusF was seen veitber CueO
(Figure 4.1 (F)), a periplasmic multicopper oxidase involved also in cammeeostasis
in E. coli or Bovine serum albumin (Figure 4.1(G)) were added to the NMR sampl

suggesting that CusF interacts specifically with CusB.
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4.3.2 Identification of the CusF residues involved in interactiowith CusB. To
determine the magnitude of the chemical shift changes caus&ud® binding, we
performed the'H", **N and **Co assignments of the CusF-Ag(l)/CusB by following
sequential connectivities observed in the HNCA spectra (AppendiddNCA correlates
an amide proton with the oC(Co') atom of its own amino acid and with that of the
preceding (G ') residue. Using this, 70 of the 79 assignabl&-'>N resonances were
determined. The unassigned residues include 132, H36, M47, R50, F51, Q74 and Q75,
which are broadened beyond detection, and 139 and N77, which are not observed in either
the Ag(l) bound (Kittleson et al., 2006) or apo forms of CusF (Loftin et al., 2005).

Changes in chemical shifts observed upon addition of apo-CusB t¢@ugF
were calculated as weighted average of the chand&f'iand*°N dimensions of CusF-
Ag(l)/CusB compared with the Ag(l)-CusF spectrum udiag ((ASnn® + AdnY/25)/2)2,
where A,y is the combined chemical shift ardyy and Ady are the chemical shift
changes in théH" and*°N dimensions respectively (Figure 4.2). This analysis shows
that apart from resonances which could not be observed due to line bngadeaiCusF
residues that were most significantly affected by the addition of CusB4&8an44, D37,
A40 and T19, in decreasing order. Other residues manifestecesrbal still significant
chemical shift changes, including V42, N43, K31, 134, K23, T52, 153, T54 and L81.

Because Ag(l) is expected to distribute approximately equallydest the two
proteins, the spectra are a reflection of both metal occupandy protein-protein
interactions. Upon comparison with the apo-CusF spectrum, the ressifi@noesidues

Al18, T19, S29 and F72 in the Ag(l)-CusF plus apo-CusB spectrum were found
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identical positions to those of the apo-CusF spectrum. Resonamc&41f, E46, N43,
D66, L78, F70, H35 and M49 are found along the trajectory between the resonance
positions of apo-CusF and Ag(l)-CusF. However, most residues, ingl@il4, V21,
K23, 125, K30, K31, 134, D37, W44, T52, 153, T54, S60, K63, Q74, L80, L81, 184 and
V86 have chemical shifts distinct from those in the spectra oF @uth Ag(l) either
fully-bound or at substoichiometric concentrations. These residflest the additional
effects of the presence of CusB.

The chemical shift comparisons were used to map the interaatgoof CusB on
the CusF structure. The residues whose resonances had cherftidiffsignces greater
than 0.05 ppm were mapped on the CusF structure (Figure 4.3 (B))eddmances that
were broadened beyond detection can also be considered to bedalffecusB, though
the magnitude of the effect is unknown (Figure 4.3 (A)). Theluesi from both of these
classes of effects map to a distinct face on the Ag(l)-GtrsiEture (Figure 4.3 (C)). The
CusB interaction face on CusF as identified by these cheshdalperturbations is on
the same face that forms the metal binding site (Figure 4)3 (Bhis face consists

primarily of an anti-parallgb-sheet formed by stran@4- 3.
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FIGURE 4.3 Cartoon representation of CusF, show{Ag residues (orange) that were
broadened beyond detection aii@) residues (blue) that showed significant chemical
shift variations, in Ag(l)/CusF/CusB->N HSQC spectrum. Residues colored in yellow
form the Ag(l) binding site in CusF (PDB ID: 2QCP) (Loftin et al., 2007).
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FIGURE 4.3(C) Cartoon representation of Ag(l)-CusF showing both effects
combined. Residues colored orange are broadened beyond detection;othoed c
blue show significant variations in the chemical shifts (PDB2QCP) (Loftin et al.,
2007).
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4.4  DISCUSSION

From these results, it is clear that the interaction betweest @nd CusB is
specific between the two proteins and depends on the presereeroétal ion. Metal-
dependent interaction has been reported previously for chaperone Atxis gadtmer
Ccc2 (Banci et al., 2006). Comparison of the Ag(l)-CusF/CusBtrspeavith the apo-
CusF and Ag(l)-CusF spectra shows that most resonances maaiflest amount of
change, however small. In addition, Ag(l)-CusF and CusB appebe tm the fast
exchange regime on the NMR time scale. Exchange regimes dwMRetime scale
(magnitude of the chemical shift differenee)), are broadly classified as slow, fast and
intermediate regimes; regime being related to the equifibrdissociation constant
(Chowdhry and Harding, 2001). If the complex dissociation is very tfzest is the rate
of equilibration (1%) is faster than the chemical shift separationX2#A3s), only a single
set of resonances whose chemical shifts are the fractionailijhted average of free and
bound chemical shifts are observed. In this case, the resonanites rafclei that are
perturbed move in a continuous fashion during titration and are eadgable.
However, in slow (I'<<<Ad) exchange regime, one observes one set of resonances for
the free and another for the bound forms of protein (Zuiderweg, 2002)e \B&observe
only one set of resonances for Ag(l)/CusF/CusB samples, it is reasonableltmedhat
they are in fast exchange.

Mapping of the chemical shift variations on the CusF structure deratessthat

CusB binds CusF on the same face as that used to bind the metdhicinmmakes sense
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because metal is important for the interaction. This is alsdatteethat other proteins
with the same fold as CusF, that is the OB fold (Loftin let 2005), use for ligand
binding (Agrawal and Kishan, 2003). Proteins belonging to the OB foldyfdrave
mostly been found to bind either oligosaccharides or oligonucleotidaszif, 1993;
Murzin et al., 1995) and hence the name ‘OB’ (oligonucleotide/oligoaadehbinding).
Those with a nucleotide binding function are reported to possess oneepatcihes of
aromatic and basic amino acids, which are used for stackingatme&sawith nucleotides
and electrostatic interactions with the phosphate backbone, respe¢tgedwal and
Kishan, 2003). Others in the OB-fold family, though they may have @iviersction
including protein-protein interaction, have also been found to use a fartace of the
domain for interaction.

A close look at the residues in CusF affected by CusB bindwegi® that two-
thirds of these residues are either basic, aromatic or polarrgedhalt is thus plausible
that CusF also interacts with CusB via electrostatic/hydrophilicactiens. Electrostatic
interactions have been previously showed to be the prime recogfg@ture in other
copper chaperone/acceptor systems like Atx1-Ccc2 (Arnesarg 20@L; Banci et al.,
2001), Cox17-Scol (Abajian and Rosenzweig, 2006; Abajian et al., 2004; Hoahg et
2004), and CopZ-BsCopA (Banci et al., 2003). Although CusF possesseisict théd
compared to those reported for the known copper chaperones and a unidudanot
forms a tri-coordinate metal binding site as opposed to bi-coordihsterved in others

(Lamb et al., 2001; Wernimont et al., 2000), it likely still shares dhemistry that
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governs binding and metal transfer in all these chaperones. A lederstanding at the

molecular level requires structural characterization of CusB and its compleCusF.
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CHAPTER 5

BIOCHEMICAL CHARACTERIZATION OF FULL-LENGTH AND

TRUNCATED CUSB CONSTRUCTS

In this chapter, the various constructs are discussed thatdesigned to either
improve the yields of CusB or produce CusB amenable for strucitudies. Short
constructs consisting of only one domain of CusB were generated, mhiche suitable
for characterization by either NMR or crystallography. pdrformed all the work

described in this chapter.

5.1INTRODUCTION

CusB is a periplasmic adaptor component of the CBA-type coppearx effl
CusCFBA system present Escherichia coli. The three components CusC, CusB and
CusA represent the outer membrane factor, the periplasmic adaptdyane fusion
protein and the inner membrane resistance-nodulation-division (RNpe t
proton/substrate antiporter, respectively. The Cus system and nseailibe putative
metal efflux CBA systems are homologous to the multi-drug export CBAmsgstech as
AcrAB-TolC and MexAB-OprM. The drug exporting class of CBfstems has been
found to be the major cause of intrinsic and acquired resistancanmrgegative bacteria

(Poole, 2001). The proteins in this class export a wide varietyx€ tmolecules
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including antibiotics, dyes, detergents, bile salts, organic solvemtsaatimicrobial
peptides (Poole, 2004). CusC, CusB and CusA have amino acid identities ,c25%%
and 21% with TolC, AcrA and AcrB, components of the drug-export AcCTAE:
system, with significant BLAST expect values of 0.013, 9e-23 anP3eespectively.
Due to the increased emergence of antibiotic resistance, therdnsgort CBA systems
have been intensively investigated, both at the structural and biochemical level

Through X-ray crystal structure studies, the outer membrane compdAdémima
et al., 2004a; Koronakis et al., 2000) and the inner membrane components (Mwtakam
al., 2002) have been shown to exist as trimers and are proposed t@ doag extrusion
channel as the periplasmic domains of TolC and AcrB dock with eaeln @urakami
et al., 2006). In contrast, the periplasmic adaptor component AcrA AcB-TolC
system and MexA from MexAB-OprM system crystallized asdimer of dimers
(Mikolosko et al., 2006) and tridecamers (Akama et al., 2004b; Higgink, €1084),
respectively, in the asymmetric unit. The stoichiometry obsefeedthe adaptor
component in these structures appears physiologically improbabéeitsduesn’t allow a
reasonable docking of the adaptor component with the other two proteanghe three
components to interact in the transport process, they are expecieddly fit with each
other. Additionally, the periplasmic adaptor structures from theidnudf resistance
systems are missing a significant fraction (approxima&2€3y of the polypeptide chain.
In the case of MexA, 28 residues at the N-terminus and 101 a&@-teeminus were

disordered in the crystal (Akama et al., 2004b) and for AcrA, a 2&kdide core, which
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was missing 44 residues at the N-terminus and 90 at the C-termiasis;rystallized
(Mikolosko et al., 2006).

To obtain a better picture of the periplasmic component of CBfemgsand to
delineate the molecular details of copper regulation in the Cuensysve attempted
structural characterization of CusB through X-ray crystadipgy and NMR
spectroscopy. As both of these techniques require large amounts fefdpisiable
proteins, the first step towards successful structural clesization is to produce suitable
protein. This chapter describes the generation of several overggpregstems, as well

as purification and initial characterization of CusB from these systems.
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5.2 MATERIALS AND METHODS

5.2.1 CusB crystallization and NMR sample preparationFor crystallization, CusB
was purified as described previously (Bagai et al., 2007). Howegtead of combining
the fractions that contained full-length CusB from MonoQ separatienfractions that
contained a truncated form of protein, which is produced from the hgdtHeprotein as a
natural consequence of purification, were combined. The truneatsthn is shortened
by 34 residues at the N-terminus and elutes at a higher conmentcit NaCl
(approximately 130 mM) as opposed to the full-length CusB, whicheslatt
approximately 50 mM NaCl during the gradient separation on a MonoQ exdbiange
column (Amersham). The protein was dialysed against 10 mM Tris-pld 7.0 and
concentrated using a 5 kDa cut-off Amicon (Millipore) concentratorat final
concentration of 14.0 mg/mL. The concentration was determined t@ngCA assay
(Pierce). This protein was sent to the Hauptman-Woodward MeResdarch Institute
(700 Ellicott Street, Buffalo, NY 14203, USA) for screening of crystaibraconditions.

For NMR analysis, CusB was made in M9 minimal media (Sambrook et al., 1989).
The cells containingusBon an expression plasmid pASK3 were grown and protein was
expressed similar to that described ftN-CusF preparation in chapter #N-CusB was
purified as described previously (Bagai et al, 2007). The protasndmalyzed against 50
mM phosphate, pH 7.0 and concentrated to a final concentration of 20GHd. was
added to a final concentration of 109%4-">°N HSQC (Bodenhausen and Ruben, 1980)

experiments were performed at 298 K on a Varian Inova 600 MHz spextagr. 128
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increments of 2048 complex data points were collected. Spectréisvatl7.2 kHz and
1.82 kHz were used itH and**N dimensions respectively. Spectra were processed with
NMRPIPE (Delaglio et al., 1995) and analyzed using NMRView (JohnsdrBé&vins,
1994). Additional spectraere collected using the TROSY (Riek et al., 2000) option of

HSQC as supplied by Varian BioPACK.

5.2.2 Full-length cusB (residues 1-379) cloning in pET22b (CusB-Miand protein
expression Genomic DNA fromE. coli strain W3110 was used to amplify tbesB
gene. The primers wused for the PCR reaction (forward primer,
AAACATATGAAAAAAATCGCGCTTATTATCGG; reverse primer,
AAACTCGAGGCTGCCGCGCGGCACCAGATGCGCATGGGTAGCACTTTC)
contained unique restriction sites at the 5' eddef) and 3' end Xhol). The reverse
primer also contained a sequence for a thrombin cleavage siter. régtriction enzyme
digestion of the PCR product, it was ligated into the pET22b (Novagspr. The
sequence for this and all the other constructs were confirmedNBydequencing. The
resulting construct contained the full-lengthsB gene followed by a region encoding
thrombin cleavage site (LVPRGS) and a C-terminal His affinity tagHHHH)

For protein expressiorgusBcontaining plasmid was transformed inko coli
BL21 (A\DE3). Cells were grown in LB media containing 100 pg/mL artipiat 37 °C
until they reached an O.£3y of 0.6-1.0, then induced with 0.5 mM isopropyl-beta-D-
thiogalactopyranoside (IPTG) and grown at 30 °C for another 5 hourdls @=e

harvested by centrifugation and frozen at -20 °C.
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Cell pellets were resuspended in 40 mL of 50 mM phosphate, 300 mM paCl
7.5. Protease inhibitors (leupeptin (final concentration 2 pg/mL), taeps(final
concentration 2 pg/mL), and PMSF (final concentration 0.5 mM)) aihsBl
(approximately 150 units) were added and cells were lysed bgrech Press. Lysate
was divided in two halves and 3-((3-Cholamidopropyl) dimethylamméirio)
propanesulfonate (CHAPS) (0.1% w/v) (MP Biomedicals) was addedddalf. Cells
were then pelleted by centrifugation at 31000Xg. To determine\tbts lef expression,
samples from both supernatants and pellets obtained from centofuged¢ire run on
SDS-PAGE and stained with Coomassie. CusB-His protein waseified by Western
blot analysis using horseradish peroxidase-conjugated antibody spectfie His-tag

(Novagen).

5.2.3 CusB N-terminal domain (residues 11-260) (CusB-NTD) clonimy pET28b
and protein purification. cusBpASK3 (Bagai et al., 2007) was used to amplify the N-
terminal domain (NTD) of CusB. The primers used for the PCR reaction (forwarelrpr
AAAAAAAACATATGGAACGTAAAATCTTATTCTGGTACG, reverse primer,
AAAAGGATCCTCAATCCACGCCAGGTAGCAGCG) contained unique restion
sites at the 5' endN@lel) and 3' endBamHI). After restriction enzyme digestion of the
PCR product, it was ligated into the pET28b (Novagen) vector.

For protein expression, tleasBpET28b construct was transformed ido coli
BL21 (A\DE3). Cells were grown at 37 °C in LB media containing 40 pddamamycin

until they reached an O.§ of 0.5. At this point, the culture was split into two halves
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and tested for induction with different IPTG concentrations. Orfenad induced with

0.5 mM and the other was induced with 0.05 mM IPTG, respectivegjl gtbwth was
continued at 30 °C for another 5 hours. Cells were harvested by centrifugation and froz
at -20 °C. To determine protein content in the soluble fraction ofCteB-NTD
construct, cells were processed in a similar fashion as desali®/e for full-length
CusB. SDS-PAGE analysis was done on supernatant and pesldtingg from
centrifugation of the cell lysate. The protein was found in thietsel However, since
the pl of this truncated form of protein, as determined usingrbtpdam tool in Expasy

(http://ca.expasy.org/tools/protparam.hijmivas 7.2, the protein may have precipitated

due to use of a buffer with the pH close to the pl of the protein. edenvre-processing
the cells in 50 mM Tris, pH 9.0 also resulted in precipitation.

Because the majority of the CusB-NTD was found in inclusion bpéiégrts
were made to develop a purification protocol for the protein in irmtubbdies. For
protein extraction from inclusion bodies, cells were grown in 4 LLBfmedia and
harvested as above. A total of 27 grams of cell pellet was obitaifiee pellet was re-
suspended in 140 mL of 100 mM Tris pH 9.0, 10% sucrose using approximatélyb
buffer for every gram of cells. After adding suitable concéntra of protease inhibitors,
DNase and lysozyme, cells were subjected to sonication. Lydsdwvere centrifuged at
31,000Xg. The resulting pellet was weighed and stored at -20 °*Cremdiy to use. A
total of 6.0 grams of pellet was obtained. The pellet was ressdsgen the wash buffer
(50 mM Tris pH 9.0, 30 mM NaCl and 1 mM EDTA) containing 1% Triton X-100. After

readjusting the pH, which had dropped slightly upon Triton addition, the pedist
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gently homogenized using a cold glass homogenizer and then centafL@@a00Xg for
30 minutes. The pellet obtained in this step was similarly neesued, homogenized
and centrifuged again to further clarify the supernatant. Ifjrthe pellet resulting from
the 2 wash steps above was re-suspended in the wash buffer but wittesgertde
Further homogenization and centrifugation resulted in a pellet thaighed
approximately 1.5 grams. This pellet was re-suspended in 10 mL afudation buffer
(50 mM Tris pH 9.0, 6 M GuHCI) and stirred for approximately 30 mmuiefore
ultracentrifugation at 200,000Xg. The supernatant from centrifugatvhich contained
the CusB protein, was slowly added to the renaturation buffer (50rmgvpH 9.0, 800
mM NaCl, 1 mM EDTA). The protein was stirred in this buffer ongint and was then
dialyzed against buffers of gradually decreasing salt concemtratim 800 mM NaCl to
400 mM NacCl and then 200 mM NaCl. The slow reduction of the saltentration
prevented the refolding protein from falling out of solution. Finale protein was

dialyzed against 50 mM Tris pH 9.0.

5.2.4 CusB C-terminal domain (residues 260-379) (CusB-His-CTD-Strefmning in
pPET28b, protein purification and CD structure characterizationcusBpASK3 (Bagai
et al., 2007) was used to amplify the C-terminal domain (CTDJuwsB. The primers
used for the PCR reaction (forward primer;
AAAAAAAACATATGGATGCCGCGACCCGCACG; reverse primer,
TTCACAGGTCAAGCTTATTATTTTTC) contained unique restriction stat the 5'

end (Ndel and 3' end (Hindlll). After restriction enzyme digestionted PCR product,
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it was ligated into the pET28b (Novagen) vector. The resulting cmhstonsists of a
His affinity tag and thrombin cleavage site at the N-terminuev@ld by the gene
sequence corresponding to residues 260-379 in CusB and a Strep tag-dértmenus
(CusB-His-CTD-Strep).

For expression and purificatiorgusB His-CTD-StreppET28b construct was
transformed intcE. coli BL21 (A\DE3) cells. Cells were grown in LB media containing
40 pg/mL kanamycin at 37 °C until they reached an §ybf 0.5, then induced with 0.1
mM IPTG and allowed to grow for another 7 hours at 25 °C. Celie Warvested by
centrifugation for 30 minutes. Cell pellets were then resuspleind20 mM phosphate,
pH 7.0 containing 10 mM imidazole. After adding the protease inhibtocktail at
concentrations as stated above, cells were lysed by French dh@ghen pelleted by
centrifugation at 31,000Xg for 45 minutes.

The supernatant was loaded at 0.5 mL/min. on an 80 mL Ni Sephaigise H
Performance (Amersham) column equilibrated with 20 mM phosphate, pléntdireng
10 mM imidazole. The column was washed with the same buffer atl@rbimuntil the
absorbance signal at 280 nm stabilized. A gradient of 10-500 ndldZole was run at 5
mL/min and 7 mL fractions were collected. The elution was monitate280 nm and
individual fractions were analyzed using SDS-PAGE. CusB-HiB-Sirep containing
fractions were combined and concentrated using an Amicon filtratiomvithita 10 kDa
filter. Protein was dialyzed against 50 mM phosphate, pH 7.0 foul@ir®ichroism

(CD) structure determination.
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CD spectra were obtained using a Jasco J-715 spectropolarinieenalue of
extinction coefficient usect{go= 1,500 M* cmit), was obtained from Pae al (Pace et
al., 1995). The constant parameters used for the experimenj &es@lution: 0.1 nm,;
(i) Band width: 1.0 nm; (iii) Sensitivity: 20 mdeg; (iv) Respen sec; (v) Speed: 20
nm/min; (vi) Accumulations: 5; and (vii) Temperature: °25 Far UV CD spectra were
obtained using protein concentrations of approximately 60 uM in a 0.lIrcatac cell

thermostatically controlled at 2%.

5.2.5 CusB CTD (residues 260-379) cloning in pET29a (CusB-CTD-Strep), qirot
purification and NMR characterization. The region encoding the C-terminal domain of
cusB was sub-cloned from the pET28b construct using Ndel and Hindllliatestr
enzymes, and ligated to the pET29a (Novagen) vector. The rgscttirstruct consists
only of Strep-affinity tag at the C-terminus of CusB-CTD (CusB-CT23t

For protein expression and purification, cells were grown, harveatet
processed in a similar manner to that described above. 100 mM30isnM NaCl, pH
8.0 (Tris-NaCl) was used to re-suspend the pelleted cells sugernatant resulting from
French pressing and centrifugation was loaded onto the Stregtyaffolumn. After
washing the column with approximately 100 mL Tris-NaCl buffer, pnoteas eluted
using Tris-NaCl buffer containing 2.5 mM desthiobiotin. SDS-PAGE waed to
determine the fractions that contained the protein of the rightcodaleweight. These
fractions were combined and protein was concentrated using a SWEd Amicon

concentrator (Millipore). Unlike the CusB-His-CTD-Strep protéhg protein purified
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from this construct (CusB-CTD-Strep) was soluble under the conditested allowing
the potential for NMR analysis. For NMR analysis, CusB-CTD-Strep'Wadabeled.

For the preparation of uniformfyN—labeled proteinE. coli BL21 (.DE3) strain
containing pET29atsB-CTD-Strepwas grown in M9 minimal media (Sambrook et al.,
1989) containing 1.0 g/E°NH,CI (Cambridge Isotopes Laboratories) as the sole nitrogen
source. *>N-CusB-CTD-Strep was expressed and purified as described abaleed
against 50 mM MOPS, pH 7.0 and concentrated to 400 fH4O was added to a final
concentration of 10%’H-""N HSQC (Bodenhausen and Ruben, 1980) experiments were
performed at 298 K on a Varian Inova 600 MHz spectrometer. 128 increnfe248
complex data points were collected. Spectral widths of 7.2 kHz andkHB®&ere used
in *H and ®N dimensions respectively. Spectra were processed with NMRPIP

(Delaglio et al., 1995) and analyzed using NMRView (Johnson and Blevins, 1994).

5.2.6 CusB (residues 1-260) cloned in pASK3he region encoding residues 1-260 of
CusB wassub-cloned from theusB-pASKZonstruct (Bagai et al., 2007). The primers
used for the PCR reaction (forward primer;
AAAAAAGAATTCATGAAAAAAATCGCGCTTATTATCG; reverse prime,
AAAAAACTCGAGATCCACGCCAGGTAGCAGCG) contained unique restroot
sites at the 5' endECOR) and 3' end (Xhol). After restriction enzyme digestion of the
PCR product, it was ligated into the pASK3 (IBA, Germany) vectdhe expressed

protein will have residues 1-260 of CusB followed by the Strep tag (CusB-NEP}Str
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5.3 RESULTS

5.3.1 CusB crystallization and NMR characterizatiorFull-length CusB, during the
process of purification, is partially cleaved at the N-teusj resulting in a truncated
protein which lacks 34 residues at the N-terminus. Crystatizatas attempted for this
truncated form of CusB. This truncated version of CusB at a congented 14 mg/mL
was submitted to Hauptman Woodward Institute for crystal screen@wystals were
observed in 2 of the 1530 conditions tested (Figure 5.1 (A)). The two cmwditiat
showed crystals in the screens are (i) 100 mM 4R&yH,O, 100 mM CAPS, pH 10.0,
20% (v/v) PEG 400 and; (i) 100 mM Mg(Nl>6H,0, 100 mM TAPS, pH 9.0, 40%
(v/v) PEG 400.

Reproduction of the crystals in-house was only successful for omtieeafwo
conditions, when slight modifications were made. The crystal throvas observed in
150 mM NaHPOyH.0, 50 mM CAPS, pH 10.0, 10% (v/v) PEG 400. These crystals
were very small (approximately 60 um on the longest edgd) reot suitable for
diffraction. A fresh drop of protein in the mother liquor was sdedih one of these
crystals but no increase in the crystal size was observed.-P8B& analysis of the
protein drops revealed that CusB degrades to the lower molecugdrt\8pecies within a

week of setting up the plate (Figure 5.1(B)).
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FIGURE 5.1 (A) Crystal screening
results; (TOP) 100 mM
NaH,PO;'H,0, 100 mM CAPS, pH
10.0, 20% (v/v) PEG 400 and
(BOTTOM) 100 mM

Mg(NOg3),'6H,0O, 100 mM TAPS,
pH 9.0, 40% (v/v) PEG 400.

FIGURE 5.1(B) CusB drops from
crystallization plates run on SDS-PAGE
after 1 week of setting up the plate in 150
mM NaH,POsH,O, 50 mM CAPS, pH
10.0, 10% (v/v) PEG 40.
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Initial attempts at NMR characterization of the full-lengthsB8 resulted in a
spectrum {H->N HSQC) with very few peaks collapsed in the centre of thetrsppec
window (Figure 5.2). No change in the spectrum occurred when the HSig@neant
was performed using a Transverse Relaxation- Optimized 8pecpry (TROSY) pulse
sequence (data not shown). The TROSY technique can improve spestation as it
suppresses transverse nuclear spin relaxation which is theaiteset of deterioration of
NMR spectra of large molecular structures (Riek et al., 2008j)s résult suggested that
the concentration of protein was not high enough to result in a sagnifgignal/noise
ratio for all the residues in the protein or it was unfolded orglgrtaggregated at NMR
concentrations.

To improve upon CusB yields and also to obtain a construct amerable f
structural studies using NMR or X-ray crystallography technigoesBwas re-cloned
either as full-length or a partial sequence in different vectdro decide the beginning
and end of the partial sequences, the CusB sequence was alignexngaded with the
sequence of MexA. MexA is a homologous periplasmic adaptor prot@m fhe
xenobiotic-exporting MexAB-OprM CBA system, whose crystal gtice is available
(Akama et al.,, 2004b). CusB and MexA sequences were submitted terdtesn
Disorder Predictor (PONDR) program (Romero et al., 1997) tardaete the disordered
regions in the two proteins. Additionally, the disordered regions qieetifor MexA in
the N- and C- terminal regions were compared with the regiohsdb#l not be seen in
the MexAelectron density map. Since the regions that could not be seendlet¢hen

density matched with the ones that were predicted to be disdrogONDR, the CusB
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sequence that was more likely to be disordered as predictedMPR@as not included

in the cloned sequences.

5.3.2 Expression of full-length CusB (residues 1-379) cloned in pET22lu¢B-His).
cusBcloning in pET22b resulted in a construct that contained theefudithcusBgene
followed by a region encoding thrombin cleavage site (LVPRGS) dabdemminal His
affinity tag (HHHHHH) (Figure 5.3(A)).

CusB-His was efficiently expressed from this construct; howevest of the
expressed protein went into inclusion bodies. This was concluded aifftgyadng the
amount of protein present in supernatant versus pellet obtainedcaftelysis and
centrifugation. (Figure 5.4) shows SDS-PAGE revealing theisstaf protein in cell
pellet versus supernatant. Not only did most of the protein go into inclusion bodies, but it

also degraded to a lower molecular weight species.
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FIGURE 5.2 *H-"*N HSQC collected at 600 MHz for 2QM full-length CusB in 50
mM phosphate, pH 7.0.
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A
Thrombin
cleavage
CusB full length (1-379) His tag
B
Thrombin
cleavage
His tag CusB N-terminal domain
(residues 11-260)
C
Thrombin
cleavage
His tag CusB C-terminal Strep tag
domain (260-379)
D

CusB C-terminal domain Strep tag

(residues 260-379)
FIGURE 5.3 Schematic of various CusB construgis) CusB full-length in pET22b
(CusB-His);(B) CusB N-terminal domain (residues 11-260) in pET28b (CusB-His-
NTD); (C) CusB C-terminal domain (residues 260-379) in pET28b (CusB-His-CTD-
Strep);(D) CusB C-terminal domain (residues 260-379) in pET29a (CusB-CTD-Strep).



143

FIGURE 5.4 SDS-PAGE for CusB-His expressed froousBpET22b construct
Lanes: (1) Marker; (2) Pellet from lysate mixed with dgeat; (3) Supernatant; (4)
Pellet from lysate without detergent.
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5.3.3 CusB N-terminal domain (residues 11-260) (CusB-NTD) in pEBb, protein
purification and characterization. In the full-length CusB, the first 10 residues
following a signal peptide sequence of 24 residues were predicbeddisordered by the
PONDR program (Figure 5.5). Additionally, the C-terminal end of Gsdikely to be
disordered. One-third of homolog MexA C-terminal was not obsenvetie electron
density map (Akama et al., 2004b). By comparison of the CusB sequéhcehat of
MexA, a construct lacking the C-terminal third of CusB was made.

Furthermore, JPRED secondary structure prediction for CusB wasidarder
to avoid cutting off the sequence in the middle of a well-formed secprstiaicture.
Based on these observations, the region encoding CusB residues 11r@@0owed into
the pET28b expression vector. At theehd ofcusB is a gene sequence for His affinity
tag followed by a thrombin cleavage site (Figure 5.3(B)).

Upon expression, the CusB-NTD was found in inclusion bodies with both 0.5 mM
and 0.05 mM IPTG. The protein was extracted and purified from incusddies using
the protocol described in the methods section. However, the protein woulde
concentrated to more than 60 uM because it precipitated on the cotwremgabrane.
Buffers of different pH and salt concentrations did not help in sohalitin of the

protein. This construct was not pursued further.



145

Devel op

Devel oped

PONDR Protein Disorder Predictor
ed by P. Ronero, X. Li, A K Dunker,Z oradovic, E. Garner.
VL3 Predictor
DEPP Predi ctor

by P. Radivojac

VSL1 Predictor
Devel oped by K. Peng and Z. oradovic
VLXNNP STATI STI CS
Predi cted residues: 379 Nurmber Di sordered Regions: 6
Nurber resi dues di sordered: 120 Longest Disordered Region: 41
Overal | percent disordered: 31.66 Aver age Prediction Score:0.3280
Predi cted di sorder segnment (1)-(10) Average Strength= 0.8704
Predi cted di sorder segnent (42)-(64) Average Strength= 0.7512
Predi cted di sorder segnment (136)-(159) Average Strength= 0.6955
Predi cted di sorder segnment (270)-(276) Average Strength= 0.5749
Predi cted di sorder segment (294)-(308) Average Strength= 0.6701
Predi cted di sorder segment (339)-(379) Average Strength= 0.7066
PREDI CTORCUTPUT
"D'" = Disordered " " = Odered
1 EPPAEKTSTA ERKI LFWYDP MYPNTRFDKP GKSPFMDVDL VPKYADEESS
VLXT DDBDDDDDDDD DDBDDDDDDD
51 ASGVRI DPTQ TQNLGVKTAT VTRGPLTFAQ SFPANVSYNE YQYAI VQARA

VLXT

DDDDDDDDDD DDDD
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101 AGFI DKVYPL TVGDKVQKGT PLLDLTI PDW VEAQSEYLLL RETGGTATQT
VLXT DDDDD  BDDDDDDDDD
151 EQ LERLRLA GWPEADI RRL | ATQKI QTRF TLKAPI DGVI TAFDLRAGWN
VLXT DDDDDDDDD

201 I AKDNWAKI  QGVDPVW/TA Al PESI AWV KDASQFTLTV PARPDKTLTI
VLXT

251 RKWLLPGVD AATRTLQLRL EVDNADEALK PGWAW.QLN TASEPML_LI P
VLXT D DDDDDD DDDDDDD
301 SQALI DTGSE QRVI TVDADG RFVPKRVAVF QASQGVTALR SGLAEGEKWV
VLXT DDDDDDDD DD DDDDDDDDDD
351 SSGLFLI DSE ANl SGALERM RSESATHAH

VLXT DDDDDDDDDD DDBDDDDDDD DBDBDDDDDD

FIGURE 5.5 Disordered regions in processed full-length CusB as predicted by
PONDR.
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5.3.4 CusB C-terminal domain (residues 260-379) (CusB-His-CTD-Strefmning in
pPET28b, protein purification and CD structure characterizatiohis construct was
designed to facilitate structural characterization of ther@inal part of CusB, which in
the case of homologous MFPs has eluded structure determinakiamd et al., 2004b;
Mikolosko et al., 2006). It consists of a Histidine affinity tag anthrombin cleavage
site at the N-terminus followed by the gene sequence correspdodiagidues 260-379
in CusB and Strep tag at the C-terminus (Figure 5.3 (C)).

CusB-His-CTD-Strep was purified using the His affinity colunsndascribed in
the methods section. The protein could not be concentrated above approx@atd
due to protein precipitation. Though this concentration is not suitabl®&NtR or
crystallographic studies, the protein could be used for secondagtuséryprediction
studies using Far-UV CD spectroscopy. From the spectrum, CusB-H)-Strep may

have a slighti-helical character but it mostly exists as a random coil (Figure 5.6).
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FIGURE 5.6 Far UV-CD spectra for 60 uM CusB-His-CTD-Strep.
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535 CusB CTD (residues 260-379) cloning in pET29a, CusB-CTD-Strep
purification and NMR characterization This construct consisted of a Strep-affinity tag
at the C-terminus of CusB-CTD-Strep (Figure 5.3D). Considethiaty His tag could
partly be responsible for the solubility problems faced with GeB-His-CTD-Strep
construct, CusB-CTD-Strep without a His tag was designed.
CusB-CTD-Strep could be concentrated to 400 gdvicentration. ThéH-'°N

HSQC spectrum didn’t show any peaks (Figure 5.7), likely due to protein aggregati

5.3.6 CusB (residues 1-260) expression in pASKBASK3 expression vector has a tet
promoter as opposed to the lac promoter in pET vectors. Since eapréssn the tet
promoter is substantially reduced compared to that of the lacopeanthis construct was
designed to test whether controlled expression and having a pigptidle sequence,
which targets the protein to the periplasm, would prevent the protaim doing into
inclusion bodies. Due to time constraints, whether this constraffeidive in producing

soluble protein has not yet been determined.
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FIGURE 5.7 *H-"*N HSQC of 400 pM CusB-CTD-Strep in 50 mM MOPS, pH 7.0.
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5.4 SUMMARY

The following table summarizes the results obtained from testaingus CusB
constructs that were generated to either improve the yield d Gugproduce CusB

suitable for structural studies.

Construct Affinity tag Result
CusB(full-length)-pET22b C-terminal His Protein insoluble
CusB-His
CusB (N-terminal domain N-terminal His Insoluble
residues11-260)-pET28M4
CusB-NTD
CusB (C-terminal domain;  N-terminal His and C- | Purified using His-affinity
residues 260-379)-pET28b  terminal Strep tags column. Far UV-CD
CusB-His-CTD-Strep suggests that CusB-His-
CTD-Strep is mostly a
random coil.
CusB (C-terminal domain;  C-terminal Strep tag "H-""N HSQC at 400 pM
residues 260-379)-pET29a protein concentration
CusB-CTD-Strep shows no peaks
CusB (N-terminal domain C-terminal Step tag Not tested

residues1-260)-pASK3
CusB-NTD-Strep
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CHAPTER 6

GENERAL CONCLUSIONS AND FUTURE DIRECTIONS

The work in thisdissertation was a biochemical investigation of the periplasmic

adaptor/membrane fusion component, CusB and its interactions withdCis& CBA

type copper efflux system presentkn coli. The periplasmic component is the least

understood of the 3 components studied in homologous CBA type multidrug egporter

The periplasmic component was originally termed a Membrane FusateirP (MFP)
due to homology with the paramyxoviral membrane fusion proteins (Diah, €1994)
and reports citing a function for the periplasmic component in fubmgiher and outer
membranes (Zgurskaya and Nikaido, 1999b). More recently it wasdeperiplasmic
adaptor protein based on studies showing its interaction with the imueroater
membrane components (Touze et al., 2004). Thus, it has mostly beeatpdstulact as
a bridge between the inner and the outer membrane proteins with ricedidsnce of its
active involvement in the efflux process. To better define theofdFPs in CBA type
metal transporters and understand the molecular details of comgedation
demonstrated by Cus system, the study of CusB was undertaken.

Experiments described in chapter 2 indicate the likelihood of Cusiigeaole
in the efflux mechanism. Isothermal titration calorimet(lC) experiments
demonstrated that CusB binds Ag(l) with high affinity (Figure 2.X}ray absorption

spectroscopy data (XAS) indicated that the metal environment iB Guan all-sulfur
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three-coordinate environment (Figure 2.2). Candidates for the owostadinating
residues were identified from sequence analysis, which showed fouereoeds
methionine residues, at positions 21, 36, 38 and 283 (Appendix B). Mutatitmeebf
these methionine residues to isoleucine resulted in signifidéedtse on CusB metal
bindingin vitro. Methionine 36 and 38 mutants showed no specific binding to Ag(l) and
the binding affinity decreased 10 fold for the M21l mutant (Figu8®. Cells containing
these CusB variants also showed a decrease in their abijtpwoon copper containing
plates, indicating an important functional role for metal binding bgBC(Table 2.1).
Furthermore, gel filtration chromatography demonstrated that upombinagttal, CusB
undergoes a conformational change to a more compact strucigmee(E.5). Based on
these structural and functional effects of metal binding, it w@scluded that the
periplasmic component of CBA efflux systems plays an active imokexport through
substrate-linked conformational changes.

Chapter 3 further substantiates the importance of periplasmipacent CusB in
the metal export and establishes the role of a fourth component, CusF, uniquely present i
the Cus system, as a metallochaperone. Using ITC, it was shaitviCusB interacts
with CusF in a metal-dependent fashion; the interaction occurs dmy wne of the
proteins is in the metal-bound state and the other is in the apm- $tathe absence of
metal, or if both proteins are occupied with metal, no interactiome detected (Figure
3.1). Metal transfer between CusF and CusB was demonstrated us8g Xs both
CusF and CusB use methionine residues for metal coordination, thesitetadf CusF

and CusB were distinguished in the XAS experiments by incorpaorabf
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selenomethionine into CusF. The results of the XAS experimentusii/QusB/Cu(l)
samples showed that Cu(l) can be reversibly transferred &et@aesF and CusB with an
approximately 50% end distribution between the two proteins (Figure 3.3.3,.4,able
3.1). It also indicated the possibility of transient adduct formdtietiveen CusF and
CusB. Furthermore, CusB was shown not to interact with a CusF hgn®lBgvhich
has 51% identity to CusF (Figure 3.6) and binds Ag(l) with a compastbtaty,
indicating that the interaction is specific for the proteins in the Cus sydteaiso proved
that there is a direct exchange of metal rather than metad leéasednto the solution
by one protein to be taken up by another. These findings further poirdetbatpassive
function of CusB in metal extrusion driven by the CusCFBA systemh a copper
chaperone role for CusF.

However,these results do not rutait the possibility of CusB being regulated by
CuskF for the metal transport. In the future, the regulatory fumcti CusF can be tested
by generating CusF mutants that are unable to bind metal, althetagh the wild-type
structure and investigating their interactions with Ag(l)-CusBthé mutants interacted
with Ag(l)-CusB, it would mean that CusF likely facilitatesetal extrusion by CusB,
upon sensing metal in the environment. A stronger argument would be fnmawgkamts
of CusB are identified that are unable to bind metals though interact gfith@usF.

In the future, the functional role of the conformational change in CusB upon metal
binding should be investigated. It is likely that the demonstratefdeoational change
in CusB upon metal binding could have a regulatory role. It is thabghtthe helical

hairpin region of CusB interacts with the helical region of theromtembrane protein
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CusC, and thus propagated conformational changes through CusB mugndafthe
opening of the CusC channel.

Additionally, the presence of CusF and CusB as one polypeptide inedthesr
systems (Appendix C) implied that CusF and CusB wodether as one protein in
certain systems. In the Cus systentotoli, perhaps they were separated to allow their
independent regulation to enhance the efficiency of metal dettidinc Future
experiments could test the effects of a CusB-CusF fusion piateifficiently supporting
metal resistance.

Chapter 4 discusses the structural characterization of interadtietween CusF
and CusB using NMR spectroscopy. Using HN§p&ctra, resonancé®m Ag(l)-CusF
in the presence of CusB were assigned (Appendix D). Thisleevlee residues in CusF
that are significantly affected by the CusB binding (Figuré. 4Napping of the residues
showing chemical shift variations on the CusF structure demonstitzédhe CusB
binding face of CusF overlaps with the metal binding site (FiguBe This is also the
face which is used by other proteins in the OB fold family to interact htin tespective
partners. From the nature of residues affected in CusF, itomatuded that electrostatic
interactions are likely responsible for binding and specificitCusF and CusB. For a
better molecular characterization, CusB structure and the ws&uat its complex with
CusF need to be solved.

From the HSQC spectrum obtained for the Ag(l)-CusF/CusB, ilear that the
two proteins are in fast exchange on the NMR time scale.ERA=S data suggests the

formation of transient adduct. This may be further verified bjopaing chemical shift
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perturbation experiments at lower temperatures. As the raggabiange would slow
down, it may result in broadening of other peaks or a set of 2 pealesponding to two
populations.

Determination of the structure of CusB is essential for thietbenhderstanding of
copper regulation in the Cus system and MFPs in general. Inechaptvarious
constructsthat were designed to either improve the yields of CusB or proGus8&
amenable for structural studies are discussed. While pronisiiad crystals have been
produced, the conditions need refinement to obtain better crystals. ohaddi
expression systems that produce more soluble protein could aid in achieving this goal

The studies described in this dissertation have enhanced our undegsteritie
mechanism of metal efflux by CBA type transport systemhis Work could have far
reaching implications in our understanding not only of metal resistaystems, but the
broader family of multidrug resistance systems as well. h\§ibwing concerns of the
overuse of antibiotics and the selection for superbugs, studies lilkeviiiebave serious

impacts on human health.
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APPENDIX A

ABBREVIATIONS

ATP-binding cassette superfamily
N-(2-Acetamido)-2-aminoethanesulfonic Acid
Anhydrotetracycline

Analytical ultracentrifugation

Basic local alignment and search tool
N-Cyclohexyl-3-aminopropanesulfonic acid
Circular dichroism
3-((3-Cholamidopropyl)dimethylammonio)-1-propanesulfonate
Debye-Waller

Extended X-ray absorption fine structure

Fourier transform

Hydrophobe/amphiphile efflux

Heavy metal efflux

Hydrogen, nitrogen, carbon alpha

Heteronuclear single quantum coherence

Haber-Weiss

Isothermal titration calorimetry

Secondary structure prediction server

Membrane fusion protein

Major facilitator superfamily
3-(N-Morpholino)-propanesulfonic acid

Nuclear magnetic resonance spectroscopy

Outer membrane factor

Phenyl methyl sulfonyl fluoride

Protein disorder predictor

Resistance, nodulation and cell division
Sodium-dodecyl-sulfate- polyacrylamide gel electroplsore
Size exclusion chromatography

Transverse relaxation optimised spectroscopy

N-Tris (hydroxymethyl) methyl-3-aminopropanesulfonic acid
X-ray absorption spectroscopy
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APPENDIX B

ClustalW sequence alignment of the mature, processed formsi8 &nd homologous proteins
identified from a BLAST search of the non-redundant protein ds¢éahesing CusB from
Escherichia colias the query sequence. Only the top scoring sequence &éwmgenus was
selected for alignment to lower redundancy and generateresegpative set. The positions of

the nine methionines are indicated in bold text, and residue nunteemsdacated above the
sequence for methionines 21, 36, 38, and 283. The sequences are:

CusB NP_415106.1 (Escherichia coli K12), YP_309529.1 (Shigella sonnei Ss046),
SILB_SALTY (Salmonella typhimurium), YP_863814.1 (Shewanella sp. AYANP_941216.1
(Serratia marcescens), NP_943483.1 (Klebsiella pneumoniae), ZP_@a20B8%rythrobacter sp.
NAP1), ZP_01303698.1 (Sphingomonas sp. SKA58),YP_617588.1 (Sphingopyxis alaskensis
RB2256), ZP_01419030.1 (Caulobacter sp. K31), YP_348127.1 (Pseudomonas fluorescens PfO-
1), YP_315092.1 (Thiobacillus denitrificans ATCC 25259), YP_693077.1 (MAoeax
borkumensis SK2), YP_001109837.1 (Burkholderia vietnamiensis G4), YP_001098869.1
(Herminiimonas arsenicoxydans), YP_001085940.1 (Acinetobacter baurnfe@iC 17978),
YP_973527.1 (Polaromonas naphthalenivorans CJ2), ZP_01580136.1 (Delftia acid@Rirans

1), YP_001020823.1 (Methylibium petroleiphilum PM1), ZP_01663246.1 (Ralstonia pickett
12J), YP_001007785.1 (Yersinia enterocolitica subsp.), YP_049490.1 (Eream@ovora
subsp.atroseptica SCRI1043), YP_529403.1 (Saccharophagus degradans 2-40), ZP_01109853.1
(Alteromonas macleodii 'Deep ecotype’), ZP_01042144.1 (ldiomarina balli§d45),
YP_957429.1 (Marinobacter aquaeolei VT8), ZP_01075516.1 (Marinomonas sp. MED121),
YP_271496.1 (Colwellia psychrerythraea 34H), YP_338846.1 (Pseudoalteroh@opknktis
TAC125), ZP_01611244.1 (Alteromonadales bacterium TW-7), ZP_01307321.1 (Oceanobact
sp. RED65), ZP_01261191.1] (Vibrio alginolyticus 12G01),ZP_01219559.1 (Photobacterium
profundum 3TCK), YP_942789.1 (Psychromonas ingrahamii 37), YP_001142727.1 (Aeromonas
salmonicida subsp. salmonicida A449), ZP_01166302.1 (Oceanospirillum sp. MED92)
YP_434211.1 (Hahella chejuensis KCTC 2396), YP_001251512.1 (Legionella pneunsbphila
Corby), YP_742228.1 (Alkalilimnicola ehrlichei MLHE-1), YP_755411.1 (Marlisa maris
MCS10), YP_846551.1 (Syntrophobacter fumaroxidans MPOB), YP_357128.1 (Pelobacter
carbinolicus DSM 2380), YP_343544.1 (Nitrosococcus oceani ATCC 19707), ZP_01451725.1
(Mariprofundus ferrooxydans PV-1), ZP 01200378.1 (Xanthobacter autotrophigly P
YP_319729.1 (Nitrobacter winogradskyi Nb-255), YP_666000.1 (Mesorhizobium sp. BNC1),
YP_114681.1 (Methylococcus capsulatus str. Bath), ZP_01018326.1 (Parvularcolaidasis
HTCC2503), YP_760400.1 (Hyphomonas neptunium ATCC 15444)
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R 11 ERKI LFWYDPMYPNTRFDKPG
- PAEKTSTA- = = m o mmmmmmmmme e e ERKI LFWYDPMYPNTRFDKPG
- - TVPAEQKAP- - - - < s e e e e e EKKVL FWYDPNVKPDTKFDKPG
- TVQTEQKAP- -~ - < - <o o e e e e EKKVL FWYDPNVKPDTKFDKPG
=0 ERKVL FWYDPNVKPDTKFDKPG
------------------------------------------ MLFWDPNKPDTKFDKPG
- - - ESSGAGSA- - - === m e e e TDTDC- - - - EDVL YWDPM/PGQRFDEPG
- - - GQGGASDAGG - - - === === - - - SATEC- - - - EEVL YWDPM/PGQHFDEPG
------ GTGPAAE- - - - - - = - = - = - - - - - - RTEGD- - - - RKVL YWDPMYPNQHFDKPG
------ KAPVPAA- - - - - < - == - - - = - - - - GDAPG- - - - RKVL YWYDPMPAQRFDKPG
- - - NGVAASAPAP- - - - = -« -« c e e e e o APSTE- - - - PKAL YWYDPMYPQQKFDKPG
- - TDTQDTHTAA - = == === oo oo - PAGHG - - - RTVL YWDPM/PQQKFDKPG
-S| SMAMDSGE- -~ - === -=--------- TNSKADE- - KEVL YW DPMYPQQHFDEPG
- - AVASTGAASP- - - - = === w o e e mm o GGKI DPKTGRKVL YWHDPMVPNQHFDKPG
----- ASTSAAAS- - - - - - = - = = - = - - - - - - TERVDPKTGRKI L YWHDPMVPGNKFDKPG
------------------------------------------------- NKPEQHFDKPG

ADAGASPTAGPQS- MAEGEEATRRHI SAGLKAGDTDPVTGSKI LYYRDPM/PASKFDKPA
SPQAATPAVAAPA- NESGEDATRRHI AAGLKAGDVDPANGKKI LYYNDPM/PANKFDKPG
DPASPSPAEDPTSS| AAGEAATRRHI KAG KAGDVDPATGKPVL YYHDPMVPGKRFDAPA
- - QRSAPTQAAAS- - AQAADAP- - - - - - - LKAGDI DPKTGKRI L YWQDPMAPGQRFDKPG
- - - HATSTVAASP- - - - - - - - - - - EVTAENS- - - - RKVL YWYDPVSPGQRFDKPG
<o PHSPS- - < - c s s e TAEPE- - - - RSVL YWDPM/PDKRFDKPG
--------------------------------- NEAAE- - AKPL YWAPNDPNYRRDKPG
--------------------------------- EQNEE- - KQPL YWAPNDPNYRRDEPG
--------------------------------- SGNAE- - KEPL YWAPNDPNYRRDKPG
--------------------------------- EQTSSDSKEPL YW/APNDPNFKSDKPG
--------------------------------- AEMAI DE- - PLYWAPNMDPNYRRDKPG
--------------------------------- SDSSKEENKPL YWAPVDANFRRDQPG
----------------------------------- KASTEKQPL YW/APNDSNYRRDEPG
------------------------------------ KPAVKQPL YWAPNDSNYRRDAPG
----------------------------------- EASSSNEPL YW/APNDPNYRRDSPG
--------------------------------- ETATSSEKQPL YW/APNDPNYQRDKPG
--------------------------------- ESAASS- NDPL YW/APNDPNYKRDKPG
--------------------------------- ATQKTAEPEVL YWAPNMDANYQRDKPG
--------------------------------------- EKTPL YWNPVDPRDKRDGPA
--------------------------------------- ESQPL YWAPMDPNFKRDKPG
--------------------------------- AAESGGEKQPL YWAPNDPNYRRDKPG
---------------------------------------- KKPLYW DPNEPM HYPGPG
------------------------------------- SSEREVLYYQHPHNPTI RSDEPR
------------------------------------- STEPRVL YWQAPMDPSFRSDTPG
--------------------------- KEQTSAKGKPLEQRKI LYW DAMNPSFRSDKPG
--------------------------- DVPQGDK- - PKGERKI KYWAPMDPTY! RDEPG
--------------------------- ETPAK- - - - - - - - - KPLFYRSPMNPEI TSPVPA
--------------------------- GPCAGGA- - - - - - - QPLMARNPMNPSVTSPAPA
---------------------------- RAEAEKPAGSGERRI LYYRNPMGLPDTSPVPR
---------------------------- PTTAEATGQPGARRVL YYRNPMGLPDTSPTPK
--------------------------- NKEVAAAPANGGAKRVL YYRNPMAL PDTSPTPK
-------------------------------- PAPETAAARRPL FYRNPMNPQVTSPVPA
--------------------------- VPADKTQEPTSSAGE! LYYKHPMGKPDTSPVPK
--------------------------- VPVSGTTASAG- RGDI LYYKNPMGQPDTSPVPK
*
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- TVRI SPTWNNLGVRTEPVI QGRLPNNI TTVGYVAYDEDQWHVHPRVDGW ET
- TVQ SPEVI NSLGVRTGVASLNRLNLNVSTVGYVQYDQDKI QHLHPRVEGW EE
- TI KI SPSVI NNLGVRTTTATYRPLKTTI ETVGYVTYDEDKLVH HPRI SGAVEK
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- M SI QGSEVVNNLGVRTEPVI FSPMQERL STVGYL GFDQEQL VDVHSRVSGAWET
- - VTI NPTMEHNL GVRVAKVEQGELM_PI HTVGYVAFDEDRL THVHSRVEGWN EA
- TVQ SPSWNNLGVRTVPVI QT TLARHI DTVGFVEPNENQ SHI HTYADGAVKN
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- GVAVSPEM QITMG RTAPAETRDFSRVLRAFGTVETNERLENVTVSRLEGN EN
PGVYWVSPEM QIM3 RTVRAETAAFGRSLRAFGTVETNDRLENVSVARLEGW DT
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LERLRLAGVPEEDI QRLRSTRTI QTRFTI KAPI DGVI TAFDLRTGVNI SKDKVWAQ QGM 249
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RQRVRLLGMIDAM ASVERTRRAQNT! TVTAPVGGAVTM. GVRSGMIVVEGQTLAE! TGF
RERVRLLGVPPGLI SSVGRNGRPQSTI TVTAPI GGAl TSLGVRPGMIVMAGQTLAE! TGF
RQRLVLLGVPQSTI AAVERSGRQRNVI TI NSPI GGTI KSLGVRQGVEVMAGQTLAEVNGL
RSRLVLAGVBEPLI AAVERGGRVQP! STVRAP| GGVI QTLDVRAGVELTSGQTLAQ SGL
RQRLRLTGVPASL | AQVERSGKVQSEL TVTSPL GGVL QAL DVRAGMIVASGETL ARVNGL
RERVRL SGVPESL| RDVAARGKI RNRI Al TAPRGGVI QEL DVRAGMIVMGGQTLAR! NG
RERLLSLGVPASLI RSI ERQRKPLETWIVTAPHDGVI RSLNARAGMTL SAGAPVAE! QSL
RARMRALS| PDG | ASLDRTGKAQTHVL L TSPESGVVSEL NVRDGAMVAPGQTLAKI AGL
RQRVRAMS! PDGLI NQADRTGQSQQHFTL TSPVTGVI TEL SVRDGAMVAPGMTI AKVAGL
RQRLQLLG PQWVI HQVERTRRVQSNI TLQAPI SGFI DSLEVRNGVALAMGQTLATI KG
RORVRLAGVBDEQ RQVEASGKSQARFTI TAPL GGWVEL MAREGMTVMAGT TLFRI NGL
RORVRQVGVDDAQ ALVERSGQTQPRI TLSAPL GGVAVEVLAREGMIVAPGATLFRI NSL
RQRLL LAGVBEAQVWRVDAASTVQPRI TLVAPSSGVVAEL VAREGMIVSPGVMLARI NGL
LLRVRQAGMIEAQ RLVESTGKPQPRLAI SSDI DGVI TEVGVRDGVAVAPGMTLFKI ADL
RQRLQLQFMPEEVI RSVEKSGQPQTRVTLRSPANGYVNKLDI RAGSQVTATQSLFELASL
RQRLALLFMPEAI | RQVERSGKPQDRI Al TAPVDGYVNKL EVRQGVQLNPAQSL FELASL
ESRLKAL HFPAKEI AEL THTRKVQQAVMFPSPQNGVWDNLNI REGFYVTPGTTLMSI GTL
RSRLNAL QVPEDVWETL TKTKNVQQTVTFSAPQTGFVDNLNI REGFFI KPGVTVVSI GAL
EERLRALQVSESEI KKLKETRKI QKTI TVKAKQSGVL DRL TVREGAFVTPSMNLMIT AQL
TERLAALNVPASLI SRLRQSRDI QRTMIVYAPRSGVI ENLNVREGVFI KPGDRVL S| AAL
KERLLALNFPPTEI KRLTRTLKVQQSVTFFAPSDGVADYLNWDGVFI KPGVELLSI ASL
ENRLI ALQ PRKAI NAL KKDKKVQLNVTFYAPQNGVWESL FVRQGFYVKPETMVLS! VDL
KARLKSLNI SDDFVERL QKSKQVMONI TFYAI QSGVVEEL NVREGFYVNPGTTMVSI GKL
KARLESLNVSAEFI ERLQKNKQ MONI TFYARQSG VDEL NVREGFYVKPGTSMVBI AQL
LDNLRALNFPQATI QAL RKDKTVKQTVTFRAPQSGVLENLQ REGYFVGPSKTLMSI VNL
KERL SSLGVDNNQI NAI LRRGKSFKNI Al KAPADGVI TALNVRTGAYLSPAQNVI SGGSL
TERLVTLGVDRAQ KSI TRRGKASQTI El KAPADGVI ASLNVREGGYL SPAQAVI SAGPL
KARLQALGVNQDQ ENI | RNKKVLQNI TVFAPQKGTI SELKLNEGAFI SPSTWWI TAVNL
EGKLKSLQVPADQ AALKRNRQVRETI G YAPSSGYVSEL KVREGQYVEPAAALFNI STL
ESKLKSLGADES! FEKLKSGKQSFNRLPVYAPQSGYVSQLNVRQGVFI KPASKLMRI GPL
RERLLALGLNNAQN SRLEKRRLVDQRI SVYAEQSGVVDALMVREGVFI KPATEI MBI GGL
YKRLQALHI SEQQ EDI KKGHQSNQLVAVYAPQDG VAALNI REGVRVTPDVEI MSLVDL
RERL RAL GVMPADAI RQVEQQGRAL NLVPVKAPQDGVVQAL NVAEGVFVQPGTEVVE! ADL
RSRLMAL GVTRDQI SRI ARTGNAGEL VEVRAGQDGVVI AVAVREGSHVRPGTQLMT SDL
RERFRLWNI PDAQVRE! EKRGKPSTSMTL SSPAGGFVWNRNAYPGCR! TPETEI YS! VDL
RORLRYWDI SERQI SRLEKTGKVHKTLTL YAPSKGVWTMKMAMPGQFI KAGQELFQI SDI
RERLQLLDVPEHQ RELEQAEKI YKNLH HSPFHGWLQ GVREGQYVTPQTEL YTLADL
LDRLRFFDVPEHQ RALQRTHKVLKNVH HAPAAG VTKI GVRDGARVTPATELYQ ADL
RQRLENLGVPAEAI AEI ERTRKVPL SMI'VRAPRDGVVL ERNAVDGVRAEPGAVL FRI ADI
RQRLENLGVPPEAI AEI ERTRKVPLSI TWRAPRDGVVL ERNVWEGVKAAPGDVL FRLADI
RQRLENLGVPSGAI AEl ERTRKVPLSMM'RAPRDG VL QRNAVEGVKAAPGD! LFRLADV
| QRLR\WKVPESW. RRFEASGEl QRRVPFASPVNG! VLEKNAVQGVRFMPGDTL FRVADL
RQRLRSLGMVONAAI DRLTETRQVI ERVPVYAEAGGTVAEL QVRNGDYVKPGTPI LRLQSY
RQRLRSLGMODAAI NRVAETRAVI ERVPVYAEAGGTVAAL EVREGDYVKPGTPI LRLQSY
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DPVW/TAAI PESI AW VKDASQF TL TVPARPDKTLTI RKWILLPGVDAATRTLQLRLEVD
DPVW/TAAI PESI AW VKDASQF TL TVPARPDKTLTI RKWILLPGVDAATRTLQLRLEVD
DPVW SAAVPESI AYLLKDTSQFEI SVPAYPDKTFHVEKWNI LPSVDQT TRTLQVRLQVT
DPVW SAAVPESI AYLLKDTSQFEI SVPAYPDKTFHVEKWNI LPSVDQTTRTLQVRLQVS
DPVW SAAVPESI AYLLKDTSQFEI SVPAYPDKTFHVEKWNI LPSVDQTTRTLQVRLQVS
DPVW SAAVPESI AYLLKDTSQFEI SVPAYPDKTFHVEKWNI LPSVDQT TRTLQVRLQVS
TPl W.EASVPEVQAANVRQGQPI SATLAAYPDQRFAGRI VAI LPSADAASRTI TVRAELP
SPI W.EAAVPERQAATVRVGOQPVSATLTAFPEERFSGPI | Al LPSAQDASRTI TVRAQLP
GTVW.DAAVPEAMAGRL RPDMVPVTATLAAYPGESFAGRI RAI LPQAETESRTI TARVEI P
SSVW.| LSAPEAQAGLI KI GQAVSAQLAAFPGETFNGRVSAI LPSAQVDSRTLQVRVELA
NSVWL.AVAVPESQT GSVAVGQAVEARL PAFPGRVFNGTVSAI LPDTNPDSRTLRVRVELT
GI'VWL.DVAVPEARAGSVRI GQAAEAHFAAFPGEPVQGRVTALL PALDDTARTLRVRVELP
NPVW/EI AVPERQL GQVSSGNAVDVTVQGVKPALREGQVADI LPLVDQSSRTVPVRVTLS
SKLW.I VEI PEALAL GVQPGMTVDATFAGDPTQHFNGRI REI LPG STTSRTLQARLEI D
NKVWL.VAEVPEAL SNVVRSGMIVEATFSGDANRKYSGKVREI LPA STATRTLQARLELD
NPl WLEAAVPEKQ AGQ KRGVEBVEANFAAFS- QKVTCKVI DI LPTLDTTSRTI KVRI ELP
STVWANAEVPESQAAL VRPGAKVQASSPAAPGMIFDGKVQAI LPEVNSATRTLKARLELD
STVWANAEVPESQAAL L RPGAKVQARSPAAPGSSFDGKVQAI LPEVNPSTRTLKARMELA
AAVWANAEL PESQAAL VRPGSQVEARSPGVPGAVFRGT VQAL L PEVNAT TRTLKARVQFA
STVW/LAEI PESQASAI RPGQAVTATATAI AGHALTGKVDAI LPDVNANTRTVKVRVELQ
DPVW VMDYPQSQASLVRI GSEVTATTASWPGESFHGKVSEL LPNVDLATRTLKARI TLE
NPVW/DVDYPEAQAAQLTI GSDI SATSSAWPGKTFHGNI SELLPVLDSTTRTLKARVWLD
DEVW/VAEVFERQASL VQVGQPVTMYLDYL PNKQMNGKVDYVYPSL DAKTRTARVRLRFK
DEVWDAEVFERQTAQ VEGLPVTMILDFLPGKTWIGVVDYVYPTLEQSTRTLRVRLRFA
DKI WI AEVFERQLNQVEVGNDVQWNL EYAPGKEWQGKVDYVYPSLNPKTRTGQVRI HFD
DEVW. I GEVFESQL SAVEAGNRVQMT L DYMPGREWRGSVDYVYPEVNPKTRTARVRVRFD
DEVW/EAEVFEKQTSLI KEGLAVQVSL DYL PGKSW.GVVDYVYPTLDLASRTLRVRVRFD
NQVWWKAEVFERDVFKVVI GDSASMRLDYL PSKQAL GKVEHVHPMLNPKTRTG VRLHFN
DEVWEAQVFERQAEL | KI GQPVSMTLDYL SCGQRSWIGKVDY! YPTLDAKNRTLRVRLRFN
DEVW/EAEI FERQSSLI SVGLPVTMTLDYFKGKI WQGQVDY! YPALDAKNRTLRVRLRFT
DKVW/EAEVFQSQL HW. KQGL AVSVAL HGFDDK- LNGQVDY! YPQLNMONRTGRVRI VLN
DNI VWDAEVFERQSTW QSG AADMT L GAL PGKHWQCKI DYVYPI LDPNTRTLRVRLKFP
DNVVWDAEVFERQAHWWKAGSQATMT L DAl PGNEWQGVVDYVYPI LDPKTRTLRVRLKFP
DTVW/DVEVFAAQVSL VKL GDLASMT L DYFPGQKWEGQVDFI YPEMNASNRTLRVRLQFD
QRAVW/SAEVFERQAAQL KVGDPVTMI L DYAPGRSWQGRVDYL YPTLDAATRTLKVRLRVD
QQ WATAEL FERQAGQVSVGDQAENMRL DFL PGKSVWRCGKVDY! YPAL DQKTRTLKVRLRFE
EQVWI AEVFERQAGWKAGQPVVMNVAAAPGRTWECKVDYL YPVLDAKTRTLRVRLRFP
ANVWM AQ FEEQANW/KI GCDQAEARI SAFPQKQNKGRVEY! YPRLEPMIRTVKVRFRFD
SRI W/I ADL FEHQSDAVREG. DAEVHFPFRPGETLVGSVGY! YPTLASPTRTI RARI TLD
SSVW LVDVFEDDALWSPGQDVHI RSTSDPSRTWHGEVEYVYPTVDPQSRSVPVRI RSS
STI WALAEVYEYEVPLI KLGQDATMILSYVPGKTYKGKVTY! YPEVDKTTRTLKVRVEFP
SKVW/YAD! YEYELPW ETGQEAEVI LPFVGGQSLKANI DYl YPYVEPQTRTVKARI VFD
CQYWWYVDI YEYEL PWQAGDEAEMRVTAI PGQVFHGTVAY! YPYLEKQTRTVQLRLEFD
SRVW/LADLYEYElI PWKVGDSASLSI ASMPGRTFTGKI TY! YPYLDPKTRTNKVRI EFD
STLW/LADVPEHDLAAVRI GASASVRVRGRPGVAFNGQVSLVYPQVSEVTRTARVRI EI A
STI WLADVPEFDLAAVRI GAPVTVRVRSLPGRSFEGRVSLI YPQVGEATRTARVRI EI A
STVWVADVPEYQLAAVKLGAAATI RLRGRPGQSFTGHVALI YPQVATDTRTTKVRI EI P
STVW/I ASI FEQDL GHVRVGQTARI GFKAYPDRSFDGRVAYVYPTVTDAVRTARVRI ELA
ADVW/I ASVPESDL PLVQAGVPAEL DFPSAPDAPGKGQVDYI YPTI DPKTRTADVRI EVD
AGVW MAAVPETDLSLI ETGFPVRLSFPSAPEAPGTGVI DYI YPTI DPKTRTAQVRI EI D
. % . A * - *
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283

NADEAL KPGVNAW.QLNTA- - SEPM_LI PSQALI DTGSEQRVI TVDADGRFVPKRVAVFQ 331
NADEALKPGWAW. QLNTA- - SEPMLLI PSQALI DTGNEQRVI TVDADGRFVPKRVAVFQ 359
NKDEFLKPGWNAYLKLNTQ- - SQEM_LI PSQAVI DTGKEQRVI TVDDEGKFVPKQ HVLH 367
NKDEFLKPGWNAYLKLNTK- - SQEM_LI PSQAVI DTGKEQRVI TVDDEGKFVPKQ HVLH 367
NKDEFLKPGWNAYLKLNTR- - SQEM_LI PSQAVI DTGKEQRVI TVDDEGKFVPKQ HVLH 367
NKDEFLKPGWNAYLKLNTR- - SQEM_LI PSQAVI DTGKEQRVI TVDDEGKFVPKQ HVLH 320
NPRGRLKPGVFAQVSLSPD- TRR- ALLVPSEAVI RTGRRNLVM_KQDEGAFLPAEVEI GR 368
NASGRLKPGWAQVSLTPD- TRR- ALLVPSEAVI RTGRRTI VMVKQDEGGFMPAEVRI GR 370
NRGGRLRPGVFATVSFAGE- QRP- ALLVPSEAL| RTGKRTLVM_ALDKGRYQPAEVRTGM 364
NRDGRLRPGVFATASL GSD- AAP- VL TVPSEAVI RTGRRDLVM_AQGGGRYQAAEVRVGR 367
NADGRL RPGMIAQVRLNRS- TGQDSL SVPSEAVI RTGKRALVMLAEDAGHYRPVEVRLGQ 366
NPGGRLRPGLTAQVSLRGA- GGDSALRVPTEAVI RTGRRALVVWAEAEGRYRPVEVTLGA 370
NDEGDL RPGVBAQVRI HGE- ATQKALAVPTAAL LHTGKRSLVM.DEGEGRYRPQAVLPGG 371
NAGFKLTPGMLMRVRVAGQ KAVSRLLVPSEAVI TTGKRSWVI VKNGDGRLQPATVTVGN 375
NRDGSL TPGVMLMRVRLNAD- KSVSKLLVPSEAVI ANGKQSI VLVWGENNSMQPVWITI GR 373
NPSGQLKPGVFASVNI | NN- PQSS- LVWPEQAVI RTGTRNWVI VGREQGRFKPVWWQLGQ 314
NPGARL VPGVFVSMHFMGWVE QAQKSLLVPTEAVI QTGKRTVWI LAEENGWFSPVDVQPAE 404
NPGGRLVPGVFVTMNFVDM RPDKTLLVPTEAVI QTGKRTWVI VAEDNGRFRPAEVDAG 407
NPEDRL VPGLFVTMFVDM RAQKAMLVPTEAVI QT GRRAVWMWAEEGGRFAPVDVETGL 403
NRDRRL L PGVFANVRFGAQ- AGPDKLLVPTEALI RTGTRTI VMVDAGNGGFNPI EVKTGA 383
NPQRQALKPGWLNVQSTPTDTLEPVLVI PQEALLMIGSRNTVLLAEGNGHFKPVEVSAGQ 366
NPQQQLKPGWYLTVQRSHT- QAQPRLAI PQEALLVSGSONRVLLSDGSGHFTPRRVTAGA 354
NADHL LKPNMFAEVI | HVA- NAENAL VI PREAVI RTGSQDRVVLAL GDGQFKSVAVELGR 358
NQDYTLKPNMFAQVTI HSD- MDSTNLI VPTEAVI RTGNONRVVLAL GDGKFKSVAI KI GR 362
NPDGFLKPGVFANLNI KAG- LGDKNLI | PKEALI RMGDSNRVVLAL GDGKFKSVNVDVGR 361
NEDGAL MPGVFARL EVQGE- RGKRQFLVPRESVI RTGQSDRLVLALEEGAFKSVNVSVGR 364
NQEQALKPNMFAKI NI LI D- EAAPSLQVPKEAVI RVEQSNRVVLALGEGRFKSI NVEI GR 366
NONGDLRPNMFAQ SI Al N- DNEPAL QVPKEAVI RTGNQDRVVLAL GDGYFKSVAVKI GR 380
NEGHKLKPNMFAQVNI HTQ- ANKAQLVVPKEAVI RTGNONRVVVAL GEGRFKSVAVEMGR 362
NKDLKLKANMFAQVTI HTN- ASEPQLVVPKEAVI RTQHONRVVI ALGEGRFKSVEVQVGQ 354
NPQKI KAGWADVTFATQ SSKAVTYVPREAVI RLGDSNRVVKHVADGQYKSI AVKTGV 356
NADGALKPNMVFANI TLI PQ- SNNKVLLVPNQAVI RSAGVBRVVLALGNGKFRSTRVETGR 364
NPDGAL KPNVFANI ALQPV- TDDAVLTI PKSSVI RSGGMTRVVLAEGDGKYRSARI EVGR 366
NPTALLKPNMFASVTLI PQ- MKQRTLQ PREAVI YAGNVWNRVVLALGEGNFKSVLVNLGL 399
NPDEFLKPNMVFAKVAI RTG- QGEPRLVVPSEAVI RTGSQDRLVLALGDGNFKSVAVTLGS 359
NPDLQLKPDVFARI El ETS- ATKPVLNVPASALI KTGSQERI VWDMGEGRYKSVEVTSGQ 358
NPDL TLKPNMFADL TL QAK- VDDQAL SI PREAVI RTGSHDRVVLAEGDGRYRPAFVKLGY 365
NPDNQLKPNMYASI SI LVN- PKSNVLSI PLEALI RSPQGDRVI VAL GKGRFQVRQVKAGM 359
NPDGRLKPGMATDVHI DGE- STEPVLHVPAEAVI RTGRQDRVVTMEEEGRFRVHEVRVGR 357
NADGALRPETYVNVAI DTE- PHVQALTI PREAVI RGGQSDRVI | AEGEGRYRPARVETGM 359
NADFQLKPDMYANVG E- V- DFGRQVSI PQEAVLDSGTEQ VFVALGDGYFEPRKVQVGA 458
NPGLELKPDMYVNVRI HGW EVKDAL AVPSEAVLNSGEKQTVFVAL GDGKFEPRQVKTGV 431
NSDLLLKPEMFANVTI HAS- KQVDAVVWPEAAI VRSGTREQVFVWRGPGKFEPREVKVGY 381
NRDGALKPDMFCGDVAI ASS- TSKPGA YVPREAVLI TGKQAHLFVQVGPGRFEPRTVKTGT 384
NPDGVLLPNMYADVAVGTG- DAAPVLAVPDGAVI DTGTRQWI L DRGDGRFEPRDVAVGH 426
NPDGVLLPNMYAEVEI GTG- DAAPVVAVPDSAVI DTGTRQVVI | DRGDGRFEPRDVKI GL 427
NPYGTLLPDMYADVEI ASG- SGAEVVAVPDNAVI DTGSRQVVI VDKGDGRFEPRQVQVGEQ 405
NPKQLLKPAMYCDVTLQAA- ETEPVLAVPDSAVLDSGTRQLVLVRLGEGRFEPRPVETGQ 366
NVSGYLRPGAYADI RLNI G- - GRPRLSVPSEAI LLGSEGARVVI AEGNGRFSGRAVQTA 350
NADGFLRPGAYADI Al DI P- - GKSHLSVPSEAVLQDSRGTQVI | ALGEGRFTGRAVTTA 399
* . Sk e . .
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A- SQGVTALRSGLAEGEKVVSSGLFLI DSEANI SGALERVR- - - - - == === === - - - - - 371
A- SQGVTALHSGLAEGEKVVSSGLFLI DSEANI SGALERVR- - - - - - == == - === - - - - - 399
E- SQQQSG GSGLNEGDTVWVSGLFLI DSEANI TGALERVRHPEK- - - - - - - - - - - - - - - 411
E- SQQQSG GSGLNEGDTVWVSGLFLI DSEANI TGALERVRHPEK- - - - - - - - - - - - - - - 411
E- SQQOSG GSG.NEGDTVWVSGLFLI DSEANI TGALERVRHPEK- - - = = = = = = = = - - - - 411
E- SQQRSGA GSGLNEGDTVWWSGLFLI DSEANI TGALERVMRHPEK- - = = = = = == - - - - - - 364
E- ANGRTElI LAGLAEGEQVWTSGQFLI DSEASLSG DVRSI DGTMBM - - - - = = = = = - - - 414
E- AGGRTEVLAGLSAGDQVWTSGQFLLDSEASLTGLDVRPI DQADDA- - - - - - - - - - - - - 416
E- ADGQTEVLAGLAEGEKWWTSGQFLI DSEASL SAMQARPI AGGSPQ- - - - - -------- 410
Q AGGRTEI LGGLKAGDQVVASGQFL L DSEASLAGLEPRPL SADEPVNSMPAGPATK- - - 423
E- SDGRTVI LEGLAEGQSVWTSGQFLLDSEASLKG VAEPLE- - - - - === === == === - - 407
E- SGSDTVI LSGLAEGQKVVASGQFLI DSEASLQA VARGTG - - - == == === == === - - 411
E- LGDQTLI LAGLKEEQKVVWSGQFLLDSEASLQG AVQEL AVBDETEMWNALHYAEGWY 430
D- | GNETEVLSGLNDGDTWWASGQFLI DSEASLKSVLPRLEGSTGAS- - - - - - - - - - - - - 421
D- | GSDTEI LNGLSDGKVVASGQFLI DSEASLKSVLPKFAGTK- - = == === -------- 416
S- DANKI AVL QAL KAGQRWI SGQFLI DSEANLQAE LDKLNTGQP- - - - ----------- 358
E- SGEQTElI KRGLQAGQRVWWSSQFLI DSEASLKGVEARLNENPKPADATAT- - - - - - - - 455
E- SGEQTEl KHGL SAGQRVWSSQFLI DSEASLKGVEARLNSAPSAVAAASPP- - - - - - - 459
E- | SGQTEl KRALKAGQRVWVSSQFLI DSEASLKGVEARLNNQPAPT- - - - = = == - - - - - 449
E- ANGQTEVTDGL SAGKVVVSGQFLI DSEASLRGTAQRVASPPAASAP- - - - - - - - - - - 431
T- QDGWEI KSGLSHGQLWWTSGQFLI DSEASLQSTLPQVADTPEPQ - - - - - - - - - - - - 412
S- LGDW/EI | DGLKEGDNVWTSGQFLI DSEASLRSALPQFDADTS- - - - - - = - == - - - - - 398
M DDNFVEl LEGLEENERI VTSAQFLLDSESSKTSDFKRMD- - - - HSQNL- - - - - - - - - - 403
V- VDEFTEVLEGLI DGDS| VTSAQFM_DSESS| SSDFKRVE- - - - PPEES- - - - - - - - - - 407
L- GSSRVE! LSGLMAGDE! VTSAQFLI DSESSKSSDFKRM\ - - - HDSNTDSESHD- - - - 412
V- GEKYAE! LDGLMPGDTWTSAQFLI DSESSKSSDFRRVB- - - - APQTR- - - - - - - - - - 409
T- DKDSI El VSGLFEGDEVVTSAL FLLDSESSKSSDFKRFN- - - YPSSSVVDM - - - - - - 415
F- DRDNI El | SGLSEGEKVVSSAQFLL DSESSKTSDFKRVHI EEFQSDDFMDE- - - - - - - 432
S- DSKNTAI LSG MADDDVVVSAQFL L DSESSKSSDFKRMY: - - APQAVSSVWABEG VNS 418
T- SVDETI | LSGVYWVNDSWTSAQFLI DSESSKLSDFKRME- - - MPAADS- - - - - - - - - - 400
S- NEQFI Al EQGLKLGERI VTSAQFLI DSESSKQSDFKRI D- - - RGSATR- - - - - - - - - - 402

E- SGNQ El VKGLNPNDTI VTSSHFLLDSESSLSADL SRI S- - - NRNETKTAVSAPVHDM 420
E- AGEQ EVLQGLKQGDKI VTSSHFM.DSESSQSADL SRI NGVEAAAETAWAKGEI TDVM 425

E- NKKSVEVLSGLSEGQEI VTSAQFLLDSESS| SADFGRM_- = = = == === === == === -~ 439
Q FGDKVAI KAGVETGDSI VSSAQFLLDSESAI DSDFQRMT - - - - AVRP- - - - = - - - - - - 403
Q MNGRVAI EQGL YPQDRVVVSAQFMLDSESSI SSDFLRMT- - - - PPKMG- - - - - - - - - - 403
E- ADDRVQVLKGLKAGDQUWTSGQFLI DSESKVDVALAAL ESFSQSAQQDAAP- - - - - - - 417
E- SGDRVE! LSGLKVGENVWVSGQFLLDSESNLKAGLERLE- - - - === === === - - - - - - 399
R- AGDRLE! LEGLQVGARI VTSGQFLI DSESSVTVSLARLQAAAEADDGS- - - - - - - - - - 406
E- SDGRI El LAGLAEGERI WSSQFLI DSEASL QGAALRVBPPGAVDEDAG Q- - - - - - - 411
RVGDRFI WS- GLNPGEQVVSSGNFLI DSESRLKSALRGMGSPAHAGHGATGGEAGV- - - 514
QDQEGFTEI TQGLLEGETWTSAQFLFDSESKLREAI QKMLEPKTT- - - = - == - - - - - - - 477
S- AEGFTEI LAGLKPGEKWWTSSQFLI DSESKLREATAKMKEPK- - - - = = == === - - - - - 424
S- AEGQVE! LDGVKAGELWSSGFLI DSESSI REAAAKMVEPKTMA- - - - - - = = = = - - - 430
S- GQGFTEl RAGLAEGDRVVWAANFLI DAESNLKAALRGLAPVEAKP- - - - - - - - = = - - - 472
R- GEGLTEI REG AEGDRVVVAANFLI DAESNLKAALRGLTPPEARP- - - - = = = = = - - - - 473
Q GGGFTElI RSG AAGDKI VWWAANFLI DAESNLKAALNGMTSAEATP- - - - - - - - - - - - - 451

R- VEGYTEl RRGLSEGEEVVTRANFLI DSESNLRAAI GGFSTEPAPAPTDHSMPGGH- - - 422

S- ANGRTEI LSALESCDMWVASGOFL L DSEANLKEGL AKLEAPDASAASPETPLSDI PVD 409

Q AKGRTEI LSA. TAGDEVVASGQFL L DSEANL REGL AKL QGPAAVTAGPDTPLSELPVD 458
. k. .
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------------ SESATHAH - < - <= === cocmcocoaoon 379
------------ SESATNAH - < = <= === cememcmccmaaan 407
- - - - TENSMPAVBEQPYNVHSGH - - - - = == == == == o= o e oo o 430
- - - - TESSMPANBDQPYNRHSGH - - - - = == == == == == o e oo o= 430
- - - - TESSMPAMBDQPYNVHSGH- - - - < = - = <= == == == oo oo 430
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APPENDIX C

ClustalW sequence alignment of CusF and homologous proteins ietfitdfm a BLAST search

of the non-redundant protein database using CusF Escherichia colias the query sequence.
Only sequences that are Membrane Fusion Proteins are select@iyfiment and generate a
representative set. The sequences are:

CusF NP_286298.1 (Escherichia coli 0157), ZP_00829705.1 (Yersinia frederikSeDC
33641), ZP _00823574.1 (Yersinia bercovieri ATCC 43970), CzcB family protein
ZP_01039342.1 (Erythrobacter sp. NAP1), CzcB family protein ZP_01864860.1 (bather

sp. SD-21), CzcB family protein YP_457789.1 (Erythrobacter litorali€€2594), CzcB family
protein ZP_01303698.1 (Sphingomonas sp. SKA58), Secretion protein HlyD ZP_01419030.1
(Caulobacter sp. K31), Putative membrane fusion protein silB @@cwP_001633190.1
(Bordetella petrii), MFP subunit YP_985765.1 (Acidovorax sp. JS42), 8ecretotein HlyD
YP_285471.1 (Dechloromonas aromatica RCB), Secretion protein HIlyD5X@97.1
(Rhodoferax ferrireducens T118), MFP subunit YP_742228.1 (Alkalilimnigbtichei MLHE-

1), Membrane-fusion protein YP_434211.1 (Hahella chejuensis KCTC 2396)

Yersinia frederiksenii = c----a--o-o-n MKKLFSLTLVAVAVI SGLTGYLLGRPAPHATSASAI S 37
Yersinia bercovieri ~ aeeee-ao-n MKKQLSLTLVAVAVI SGLGGYLLGQPPSTAPAAAATH 37
Eryt hr obacter sp. SD-21 - - - - MKAVFERL SPRORSYAAAAG ALVSLGAGYGLSM.G - GGSDGGDA 44
Eryt hrobacter litoralis - - - - MNSALERFTPRORMYAAGLG ALVSLLAGYGLSMLG - SES- GGDA 43
Sphi ngononas sp. SKA58 - - - - MGAAWDRL SPROKSWMVAGT VAL I SLAAGYGLSQLG - EGQGGASD 44
Eryt hr obacter sp. NAP1 - - - - MNSVLERFTQRQRLFAAGLG ALVSLAAGYGLHMLG - GESSGAGS 44
Caul obacter sp. K31~~~ ----- MBRATTLSPRS- LI AGAAAI SLLAAAGGYGLGNR- - KAPVPAAG 42
Bordetella petrii - - - - MKASFT- - - - LGQ TLGWVAAAI AAGAGYALANRN- - VPTSSAVS 40
Aci dovorax sp. JS42 MT- - - - TGFKAGVLLAI VAAGLAAGGGYWGQRQSEAHSG - DQTASPCA 44
Aci dovorax sp. JS42 MT- - - - TGFKAGVFLAI VAAGL AAGGGYWVGQRQSEARSG- - DQTASQGA 44
Dechl or onbnas aronatica RCB MTGANPSGVKQGVLAVAI VAI LAGAGGYWAG- HKSTGQTD- - AVAQPAAT 47
Rhodof erax ferrireducens  ------ MKQGTA AVAVIVAAVI AAGAGYW. GHKGPASQAQGTVSATAAAY 44
Al kalilimicola ehrlichei ~ --------- MKFVS- - - LFI ALLI G - FLGAGALWFHQG- - - - - - GTAG 30
Hahel | a chejuensis ~  --------- MRLVI SI | FI VAAFVAGANFASRHPALTALMG- - - - - - EMDM 35

Escherichia coli e

Yersinia frederiksenii ADTATENSRKVL YWY DPVSPGQRFDKPGKSPFVDIVELVPRYAG- - - - ETE 83
Yersini a bercovieri ADATAENSRTVL YWYDPVSPGQRFDKPGKSPFVDVDLVPRYAG- - - - ETT 83
Eryt hrobacter sp. SD-21 A- - ADTGCEEVL YW DPMVPDQRFDEPGKSPFVDMQL VPKCAGG- - DAQA 90
Erythrobacter litoralis A- - TDTGCEDVL YW DPMVPDQRFDEPGKSPFVDMQL VPKCAGG- - DAQG 89
Sphi ngononas sp. SKA58 AGGSATECEEVL YW DPMPGQHFDEPGKSPFVDMQLVPKCAG- - - - EEA 90
Eryt hr obacter sp. NAP1 A- - TDTDCEDVL YW DPMPGQRFDEPGKSPFVDIVMLVPKCAG- - - - EAA 88
Caul obacter sp. K31 D - - - APGRKVL YWY DPMVPAQRFDKPGKSPFVDMQL VPRYADE- - AASA 86
Bordetella petrii TAI NSKGDRQVL YWYDPMWVPTQHFDKPGKSPFVDIVELVPKYAD- - - - EGN 86
Aci dovorax sp. JS42 SAVAAKKERKVL FYRNPMGLPDTSPTPKKDP- MGVDY! PVYEGEQEEAET 93
Aci dovorax sp. JS42 SAGPTKKERKVLFYRNPMGLPDTSPTPKKDP- MGVDY! AVYEGEQEEAET 93
Dechl or onbnas aromatica RCB SGAPAKKERKL RFYRNPMGL PDT SPVPKKDP- MAVDY! PVYEGEEDEEPG 96
Rhodof erax ferrireducens DTGAGSTSRKLLYYRNPMGLPDTSPTPKKDP- MAVDYI AVYAGGADEEPA 93
Al kalilimmicola ehrlichei QGGGSS- EREVLYYCQHPHNPTI RSDEPRKDE- MAVDY! Pl YAGDEGRDD- 77
Hahel I a chej uensi s AAAESGGEKQPL YW/APNDPNYRRDKPGKSP- MGVDLVPVYEEDAQGON- 83

Escherichia coli e

Yersinia frederiksenii EDGGVTI SARQQONL GVRTAPAEMRTLNYRLAGYGTWTDERGVQVI AAR 133
Yersi ni a bercovieri DDGGVTI SARQQONL GVRTAPAEMRALNYRLHGYGTVATDERTLQVI AAR 133
Eryt hrobacter sp. SD-21 GE- GVSI DSALVONFG RTAEAEYGVLEPETTVTGTLAYNGSEVAI VQPR 139
Erythrobacter litoralis AG- GVSI DSTLVONFG RTAEAEYGVLEPEI SVTGTLAYNGSEMAI VQPR 138
Sphi ngononas sp. SKA58 TA- GVRI DPGLVONFG RTTEAEYGVLEPEI TVTGVLAYNERDVAI VQPR 139
Eryt hrobacter sp. NAP1 EA- GVRI DPGLVONFG RTAAAEFGVLEPEI TVTGVLAYNSRDVAI VQPR 137

Caul obacter sp. K31 ASPGVAVDPRGAQTL GLRLARAEMIPLASGLTVPGSI DFNQRDLAI VQTR 136
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176

GAQGE M EPTI QONLG RI VKVQQGPI PGAI EATASI KLNDRLVTI LQAR 136
NSNQ RI STEKI QKLGVRTEAVSL RSL DKVWRAAGRI EPDERQTFTI AAK 143
NSNQ Rl STEKI QKLGVRTEAVSL RSL DKVWRAAGRI EPDERQTFTI AAK 143
AANQ SI STEKVQKLGVKTEAASL RALDKI VRAAGRI EPDERRTYTI APK 146
AANQVRI STEKVQKL GVRVEAAQL RALDKSVRASCRI EPDERRVYAI SPK 143
DPDVLRI SPVWVONMGVRTAEVERGALHRQ STVGFVEVDEAAQSHVHLR 127
DDGGVTI NPTMEHNL GVRVAKVEQGELM_PI HTVGYVAFDEDRLTHVHSR 133

ANG | EQL YVRAEQQPVTKNQPLAQLVWPDWSAAQQEYLAI RQLGDHPLT 183
ANG | EQL YVRANQQPVTKNQPLAQL VWPDWSAAQQEYLAI RTLGDSQLT 183
AGGYVQRTYGHAPCQDL | ARGAPI VDL LVPEWGGAQQEFLAVAATGDAALT 189
AGGYVQRTYGHAPCQDL | ARGAPI VDI LVPEWGGAQNEYLAVAATGDEALT 188
AGGYVQRTYGRAPDDVWGRGAPLAD! LVPEWGGAQQEYLAVLNSGDEELA 189
AGGYVQRTYGLAQDDVWRRGAPI VDI LVPDWEGAQREY! AVLDTGDQALA 187
TAGFVQRVYGHAPGDI VAAGAPI ADLLNPDWAGAQTEYLAVRRI GDPRLT 186
TTGYVDKVYPLAPGDVLASGTPI AELI VPEWEGAQLEFLALMVRSGERSLA 186
FEGYVERL HVNVTGQAVSKGQPL FEVYSPEL VSAQREYAI AAQGVDALKG 193
FEGYVERL HANVT GQAVSKGQPL FEVYSPEL VSAQREYAI AAQGVDALKD 193
FEGYVERL L VNATGQPVGKGOPL FEVYSPEL VSAQREYAI AADGVRSLNA 196
FEGYVERL HVNVTGQAVGKGOPL FEVYSPEL VSAQREYAI AAQGVATLKD 193
TEGW EDLRVRTTGERVTAGEVLFRL YSPALVSAQDELLQTLR- - RNGNA 175
VEGW EALNVKSSGDPVSKGQKL YEI YSPALVNAQEEYLAALRGANKI LL 183

Ammmmmeaaes AARQRLQLQFMPEEVI RSVEKSGQPQTRVI LRSPAN 220
Ammmmmeaes AARQRLQLQFMPEEVI RSVERSGQPQTRVTLRSPSD 220
Necmmmmm e oo AARQRLRLLGVPEGVI SSVARSGRPQSTI TVTAPQS 226
Rocmmcmmmeao- AARERLRLLGVWPDSM ASVTRSGRPQTI | TVTAPQS 225
[0 N AVRERMRLLGVPPGLI SSVGRNGRPQSTI TVTAPI G 226
Dcmmmmmmmme - AVRQRVRLLGMIDAM ASVERTRRAONTI TVTAPVG 224
Acmmmmmmmeee e AARSRLVLAGVSEPL| AAVERGGRVQPI STVRAPI G 223
Ro-mmmmmmmmm - AARERVRLLGVPDDLI ERVERTRKAQPTLTI RAPST 223

ASGEAQRGVREL ADSSLARLRNVDI SDEQVKALAKSGESRRTLTFRSPVT 243
ASGETQRDVREL ADSSLARLRNWDI SDEQVKTLAKSGDARRTLTFRSPVA 243
AGGEAQSGVKQLADSSLARLKNVDI SEEQVKALAKSGETKRTLTFRSPVN 246
AG(I}AQSGNQJ_AGASLQ?LRI\MDI SEAQI KALTQSGATTRTLTFRSPVS 243

------------ PARERL RAL GVPADAI RQVEQQGRALNLVPVKAPQD 212
K ------------- ASRERLLALGLNNAQ SRLEKRRLVDQRI SVYAEQS 220

GYVNKLDI RAGSQVTATQSLFELASL DPVW VWDYPQSQASLVSI GSG S 270
GYVNKLDI RVGSQVTATQSLFELASL DPVW VWDYPQSQASLVTLGSTI A 270
GAl TSLGVRPGMTVMAGQSLAEI SGYSPI W.EAAVPEAL AGSARVGQPVS 276
GAl TSLAVRPGMTVAAGQSLAEI SGYSPI W.EAAVPEALAGNARVGOPVS 275
GAl TSLGVRPGVITVVAGQTLAEI TGFSPI W.EAAVPERQAATVRVGPVS 276
GAVTMLGVRSGVITVMEGQTLAEI TGFTPI W.EASVPEVQAANVRQGPI S 274
GVl QTLDVRAGVELTSGQTLAQN SGLSSVWLI LSAPEAQAGLI KI GQAVS 273
GLLOTLNVRNGVAVSAGTVLAQLNGL DAVW. DAAVPETQARAMRPGLEAK 273
G | TDKKAVQGVRFMPGDML YQVANL SSVW/I ADVFEQDI GLVKLGEKAK 293
G | TDKKAI QGVRFMPGEML YQVANL SSVW/I ADVFEQDI GLVKSGGEKAK 293
G VTEKKAI QGVRFMPGEAL YQI ADL SAVW/VAEVFEQDI GLVKSGAKAK 296
G VMEKKAVQGVRFMPGEAL YQI ADLSTVW/I ADVFEQDI GLVKNGAKAT 293
GWQALNVAEGVFVQPGTEVMSI ADLSRI WYI ADLFEHQSDAVREGLDAE 262
GVWDALMWREGWFI KPATEI M5l GGLEQVWI AEVFERQAGWKAGQPW 270

ATTASWPCGETFHGKVSEL LPNVDLTTRTLKARI VL ENPQOKLKPGWLNV 320
ATTASWPGETFHGKI SELLPNVELATRTLKARVVLENPQQQLKPGWLSV 320
ATLTAFPGERFAGRI | Al LPSAQEASRTI TVRAAMPNPGLRLKPGWFAQVY 326
ATLTAFPGERFAGRI | Al LPSAQDASRTI TVRAAMPNPGLRLKPGWFAQVY 325
ATLTAFPEERFSGPI | Al LPSAQDASRTI TVRAQLPNASGRLKPGWAQVY 326
ATLAAYPDQRFAGRI VAI LPSADAASRTI TVRAEL PNPRGRLKPGWFAQV 324
AQLAAFPGETFNGRVSAI LPSAQVDSRTLQVRVELANRDGRLRPGVWFATA 323
VSFPAFPGHTVWCGKVSY! LPEVDAASRTARI RI ELQNPDGQLRPGLFAKY 323
VQ NAYPDKVFQGTVSYVYPTLKPETRTVQVRVDLSNTGALLKPGWAQY 343
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VQ NAYPDKVFQGTVSYVYPTLKPETRTVQVRVDLSNTGGLLKPGVFAQV 343
VKI SAYPDKTFEGAVTYVYPTLTAATRTVPVRVELANPGAL LKPGVFAQV 346
VS| NAYPDKAFAGRVTYVYPTLKAETRTVAVRVELANPGLLLKPGVFAQV 343
VHFPFRPGETLVGSVGY! YPTLASPTRTI RARI TLDNPDGRLKPGWMTDV 312
MVAAAPGRTVEEGKVDYL YPVL DAKTRTLRVRLRFPNPDLTLKPNMFADL 320

QSAQSDNLKPVLAI PQEAL L MIGNRNRVL LAQGKGHFKPVEVSAGQTCQDG 370
QSASADKLQSVLAI PQEALLMSSNRNTVLLAQGEGHFKPVEVSTGQTQEG 370
M APE- - RREALLI PSEAVI RTGERTLVM TQEGGGYRPAEVRI GREAGG 374
MLAPE- - RREALLVPSEAVI RTGERTLAM AQGGGGYRPAEI RI GREANG 373
SLTPD- - TRRALLVPSEAVI RTGRRTI VWKQDEGGFMPAEVRI GREAGG 374
SLSPD- - TRRALLVPSEAVI RTGRRNLVM_KQDEGAFLPAEVEI GREANG 372
SLGSD- - AAPVLTVPSEAVI RTGRRDLVM.AQGGGRYQAAEVRVGRQAGG 371
EFAHTG EKAGLLI PSESVI RSGKRNVVI AVTDNGRFLPTEVQLNGEADG 372
ELPTAS- KGSVLTVPTSAVI DSGTRQ VLVQLKEGRFEPRDVKVGARSDD 392
ELPTAS- KGAVLTVPTSAVI DSGTRQ VLVQLKEGRFEPRDVKVGARSDD 392
ELPVSA- KGSVWTVPVSAVI DSGTRQ VLVQAKEGRYEPREVKLGARSDN 395
ELPVTA- KGQVI TVPVSAVI DSGTRQ VLI QQAPGRFEPREVKLGARSDT 392
HI DGES- TEPVLHVPAEAVI RTGRQDRVVTMEEEGRFRVHEVRVGRRAGD 361
TLQAKV- DDQALSI PREAVI RTGSHDRVVLAECDGRYRPAFVKLGVEADD 369

——————— MKKALQVAMFSLFT---------------------VI GFNAQA 22
WEI KSGLSSCQQVWTSGQFLI DSEASL QSAL PQVDDMPETP- - - - - - - - 412
WEI KSGLNVGQLWTSGQFLI DSEANLQSALPQVDDTPAAV- - - - - - - - 412
RTEVLAGLAAGEEWWTSGQFLLDSEASLAG DVRS| EDAPTT-- - - - - - - 416
RTEVLAGLAAGERWTSGQFLLDSEASLAG DVRPVDQAPSG: - - - - - - - 415
RTEVLAGL SAGDQVVTSGQFLLDSEASLTGLDVRPI DQA- - - - - - - - - - - 413
RTElI LAGLAEGEQVVTSGQFLI DSEASLSG DVRS| DGT- - - - - - - - - - - 411
RTEI LGGLKAGDQVVASGQFL L DSEASLAGLEPRPL SADEPVNSMPAGPA 421
KTVVAKGL KEGQGVWASGQFL| DSEANLRGVLARLATDSS- - - - - - - - - - 412

Rl EVI EGVREGEQWWI AANFLI DAESNLKAAVGGFGHSSHGAKPDAQG- - 440
Rl EVTEGVREGEQVVI AANFLI DAEANLKAAVGGFGHSSHGAKSEAQG- - 440
YVEVL DGVKNGEPVVVAANFL | DAESNL KAAVGGFGHAAHGGKTPP- - - - 441
HVEVREGVKEGEQVWVAANFLI DAESNLKAAL GGLGSAAPAPATAASA- - 440
RLEI LEGLQVGARI VTSGQFLI DSESSVTVSLARLQ - - - - AMAEAD- - - 403
RVQVL KGLKAGDQWWTSGQFLI DSESKVDVALAAL ESFSQSAQQDAA- - - 416
NEHHHETMBEAQPQVI S - = = = == = = = === mmmmm e oo m 39
: A

- - - - DPSMDNSATTPVDI YSVQGEVNAI NGST- - | TLSHGPI AALKWGAM 456
- - - - TPPAESAAGSPVDI YSVQGEVKAI NGQ5- - | TLSHGPI AALKWGAM 456
- - - AGENETQADADEPRTYRATGTI ERI TARS- - | TLRHGPVKALDWPAM 461
- - - ASEDRGSDDADEPQTYRATGTI ERI NANS- - VTLRHGPVPALEWPAM 460
————— DDASTGGEDAPATFGATGTI QSI ANGS- - VTLRHGPVPRLDWPAM 456
————— MBMASEGSPNVRTYTATCGRVTKI AGAS- - | TLNHAPVPALEWPSM 454
TKSAAPANKSAPAAAKALL QAEGRI EEI TADT- - | TLSHGPVPAI GAPAM 469
- - - AAATPSAGPTTGASHHKATGTVKTI TPTD- - | TI SHGPVPSI GAPAM 457

TPDAGKPA- - - - - AASVCGHRGEGKVEELDTKNGTVTI AHGPI PTLKWPAM 485
TPDASKP- - - - - - AASVGHQGEGRVEESDAKAGT VTl AHGPI PSLKWPAM 484
TEGAAKPA- - - - - SAGAGHHAECKVEEI DTKTGAVSI SHGPVDSLKWPAM 486

TAVAAPATQAAAPAKAVGHQATGTVDGVDL KAGTVSL SHGPI ASLKWPAM 490

............... DGSVAAEGRI NHVDPEARQVNLDHEPI AEL GAPAM 438

............... PGTVWATGT| NSVMAGHGMLNI SHDPVKAWNWPSM 451

.................... ATGVVKGFDLESKKI TI HHDPI AAVNWPEM 69
b .

* k- * *

TMDFLLPPGDLSPElI RVGSQVNFTFTLSDEGAQ RHI KPVKTNNSTDTHG 506
TMDFLLPTSKLAPEI VWGSRVNFTFTLSEQGAQ RQ QPI KSNSSADI HG 506

TMGFATEGPAQVRGFQRGDRVTFTFVQASTGPRI VSI RKTGQ- - - - - - - - 503
TMPFASEGPEQLRGFARGDRVSFTFVQASTGPRI VSI RKI G- - - - - - - - 502
TMIFRTKSAAQVRGLETGDRVRFTFTQQDAGPRI ESI TRAGQ- - - - - - - - 498
VMPFALEDAALVDA EPGDKVEFTFSQHDTGPRI ESI RKTDR- - - - - - - - 496
TMIFKLDPPTLARGLKTGDQAAFGFEQRPDGPVVRSLHRAEASR- - - - - - 513
TMIFKVI DPALTRDI KTGEAVAFQFVQEEDSYWWQT T QASGASR- - - - - - 501
SMEFKVSNSGL LADMKPGAL VAFEFVERGQGEWI TSVKPVG - - - - - - - 527
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SVEFKVSNNGL MAGL QPGAAVWFEFVERGQGEWWVTSVKPMG: - - - - - - - 526
TMEFKAANESL L QTL KPGAKVAFEFVERQPGEW/I TAATLLAPNTGASAP 536
TMEFKTANAAL L QAL KPGAKVTVEFI ERQPGEWI TSAKPAD- - - - - - - - 532

TMDFEVAEDVALTDLEPGDPVI | H REREDEEYVYELTHI ERLADPTGET 488
DVDFTTVEGLPLENVAPGQRVRFEI TRSSPSDFQ TALDI | SAAPSI DAQ 501

TMRFTI TPQTKVBG KTGDKVAFNFVQQGNLSLLQDI KVSQ- - - - - - - - - 110
* * * .

SHL--=--ma--- 509

[c ¥ T 509

NAAANPHAGHN- - - 538
KAAATPHADHN- - - 537
ASAASPHAGH - - - 546
----- PHAGQ: - - - 537
DDAPDHDAHTGHDH 502
EAMJTEGAQ - - - - 510
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APPENDIX D

HNCA assignments of Ag(l)-CusF/apo-CusB spectra

Residue ONH oN oCa oCa'?

88Q 8.04068 128.1269  55.95192 57.36882

87S 8.84282 122.9705  57.39588 63.07

86V 8.5393 121.5643 63.07316 54.55266
85K 8.65974 124.3768  54.55943 60.51445
841 7.9026 115.4705 60.52825 53.46595

83D 7.88993 115.0017 53.45918 56.82682
82Q 9.94899 127.1893  56.79122  55.99277

81L 9.3951 1253143 5597789 54.38677
80L 9.61768 1257831 54.36187 57.20887
79S 8.48498  119.6893 57.59637 54.33142
78L 8.1728 1215643 54.32381 52.98968
77N NA
76G NA
75Q B
74Q B
73V 8.7866  115.4705 59.41405 55.97372
72F 9.72575  121.0955 55.98593  51.74459
71N 8.16751  116.8767 51.75296 55.50597
70F 8.85177  119.6893 55.50198 51.05965

69A 8.85898 122.9705 51.08045 58.511

68V 9.17466 115.0017 58.52899 55.85727
67K 8.6106 1229705 55.75205 55.75205
66D 7.97819 121.0955 55.59249 43.84803
65G 9.06618 115.0017 43.80994 64.95456
64T 8.37837 115.9392 64.96511 54.11689
63K 9.00488 122.5018 54.12352  59.0525

62l 7.79808 122.9705 59.05087 57.48231
61E 8.30971 120.158 57.44827 57.44827
60S 7.55086 117.3455 57.50151 54.43812

59M 8.44682 123.9081 54.46067 55.48421
58K 8.29194 129.0644 55.50365 64.21223
57T 7.87334 119.6893  64.21452 55.87377
56Q 7.86762 112.6579  55.86752 64.31309

ssp

54T 9.21194 119.6893 59.36871 61.07956

53l 8.454 127.1893 61.133 NA

52T 9.181 119.2205 63.565 57.437
51F B

50R B

49M 8.80321 126.2518 53.69383 62.24991



48T
47M
46E
45P
44W
43N
42v
41A
40A
39
38P
37D
36H
35H
341
33T
32|
31K
30K
29S
28E
27L
26D
25
24G
23K
22V
21V
20G
19T
18A
17S
16
15V
14Q
13P
12Q
11A
10E
9s
8M
7T
6E

8.26277 115.4705 62.239 55.124
B
8.27178 116.8767 56.69308 61.62159
- ]
7.96928 115.0017 51.96832 54.57326
7.73773 118.283 54.55283 59.02036
6.28276 132.8144 59.02288 55.23677
8.85796 117.8142 55.26718 55.26718
8.92561 131.4081 55.36799 59.73818
NA
-
8.328 119.6893 55.983
B
8.95728 128.1269 54.76841 59.97712
9.34 127.6581 59.977 62.554
9.17771 126.7206  62.55053 59.67875
B
8.019 115.4705 53.605 NA
7.72931 116.408 56.86069 58.15383
7.74482 112.6579  58.25966 59.02356
8.48357 119.6893 59.0323 57.0056
9.04383 123.9081 57.01584 52.18662
8.39431 126.7206  52.19548  61.5891
8.60224 122.5018 61.59469 45.89806
7.63005 107.0329  45.89091 54.44378
9.26281 128.5956  54.39915 63.93091
8.84888 126.7206 63.88682 59.80418
8.3804 119.2205 59.81185 46.61472
8.6903 105.6266  46.63033 59.54214
8.53867 110.7829 59.5325  51.20707
8.5789 125.7831 51.26845 56.68988
7.86479 120.6268 56.7041  59.79741
8.96183 131.4081 59.79852 62.07082
8.16498 124.3768  62.07455  55.26845
8.42738 121.0955  55.27034 62.588
8.32442 120.6268  53.44429 52.36914
8.25474 124.3768 52.46899 56.26722
8.41608 122.5018 56.27221 58.36132
8.33686 116.8767  58.36967 55.51459
8.4478 122.9705 55.5168  61.73803
8.26277 115.4705 61.74765 56.50507
8.49275 122.5018 56.47457 55.09266

NA: Not assigned

B: Broadened beyond detection
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