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ABSTRACT

Escherichia coli possess a variety of metal-ion homeostatic and resistance mechanisms.
These assist in tolerance to elevated levels of metal-ions in the surrounding environment.
Examples include ZntA, a P-type ATPase that exports Zn(II) and constitutes a major Zn(II)
resistance factor in E. coli. The transcriptional regulation of ZntA is under the control of
ZntR, which responds primarily to Zn(II). ZntR is a dimeric protein belonging to the MerR
family of transcriptional regulators that contain highly conserved N-terminal helix-turn-helix
motifs and coiled-coil dimerisation motifs. The C-terminal ligand-binding region is less
conserved among MerR family members however there are three cysteine residues that are
highly conserved within the metal-ion responsive subgroup.

At the time this research project was initiated, the metal-binding residues in ZntR were
unknown. A series of mutations were generated in the candidate metal-binding residues, the
five histidines and five cysteines, of ZntR. The transcriptional and DNA-binding properties
of the corresponding altered proteins were characterised. Competent E. coli containing a
luciferase reporter plasmid driven by the cloned promoter of zntA, PzntA, were transformed
with plasmids bearing the altered znfR derivatives. The transcriptional regulation of Pznt4 by
the altered zntR derivatives in response to Zn(II), Cd(II) and Pb(II) was monitored. It
emerged that four cysteines, three of which are conserved among divalent metal-ion
responsive MerR regulators, and three histidines are important for Zn(II) induced
transcriptional regulation of zntA4. The terminal cysteine was found to be important for
defining the sensitivity and magnitude of induction of Pznt4 by ZntR.

The global effect of ZntR was studied in an attempt to understand the wider role of ZntR and
Zn(II) resistance mechanisms in E. coli. An E. coli wild-type strain and a strain in which
zntR had been deactivated were grown in normal LB media and LB media supplemented
with Zn(II). RNA was extracted from all the strains and transcription profiles were generated
using gene macroarray technology. A previously uncharacterised putative Zn(II) transporter
was highlighted. Additionally, a pattern appeared in the zntR-deactivated strain of an
increase in transcripts which encode proteins that could assist in Zn(II) chelation or transport.

Finally, the function of a series of previously uncharacterised ORFs, designated the ybh
cluster, was investigated for function by means of bioinformatic analysis. The results suggest
that the ybh cluster encodes a novel ABC metal-ion importer. Further support came from
luciferase assays where luminescence was driven by the cloned promoter of the ybh cluster,
designated Pybh, in response to Zn(II), Cd(II), Co(II) and Ni(II). Co(II) was found to
potently decrease transcription from Pybh. The other metal-ions also decreased transcription
from Pybh but at relatively higher concentrations. Minimum inhibitory concentration (MIC)
assays and growth studies were carried out with a ybhR knockout strain as YbhR is predicted
to be one of the integral membrane transporters in this ABC-type importer. The ybhR
knockout strain demonstrated higher MIC values than the wild-type strain for Co(II) and a
definite growth advantage was observed. The ybh cluster appears to be the first identified
ATP-hydrolysing Co(II) import system in E. coli.
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1.1 Metal-ions in the environment

Metal-ions are involved in numerous biochemical processes. Whether the role is catalytic,
for example in cytochrome oxidase of the respiratory chain where iron is responsible for
redox reactions, or structural, such as the zinc-finger motif of eukaryotic transcription
factors, most metals are toxic to a cell beyond a certain concentration. A range of metal-ion
resistance and homeostatic mechanisms have arisen to enable bacterial cells to survive in

environments with variable metal-ion concentrations.

1.2 Overview of metal resistance mechanisms in prokaryotes

The bacterial metal resistance systems in place probably initially evolved to facilitate
survival in a highly toxic environment polluted by ongoing volcanic activity (Rouch et al.,
1995). Located on the chromosome, plasmids and transposons, resistance determinants
exist for a diverse range of biologically required “essential” and biologically redundant
“nonessential” metal ions. Essential metals such as iron (Fe(II)/(III)), copper (Cu(1)/(II))
and nickel (Ni(II)) are involved in redox processes whereas magnesium (Mg(II)) and zinc
(Zn(ID)) serve structural roles, stabilising various enzymes, proteins and DNA through
electrostatic forces (Ji and Silver, 1995). Potassium (K(I)) and sodium (Na(I)) are required
for regulation of intracellular osmotic pressure. The nonessential metals silver (Ag(l)),
arsenic (As(II)/(V)), gold (Au(l)), lead (Pb(II)), mercury (Hg(II)) and in most cases
cadmium (Cd(II)) cause toxicity by competing with essential metals for thiol-containing
groups and oxygen sites (Ji and Silver, 1995) (a biological role for Cd(II) has been

discovered in Thalassiosira weissflogii (Lane and Morel, 2000)).

There are no ‘general’ mechanisms of metal-ion resistance. Some resistance systems are
very specific whereas others may protect against a broad range of metal-ion species. Some
metal resistance mechanisms involve enzymatic detoxification, converting a highly toxic
metal-ion to a less toxic species but this is not always the case. Usually, metals are expelled

from the cell cytoplasm by transport systems. Sequestration proteins (chaperones) that can



assist in the localisation of metal-ions are also present in specific cases. Therefore, there is
great diversity in resistance mechanisms, the detail of which is dictated by the nature of the
metal-ion species concerned and the nature of the environment. Important features of a
metal-ion that determine the cognate resistance mechanism are the chemical properties,
abundance, biological relevance and most of all, the relative toxicity of the metal-ion

species concerned.

1.2.1 ATP-dependent export

Active transport of excess essential or nonessential metal-ions, that can enter cells through
normal nutrient import pathways, represents the largest category of metal resistance
systems. Microorganisms can export metal-ions from their cytoplasm utilising energy from
ATP hydrolysis. The transport proteins belong to the superfamily of P-type ATPases, a
ubiquitous group of proteins involved in the transport of charged substrates across
biological membranes (Axelsen and Palmgren, 1998). These can be classified into the
‘hard’ and ‘soft’ metal-ion ATPases which correspond to transport of group 1a and 2a
metals (such as Na(I) and Ca(Il)) and d-block metals (such as Cu(I)/(1I), Zn(II), Cd(II) and
Pb(II)), respectively.

Focusing on just the soft metal-ion transport ATPases, the structure can be described as
consisting of a single, multi-domain protein (fig. 1.1) (Rensing et al., 1999). Efflux
ATPases are integral membrane proteins with 8 hydrophobic membrane spanning helices
(Solioz and Vulpe, 1996). During transport of the substrate, a conserved aspartate residue
on the P-type ATPase is phoshphorylated forming a phosphoenzyme intermediate hence the
term ‘P-type’. Also common to these P-type ATPases is a conserved proline residue in an
integral membrane bound domain, which forms part of the ion translocation pathway. There
is a conserved ATP-binding domain and it is through ATP hydrolysis that the energy to
drive metal-ion translocation is provided. ATP hydrolysis occurs on the cytoplasmic side of
the protein allowing a phosphate group to be passed on to the conserved aspartate residue

(phospho-enzyme intermediate). This is coupled to the binding of intracellular cations. A



Schematic diagram of a typical s etal P-type ATPase transporter.

Unique and conserved motifs are highlighted in bold text. Motifs “1”” and “2”
specific to soft metal-ion P-type ATPases. “1” is the metal-binding motif with

cysteines in the sequence CXXC. The number of these motifs vanes from one in

translocation pathway containing the CPC (Cys-Pro-Cys) tripeptide. Motifs “3”
“4” and “5” are intracellular and are common to all P-type ATPases. Motifs “3”
and “4” arc part of the aspartyl-kinase domain.“3” forms the phosphorylation
motif, where the conserved D (Asp) residue is phosphorylated to form the
phospho-protein intermediate and “4” is the ATP-binding motif."“5” is the
p,!osphatasc motif containing the conserved TGE tripeptide which hydrolyses the

i



high-energy intermediate is generated which induces a conformational change causing
translocation of the cation across the membrane. The protein, in its low-energy state, binds
an extracellular counter-ion. This is associated with dephosphorylation and transport of the

ion into the cell (Rensing et al., 1999).

The family of soft metal-ion P-type ATPases has at least 20 members although the
discovery of new members continues to expand the family. The ZntA P-type ATPases from
E. coli (Blencowe et al., 1997, Beard et al., 1997, Rensing et al., 1997a) and Proteus
mirabilis (Rensing et al., 1998) primarily transport Zn(II) and Cd(II) (and Pb(Il) (E. coli
only)) and share 40% sequence similarity (Rensing et al., 1999). A Cd(II) transporting
ATPase CadA has been discovered in Pseudomonas putida (Lee et al., 2001) and a Cu(I)-
transporting P-type ATPase, CopA, in E. coli (Rensing et al., 2000). All are chromosomally
located. The preparation of everted membrane vesicles expressing the genes encoding the
aforementioned P-type ATPases has been a common approach in confirming their function.
The vesicles were found to accumulate radioactive forms of metal-ions, in the presence of
ATP. Accumulation was inhibited by micromolar concentrations of vanadate, a potent

inhibitor of P-type ATPases (Rensing et al., 1999).

1.2.2 Chemiosmotic export of metal-ions

Other mechanisms of metal-ion expulsion may rely on chemiosmotic gradients. The
czcCBA system of Ralstonia metallidurans located on an indigenous plasmid pMOL30
(Grosse et al., 1999) for example, mediates resistance to Co(II), Zn(II) and Cd(II) and it
encodes a cation-proton antiporter driven by a proton gradient (Diels et al., 1995). When
these bacteria were grown in media with elevated levels of these metals, an increase in the
final pH of the media was observed. The slow build up of alkaline pH indicated the
occurrence of proton influx during czc-mediated efflux of cations (Diels et al., 1995) (fig
1.2).



CYTGPLASM

outer membrane protein {Grosse et al., 1999). Figure adapted from Silver and
Phung, 1996.

1.2.3 Extracellular exclusion

In rare casecs, microerganisms may protect themselves from toxic metals by biocking their

entry. Bacteria generally bind metal-ions non-specifically on their outer membranes or

envelopes, which in general are anionic so that metal-ions are readily adsorbed but these

o2y

al
barriers are easily saturated (Hoyle and Beveridge, 1983).
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Metal-ion specific mechanisms have also been found for example, Cd(II)-binding by
Klebsiella aerogenes whereby Cd(II) ions are excluded from entry by sulphur excretion
resulting in the formation of extracellular cadmium-sulphide precipitates that may

aggregate on the cell surface (Aiking et al., 1982).

This type of mechanism has also been discovered in eukaryotes such as Saccharomyces
cerevisiae, where the absorption of certain metals is reduced by the excretion of large
amounts of glutathione, the sulphydryl groups of which bind to heavy metals with great
affinity, and the complexes cannot enter the cell membrane (Murata et al., 1985). Increased
resistance to Cd(II), Co(II), Zn(II), Ni(II) and Cu(II) has been observed.

Metals can also be excluded by alterations in an organism’s cell wall or membrane
components in an attempt to protect metal-sensitive sites by reducing the metal-ion
permeability. This constitutes another mechanism of extracellular metal exclusion. The
outer membranes of many bacteria including E. coli contain proteins known as porins
which form cylindrical, water-filled channels that allow uptake of selective hydrophilic
solutes (reviewed in Jap and Walian, 1996). Mutations in the gene encoding a major porin

in E. coli B resulted in increased metal tolerance (Lutkenhaus, 1977).

Bacteria that naturally form an extracellular polysaccharide coating demonstrate the ability
to ‘bioabsorb’ metal-ions. The exopolysaccharide coating of these bacteria may provide
sites for attachment of metal-ions, as seen in Klebsiella aerogenes, and enhances their

survival in Cd(II) containing environments (Scott and Palmer, 1990).

1.2.4 Intracellular sequestration

Metal-ions within the cytoplasm may cause toxicity if left to diffuse freely. However,
intracellular metallochaperones that bind metal-ions and escort or ‘chaperone’ them to the
required destination can assist in protecting the cellular environment from the metal-ion and

shielding the metal-ion from the environment (O'Halloran and Culotta, 2000).



Intracellular sequestration is the accumulation of metals within the cytoplasm to prevent
exposure to cellular components. In prokaryotes, there is one prominent example of this

form of metal resistance.

Many cyanobacterial strains e.g. Synechococcus produce a protein similar to eukaryotic
metallothionein (MT) (Olafson et al., 1988). Eukaryotic MT is the most widely studied
metallochaperone and is induced following exposure to toxic levels of metal-ions and acts
as an effective sponge (Hamer, 1986, Palmiter, 1987). The Synechococcal protein, called
SmtA, contains a number of cysteine residues that may act as a sink for binding excess
Zn(II) and Cd(II).

Prokaryotic intracellular sequestration has also been demonstrated by the cysteine-rich
proteins of Pseudomonas putida. This strain produces three low molecular weight,
cysteine-rich proteins, which may be related to metallothioneins and are involved in

binding Cd(II) (Higham et al., 1986, Blindauer et al., 2002).

Although sequestration mechanisms do provide a certain degree of metal-ion tolerance,
these mechanisms can be inefficient in providing complete protection as sequestering
agents are easily saturated and high levels of expression may be needed to achieve
appreciable resistance. In contrast, efflux mechanisms and enzymatic detoxification are

efficient, high-turnover systems that can provide effective resistance.

1.2.5 Enzymatic detoxification of a metal to a less toxic form

This type of resistance mechanism is particularly important for highly toxic metals such as

Hg(II) or As(IIT) which can damage outer membrane or periplasmic proteins. Hg(II)

resistance is a model example of an enzymatic detoxification system in microorganisms.

The archetypal mer operons, located on Tn50/ in the Gram negative bacteria Pseudomonas

aeruginosa (Stanisich et al., 1977) and Tn21 from Shigella flexneri (de la Cruz and



Grinsted, 1982), provide resistance to Hg(II), which has no known biological function. It is
extremely toxic due to its ability to bind strongly to essential thiol groups present in
proteins and may result in displacement of native metal-ions (reviewed in Bruins et al.,
2000). The mer operon has been thoroughly studied and the structure of the mer operon

from Pseudomonas aeurginosa can be seen in fig. 1.3.

The mer resistance system combines enzymatic detoxification of Hg(IT) to Hg(0), followed
by passive diffusion of the volatile Hg(0) out of the cell. The MerT and MerP proteins are
collectively responsible for Hg(II) import. MerP is a periplasmic protein, which acts as a
Hg(II) scavenger, protecting other proteins in the periplasmic space and the cytoplasmic
membrane (Bhriain and Foster, 1986). From MerP-Hg(II), the Hg(II) ions are passed on to
MerT, a cytoplasmic membrane protein that facilitates the diffusion of Hg(II) across the

membrane (Jackson and Summers, 1982).

Finally, the Hg(II) ions are passed to MerA, a cytoplasmic, NADPH-dependent reductase.
MerA is highly specific for Hg(II) and reduces it to the highly volatile and harmless
product Hg(0), which escapes from the cell by passive diffusion (Summers and Silver,
1978). Import of Hg(II) followed by reduction to Hg(0) rather than total exclusion has the
advantage of protecting both periplasmic and cytoplasmic proteins from damage by Hg(II).

In the absence of Hg(II), transcription of the MerTPAD genes is repressed by the binding of
MerR (Lund et al., 1986) to the operator region merO located within the merTPAD
promoter Pr. Binding of Hg(II) to MerR induces a conformational change in the MerR-
Hg(ID)-operator complex (O'Halloran e al., 1989) allowing greater accessibility of RNA
polymerase to the promoter, inducing transcription of merTPAD. This mechanism of
switching from a transcriptional repressor to an activator upon binding of the ligand is a
typical feature of the MerR family of transcriptional regulators for which MerR is the
archetype. The family of MerR regulators will be discussed thoroughly in section 1.5.
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Fig. 1.3 The structure of the mer operon on Tn50!/ from Pseudomonas aeruginosa.
merTPAD are transcribed as one transcript controlled by a single promoter Pr. The
gene for the regulator MerR is transcribed divergently from the MerTPAD genes
and its expression is autoregulated from P7. The operator, merO represents the

transcriptional binding site of MerR for regulation of merTPAD.

MerD is another regulatory protein that shows similarity to the DNA binding region

of MerR and binds weakly to merO (Mukhopadhyay et al., 1991). Experimental data
suggest that MerD may compete with MerR for merO however it regulates transcription of
the structural genes of the mer operon, diminishing their transcription (Nucifora et al.,

1989b).

1.3 Role of Zn(II) in prokayotes

Zn(I) occurs exclusively as the divalent cation Zn®". Its filled d-orbitals render it incapable
of undergoing redox changes under biological conditions and it is a strong intracellular
Lewis acid (Nies, 1999). Its roles are primarily structural coordinating to the thiol group of
cysteine, the imidazole ring of histidine and acidic side-chains of glutamate and aspartate.
Zn(II) serves as a cofactor in members of all six classes of enzymes; oxidoreductases,

transferases, hydrolases, lyases, isomerases and ligases (Vallee and Auld, 1990). Zn(II)
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atoms are found in bacterial RNA polymerase and many other enzymes involved in the

transcription and replication of nucleic acids (Wu et al., 1992).

Zn(1II) 1s accepted as being necessary for the growth of most living organisms. Its
association with cell division was first demonstrated after studies with bacteria (Kung et al.,
1976). It is an important component in the zinc finger motif of eukaryotic DNA-binding
proteins. This structural motif has been found in some bacterial proteins (Chou et al.,

1998).

At elevated concentrations, Zn(II) is known to be a potent inhibitor of the electron transport
system of bacteria. In E. coli, Zn(II) ions inhibit electron transport at the level of succinate
dehydrogenase as well as at the level of the two terminal oxidase complexes, cytochromes

bd and bo’ (Beard et al., 1995).

1.3.1 Zn(1I) metabolism in E. coli

Since prokaryotes lack subcellular compartmentalisation, protection of the cytoplasmic,
periplasmic and membrane components from the toxic effects of excess Zn(II) depends
largely upon tightly regulated import and export systems, summarised in fig. 1.4. These are
particularly important in E. coli where the presence of Zn(II) sequestration proteins has not
been firmly established (Olafson et al., 1988). Of these transporters, some that primarily
transport Zn(II) are not impartial to chemically similar ions such as Cd(II), Co(II) and
Pb(II) (Hantke, 2001).

1.3.1.1 Zn(1I) import systems

These can be classed into the high affinity, specific import systems ZnuABC (Patzer and
Hantke, 1998) and ZupT (Grass et al., 2002), or the broad spectrum, low affinity importers.

11
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Fig. 1.4 An overview of the import and export pathways that operate in E. coli under conditions of low, normal or high (toxic) Zn(II)
concentrations. Depending on the Zn(II) concentration in the medium, different Zn(II) transporters are synthesised. When
Zn(II) is limited, the ZnuABC system is synthesised for high-affinity, specific import of Zn(II) (Patzer and Hantke, 1998). At
high concentrations, the potent Zn(II) exporter ZntA, is induced (Blencowe et al., 1997, Beard et al., 1997, Rensing et al
1997a). ZupT is also a high affinity importer but it is not as critical as ZnuABC (Grass et al., 2002). Other ‘broad range’
importers may operate in addition to ZnuABC possibly to assist import and for general homeostasis at normal Zn(II)
concentrations. These include the Pit sytem (Beard ef al., 2000), MntH (Patzer and Hantke, 2001) and Mg(II) import systems I
(CorA) and II (MgtA homologue) (Jasper and Silver, 1997). An additional Zn(II) exporter, ZitB (Grass et al., 2001), may also

operate under these conditions.



1.3.1.1.1 The ZnuABC high affinity Zn(II) uptake system

The ZnuABC proteins of E. coli belong to the divalent metal-ion ABC transport systems
unique to gram-negative and gram-positive bacteria. These transporters possess an ATP-
binding cassette (the ABC subunit) and utilise ATP for ligand import (Dintilhac et al.,
1997). High-affinity, Zn(II) specific import occurs via proteins encoded by the
chromosomal znuABC operon (fig. 1.5) under Zn(II)-replete conditions (Patzer and Hantke,
1998).

The primary sequence similarity of ZnuA to the periplasmic binding protein of the
manganese (Mn(II)) transport system of Synechocystis sp. (Bartsevich and Pakrasi, 1995)
and an apparent cleavable leader sequence (Patzer and Hantke, 1998) indicate that it has the
potential to bind metal-ions and is located in the periplasm. It has therefore been designated
the Zn(II) uptake protein which, after binding Zn(II), directs it to the ZnuB dimer, a
hydrophobic dimer possessing similarity to the membrane component of other ABC
transport systems. This complex is associated with the ZnuC ATP binding subunits, which
hydrolyse ATP in order to import Zn(II) (Patzer and Hantke, 1998).

1.3.1.1.2 High affinity Zn(II) uptake via ZupT

ZupT from E. coli is primarily a Zn(II) importer belonging to the eukaryotic ZIP (ZRT,
IRT-like protein) family of metal-ion transporters which are predicted to be eight-pass
transmembrane proteins (Guerinot, 2000). ZupT transports Zn(II) across the inner
membrane into the cytosol (Grass et al., 2002). It was found to confer Zn(II) sensitivity
when expressed at high levels although it appears to have a lower affinity for Zn(II) than
the ZnuABC system because strains with zupT deletions were less inhibited in growth by
the addition of high concentrations of EDTA than strains with znudBC deletions. ZupT
may additionally import Cd(II) and Cu(II) (Grass et al., 2002).
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many other metal cations may use this route to enter the periplasm such as Mg(II), Ca(II),
Mn(II) and Co(II) (van Veen et al., 1994).

1.3.1.1.4 Zn(II) uptake via the broad spectrum importer MntH

MntH belongs to the Nramp (natural resistance associated macrophage protein) super-
family, a group of membrane proteins found in eukaryotes associated with resistance to
infection by intracellular pathogens (Cellier ez al., 1995). Evidence suggests that Nramp
proteins use the electrochemical proton gradient as the major driving force for the broad-

specificity import of divalent metal cations (Kehres et al., 2000, Makui et al., 2000).

In E. coli, mntH encodes a putative membrane protein with high similarity to the Nramp
family of transporters. It has been functionally characterised as a proton-dependent divalent
cation importer that is able to facilitate the intracellular import of several divalent metal-
ions including Zn(II), with substrate preference of Mn(II) > Fe(II) > Cd(II) > Co(II) >
Zn(II) > Ni(II) (Makui et al., 2000). MntH is regulated by the external availability of metal
ions and by the dual action of the Fe(II) and Mn(II) dependent repressor proteins Fur and
MntR (Patzer and Hantke, 2001).

1.3.1.1.5 Zn(II) uptake via broad spectrum Mg(II) import sytems

In E. coli, two Mg(II) uptake systems exist that import Zn(II) in addition to Mg(II).
System I, a high-affinity, fast non-specific metal transport system, known as CorA was
identified as a Mg(II) import protein (Silver, 1969). It is ubiquitously found in gram-
negative and gram-positive bacteria and is constitutively expressed (Smith and Maguire,
1995). Evidence suggests it mediates the influx of Mg(II) as well as Ni(II), Co(II) and
Zn(II) into the cytoplasm (reviewed in Jasper and Silver, 1997).

System II is a specific Mg(II) transport system that is regulated in response to the Mg(II)
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concentration (Jasper and Silver, 1997). System II is analogous to the Mgt system (Park et
al., 1976) and has homologues in many other organisms the best characterised of which is
MgtA from Salmonella typhimurium (Tao et al., 1995). MgtA is a P-type ATPase which
catalyses ATP-dependent Mg(Il) and Zn(II) uptake. The extremely high similarity (88%) of
system (II) (E. coli) with MgtA (Salmonella typhimurium), suggests that it also transports
Zn(II) (Bucheder and Broda, 1974).

1.3.1.2 Putative Zn(II) sequestration proteins

Bacterial metallothioneins (MT) have not been widely reported however, an MT-like
protein which can bind Cd(II) has been isolated from E. coli (Khazaeli and Mitra, 1981). A
Zn(II) binding bacterial MT, containing a Zn(II)-finger motif similar to that found in

cyanobacterial SmtA has also been isolated (Blindauer et al., 2002).

In E. coli, the membrane associated Zn(II) binding protein ZRAP (Zinc Resistance
Associated Protein), formerly Yjal, was characterised and found to be responsible for
increased Zn(I) resistance (Noll ez al., 1998). It undergoes Zn(Il)-induced cleavage
releasing the 12 kDa C-terminal fragment into the periplasm where it can bind Zn(II) with
significant selectivity Zn(II). Its role may be that of a Zn(II) binding protein that protects
the periplasm from Zn(II) (Noll et al., 1998).

The expression of ZRAP is thought to be regulated by a two-component system ZraS/ZraR
(formerly HydH/G), inversely orientated to ZRAP on the chromosome at a distance of 237
bp (Leonhartsberger et al., 2001). ZraS has the sequence signature of a sensor kinase, is
located in the membrane fraction and specific binding of the activator ZraR to the promoter
region of ZRAP and ZraSR has been demonstrated. ZraS forms the sensory part of the
system and activates ZraR by phosphorylation. Located in the membrane, ZraS probably
senses a change in the external metal-ion concentration via its 13 histidines and cysteine

residue (Leonhartsberger et al., 2001).
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Though ZRAP probably binds Zn(II) thereby protecting periplasmic proteins from toxic
levels, alternatively, its role may be that of a sensor for the Zn(II) concentration in the
periplasm which is reported to ZraS by protein-protein interaction and the signal transferred
to ZraR. ZraR may in turn induce an unknown protein in addition to ZRAP and the ZraS/R
promoter which it autoregulates (Leonhartsberger et al., 2001).

1.3.1.3 Zinc export

There are two characterised Zn(II) export systems in E. coli. The first, ZntA, is highly
specific and utilises energy from ATP hydrolysis. The second system ZitB, translocates

Zn(II) across the inner membrane through chemiosmosis.

1.3.1.3.1 Export of Zn(II) via the highly specific ATPase ZntA

A gene was identified at 77.7 min in the genome of E. coli encoding a putative cation
transporting P-type ATPase, originally designated ybhO (Sofia et al., 1994). The gene was
subsequently designated znt4, a Zn(II) export protein consisting of 732 amino acids (Beard
etal., 1997).

Disruption of znt4 in E. coli resulted in hypersensitivity to Zn(II) and Cd(II) (Beard et al.,
1997, Rensing et al 1997a) and expression from a heterologous promoter conferred
increased tolerance to both these metals (Blencowe et al., 1997). In further experiments,
ZntA was shown to catalyse ATP-coupled accumulation of 65Zn(II) and 109Cd(II) in
everted membrane vesicles with transport being sensitive to vanadate. The znt4 disrupted
strain did not accumulate these metal-ions and the transport defect was complemented by a

plasmid bearing znt4 (Rensing et al., 1997a).

Furthermore, the amino acid sequence of ZntA contains CPx P-type ATPase features; the

presence of an aspartyl kinase domain (conserved aspartate residue), TGE hydrolysis motif,

18



GDGXND ATP-binding domain, CXXC metal binding motif and CPC cation translocation
pathway (Okkeri and Haltia, 1999) (refer to fig. 1.1). The expression of znt4 is regulated by
ZntR belonging to the MerR family of transcriptional regulators (Brocklehurst et al., 1999).

This is discussed in more detail in section 1.5.2.

An aspartate residue immediately precedes the CXXC metal binding motif. This domain
was cloned and expressed and was shown to increase the overall catalytic rate of metal
transfer by increasing the rate of metal-ion binding to the transporter. The solution structure
of this motif was determined by NMR (Banci et al., 2002). The conformation of these two
cysteines (C59 and C62) and the aspartate (D58) residue in this domain underwent changes
during conversion from the apo-ZntA to the Zn(II)-ZntA form. D58 and C59 showed the
most significant conformational changes, moving closer to the Zn(II) ion, whereas C62 did
not change conformation. In addition to these residues, a water molecule may complete a
tetragonal geometry for binding Zn(Il), since the Zn(II) is rather solvent exposed. The
accessibility is likely to allow for rapid access of other domains of the ATPase to the metal
site thus facilitating metal transfer. This structure provided the first example of a Zn(II) ion

bound in a protein to 2 cysteines and one aspartate residue (Banci et al., 2002).

ZntA has 30% sequence identity with the products of the human Wilson disease gene and
Menkes disease gene both of which are inherited through the X-chromosome and encode
defective Cu(I) transporting P-type ATPases. The structural resemblance of these P-type
ATPases with ZntA helped elucidate the functional significance of mutations in these
disease genes (Okkeri et al., 2002). Mutations in these genes cause characteristic disease
phenotypes. In Menkes disease, the defective P-type ATPase fails to transport Cu(I) into
the gut and other tissues but not the liver. In Wilson disease the Cu(I) export ATPase of the
liver is defective. Consequently, in Menkes disease there is a lack of Cu(]) resulting in lack
of important enzyme activities and death occurs in early childhood (Gitschier ef al., 1998).
In Wilson disease there is an excess of Cu(]) in the liver and brain and symptoms range
from acute childhood liver failure to progressive neurological deterioration (Bull and Cox,
1994).

19



Most of the Wilson disease genotypes consist of amino acid substitutions. ZntA was used

as a protein model to explore structure-function relationships within the Wilson disease
ATPase by the systematic introduction of substitutions into the primary sequence (Okkeri et
al., 2002).

In ZntA, the conserved aspartate D628, is normally phosphorylated as it forms the aspartyl
kinase domain. Mutagenesis of this aspartate to a leucine rendered it incapable of
undergoing phosphorylation. This led to an understanding of the mechanism of Wilson’s
disease in patients with the D1267A genotype as D628 in ZntA is homologous to D1267
(Okkeri et al., 2002).

1.3.1.3.2 Chemiosmotic export of Zn(II) via ZitB

The ubiquitous CDF (cation diffusion facilitator) importers and exporters constitute a
family of transporters which are essentially membrane integral proteins that catalyse slow
efflux of Zn(II), Co(II) and Cd(II), the energy for which is derived from chemiosmosis
(Paulsen and Saier, 1997). Members of this family possess common structural
characteristics with six transmembrane domains and histidine rich motifs predicted to
extend into the cytosol. There are conserved acidic residues present in some of the putative

transmembrane domains which may serve as cation binding sites (Paulsen and Saier, 1997).

An additional Zn(II) exporter was identified in E. coli called ZitB (formerly YbgR)
belonging to the CDF family (Grass ef al., 2001). A clear relationship between zitB
expression and Zn(II) tolerance was found. Although disruption of both zitB and znt4
resulted in hypersensitivity to Zn(II), a strain disrupted only in zitB did not exhibit
decreased Zn(II) tolerance. However, overexpression of zitB on a plasmid led to increased
Zn(II) tolerance. These findings suggest that ZitB is an additional Zn(II) transporter in E.
coli, contributing to Zn(II) homeostasis at non-toxic Zn(II) concentrations while ZntA is

required for growth at higher and more toxic concentrations (Grass et al., 2001).
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Moreover, it seems that ZitB is an antiporter exchanging Zn(II) for K" or H" (Lee et al.,
2002). This antiport mechanism, where exchange is energised by the transmembrane pH
gradient, was first identified in CzcD of Bacillus subtilis, a known Zn(Il) antiporter also
belonging to the CDF family (Guffanti et al., 2002).

1.4 Transcriptional regulation in E. coli

The process of transcription is initiated (fig. 1.6) by the binding of RNA polymerase to the
promoter region preceding the gene (Epstein and Beckwith, 1968). The RNA polymerase of
E. coli consists of five subunits; two o subunits, and one each of B, B’ and ¢. The five-
subunit structure, o; BB’c, has a molecular weight of approximately 465 kDa and is
referred to as the holoenzyme (Burgess et al., 1969). The o subunit (or o-factor) is crucial
for promoter binding specificity and accurate initiation from the required gene (Travers and
Burgess, 1969). E. coli possess seven different o-factors for recognition of diverse
promoters, the primary one is o’ which controls expression of the majority of

housekeeping genes (Helmann and Chamberlin, 1988).

The RNA polymerase holoenzyme binds to the promoter and opens up the double helix, a
process called ‘promoter melting’, exposing bases to create a single-stranded template on
the antisense strand. This structure is called the transcription bubble. Ribonucleotides can
enter the bubble and base-pair with the antisense strand, of which about 17 bases are
exposed. RNA polymerase forms the phosphodiester bonds between the sugars of
neighbouring nucleotides forming the backbone of the newly synthesised mRNA ina 5 to

3" direction.

After initiation, the o-factor dissociates leaving behind the “core enzyme”, a; BB’ which is

capable of polymerising mRNA (Chamberlin, 1974). The remaining core enzyme proceeds

along the DNA unwinding small sections followed by synthesis of mRNA. As transcription
proceeds, the newly synthesised mRNA dissociates from the DNA allowing it to re-form its
natural double-helical structure.
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Fig. 1.6 Transcriptional initiation and elongation. RNA polymerase (labelled ‘RNAP’)
binds to the promoter and opens up the helix. A new mRNA transcript is
synthesised in a 5" to 3" direction. Ribonucleotides can enter the bubble and base
pair with the antisense strand of which about 17 bases are exposed. RNA
polymerase forms the phophodiester bonds between the sugars of neighbouring
nucleotides forming the backbone of the newly synthesised mRNA proceeds along

the gene in the direction indicated by the bold arrow, until termination occurs.

RNA synthesis eventually comes to a halt when it reaches a signal that indicates the end of
the gene. Secondary structures known as ‘hairpins’ are formed in the newly synthesised
mRNA and cause RNA polymerase to pause synthesis of RNA by blocking its path, leading
to eventual dissociation from the structure. The termination signal is composed of a GC-
rich dyad symmetry element followed by a run of U residues in the mRNA (Brendel et al.,
1986). Termination may sometimes additionally involve a termination factor such as Rho
(Roberts, 1969).

Regulation can occur at any of the steps leading to formation of a functional protein. This

influences when and how much of a particular protein is made. The main point of control is
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transcription. This is greatly influenced by the strength of the promoter and the regulatory

proteins that may bind to it.

The activity of o-factors can be inhibited by anti-sigma factors (Brown and Hughes, 1995).
These are proteins that negatively regulate transcription by interacting with a specific sigma
factor. This can have inhibitory effects by preventing the o-factor from recognising and
binding to the promoter. In some cases, binding of the anti-sigma factor causes a
conformational change in the o-factor rendering it incapable of binding to the other RNA

polymerase subunits (Brown and Hughes, 1995).

1.4.1 E. coli promoters

The elements located in promoters which act as the recognition sites for ¢’°, the major o-
factor, were identified by comparison of promoter sequences from a multitude of E. coli
genes. The start point of transcription known as +1 is a purine (A or G) over 90% of the
time and is commonly the central base in the sequence C A/G T (Hawley and McClure,
1983). There are certain features present in a '’ promoter which enable RNA polymerase
to recognise and bind. These are stretches of DNA which are conserved in most promoters
and are crucial for RNA polymerase binding: a hexamer, Ts;AgoTs2As9A49Ts9 (subscript
numbers denote percentage conservation) called the —10 element or Pribnow box, centred
about 10 bp upstream of +1; another hexamer, T73Ts2GesAssCs1Ass centred approximately
35 bp upstream from the start point of transcription known as the —35 element (Hawley and
McClure, 1983).

There is a strong correlation between promoter strength and the degree of sequence identity
contained in the —10 and —35 elements compared with the consensus sequences, although
no naturally occurring promoter is a perfect match with the predicted consensus sequences
(Harley and Reynolds, 1987). Mutational studies on several genes have shown that the
strength of transcription increases as the sequence of the promoter approaches the

consensus (Youderian et al., 1982, Szoke et al., 1987).
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The distance separating the —35 and —10 sites is known as the spacer region. Although the
actual sequence of the spacer region is relatively unimportant, the distance is critical in
holding the two sites at the appropriate separation for the geometry of RNA polymerase.
The optimal spacer region for perfect alignment of the —35 and —10 elements is 17 + 1bp. In
90% of promoters the spacer length is 17 £+ 1bp, however it can be as little as 15 bp or as
great as 20 bp in the remaining 10% of o’° promoters (Harley and Reynolds, 1987). The

17 bp spacer length brings the —35 and —10 elements into phase accurately enough to allow
them to interact simultaneously with RNA polymerase for transcription initiation. The
length of the spacer is critical for determining promoter strength (Harley and Reynolds,
1987).

Other o-factors can be activated in response to environmental changes and recognise other
sequences at —10 and —35, specific for each o-factor. For example o> which responds to
heat shock specifically recoginises CCCGATNT (-10) and CCCTTGAA (-35) promoters
(Helmann and Chamberlin, 1988).

Additionally, A+T rich sequences may be found upstream of the —35 region and are known
as UP (upstream promoter elements). UP elements increase the strength of transcription in

promoters where they are present (Newlands et al., 1992).

Not all o factors recognise —10 and —35 elements as in the case of o>*. This o-factor
recognises promoters containing the sequence CTGGCACNNNNNTTGCA and is
generally involved in the transcription of genes required in response to nitrogen starvation
(Beynon et al., 1983, Hunt and Magasanik, 1985).

1.4.2 Transcriptional regulatory proteins

Transcriptional regulators can repress or activate transcription. Repressors are regulatory

proteins that suppress transcription by binding to a specific site (operator) within the
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promoter or overlapping it. The operator-repressor complex can inhibit transcription
initiation at the promoter by preventing RNA polymerase from contacting the promoter
elements. The gene can be transcribed once the repressor has dissociated from its operator,
usually in response to some environmental or nutritional stimulus. Small molecules known
as effectors can affect the binding affinity of repressors for operator sites. These bind to
repressors and occur in two forms known as inducers and co-repressors. Inducers decrease
binding of repressors to the DNA whereas co-repressors are essential for the repressor to
function.

An example of a repressor protein is Zur in E. coli. The znuABC system is regulated by Zur
which bears 27% sequence similarity to the Fur protein (ferric uptake regulator) in E. coli
(Patzer and Hantke, 1998). It is highly sensitive and can sense subfemtomolar
concentrations of cytosolic Zn(II) (Outten and O'Halloran, 2001). Zur binds to a region of
dyad symmetry within the znuC promoter in the presence of Zn(II) (Patzer and Hantke,
2000). The binding of Zur to the cognate promoter is inhibited by excess EDTA therefore
in the absence of Zn(II), Zur does not compete for DNA binding, allowing RNA
polymerase to bind and form an open complex (Outten and O'Halloran, 2001).

Zur, a cytoplasmic protein, is active only in the reduced form (Gilbert, 1990) and functions
as a dimer (Patzer and Hantke, 2000). It contains nine cysteine residues, four of which

are conserved in E. coli Fur. Of these cysteines, C93 and C96 have been shown to bind
Zn(II) in Fur and are in fact conserved in all Fur-like proteins except those from
Pseudomonas sp. (Jacquamet et al., 1998). In Fur, binding of Fe(II) to Fur does not displace
the Zn(II) ion; rather, Fe(II) binds at a different site. Zur binds Zn(II) very tightly at this site
as in Fur and so its purpose at this site may be structural and not regulatory (Outten et al.,
2001). A second Zn(II) binding site in Zur was identified which is similar to the metal
sensing site in SmtB from Synechococcus. This may act as the sensing site as in Fur where

Fe(II) binds at a secondary site (Outten et al., 2001).

The expression of SmtA, the Synechococcal metallothionein is regulated by a divergent

gene product, SmtB (Morby et al., 1993). This is a transcriptional repressor of smt4 and
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binds to the promoter region, dissociating in the presence of excess Zn(II). SmtB belongs to
the ArsR family of transcriptional metalloregulators (Morby et al., 1993). Members of the
ArsR family function as dimers and contain a centrally located helix-turn-helix DNA
binding motif. This is preceded by the metal binding CVC motif in which the two cysteines
are implicated in metal-ion binding. ArsR proteins remain bound to their cognate promoters
until the inducer, Zn(Il) or Cd(Il) in the case of SmtB, binds to the metal binding motif
causing a conformational change in the helix-turn-helix motif and subsequent dissociation

from the promoter, permitting transcription of smtA4 (Shi et al., 1994).

Activators are regulatory proteins, which enhance binding of RNA polymerase to weaker
promoters that don’t have an optimal structure compared to the consensus. The activator
may enhance transcription for example, by realigning the —10 and —35 elements in the
promoter. In the absence of the activator, basal transcription can still occur but the presence
of the activator increases the transcription rate because the promoter elements are aligned to
the optimal positions for RNA polymerase binding. An example of a metalloregulatory

activator is detailed in the following section.

1.5 The MerR family of ubiquitous transcriptional regulators

The regulator of gram-negative mercury resistance operons found on Tn50/ in
Pseudomonas aeruginosa (Stanisich et al., 1977) and Tn21] from Shigella flexneri (de la
Cruz and Grinsted, 1982) is the archetype of the MerR family of transcriptional activators
and is called MerR. This transcriptional regulator was shown to activate the mer operon in

the presence of Hg(II) and repress it in its absence (Lund ef al., 1986).

One of the striking features of MerR was the unusually large spacer length of the cognate
promoter Pz, at which it acts, suggesting that the promoter structure was important in
regulation (Lund and Brown, 1989a). This feature is common to all MerR-regulated

promoters (fig. 1.7) where the spacer region is longer than the optimal for a ¢ promoter
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Fig. 1.7 Examples of metal responsive and non-metal responsive MerR type regulators. The sequences of the cognate promoters

regulated by the respective MerR proteins are shown with the —10 and —35 elements in bold font. The inverted repeat

sequences within the promoters are underlined. The length of the spacer regions between the —10 and -35 elements are 19 bp

in most of the promoters with ZntR and CadR regulated promoters as an exception with 20 bp spacers. The transcript start site,

where known is indicated by /.



(17 % 1bp) and are typically 19 or 20 bp, making them poor substrates for RNA polymerase
(deHaseth et al., 1998).

The apparent inverted repeats in all of these promoters assist binding of the MerR
regulators as dimers. The MerR family of bacterial transcriptional

regulators consist of proteins with N-terminal helix-turn-helix DNA binding regions and C-
terminal regions which contain coiled-coil dimerisation motifs and the ligand (effector)
binding region that is specific to the effector recognised. The effectors are mainly

environmental stimuli; heavy metal-ions, antibiotics or oxidative stress.

MerR homologues have been characterised (fig. 1.7) which respond to a range of divalent
metal-ions such as Zn(II) (Brocklehurst et al., 1999), Pb(II) (Borremans et al., 2001), Cu(l)
(Outten et al., 2000), Co(II) (Rutherford et al., 1999) and Cd(II) (Lee et al., 2001) (ZntR,
PbrR, CueR, CoaR and CadR respectively). The MerR family also includes members which
are not metal-responsive but respond to oxidative stress (SoxR), thiostrepton (TipAL) and
rhodamine (BmrR) (Amabile-Cuevas and Demple, 1991, Holmes et al., 1993, Ahmed et
al., 1994).

One of the characteristics of a MerR-type regulator is the high degree of sequence
similarity in the N-terminal DNA binding region (fig. 1.8). Similarity in the C-terminal
region is considerably less between the different regulators however the metal-ion
responsive subgroup are more similar to one another particularly in potential metal-binding

sites (fig. 1.8).

1.5.1 The MerR regulatory mechanism

The structure of the promoter Pr (fig. 1.7) at which MerR is bound has highly conserved —
10 and =35 6’>-RNA polymerase recognition elements, however the spacer length in Pris

functionally suboptimal at 19 bp. The mer promoter structures are both translationally and
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Fig.1.8 Multiple alignment of regulators from the MerR family generated by the CLUSTALW

algerithm using BioEdit V 5.0.6. The metal-ion respensive proteins are MerR

(Pseudomonas aeruginosa), ZntR (E. coli), CueR (E. coli), CadR (Pseudomonas

S
»

aeruginosa) and PbrR (Ralstonia m taiiidurans). BmrR (Bacillus subtilis), TipAL

(Streptomyces lividans) and SoxR (E. ) are also shown. Sequence identity is represented
by a white font on a black background and similar amino acids are highlighted cyan.
The conserved helix-turn-helix motif within the DNA binding-region was predicted by

Network Protein Sequence @nalysis (http://npsa-pbil.ibep.fr/cgi-bin/npsa_automat.pl? page
=/NPSA/npsa_hth.himl). The coiled-coil dimerisation motif lies within the region indicated
by the yellow boxes. It varies in length depending on the regulator and was predicted using
PAIRCOIL (http://www.paircoil.lcd.mit.edu/cgi-bin/paircoil). The ligand-binding region is
indicated by green boxes. Red arrows show the conserved cysteines in the metal-ion

responsive MerR regulators.



rotationally removed from the optimum structure expected in an E. coli promoter that

interacts with ¢'°.

MerR and RNA polymerase remain bound to the promoter in the absence and presence of
the activating metal (Frantz and O’Halloran, 1990, Heltzel et al., 1990). Experiments with
chemical nucleases provided direct evidence of the nature of transcriptional regulation of
the mer operon by MerR in response to Hg(II) (Frantz and O'Halloran, 1990). When apo-
MerR (MerR without any Hg(II)) is induced with Hg(II), MerR-Hg(II) causes a
conformational change within the promoter to form a transcriptionally active complex.
Furthermore, the 19 bp spacer and the position of the MerR binding site within Py were
shown to be essential for the normal regulation of the mer operon (Parkhill and Brown,

1990).

It has been demonstrated that the binding of MerR to Prinduces underwinding and bending
of the DNA, which is corrected by addition of Hg(II) (Ansari et al., 1992). This brings the —
10 and —35 elements into phase for transcription by RNA polymerase.

These data support the model of transcriptional induction of the mer operon by MerR-
Hg(II) in which this complex alters the separation and orientation of the —10 and —35
elements by distorting the promoter Pr, allowing more efficient contact by RNA
polymerase. MerR binds Hg(II) in a tricoordinate geometry, with one Hg(II) ion binding
per dimer (Shewchuk ef al., 1989a). The complete DNA distortion mechanism of Hg(II)

induced merTPAD transcription is shown in fig. 1.9.
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Fig. 1.9 Apo-MerR bends DNA at centre of inverted repeat. RNA polymerase can therefore
only contact the —35 element and transcription is repressed. The —10 element is

inaccessible due to the length of the spacer and bending of DNA by MerR.

Hg(II) binding to apo-MerR has two effects. Firstly, the bent DNA is straightened
to bring both elements towards the plane of RNA polymerase.

Secondly, the DNA is undertwisted so as to realign the —35 and —10 elements,
thereby compensating for the structurally supraoptimal spacer length and allowing

RNA polymerase to contact both elements simultaneously.

Realignment of the —35 and —10 elements allows transcription of the mer operon

by MerR. Diagram adapted from Megit (2002).
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1.5.2 ZntR: regulator of zntA in E. coli

A region resembling a MerR type promoter was found upstream of znt4. The sequence
exhibited strong —10 and —35 consensus elements, a structurally supraoptimal 20 bp spacer
and a perfect 11-11 bp inverted repeat. The region was designated PzntA4, as the promoter
for zntA (fig. 1.7).

PzntA was introduced into a /ux reporter plasmid called pUCD615 (Brocklehurst et
al.,1999). The recombinant plasmid, pUCDPznt4 was introduced into E. coli and assayed
for luminescence in response to a range of divalent metal cations. It was concluded that
Zn(II) was the primary inducer at Pznt4, with maximum metal induction occurring at 1.1

mM Zn(II) (Brocklehurst et al., 1999).

The closest known homologue of ZntA is CadA from Staphylococcus aureus (Nucifora et
al., 1989c). CadA is responsible for Cd(II) efflux and is regulated by a repressor known as
CadC which is located immediately upstream of CadA (Endo and Silver, 1995). CadC
belongs to the ArsR family of transcriptional regulators (Shi et al., 1994). No CadC or

ArsR homologues were found near zntA.

Since PzntA is very similar in structure to Pr, the E. coli database was searched for MerR
like proteins using merR of Tn501 as a probe. Two homologues were found, yAdM and
0135, both chromosomal but distantly located to znz4. Of the two homologues, yhdM had
8.2% more similarity to MerR and 17/22 bp match with the 11-11 bp inverted repeat in
PzntA, therefore initial efforts were concentrated on yAdM as a possible zntA regulator
(Brocklehurst et al., 1999). yhdM was renamed zntR and its location was mapped at 74.1
min on the chromosome. Insertional inactivation of zn¢R using a kanamycin cassette
resulted in the loss of Zn(II) induced activation of Pznt4 which was restored upon addition
of a complementary plasmid copy of zn¢R. Electrophoretic mobility shift assays with
purified ZntR resulted in specific binding to Pznt4 confirming ZntR as the cognate
regulatory protein for znt4 (Brocklehurst et al., 1999).
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ZntR consists of 141 amino acids and has a predicted molecular weight of approximately
16.2 kDa (Brocklehurst et al., 1999). ZntR binds to PzntA as a dimer activating
transcription in response to Zn(II), but also to Pb(II), Cd(II) and Hg(II) (Brocklehurst et al.,
1999) and bears 34% sequence identity with MerR (Outten et al., 1999).

The sequence of ZntR (fig. 1.10) shows typical MerR-type features with a helix-turn-helix
motif located within the N-terminal and a predicted coiled-coil dimerisation domain
downstream. ZntR has many potentially metal-binding residues; five histidines and five
cysteines, three of which are conserved in MerR. It has been shown that ZntR can bind two

Zn(II) ions per monomer (Outten et al., 1999).

In the absence of Zn(II), ZntR can bind to PzntA but transcription of zntA4 is induced when
Zn(I) levels increase. These parallels with MerR led to the hypothesis that ZntR regulates
PzntA via a DNA-distortion mechanism similar to MerR regulation of the mercury
resistance genes (fig. 1.9) (Outten et al., 1999). To test this hypothesis, a series of modified
derivatives of PzntA were created (fig. 1.11) (Brocklehurst et al., 1999).

Deletion of 2 nucleotides immediately upstream of the —10 element (Pznt4-2) brought the
length of the spacer down from 20 bp to 18 bp, which is closer to the consensus length of
17 + 1bp. Constitutive transcription from this construct increased dramatically when
assayed in the /ux reporter system and was probably brought about by the improved
alignment of the —10 and —35 elements for RNA polymerase. Addition of Zn(II) to the
growth medium led to a decrease in transcription thought to have been caused by a possible
over-twisting of the elements. A 1 bp deletion of the nucleotide immediately upstream of
the —10 element (Pznt4-1) had a similar effect. Replacement of the inverted repeat (PzntA4-
IR) with a random sequence abolished Zn(II) induction by ZntR even though the spacer

length and base content were conserved, confirming this as the ZntR binding site.
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These data help confirm that ZntR regulates znt4 via a DNA distortion mechanism similar
to MerR regulation of Pr (fig. 1.9). Further support came from experiments whereby ZntR
was purified to homogeneity and was shown to be a Zn(II) receptor (Outten et al., 1999).
Furthermore, DNA footprinting assays with purified ZntR demonstrated that apo-ZntR
could bind to the atypical 20 bp spacer region of Pznt4 and distort the DNA. The
distortions were detected by inspection of DNAse I cleavage patterns obtained for apo-
ZntR at Pznt4. Upon addition of Zn(II) the length of the region protected from DNAse I
cleavage by ZntR did not change however there was a shift in the DNAse I cleavage pattern
indicating that addition of Zn(II) to ZntR converts it to a transcriptional activator that

introduces changes in the DNA conformation (Outten et al., 1999).

CONSTITUTIVE  Zn(II)-INDUCED

PzntA / DERIVATIVE TRANSCRIPTION  TRANSCRIPTION
PzntA: TTGACTCTGGAGTCGACTCCAGAGTGTATCCT W.T. W.T.
PzntA-2: TTGACTCTGGAGTCGACTCCAGAG* *TATCCT Tttt Tttt
Pzntd-1: TTGACTCTGGAGTCGACTCCAGAGT*TATCCT Tt il
PzntA-IR: TTGACTgtggcgcatcgcgtgatcaaTATCCT 0 0

Fig. 1.11 A series of deletions of the Pznt4 promoter were created (Brocklehurst et al.,
1999). The inverted repeat region is underlined in each case and the —10 and —35
elements are shown by bold font. Deletions are marked by an asterisk (*). The
level of constitutive or Zn(II)-induced transcription by ZntR in comparison to
PzntA from these derivatives is also summarised here. Arrows 111 and 111
indicate dramatic increases and decreases, respectively. The 0 indicates that there

was no transcription.
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1.6 Aims

The aims of this study were to elucidate the structure-function relationships in ZntR and to
investigate its role on an organismal scale. The characterisation of a novel metal-ion

transport system ybh, in E. coli was the final aim.

The main priorities were to identify residues in ZntR that are essential for metal-ion
recognition and binding. ZntR regulates at its cognate promoter as a dimer and the residues
involved in dimerisation or promoter binding are also important. Characterisation of the
molecular interactions between ZntR and its associated ligands would be approached by the

use of site-directed mutagenesis combined with phenotypic assays of regulatory activity.

The possibility that ZntR plays a wider role in cell metabolism other than the regulation of
znt4 will also be investigated with the aid of macroarray technology. E. coli (w.t.) and

E. coli (zntR knockout) would be used as control and test strains respectively. These strains
would be grown at normal and elevated Zn(II) concentrations and their RNA extracted.
Analysis of mRNA transcript profiles may help to elucidate other Zn(II) resistance
mechanisms, or Zn(II) induced metabolic changes when the main Zn(II) exporter ZntA is

not transcribed due to the absence of its primary regulator, ZntR.
This study concludes with the characterisation of a recently identified gene cluster (ybh) on

the E. coli genome that appears to be involved in metal-ion import. This putative operon is

predicted to encode an ABC-transport system along with a novel regulatory protein.
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CHAPTER TWO

MATERIALS & METHODS
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2.1 Materials

2.1.1 Bacterial strains

Bacterial strains used in this study are listed below in table 2.1.

Table 2.1 The bacterial strains used for general cloning purposes and for assays or other

research. For each strain the genotype and reference is shown.

Strain Genotype Reference or Source

TG1 E. coli supE, hsdA5, thi, A(lac-proAB) (Gibson, 1984)
F’ [traD36, proAB®, lacl®, lacZA15)

TG1 (zntR::Km)  E. coli supE, hsdAS, thi, A(lac-proAB) (Brocklehurst et al.,
F'[traD36, proAB*, lacP, lacZA15] 1999)
(zntR::Km)
TG2 E. coli supE, hsdAS, thi, A(lac-proAB) (Sambrook et al.,
F'[traD36, proAB", lacP, lacZA15] 1989)

A(srl-recA)306::Tnl0 (tef)

TOP10 E. coli ¥~ mcrA A(mrr-hsdRM mcrBC) Invitrogen
®80/acZAM15 AlacX74 deoR recAl
araD139 A(ara-leu)7697 galU galK rpsL
endAl nupG
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NCIMB Strain No.

w3110 Wild-type K12 derivative; F~ IN(rrnD-rrnE)
CNIBM #11296
LAM rph™
W3110 Wild-type K12 derivative; F~ IN(rrnD-rrnE)  This work

(ybhR::Km) LAM™ rph~ (ybhR::Km)

2.1.2 Plasmids

Plasmids used in this study are listed below in table 2.2.

Table 2.2 Plasmids used in the study are shown below along with the reference or source.

T

* Antibiotic markers present in the plasmids are shown by Cm', Cb", Km' or Amp
which respectively confer resistance to Cm, Cb, Km or Amp (refer to section

2.1.3.5).
Plasmid Relevant characteristic* Reference or Source
pSU18 Cm'; cloning and expression vector with lac  (Bartolome et al., 1991)
promoter (Pj,.).

pSU18zntR  As above (pSU18): zntR cloned in EcoRI, (Brocklehurst et al.,
BamHI sites creating Plac::zntR fusion. 1999)
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pUTS18 Cb'" ; expression vector driven by Plac. (Omori et al., 1994)
pUTS18zntR  As above (pUTS18): zntR cloned in EcoRI,  This work
BamHI sites
pUCD615 Km', Amp'; luciferase assay plasmid. MCS  (Rogowsky et al., 1987)
located upstream of promoterless Jux
operon.
pUCDPzntA  As above (pUCD615); luciferase operon (Brocklehurst et al.,
driven by PzntA cloned in Sau3A1, Rsal 1999)
sites.
pUCDPznt4-1 As above (pUCDG615); luciferase operon (Brocklehurst et al.,
driven by Pznt4-1 (1 bp deletion derivative ~ 1999)
of PzntA) cloned in Sau3Al, Rsal sites.
pUCDPybh  As above (pUCD®615); luciferase operon This work
driven by Pybh cloned in EcoR1, BamH]1
sites.
pCR®-Blunt Km" ; blunt ended cloning vector for direct ~ Invitrogen

cloning of PCR products. Possesses lethal

gene ccdB.
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pCR®-Blunt-  As above (pCR®- Blunt): Pybh cloned in This work
Pybh MCS.

pKD4 Km'" ; template plasmid for amplification of  (Datsenko and Wanner,

kanamycin cassette. 2000)

pKD46 Cb'; Arabinose inducible (P,,,5) phage A red (Datsenko and Wanner,
recombinase expression plasmid. 2000)

Temperature sensitive.

2.1.3 Chemicals, reagents and laboratory consumables

General laboratory chemicals were obtained from Sigma-Aldrich or Fisher Scientific UK
and were of analytical grade or higher. Plasticware and general lab consumables were
obtained from Alpha Laboratories, Elkay or Greiner. Other reagent and consumable

suppliers are listed below or in the text as required.

0.2 uM sterile filters: Sartorius

Filter papers: Whatman Ltd.

Electrophoresis grade agarose: Bioline

Qiaprep spin miniprep and midiprep kits, Qiaquick PCR purification kit, QIAquick
Nucleotide removal Kit, RNeasy mini kit, RNA protect solution, RNase-free DNase,
Qiagen 100 columns: Qiagen

Concert gel extraction kit: GibcoBRL

dNTPs: New England Biolabs

10 x tris-borate EDTA (TBE): National Diagnostics
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2.1.3.1 Water

Double distilled water was used for preparation of growth media and rinsing of all
glassware prior to use. Water used for preparation of buffers and solutions was double
distilled followed by chemical purification to 18 MQ purity using a MilliQ 50 system
supplied by Millipore. MilliQ water used for DNA elution from any column-based kits was
adjusted to pH 8.0 with the addition of 5 mM tris and autoclaved.

2.1.3.2 Enzymes

Restriction endonucleases, T4 DNA ligase, Calf intestinal alkaline phosphatase, Klenow
DNA polymerase and Vent DNA polymerase supplied with their appropriate buffers were
purchased from New England Biolabs. Taq DNA polymerase was obtained from Promega.
All enzymes were used according to the manufacturer’s instructions.

2.1.3.3 Radiochemicals

[a-**P] dCTP for cDNA incorporation was obtained at a specific activity of 74 TBq.mmol

and concentration 0.37 MBq.ml" from Perkin-Elmer Life Science Products.
L-[**S] methionine for maxicell labelling of proteins was also obtained from Perkin-Elmer
Life Science Products, at a specific activity of 43.5 TBq.mmol™ and a concentration of

377.4 MBq.ml™.

[a-3?P] ACTP for labelling of ‘sticky ended’ DNA was obtained from Amersham Pharmacia
Biotech, at a specific activity of 220 TBq.mmol" and a concentration of 370 MBq.ml™.
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2.1.3.4 Growth media

Media were prepared in accordance with the manufacturer’s instructions and were either in
capsule form (Bio101) or dehydrated form (GibcoBRL). Composition of media is shown in
table 2.3.

Media prepared from capsules was used for propagation of plasmids and strains for general
cloning procedures. Solid, dehydrated components for preparation of specialised media for
specific experimental procedures such as phenotypic characterisation (section 2.2.10) were

purchased from Difco Laboratories or Invitrogen.

Table 2.3 Media used for propagation of bacteria during the study. The composition of each

medium is shown.

Medium Composition
LB-Broth 10 g.I"' Tryptone
(capsule or dehydrated) 5gl! Yeast extract
10 gI" NaCl
LB-Agar 10 gI" Tryptone
(capsule) 5gl! Yeast extract
10 g.1" NaCl
15g1" Agar-B
Wa-Broth 10 g1 Tryptone

5gl! Yeast extract
5gl! NaCl
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M9 Minimal Medium

2 gl! Casamino acids

0.4% (w/v) Glucose

2mM MgSO4

100 uM CaCl,

0.8 mg.l' Thiamine

1x M9 salts (5x M9 salts composition:
33.9 g.I'' NayHPO,, 15 g.1"' KH,PO4,
2.5 g.I" NaCl, 5 g.I'' NH,CI)

Methionine-free

Minimal Medium

0.06% (w/v) Methionine-free assay media
0.4% (w/v) Glucose

10 mM MgSO4

100 uM  CaCl,

0.8 mg.l"' Thiamine

1x M9 salts (5x M9 salts composition:
33.9 g.I"! Na,HPO,, 15 g.I"' KH,POy,

2.5 g NaCl, 5 g.1" NH,CI)

SOC medium

20 g.I'! Bacto-tryptone

5 g.I'' Bacto-yeast extract
0.5 g1 NaCl

2.5 mM KCl

2% (v/v) 1 M Glucose
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2.1.3.5 Antibiotic selection

Antibiotics were obtained from Melford Laboratories and were used in the following

concentrations:
Cb (carbenicillin) 250 pg.ml’
Cm (chloramphenicol) 25 pg.ml’
Amp (ampicillin) 50 pg.ml’
Km (kanamycin) 50 pg.ml’
Tc (tetracycline) 15 pg.ml™
D-cycloserine 100 pg.ml

All antibiotics were made up as 1000x stock solutions. Cb, Km and D-cycloserine were
dissolved in water; Cm and Tc were dissolved in 70% ethanol. Stock solutions were filter
sterilised and stored at —20°C.

2.1.3.6 Commonly used solutions

General solutions used in this study are shown in table 2.4 below. Any other solutions used

in specific experimental procedures are included in the methods and are shown in the text.

Table 2.4 Commonly used solutions and the composition of each.

Solution Composition
Iso-saline 0.85% (w/v) NaCl
TAE 40 mM Tris-acetate

1 mM EDTA, pH 8.0
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TBE 90 mM Tris-borate
2 mM EDTA, pH 8.3
TE 10 mM Tris-Cl

1 mM EDTA, pH 8.0

DNA gel-loading

solution

0.05% (w/v) Bromophenol blue
50% (w/v) Sucrose
10 mM EDTA

RNA gel-loading

solution

0.05% (w/v) Bromophenol blue
50% (w/v) Sucrose
25 mM EDTA

Bacterial buffer

0.4 mM MgSO,
50 mM Na;HPO,
20 mM KH,PO,
70 mM NaCl

Protein sample application

0.375 M Tris-Cl, pH 8.8

buffer 6% (w/v) SDS
30% (v/v) Glycerol
0.05% (w/v) Bromophenol blue
.
SDS Running buffer 3 gI" Tris base

14.4 g.I'' Glycine
1gl'sSDS
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SSPE 0.18 M NaCl
10 mM NaH,PO,, pH 7.7
1 mM EDTA, pH 8.0

Denhardt’s Reagent 0.02% (w/v) Ficoll
0.02% (w/v) Polyvinylpyrrolidone

0.02% (w/v) Bovine serum albumin

2.1.3.7 Oligonucleotides

All oligonucleotides were obtained in lyophilised form at a scale of 50 nM from Invitrogen
Life Technologies. The oligonucleotides were resuspended in sterile MilliQ to a

concentration of 1 pg.ul™" and stored at —20°C.

2.1.3.7.1 Vector specific oligonucleotides

Vector specific oligonucleotides (table 2.5) were of desalted quality and the annealing

temperatures (T,) were determined using the equation:

Tm = 0.41 (% GC) + 64.9 — (600/N)

Where % GC corresponds to the percentage of G or C residues in the oligonucleotide and N
is the primer length in bases. In PCR reactions where more than one oligonucleotide was

used, the lowest Ty, value was used for the annealing step.
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Table 2.5 Vector specific oligonucleotides.

Primer name Sequence (5" - 3)
M13 Forward CGCCAGGGTTTTCCCAGTCACGAC
M13 Reverse AGCGGATAACAATTTCACACAGGA
PzntA For CCTGCTACTTTGCCGGTCACTTCCTCATCG
PzntA Rev GGAACATGCGCCGTCGCAGCAACAGTCG
PybH For (BamHI) CGCGGATCCGGTGTAGTTTTCAGGGAGATACTG
PybHRev (EcoRI) CCGGAATTCGTCATGGCAGGATTATTCATCGC
ybhR K.O. For ATCACCTTACGTCTAAACATCGCGTACGCCGCTGAGT
GTAGGCTGGAGCTGC
ybhR K.O. Rev CCTGACGTGGCTGAAAACCAAACGTCGGCTGGATTAG

ATGAATATCCTCCTTAGTTCC
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ybhR K.O. For - GACCACGACCTGGTATTTTGG

CHECK

ybhR K.O. Rev — CTTCGGCGGTGATGTTTATCG
CHECK

k1 CAGTCATAGCCGAATAGCCCT
k2 CGGTGCCCTGAATGAACTGC
kt CGGCCACAGTCGATGAATCC

2.1.3.7.2 Oligonucleotides for site-directed mutagenesis
Oligonucleotides for site-directed mutagenesis (table 2.6) were PAGE purified by the

manufacturer. These were designed according to the specifications of Stratagene’s

QuickChange™ Site-directed Mutagenesis Kit.
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Table 2.6 Oligonucleotides used for site-directed mutagenesis. Underlined sequences show

the altered bases.

Primer Sequence (5' - 37)

H29A-For CAGCAGATGATGGAGGCTGAGGTGCGTACTGAAGG

H29A-Rev CCTTCAGTACGCACCTCAGCCTCCATCATCTGCTG

H53A-For CCAGCGATTGAAATTTATCCGGGCCGCCAGACAACTAGG

H53A-Rev CCTAGTTGTCTGGCGGCCCGGATAAATTTCAATCGCTGG

H76A-For GCATCGATCCTGAGGCCCATACCTGTCAGGAGTCAAAAGC

H76A-Rev GCCTTTTGACTCCTGACAGGTATGGGCCTCAGGATCGATGC

H77A-For GCATCGATCCTGAACACGCTACATGTCAGGAGTCAAAAGC

H77A-Rev GCCTTTTGACTCCTGACATGTAGCGTGTTCAGGATCGATGC

H119A-For GCCTGTTGTGGGACTGCTGCTAGCCAGTGTTTATTGTTCG

C79A-For CGATCCTGAACACCATACCGCTCAGGAGTCAAAAGGC
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C79A-Rev GCCTTTTGACTCCTGAGCGGTATGGTGTTCAGGATCG
C79S-For CGATCCTGAACACCATACCTCACAGGAGTCAAAAGGC
C79S-Rev GCCTTTTGACTCCTGTGAGGTATGGTGTTCAGGATCG
C114A-For CGCCTTAACGATGCCGCATGTGGGACTGCTCATAGC
C114A-Rev GCTATGAGCAGTCCCACATGCGGCATCGTTAAGGCG
C114S-For CGCCTTAACGATGCCTCATGTGGGACTGCTCATAGC
C114S-Rev GCTATGAGCAGTCCCACATGAGGCATCGTTAAGGCG
C115A-For CGCCTTAACGATGCCTGTGCAGGGACTGCTCATAGC
Cl115A-Rev GCTATGAGCAGTCCCTGCACAGGCATCGTTAAGGCG

C115S-For

CGCCTTAACGATGCCTGTICAGGGACTGCTCATAGC
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C115S8-Rev

GCTATGAGCAGTCCCTGAACAGGCATCGTTAAGGCG

C124A-For GGGACTGCTCATTAGCAGTGTTTATGCATCGATTCTTGAAC
C124A-Rev GCTTCAAGAATCGATGCATAAACACTGCTATGAGCAGTCCC
C124S-For GGGACTGCTCATTAGCAGTGTTTATICATCGATTCTTGAAC
C124S-Rev GCTTCAAGAATCGATGAATAAACACTGCTATGAGCAGTCC
Cl141A-For GGCGTTAAGAGTGGCGCTTGATTTTTTGCACTGGCAGG
C141A-Rev CCTGCCAGTGCAAAAAATCAAGCGCCACTCTTAACGCC
C141S-For GGCGTTAAGAGTGGTICATGATTTTTTGCACTGGCAGG
C141S-Rev CCTGCCAGTGCAAAAAATCATGAACCACTCTTAACGCC
C141H-For GGCGTTAAGAGTGGTCATTGATTTTTTGCACTGGCAGG
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Cl141H-Rev

CCTGCCAGTGCAAAAAATCAATGACCACTCTTAACGCC

Cl41L-For

GGCGTTAAGAGTGGTCTCTAATTTTTTGCACTGGCAGG

C141L-Rev

CCTGCCAGTGCAAAAAATTAGAGACCACTCTTAACGCC

Cl141Y-For

GGCGTTAAGAGTGGTTACTAGTTTTTTGCACTGGCAGG

Cl141Y-Rev

CCTGCCAGTGCAAAAAACTAGTAACCACTCTTAACGCC

C141G-For

GGCGTTAAGAGTGGTGGTTGATTTTTTGCACTGGCAGG

C141G-Rev

CCTGCCAGTGCAAAAAATCAACCACCACTCTTAACGCC

C141D-For

GGCGTTAAGAGTGGTGATTGATTTTTTGCACTGGCAGG

C141D-Rev

CCTGCCAGTGCAAAAAATCAATCACCACTCTTAACGCC
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2.2 General methods in molecular biology

2.2.1 Transformation

2.2.1.1.1 Preparation of chemically competent cells

Chemically competent E. coli cells were prepared for transformation using the rubidium
chloride method (adapted from Hanahan, 1983). The E. coli strains to be made competent
were streaked on LB-agar plates containing antibiotics where required. The strains were
incubated at 37°C, overnight. A single colony was used to inoculate 5 ml Wa-broth with

antibiotics if required at 37°C, 200 rpm, overnight.

This was subcultured into 200 ml (1:40 dilution) prewarmed Wa-broth and incubated at
37°C with shaking until the optical attenuance at 600 nm (Do) had reached approximately
0.4. The culture was chilled on ice for 5 minutes before harvesting by centrifugation at
6000 g,y at 4°C for 5 minutes (Sorvall GSA rotor).

The cell pellet was resuspended in two-fifths original volume of ice cold TfbI (30 mM
potassium acetate, 10 mM RbCl, 10 mM CaCl,, 50 mM MnCl,, 15% (v/v) glycerol, pH
5.8) and left on ice for 1 hour. The cells were repelleted as before and resuspended in one
twenty-fifth original volume of ice-cold TfbII (10 mM MOPS, 75 mM CaCl,, 10 mM
RbCl,, 15% (v/v) glycerol, pH 6.5). Following incubation on ice for 4 hours, cells were
aliquoted (100 pl) into ice-cold, sterile eppendorfs and snap-frozen in liquid nitrogen before

being stored at -80°C until needed.

2.2.1.1.2 Transformation of chemically competent cells
Competent cells were thawed on ice for 10 minutes before the addition of up to

1 pg plasmid DNA. After incubation on ice for 30 minutes, cells were ‘heat shocked’ at

42°C for 90 seconds and returned to ice for a further 5 minutes.
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Expression of selectable markers was achieved by the addition of four volumes of LB-broth
with subsequent incubation at 37°C for 1 to 132 hours in a shaking incubator (200 rpm).
The cells were harvested by centrifugation (6000 gay, 4 minutes) and resuspended in half
the original volume of LB-broth. The cultures were spread on LB-agar plates containing the

appropriate selection and incubated overnight at 37°C.

2.2.1.2.1 Preparation of electro-competent cells

The E. coli strains to be made electro-competent were streaked on LB-agar plates
containing antibiotics where required and incubated at 30°C overnight (this temperature
was chosen for strains such as W3110 containing the temperature sensitive plasmid pKD46,
otherwise 37°C). A single colony was used to inoculate 5 ml LB-broth with antibiotics if

required at 30°C, 200 rpm, overnight.

The overnight culture was used to inoculate 80 ml fresh LB-broth (1:100 dilution). The
media had been prewarmed and contained antibiotics where applicable (in addition, 0.5%
arabinose was added for W3110 containing pKDD46) and growth was continued as before
until the Dggp was about 0.4. Cells were harvested by centrifugation at 6000 g,, (Sorvall
GSA rotor) at 4°C for 5 minutes. The pellet was washed in 100 ml ice-cold sterile MilliQ

water and this washing step was repeated.

Finally, the cells were washed in 3 ml of ice-cold glycerol (10%) and resuspended in 0.3 ml
of ice-cold glycerol (10%). Cells were separated into aliquots of 25 ul in ice-cold, sterile
eppendorfs and snap-frozen in liquid nitrogen. Cells were stored at —80°C until needed.

2.2.1.2.2 Transformation of electro-competent cells

Electro-competent cells were thawed on ice for 10 minutes and transferred to a cuvette

(with conducting plates) chilled on ice. Up to 1 pg DNA was added and the cuvette inserted
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in a micro-pulser (Bio-Rad) with a voltage of 1.8 kV applied for 6.1 milli-seconds. The
cells were then transferred to a 30 ml universal tube (Sterilin) and 1 ml of SOC medium
was added followed by incubation at 30°C (depending on strain) at 200 rpm for 1%z hours.
The cells were harvested by centrifugation (6000 g.y, 4 minutes) and resuspended in 500 pl
fresh SOC medium. The cultures were spread on LB-agar plates containing the appropriate

selection and incubated at 37°C, overnight.

2.2.2 Preparation of DNA

2.2.2.1 Small scale plasmid preparation (miniprep)

A 3 ml culture of plasmid bearing E. coli was grown to saturation overnight (37°C, 200
rpm) in LB-broth containing the appropriate antibiotics. DNA extraction was performed
using a Qiagen Plasmid miniprep kit as described by the manufacturer. In this procedure,
bacteria are lysed under alkaline conditions and the lysate is subsequently neutralised and
adjusted to high-salt binding conditions for purification of plasmid DNA on a silica-gel

column. For further details, refer to the Qiagen Plasmid miniprep protocol.

2.2.2.2 Large scale plasmid preparation (midiprep)

A 200 ml culture of plasmid bearing E. coli was grown to saturation overnight (37°C, 200

rpm) in LB-broth containing the appropriate antibiotics. DNA extraction was performed

using Qiagen Plasmid midiprep kits as described by the manufacturer.

2.2.2.3 Genomic DNA purification

Genomic DNA was purified from E. coli, TG2 strain according to the US Dept Commerce

Molecular Biology protocol. E. coli were grown overnight in 5 ml LB-broth with
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antibiotics added where necessary. The cells were harvested by centrifugation at 1500 g,y
for 10 minutes at room temperature and resuspended in 3.5 ml of buffer B1 (50 mM Tris-
HCI, 50 mM EDTA, 0.5% (v/v) Tween 20, 0.5% (v/v) Triton X-100, 200 pg.ml" RNaseA).
Lysozyme (80 ul of 100.mg ml™ stock solution) and Proteinase K (100pul of 20 mg.ml'l
stock solution) were added and the solution incubated at 37°C for 30 minutes. Solution B2
(1.2 ml of 3 M guanidine hydrochloride, 20% (v/v) Tween 20) was added, mixed by

inversion several times and incubated at 50°C for a further 30 minutes.

A Qiagen 100 column was equilibrated with 4 ml of QBT buffer (750 mM NacCl, 50 mM
MOPS, 15% (v/v) ethanol, 0.15% (v/v) Triton X-100, pH 7.0). The lysate was diluted with
an equal volume of QBT buffer and allowed to pass through the column under gravity. The
column was washed twice with 7.5 ml of buffer QC (1.0 M NaCl, 50 mM MOPS, 15%
(v/v) ethanol, pH 7.0) and the genomic DNA eluted with 5 ml of buffer QF (1.25 mM
NaCl, 15% (v/v) ethanol, 50 mM Tris-HCI, pH 8.5).

The eluted fraction was purified twice by phenol/chloroform extraction (section 2.2.3.2)
followed by precipitation (section 2.2.3.3). The genomic DNA was resuspended in TE
buffer and stored at -20°C.

2.2.3 DNA manipulations

2.2.3.1 DNA restriction digests

DNA digestion was performed by incubation for a minimum duration of 1 hour, at the
temperature recommended by New England Biolabs. The appropriate buffer for the
restriction enzyme, supplied by the manufacturer was used in addition to BSA, when

required. DNA that was required for cloning after restriction was purified via gel extraction
(section 2.2.3.5).
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2.2.3.2 Purification of DNA — phenol / chloroform extraction

One volume of phenol:chloroform was added to the DNA solution and mixed by vortex.
The mixture was separated into aqueous and phenol phases by centrifugation for 2 minutes.
The upper aqueous phase was removed and retained. One half volume of water was added
to the lower phenol layer which was then mixed by vortex. Two layers were formed, the
upper of which was removed and added to the previously retained upper phase and

precipitated as described below, in section 2.2.3.3

2.2.3.3 Precipitation of DNA

One tenth volume of 3 M sodium acetate pH 4.8, and one volume of ice-cold isopropanol
were added to the DNA solution and mixed thoroughly followed by incubation on ice for 5
minutes. The DNA was pelleted by centrifugation at 13000 g,y, for 10 minutes at room
temperature, washed in 70% ethanol and air-dried. DNA was resuspended in an appropriate

volume of sterile MilliQ water, pH 8.0.

2.2.3.4 Purification of PCR products

PCR products were purified to remove unincorporated oligonucleotides, dNTPs, genomic

DNA or plasmids and restriction endonucleases using a Qiagen PCR purification kit

according to the manufacturer’s protocol.

2.2.3.5 Purification of DNA by gel extraction

DNA that had to be isolated from a mixture of DNA molecules of varying sizes was first

separated by agarose gel electrophoresis (section 2.2.5.1). Buffer TAE was used in this

instance to make up the gel and running buffer; these were autoclaved prior to use.
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The gel was mounted on a UV transilluminator (UVP Inc.) for visualisation of DNA bands.
The band of interest was cut out with a sterile scalpel and purified using a Concert gel

extraction kit.

2.2.3.6 Dephosphorylation of DNA

During cloning procedures, vectors were linearised with restriction endonucleases and the
ends dephosphorylated to prevent recircularisation. Dephosphorylation was performed
using 0.5 units of Calf intestinal alkaline phosphatase per pg vector DNA, in the buffer

provided at 37°C for a minimum duration of 1 hour.

Calf intestinal alkaline phosphatase was heat inactivated at 65°C for 20 minutes in the
presence of 20 mM EDTA, pH 8.0. The DNA was purified and precipitated as described in
sections 2.2.3.2 and 2.2.3.3.

2.2.3.7 Ligation of DNA molecules

Recombinant plasmids were created by ligating sticky or blunt-ended DNA fragments into
dephosphorylated vectors. The ligation reaction was performed using T4 DNA ligase as
instructed by New England Biolabs, at 16°C for 1 hour, or 4 hours for blunt-ended inserts.
T4 DNA ligase was heat inactivated at 65°C for 10 minutes. Competent E. coli were
chemically transformed with the reaction mixture to select for recombinant colonies

(section 2.2.1.1.2).

2.2.4 RNA purification

Samples of growing E. coli cultures were removed in mid-logarithmic phase and harvested

by centrifugation. RNA extraction for preparation of cDNA was performed using an
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RNeasy mini kit according to the manufacturer’s instructions. Treatment with DNase was
incorporated in the purification procedure and DNase was removed by washing with

buffers containing denaturing agents before the elution step.

The RNA samples were quantified and the purity determined by the absorbance values
obtained at 260 nm and 280 nm (A60/A2s ratio) using a GeneQuant spectrophotometer
(Amersham Pharmacia Biotech). RNA samples were analysed for degradation and
remnants of genomic DNA by agarose electrophoreseis (section 2.2.5.2) and stored at
—-80°C.

2.2.5 Agarose gel electrophoresis of nucleic acids
2.2.5.1 Electrophoresis of DNA samples

Gels containing 1% (unless otherwise stated) agarose were prepared by dissolving solid
agarose (Bioline) in TBE and heating to boiling point in a microwave oven. After cooling
to approximately 45°C, ethidium bromide was added to a final concentration of 0.5 pg.ml™;
the molten agarose was poured into a casting tray containing well-forming combs and left

undisturbed until it had solidified.

The combs were removed and DNA samples were loaded into wells in volumes up to 12 pl
of which 20% (v/v) was DNA gel-loading solution. Electrophoresis was performed at a
constant voltage of 200 V, 400 A for 40 minutes in 1 x TBE containing 0.5 pg.ml’

ethidium bromide.
DNA bands were visualised and photographed by mounting the gel on a UV illuminating

gel camera (MWG-biotech). Estimates of DNA molecular weight were made using a size

marker (1 kb ladder obtained from Gibco BRL).
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2.2.5.2 Electrophoresis of RNA samples

Electrophoresis of RNA samples was performed by preparing 1% agarose gels as detailed
above however, the molten agarose and running buffer were autoclaved prior to use. Also,
the casting tray and electrophoresis tank were sterilised by soaking in 3% hydrogen
peroxide for at least an hour followed by rinsing with sterile MilliQ before use. RNA
samples were loaded into wells in volumes up to 12 pl of which 20% (v/v) was RNA gel-

loading solution.

2.2.6 Polymerase chain reaction (PCR)

PCR reaction mixtures were prepared with the following components:

Template DNA 100 — 200 ng (genomic, plasmid or cell culture)
Oligonucleotides (100 ng.p.l'l stock) 1 pl

dNTPs (10 mM) 1pl

DNA Polymerase 0.2 ul

10 x polymerase buffer S5ul

Mg** 0-4mM

Water to 50 pl

Vent polymerase was used for cloning work whereas Taq polymerase was used for PCR
screening. The Mg?* sources for Vent polymerase and Taq polymerase were MgSO4 and
MgCl,, respectively.

To allow sufficient amplification of DNA, 30 cycles of denaturation, annealing and

extension were performed at the following temperatures and durations in a Techne PCR

machine:
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Denaturation 96°C 30 seconds — 1 minute
Annealing 50 - 68°C 30 seconds — 1 minute

Extension 72°C 1 minute per kb of amplified sequence

Where liquid cell cultures were used for colony PCR screening, a preincubation of 2
minutes at 96°C was allowed before proceeding to amplification. After completion of the
30 cycles of amplification, the reaction mixture was held at 72°C for 10

minutes before cooling to 4°C.

2.2.7 Site-directed mutagenesis

2.2.7.1 QuickChange™ Site-directed mutagenesis kit

Site-directed mutagenesis was performed with a QuickChange™ Site-directed mutagenesis
kit obtained from Stratagene and used in accordance with the instruction manual.
Oligonucleotides for site-directed mutagenesis of znfR were designed according to the
specifications of Stratagene’s QuickChange™ site-directed mutagenesis kit and were

synthesised by Invitrogen Life Technologies (section 2.1.3.7.2).

In this procedure a PCR reaction is performed using a plasmid containing the target gene as
a template. This plasmid is denatured and the mutagenic oligonucleotides annealed. The
plasmid is amplified by Pfu-turbo polymerase, a high fidelity polymerase. Once the PCR
reaction is complete, the sample is cleaned (section 2.2.3.4) and treated with Dpnl (section

2.2.3.1) which digests the original methylated template plasmid.
The remaining plasmids were used to transform (section 2.2.1.1.2) TG2 cells for production

of individual colonies. Plasmids were purified by miniprep (section 2.2.2.1). The nucleotide

sequences of all mutants were confirmed by dideoxy DNA sequencing (section 2.2.8).
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2.2.7.2 Site-directed mutagenesis by overlap extension

Alternatively, where the use of the QuickChange™ Mutagenesis kit was unsuccessful for
creating the desired mutation, the mutant was constructed by PCR using an M13-reverse
oligonucleotide in combination with an oligonucleotide containing the altered bases in its

centre.

The resulting PCR product was gel purified with a Concert gel extraction kit and used as a
‘primer’ in a subsequent PCR reaction with an M13-forward oligonucleotide. The PCR
product was purified, cleaved with restriction enzymes and ligated into a similarly digested
vector (section 2.2.3.7) and the nucleotide sequences confirmed by dideoxy DNA

sequencing (section 2.2.8).

2.2.8 Dideoxy DNA sequencing

DNA samples for sequencing were purified using Qiaprep spin miniprep (section 2.2.2.1)
or midiprep (section 2.2.2.2) kits. A 5 ul sample of the purified DNA was quantified using
a GeneQuant spectrophotometer. Sequencing reactions were performed using an ABI
Prism® BigDye™ Terminator V 3.0 Cycle Sequencing Ready Reaction kit (supplied by

Perkin-Elmer Life Science Products).

Sequences of samples were resolved by Gareth Lewis, School of Biological Sciences,
Cardiff University. Electrophoresis and visualisation of the extension products was
accomplished using an ABI Prism® 373 DNA sequencer. The DNA sequencing procedure

was based on the original dideoxy-sequencing method elucidated by Sanger et al., 1977.
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2.2.9 Methods in protein biochemistry

2.2.9.1 ‘Maxicell’ labelling of proteins

This is a method used for confirming the expression of proteins. It is very sensitive and can
be used to detect low amounts of a protein, the gene for which is cloned into an expression
vector. A recA deficient strain such as TG2 is transformed with the recombinant vector.

RecA allows recombinational repair of damaged chromosomal DNA which must not occur

in this procedure.

2.2.9.1.1 UV inactivation of cellular genome

TG2 was transformed with the plasmid containing the gene of interest. The resultant strain
was maintained on LB plates with antibiotic selection at 37°C. A single colony was used to
inoculate 5 ml of M9 medium with antibiotic selection. The culture was incubated at 37°C,
200 rpm, overnight. A 500 ul sample of the culture was diluted 20 fold into the same
medium, with selective antibiotics, and incubated at 37°C with agitation until the Dss had

reached approximately 0.5.

A 3 ml sample of the mid-logarithmic culture was placed in a small petri dish (Nunc™
Brand Products) and evenly distributed over the bottom of the dish. Each petri dish
containing cells was placed on a UV transilluminator (UVP, Inc.) and irradiated in the dark
for 3 minutes with gentle agitation. This is an important step as it denatures the
chromosome (hence the requirement of a recA4 deficient strain). The remaining cellular

proteins are sufficient to allow amplification of plasmids.
Still in the dark, the irradiated culture was transferred to a Sterilin universal wrapped in

aluminium foil, to exclude any light. Visible light allows induces photolyase to repair

damaged chromosomal DNA which must be avoided.
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The culture was incubated as before for 1 hour after which D-cycloserine was added to a

final concentration of 100 pg.ml™! and returned to incubation overnight.

2.2.9.1.2 Radioactive labelling of plasmid encoded proteins

A 1 ml sample of the UV treated culture was transferred to a microfuge tube and the cells
were pelleted by centrifugation at 6000 g,y for 2 minutes. The cells were gently
resuspended in 1 ml of M9 salts plus 10 mM MgSO, and washed once more and pelleted.
Finally, the cells were resuspended in 500 pl of methionine-free minimal media and D-
cycloserine added to a final concentration of 100 pg.ml™. Incubation was continued at
37°C, 200 rpm, for 1 hour.

The gene of interest was induced by the addition of 1 mM IPTG (to express genes cloned
into lac inducible plasmids) and the labelling reaction performed with 0.37 kBq of L-[>°S]
methionine for 3 hours at 37°C with shaking. The labelling reaction was chased with 10 pl
of ‘cold’ L-methionine, 10 mg.ml™ in order to stop the reaction. Cells containing
radioactively labelled protein were collected by centrifugation at 6000 g,y for 2 minutes,
resuspended in 50 pl of bacterial buffer and used for SDS-PAGE as described in section
2.293.1.

2.2.9.2 Electrophoretic Mobility Shift Assay (EMSA)

2.2.9.2.1 Preparation of crude cellular extracts

E. coli cells were chemically transformed with control plasmids and recombinant high
expression plasmids (section 2.2.1.1.2). The following day, LB medium containing

antibiotics was inoculated with resultant E. coli colonies and grown at 37°C, 200 rpm,

overnight. E. coli cultures were diluted 100-fold into 400 ml of pre-warmed fresh LB media
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supplemented with 0.2% (v/v) glucose, 0.2 mM ZnSOy, antibiotics and incubated further at
37°C, 200 rpm.

Cultures were induced with 1 mM IPTG when the Dgg had reached 0.15 and were
incubated further until the Do reached 0.5. Samples were spun at 6000 g,y, 4°C for 15
minutes. The supernatant was discarded and the pellet resuspended in 20 ml of ice-cold
incubation buffer (10 mM Tris-Cl pH 8.0, 100 mM potassium glutamate, 0.1 mM EDTA, 1
mM CaCl,, 5% (v/v) glycerol, 1 mM DTT, 100 pg.ml” BSA). Samples were subjected to
French Pressure (3 cycles) in a cold room and centrifuged at 13000 g,,, 4°C, 20 minutes.
The supernatant was filtered through a 0.2 pM filter and the filtrate collected and its protein
concentration determined. This was carried out according to the original method of
Bradford, 1976, by comparison to absorbance values obtained for bovine serum albumin
standards at a wavelength of 595 nm (Asgs) in a Thermomax microplate reader (Molecular

Devices).

2.2.9.2.2 [0-2P] dCTP labelling of DNA probe

The recombinant plasmid bearing the promoter of interest for binding of specific proteins
was digested (section 2.2.3.1) with appropriate restriction enzymes, generating ‘sticky’
ends. Bands were separated on a 2% agarose gel (section 2.2.5.1) and the band
corresponding to the promoter was excised and purified (section 2.2.3.5), and the
concentration determined using a GeneQuant spectrophotometer (Amersham Pharmacia
Biotech).

A Klenow fill-in reaction was performed using 200 ng of the purified DNA and 0.37 Bq [a-

32p] dCTP as instructed by New England Biolabs. Unincorporated dNTPs were removed

via a microspin G-25 column (Amersham Pharmacia) and the labelled probe collected.
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2.2.9.2.3 Incubation reaction

Proteins (10 pg) present in crude cell extracts were incubated with 20 ng of >*P-labelled
probe at 10°C for 1 hour. Herring sperm DNA (100 ng) and MilliQ water were added to a
final volume of 20 pul. The whole incubation sample was loaded very gently onto an 8%

TBE polycarylamide gel (section 2.2.9.3.2) in a 10°C cold cabinet.

2.2.9.3 Electrophoresis of proteins
2.2.9.3.1 Electrophoresis of proteins via SDS-PAGE

Polyacrylamide gel electrophoresis (PAGE) was used to separate proteins on sodium
dodecyl sulphate (SDS) denaturing gels. Electrophoresis was performed using the Mini
protein II electrophoresis system (purchased from Bio-Rad). All apparatus including the
glass plates, spacers and combs were cleaned with ethanol before being assembled.

The separating gel contained acrylamide at a final concentration of 15%. The exact

composition of the separating gel is shown below:

1.5 M Tris-HCI, pH 8.8 2.5ml
10% SDS stock 100 pl
Acrylamide / Bis 29:1 (30% Stock) 5ml
10% AMPS (ammonium persulphate) 50 ul
TEMED (tetramethylethylene diamine) Sul
Distilled water to 10 ml

The acrylamide solution was purchased from Anachem; AMPS and TEMED from National
Diagnostics and SDS from BDH.

The separating gel mixture was loaded into the space between the glass plates, and an inch

thick layer of isopropanol applied. When the gel had polymerised, the isopropanol was
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washed out with distilled water and the stacking gel mixture poured in its place, containing
acrylamide at a final concentration of 4%. The other components and their concentrations

are shown below:

0.5 M Tris-HC], pH 6.8 2.5ml
10% SDS stock 100 pl
Acrylamide / Bis 29:1 (30% Stock) 1.3 ml
10% AMPS 50 ul
TEMED 10 pl
Distilled water to 10 ml

The well-forming comb was inserted into the stacking gel mixture and removed after
solidification of the stacking gel was complete. Cell samples were heated to 95°C for 5

minutes and allowed to cool.

An equivalent volume of protein sample application buffer was added to the cell sample
before loading in the wells at a maximum volume of 20 pl. Prestained (Broad Range)
Protein marker (obtained from New England Biolabs) was used to determine sizes of
protein bands. Electrophoresis was carried out at a constant voltage of 100 volts for 2 hours

in SDS running buffer.

2.2.9.3.2 Electrophoresis of proteins via TBE-PAGE

Electrophoresis was performed using the BioRad Protean® II Cell electrophoresis system
(purchased from Bio-Rad). All apparatus including the glass plates, spacers and combs

were cleaned with ethanol before being assembled.

The separating gel contained acrylamide at a final concentration of 8%. The exact

composition of the separating gel is shown below:
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Acrylamide / Bis 37.5:1 (30% Stock) 10 ml

10% AMPS 250 ul
TEMED 5ml

10 X TBE 5ml
Distilled water to 50 ml

TBE polyacrylamide gels were prepared by pouring the above mixture into the space
between the glass plates and the well-forming comb inserted. This was done a day prior to
use and stored at 10 °C to allow complete polymerisation. Before loading the gel with the
incubated samples, the gel was pre-run at 200 V for 1 hour in 1 X TBE, in a 10 °C cold
cabinet. After loading the incubated samples (up to 20 ul), the voltage was turned down to
150 V and applied for 4 hours. Gels were removed and visualised as described in section
2.29.3.3.

2.2.9.3.3 Visualisation of gels containing radioactively labelled proteins

Gels were transferred to 3MM chromatography paper (Whatman®) and dried at 85°C for 1
hour on a Model 583 gel dryer (Bio-Rad) with vacuum suction (Vacuubrand). Dry gels
were wrapped in clear Saran wrap and exposed on Kodak phosphor imaging screens (Bio-

Rad) overnight or longer. Images were visualised through a Personal Molecular Imager FX

and analysed using Quantity One — 4.1.0 software (Bio-Rad).

2.2.10 General methods of phenotypic characterisation

2.2.10.1 Luciferase assays

Promoter activity was assayed with a luciferase based reporter gene system. Competent E.

coli cells were transformed (section 2.2.1.1.2) with recombinant luciferase constructs

(pUCD615 derivatives). Colonies were used to inoculate 5 ml LB-broth with antibiotic
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selection and grown at 37°C, 200 rpm, overnight. Cells were subcultured (1:100 dilution) in
fresh LB-broth without antibiotics and grown at 37°C, 200 rpm. Metal-ions were added at a
range of concentrations to 200 pl of logarithmically growing cells (Dggo = 0.2 — 0.3), in

triplicate in microtitre plates and sealed with transparent microplate sealers (Greiner).

The cells were incubated at 30°C, 600 rpm for 2 hours in microtitre plate shakers (Camlab).
After this incubation period, plates were removed and the Dggo and luminescence values
recorded using a Thermomax microplate reader (Molecular Devices) and a Lumino

luminometer (Stratec), respectively.

2.2.10.2 Strain construction

Knockout strains were constructed according to Datsenko and Wanner, 2000, with selection
for kanamycin. The kanamycin cassette was amplified by PCR (section 2.2.6) using pKD4
as a template (section 2.1.2). Oligonucleotides were designed which were complementary
to the sequences found at the 3" and 5° ends of the kanamycin cassette but also contained
regions flanking the target gene of inactivation. The completed PCR reaction was cleaned
(section 2.2.3.4) and treated with Dpnl (section 2.2.3.1) to digest the original methylated

template plasmid.

The linear PCR product was used to transform competent E. coli W3110 [pKD46] cells by
electroporation. The pKD46 plasmid (section 2.1.2) is arabinose inducible and expresses
Red recombinase which enhances the rate of homologous recombination occurring between
the host strain and the linear DNA. Since pKD46 is temperature sensitive, transformed cells

were incubated at 30°C.

The following day, colonies were picked and PCR screened to identify successful
insertional constructs. pKD46 was cured by incubating the successful strains at 42°C for 2
hours. The kanamycin cassette was not removed from the strains to allow precise selection

of knockout cells in future.
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2.2.10.3 Minimum Inhibitory Concentration (MIC) assays on solid media

LB medium was inoculated with E. coli strains and grown at 37°C, 200 rpm, overnight.
Antibiotics were included in the medium where necessary. E. coli cultures were diluted
100-fold in isosaline and streaked onto agar plates containing specific concentrations of
metal-ions. The plates were allowed to dry, incubated at 37°C over a period of 72 hours and

inspected for growth at regular intervals.

2.2.10.4 MIC assays on metal-ion gradient plates

This procedure was identical to section 2.2.10.3 above, the exception being the preparation
of the agar plates. Metal-ion gradient plates were prepared by pouring metal-ion containing
molten agar into a tilted 10 cm? square petri dish (Bibby Sterilin Ltd.) to create an initial
slope and allowed to solidify. The petri dish was transferred to a flat surface and the sloping
agar was overlaid with plain molten agar to create a flat plane. E. coli cultures were
streaked across the plates along the metal-ion gradient and incubated at 37°C for 24, 48 or
72 hours.

2.2.10.5 MIC assays in liquid medium

LB medium (containing antibiotics where necessary) was inoculated with E. coli and grown
at 37°C, 200 rpm, overnight. The E. coli culture was then diluted 100-fold into fresh
medium and grown for at least 1 hour until the D¢y of all sample cultures was identical. The
cultures were aliquoted into microtitre plates in 150 pl volumes that contained increasing
concentrations of metal-ions in quadruplet, sealed with transparent microplate sealers
(Greiner) and incubated at 37°C, 500 rpm, overnight in microtitre plate shakers (Camlab).
The MIC values were determined by recording the Dggp values in a Thermomax microplate

reader (Molecular Devices).
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2.2.10.6 Growth studies carried out in batch culture

LB medium (containing antibiotics where necessary) was inoculated with E. coli and grown
at 37°C, 200 rpm, overnight. The E. coli culture was diluted 100-fold into prewarmed fresh
medium in triplicate conical flasks. Growth was continued and the Dggo of cell cultures was

periodically monitored in a Novaspec II spectrophotometer (Pharmacia).

2.2.11 Gene arrays

The Panorama™ E. coli gene arrays (Sigma-Genosys) contain in duplicate, the 4290 PCR-
amplified ORFs of E. coli K12 representing all of the protein encoding genes within this
organism. This allows the study of global gene expression of all ORFs during cellular

responses at the transcriptional level.

The procedure involves growing E. coli strains under various conditions (for comparison of
gene expression), RNA extraction from the control and externally stressed strains and
generation of radioactively labelled cDNA from this RNA. This is followed by

hybridisation of cDNA to arrays, phosphorimaging and analysis of the expression patterns.

Cultures were grown in triplicate for each strain and for each separate growth condition.
RNA extraction was performed when growth was at the mid-exponential phase as detailed
in section 2.2.4. cDNA was produced from the purified RNA in a reverse transcription PCR
reaction (RT-PCR) where 1 pg of RNA was annealed to 4 ul of E. coli specific cDNA
labelling primers and the volume adjusted to 15 pl. AMV Reverse transcriptase and E. coli
specific cDNA labelling primers were purchased from Sigma-Genosys. This mixture was
heated to 90°C for 2 minutes and then cooled to 42°C at a rate of 2°C per minute. The
mixture was added to the rest of the components shown below and incubated at 42°C for 3

hours:
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RNA and annealed primer mixture 15 pl

dATP (10 mM) 1l
dGTP (10 mM) 1pl
dTTP (10 mM) 1pl
[a->*P] ACTP (10 uCi.ul™) 2 ul
AMV Reverse transcriptase (25 U.ul™) 0.2 ul
5x Reverse transcriptase buffer 6 ul
Water to 30 pl

Removal of unincorporated nucleotides was carried out by gel filtration through a

MicroSpin G-25 Sephadex column (Amersham-Pharmacia), as instructed.

The [a-33P] dCTP labelled cDNA was hybridised to the Panorama™ E. coli gene arrays as
detailed in the protocol, an outline of which is given here. The cDNA was mixed with 3 ml
of hybridisation solution (5x SSPE, 2% (w/v) SDS, 1x Denhardt’s Reagent, 100 pg.ml’
herring sperm DNA) and the mixture was added to the macroarrays (these had been
prehybridised in glass roller bottles with 5 ml of hybridisation solution at 65°C, for 1 hour).
Hybridisation of the cDNA to the arrays was carried out at 65°C, overnight.

The arrays were washed three times with 50 ml of wash solution (0.5x SSPE, 0.2% (w/v)
SDS) for 5 minutes at room temperature and three times for 20 minutes at 65°C. The arrays

were removed from the roller bottles, partially air dried and wrapped in Saran Wrap.

Arrays were exposed on Kodak phosphor imaging screens (Bio-Rad) overnight or longer
depending on [a-**P] incorporation. Images were visualised through a Personal Molecular
Imager FX and analysed using Quantity One — 4.1.0 software (Bio-Rad). Arrays were
stripped for re-use as instructed by Sigma-Genosys.
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CHAPTER THREE

STRUCTURE / FUNCTION ANALYSIS
OF ZntR (E. coli)
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3.1 Summary

The ZntR protein from E. coli is a member of the MerR family of transcriptional
regulatory proteins and acts as a hyper-sensitive transcriptional switch primarily in
response to Zn(II) and Cd(II). The binding of metal-ions to ZntR initiates a
mechanism that remodels the cognate promoter, increasing its affinity for RNA

polymerase.

The introduction of site-directed mutations in znfR has shown that cysteine and
histidine residues are important for transcriptional control and have an effect on
metal-ion preference, sensitivity and magnitude of induction. Zn(II)-induced
transcription was completely abolished in the absence of four of its cysteine resisues,
three of which are conserved in the divalent metal-ion responsive MerR family
members. A three-dimensional model of the N-terminal region of ZntR is proposed

based upon these results and the coordinates of the MerR-family regulator BmrR.
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3.2 Introduction

A Zn(II), Cd(II) and Pb(II) specific P-type-ATPase, ZntA, has been identified in E. coli
which exports ions from the cytosol (Sofia et al., 1994, Beard et al., 1997, Blencowe et al.,
1997, Rensing et al 1997a). The region upstream of zntA contains a 670 promoter, Pznt4,
similar in structure to the mercury resistance (mer) promoters of Tn50/ and Tn2/ (Hobman
and Brown, 1997, Lund et al., 1986).

The cognate regulatory gene has been designated znR that encodes a polypeptide of 141
amino acids and has been shown to regulate Pznt4 (Brocklehurst et al., 1999). ZntR has a
predicted molecular weight of approximately 16.2 kDa (Brocklehurst ef al., 1999). The

binding constant of ZntR has not been determined.

Each monomer of the encoded polypeptide contains an N-terminal DNA-binding domain,
characterised by the presence of a helix-turn-helix (H-T-H) structure, and a C-terminal
“signal recognition” domain although the functional protein acts as a dimer. The predicted
primary sequence of ZntR shows 34% identity with MerR, containing five cysteine and five
histidine residues, and is a member of the MerR-family of regulators which includes SoxR
from E. coli (the superoxide stress response (Amabile-Cuevas and Demple, 1991)); TipAL
from Streptomyces lividans (thiostrepton-regulated gene expression (Holmes et al., 1993));
NolA from Bradyrhizobium japonicum (nodulation gene expression (Sadowsky et al.,
1991)) and BmrR and BItR from Bacillus subtilis (expression of multidrug resistance
(Ahmed et al., 1994, Ahmed et al., 1995)) .

In contrast to the majority of the metal-responsive MerR-family members, which are
transcribed divergently from the regulated genes, znfR is distant on the chromosome (74.1
min) from its associated target gene (zntA at 77.7 min) (Brocklehurst et al., 1999).

ZntR mediates transcriptional induction primarily in response to Zn(II) (binding two ions

per monomer (Outten et al., 1999)) and Cd(II), however, Hg(II) and Pb(II) induce to a

lesser extent (Brocklehurst et al., 1999). ZntR has been shown to induce transcription via a
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DNA-distortion (torsional) mechanism (Outten et al., 1999) analogous to that of MerR
(Ansari et al., 1992, Ansari et al., 1995) (section 1.5.2) and is very sensitive, responding to
femtomolar levels of Zn(II) (Outten and O'Halloran, 2001).

At the time this research was initiated, the residues important for ligand-binding in ZntR
had not been identified. ZntR contains many histidine and cysteine residues and these are
the candidate residues for binding metal-ions. In this study, the transcriptional regulation of
PzntA by derivatives of ZntR which contain single directed alterations in the primary amino
acid sequence are analysed. It is shown that single amino acid alterations can dramatically

change the metal-ion specificity and dynamic range of the Pznt4/ZntR regulatory complex.
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3.3 Results

3.3.1 Creation of znfR mutants

The medium-copy number plasmid pSU18zntR (section 2.1.2) was used as a template for
the creation of zntR mutant derivatives H29A, H53A, H76A, H77A, C79A, C79S, C114A,
C114S, C115A, C115S, C124A, C124S, C141A, C141S, C141H, C141L, C141Y, C141G
and C141D using the QuickChange™ Site-directed Mutagenesis kit (section 2.2.7.1). The
H119A derivative was created by the overlap extension method (section 2.2.7.2).
Oligonucleotides for site-directed mutagenesis were designed bearing base alterations
(section 2.1.3.7.2). Resultant plasmids were used to transform (section 2.2.1.1.2) TG2 cells
(section 2.1.1) and nucleotide sequences of all znfR mutants were confirmed by dideoxy

DNA sequencing (section 2.8).

3.3.2 Transcriptional activity of ZntR derivatives at PzntA4-1

All of the ZntR mutant derivatives were assayed for their ability to elicit transcription from
the PzntA-1 derivative of PzntA. The spacer region of PzntA4-1 has been shortened from the
normal 20 bp in Pznt4 w.t. to 19 bp. The critical feature of this promoter is that ZntR w.t.
induces transcription in the absence of Zn(II) i.e., interaction of ZntR w.t. with Pznt4-1
alone can be measured. The structural integrity of each of the ZntR derivatives was

measured by their capacity to induce transcription at Pznt4-1.

Competent E. coli TG1(zntR::Km) cells (section 2.1.1) were prepared (section 2.2.1.1.1)
and transformed (section 2.2.1.1.2) with pUCDPznt4-1. Resultant colonies were used to
prepare a batch of chemically competent TG1(zntR::Km) [pUCDPzntA-1] cells (section
2.2.1.1.1).

The control plasmid pSU18, pSU18-zntR and all the mutant derivatives were used to
transform (section 2.2.1.1.2) TG1(zntR::Km) [pUCDPzntA-1] cells and luciferase assays
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were performed as detailed in section 2.2.10.1 without the addition of any metal-ions or
IPTG.

The results of the luciferase assays are shown in fig. 3.1. The sensitivity of Pznt4-1 can be
seen by the difference in luminescence values obtained in response to the negative and
positive control plasmids pSU18 and pSU18-zntR which were close to 0 and 40000 RLU,

respectively

Although some of the mutant derivatives appeared to be much better at activating PzntA4-1
than pSU18-zntR, such as H119A, C79A, C114A, C141S, C141H, C141Y, C141G and
C141D all of which produced RLU values of over 50000, the actual values obtained are not
as important as the scale of difference between the pSU18 control sample and ZntR w.t.
which clearly represents non-activation and activation of Pznt4-1, respectively. So any
mutant derivative that produced values nearer to ZntR w.t. than the pSU18 control sample
was regarded as activating Pznt4-1. All of the ZntR mutant derivatives were active at

PzntA-1 in the absence of Zn(II) except C124A and C124S.

These results are summarised along with the results in the section 3.3.3 and are shown in

table 3.1. This table is presented at the end of section 3.3.3.2.

3.3.3 Transcriptional activity at Pznt4 w.t.

All of the ZntR mutant derivatives were assayed for their ability to elicit transcription from
the cognate w.t. promoter, PzntA. Competent E. coli TG1(zntR::Km) cells (section 2.1.1)
were transformed (section 2.2.1.1.2) with pUCDPznt4 (w.t.). Resultant colonies were used
to prepare a batch of chemically competent TG1(zntR::Km) [pUCDPzntA] cells (section
22.1.1.1).

The control plasmids pSU18 and pSU18-zn¢R, and all the mutant derivatives were used to
transform TG1(zntR::Km) [pUCDPzntA] cells and luciferase assays were performed in
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Fig 3.1 . Effect of histidine and cysteine substitutions in ZntR on transcription of Pznt4-1.

Luminescence was measured in E. coli TG1(zntR::Km) [pUCDPzntA-1] with the control pSU18, ZntR w.t. or its derivatives
expressed in trans. The data, presented as the average raw luminescence values (Relative Light Units (RLU)) (open columns)

and the standard error (vertical bars), are derived from a triplicate data set in each case.



triplicate as detailed in section 2.2.10.1. Transcription of znfR and the mutant derivatives
cloned in pSU18 was under the control of a /ac-inducible promoter, therefore 1 mM IPTG
was used to induce transcription of these genes. A range of metal-ion concentrations were
added to the cultures in the microtitre plates: 0 — 1.2 mM Zn(II), 50 pM Cd(II), 0.5 mM
Pb(1I).

The figures presented in this section show luminescence measurements that have been
adjusted for final Dggo values to take into account any effects of toxicity from the metal-ions
and so that an inaccurate representation of luminescence values is not given due to the
cumulative effects of basal transcription that may be caused by differences in cell numbers
rather than transcriptional activity. Variation in the assay has been normalised by presenting
the results as a percentage value based on the maximal level of induction derived from
PzntA/ZntR + Zn(I1) for any given assay set. The assays were performed a minimum of five
times for each ZntR derivative and a representative induction profile is displayed for each

one.

3.3.3.1 Transcriptional activity of ZntR-histidine derivatives

The transcriptional profiles of the ZntR-histidine derivatives H29A, H53A, H76A, H77A
and H119A in response to 0 — 1.2 mM Zn(II) along with the controls pSU18 and ZntR w.t
are shown in fig. 3.2. ZntR w.t. elicits transcription from Pznt4 steadily from 0 - 1.1 mM
Zn(I1) at which there is maximal induction. The derivatives H29A, H53A and H119A do
not significantly induce transcription at Pznt4 producing profiles similar to that of pSU18 at
this promoter. The alterations H76A and H77A diminished Zn(II) induction to some extent

but each shows a similar profile to that for ZntR w.t.

Fig 3.3 shows the transcriptional response of Pznt4 to ZntR and all the mutant derivatives
after the addition of 50 uM Cd(II) and 0.5 mM Pb(II). H29A responded to both Cd(II) and
Pb(II) to a greater degree than w. t., exhibiting a 6-fold increase in transcriptional response
to Cd(II). Both HS3A and H119A responded at almost w.t. levels of Cd(II) and Pb(II).
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Fig 3.2 Effect of histidine substitutions in ZntR on Zn(II) induced transcription of Pznt4 .

Luminescence was measured in E. coli TG1(zntR::Km) [pUCDPzntA] with the
control, ZntR or its derivatives expressed in trans in the presence of IPTG (1 mM)

and Zn(II) ranging from 0 - 1.2 mM (open columns).
The data are presented as a percentage of the maximal induced value for Pznt4/ZntR

w.t. at 1.1 mM Zn(II) (7500 RLU). The standard error (vertical bars) in each case

are derived from a triplicate data set.
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Fig. 3.3 Effect of histidine and cysteine substitutions in ZntR on Cd(II) and Pb(II)

induced transcription of Pznt4 .

Luminescence was measured in E. coli TG1(zntR::Km)[pUCDPzntA] with
the control, ZntR or its derivatives expressed in trans in the presence of
IPTG (1 mM) and Cd(II) at 50 uM (A (100% ZntR w.t. activity or less) and
B (greater than 100% ZntR w.t. activity)) or Pb(II) at 0.5 mM (C (100%
ZntR w.t. activity or less) and D (greater than 100% ZntR w.t. activity))

(open columns).

The data are presented as a percentage of the maximal induced value for
PzntA/ZntR w.t. at 50 uM Cd(II) (6200 RLU) or 0.5 mM Pb(II) (4300 RLU).
The standard error (vertical bars) in each case are derived from a triplicate

data set. Note that the value axes are of different ranges.
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H76A induced PzntA to a greater extent than ZntR w.t. in the presence of Cd(II) and Pb(II)

however the response of H77A was slightly decreased as compared to ZntR w.t.

3.3.3.2 Transcriptional activity of ZntR-cysteine derivatives

Replacement of the first four cysteine residues of ZntR, C79, C114, C115 or C124 resulted
in a complete loss of activity with Zn(II) as the inducer whether replaced with alanine or
serine (fig 3.4) and ZntR modified at positions C79, C114 and C124 also showed no
activity with Cd(II) or Pb(Il) (figs 3.3 A-C). Surprisingly, both C115S and C115A
derivatives of ZntR mediated induction at PzntA4 in response to Cd(II) and Pb(II). C115S
induced at wild-type levels to Cd(II) and Pb(II) but C115A respectively increased
transcriptional levels by 2.5- and 3-fold in comparison to ZntR w.t., despite showing no
activity with Zn(II).

The C-terminal residue of ZntR is a cysteine (C141) residue and this was altered to alanine,
serine, histidine, leucine, tyrosine, glutamate and aspartate. The induction profiles are

shown in fig. 3.5.

Initial experiments with C141A and C1418 derivatives demonstrated that replacement of
this cysteine had very different effects on function. The C141A derivative showed dramatic
differences in its Zn(II) induction profile with respect to ZntR w.t. The C141A derivative
increased maximal induction of ZntR in response to Zn(II) by 2.5-fold but also changed the
sensitivity of the regulator/promoter complex with maximal induction now occurring at 0.1
mM Zn(II) whereas ZntR w.t. and most of the other active derivatives showed maximal
induction in the 0.9 — 1.2 mM range. C141A was little altered with respect to Cd(Il) (Fig
3.3 B) but 3-fold more responsive to Pb(II) (fig 3.3 D). In contrast, C141S retained the
usual transcriptional profile in response to Zn(II) but was 3-fold more responsive at the
maximal induction (1.1 mM Zn(II)). This derivative was massively more responsive to
Cd(II) and Pb(II), 33-fold and 16-fold, respectively (figs. 3.3 B and D).
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Fig 3.4 Effect of ZntR-cysteine substitutions in ZntR on Zn(II) induced transcription of
Pzntd .

Luminescence was measured in E. coli TG1(zntR::Km) [pUCDPzntA] with the
control, ZntR or its derivatives expressed in trans in the presence of IPTG (1 mM)

and Zn(II) ranging from 0 - 1.2 mM (open columns).
The data are presented as a percentage of the maximal induced value for

PzntA/ZntR w.t. at 1.1 mM Zn(II) (7500 RLU). The standard error (vertical bars)

in each case are derived from a triplicate data set.
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Fig. 3.5 Effect of ZntR-cysteine 141 substitutions in ZntR on Zn(Il) induced transcription
of Pznt4 .

Luminescence was measured in E. coli TG1(zntR::Km) [pUCDPzntA] with the
control, ZntR or its derivatives expressed in trans in the presence of IPTG (1 mM)

and Zn(II) ranging from 0 - 1.2 mM (open columns).
The data are presented as a percentage of the maximal induced value for

PzntA/ZntR w.t. at 1.1 mM Zn(II) (7500 RLU). The standard error (vertical bars)

in each case are derived from a triplicate data set.
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Residue C141 was also replaced with histidine, leucine, tyrosine, glycine and aspartate; the
latter four derivatives showed a slightly diminished response to Zn(II) with ZntR (C141G)
being most responsive to Cd(II) (4-fold) and exhibiting altered profiles and sensitivities
(fig. 3.3 A, B, C). ZntR (C141H) showed an increased maximal induction (3-fold) with
Zn(II) and an alteration in sensitivity with maximal induction occurring at 0.1 mM similar
to that seen in C141A. Induction was slightly increased with Cd(II) but little changed with
Pb(1I) for C141H.

A summary of the results for sections 3.3.2 and 3.3.3 is shown in table 3.1.
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Table 3. 1 Summary table of effect of amino acid substitutions on ZntR transcriptional
activity from PzntA-1 and PzntA.

The cysteines that are conserved in MerR (Pseudomonas aeruginosa) are
marked with an asterisk (*). A tick, v, indicates that transcription occurred
from the corresponding promoter and — indicates a lack of transcription.
The fold-induction (columns headed with F.1.) values are shown for
transcription from Pznt4 in response to Zn(II), Cd(II) and Pb(II) as compared

to ZntR (w.t.) which is assigned a value of 1 in each case.

96



3.3.4 Macxicell labelling of ZntR and derivatives

Maxicell labelling of ZntR and its mutant derivatives was carried out to confirm stable
expression of these proteins (currently, no antibodies against ZntR are available for
Western blotting). Maxicells were performed using znfR and its mutant derivatives cloned
in pSU18 however the nature of the pSU18 plasmid (medium copy no.) is such that
effective expression of the cloned genes did not occur and no corresponding bands were

obtained after maxicell labelling.

Therefore, the znfR gene and its mutant derivatives had to be extracted from pSU18 and re-
cloned into the high expression plasmid pUTS18 (section 2.1.2). Firstly, the recombinant
plasmids pSU18-znfR and the pSU18- mutant derivatives were digested with EcoRI and
BamHI (section 2.2.3.1) and the resulting DNA fragments were separated on 1% agarose
gels (section 2.2.5.1). The bands corresponding to zntR/derivatives were extracted (section
2.2.3.5) and religated (section 2.2.3.7) into pUTS18 that had been EcoRIl/BamHI digested
(section 2.2.3.1) and dephosphorylated (section 2.2.3.6). The ligation reaction mixture was
used to transform (section 2.2.1.1.2) competent E. coli TG2 cells and resultant colonies
were picked and the plasmids were extracted (section 2.2.2.1). These were screened for

inserts by digestion with EcoRl/BamHI and visualised by agarose gel electrophoresis.

Recombinant pUTS18 plasmids were used for maxicell labelling of the insert as detailed in
section 2.2.9.1,2.2.9.3.1 and 2.2.9.3.3. Fig 3.6 shows the results of the maxicell labelling of
ZntR and its mutant derivatives. The first lane was the result of maxicell labelling with an
empty control plasmid, labelled pUTS18. In this sample, the Cb resistance marker gene,
present on the plasmid was expressed and this appeared to be the only protein labelled. All
of the other lanes showed 2 bands, the top band corresponding to the Cb resistance protein,

and the lower band to the ZntR/mutant derivative.
It can be concluded that all mutants are fully expressed. The C141H sample seems to be

less well expressed however on other occasions the intensity of this sample was equivalent

to the other samples but for simplicity the best representative gel has been shown. Also,
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Fig 3. 6 Bands obtained from maxicell labelling of pUTS18, ZntR w.t. and its mutant derivatives. The band marked Ch representing
the carbenicillin resistance protein (approximately 30 kDa) is visible in all lanes and the lower band corresponds to ZntR (16.2

kDa) or its amino acid substituted variant, which is expressed and can be seen in all lanes except pUTS18.



some of the mutant samples show differing banding patterns with the appearance of double
bands for Cb resistance or the ZntR/derivative band. Since the bands are in the correct
places with respect to the control samples (pUTS18 and ZntR w.t.), the appearance of

double bands may be caused by proteolyic activity and hence degradation products.

3.3.5 EMSASs with ZntR and derivatives

EMSAS were attempted with ZntR and its mutant derivatives to derive information about
the impact of the histidine and cysteine residues on the structure/function of ZntR by

analysing the interaction of the mutants with the cognate promoter PznzA.

The pUTS18 recombinant plasmids prepared in section 3.3.4 were used to transform
(section 2.2.1.1.2) E. coli TG1(zntR::Km) cells. The DNA for the probe bearing Pznt4 was
extracted from pUKPznrA (Brocklehurst et al.,1999) as described therein. EMSAs were
carried out as detailed in section 2.2.9.2,2.2.9.3.2 and 2.2.9.3.3.

EMSAs were attempted with all of the ZntR derivatives but due to time constraints and the
non-reproducible nature of the EMSAs they had to be restricted to pUTS18, ZntR w.t. and
two of the cysteine derivatives. C124A/S were chosen because of the results obtained in the
PzntA-1 assays (section 3.3.2) where these were the only derivatives that did not activate

PzntA-1. C115A/S were chosen as representatives of mutants that activate Pznt4-1.

EMSAs were perfomed using soluble cell extracts (section 2.2.9.2.1) and the results of the
EMSAs are shown in fig. 3.7. The lanes marked pUTS18 do not show a retarded band and
only the free probe is visible. ZntR w.t. retards the probe albeit very faintly. This retarded
band is also visible in the C115A/S lanes but is absent from the C124A/S lanes.
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Fig 3. 7 Gel shift pattern obtained from EMSAs of Pznt4 by ZntR and its derivatives C115A, C124A, C115S and C124S, using
pUTS18 as a control. The free probe is visible in all the lanes but retardation of the probe is seen only with ZntR, C115A and

C115S.



3.4 Discussion

Amino-acid alterations were made in ZntR to establish the role of candidate residues in
directly binding metal-ions or affecting the secondary, tertiary or quaternary structure and
ultimately affecting binding to the cognate promoter PzntA4. The cysteine and histidine
residues were chosen primarily as these are often involved in metal-ion binding and have
been shown to be involved in metal-ion binding in a number of ZntR homologues (Kidd
and Brown, 2003, Parkhill et al., 1993, Shewchuk et al., 1989b, Shewchuk et al., 1989c,
Stoyanov and Brown, 2003). Histidine residues were replaced with alanine and the cysteine

residues were replaced with alanine or serine.

The PzntA-1 derivative is a modified Pznt4 promoter in which the spacer region has been
shortened from 20 bp to 19 bp and this makes the promoter Pznt4-1 much more sensitive to
ZntR because of the nature of the proposed DNA distortion mechanism (sections 1.5.1 and
1.5.2) by which ZntR activates PzntA. In this mechanism, binding of Zn(II) to ZntR induces
a conformational change in Pznt4 that makes it more optimal for transcription by o’ RNA
polymerase by decreasing the length of the spacer region and realigning the —10 and —35
elements. The stucture of the Pznt4-1 derivative is such that binding of ZntR alone, without
the addition of Zn(I) is sufficient to elicit high levels of transcription.

The mutant derivatives were tested at PzntA4-1 where activation would indicate expression
of the mutants and subsequent binding. Of all the mutants, only the C124A and C124S
derivatives did not activate Pznt4-1. This indicates that all of the mutants that did activate
PzntA-1 are expressed and are not toxic, do not affect the dimerisation of ZntR and are
structurally capable of binding to the cognate promoter. The C124A/S derivatives may not
be stably expressed or are structurally incapable of binding Pznt4-1, although a protein

band corresponding to ZntR is seen in maxicell analysis of these mutants.

Of the histidine mutants tested at Pznt4, the diminished profiles seen with Zn(II) with
H29A, H53A and H119A suggest that these histidines either have a direct Zn(II) binding
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role in ZntR or take part in the definition of structure e.g. dimerisation or torsional

restructuring of PzntA.

Both H53A and H119A responded at almost w.t. levels to Cd(II) and Pb(II) and H29A
induced transcription in response to these metal-ions more effectively than ZntR w.t.
exhibiting a 6-fold increase in transcriptional response to Cd(II). These data suggest that

these histidines have a significant effect on the selectivity and dynamic range of ZntR.

Although slight deviations from ZntR w.t. were seen with the profiles obtained from H76A
and H77A with Zn(II), the overall profile was similar to w.t. and therefore no Zn(II)-
binding or structural importance can be assigned to these histidines from the results. The
much improved response of H76A to Cd(1I) and Pb(II) in comparison to ZntR w.t. suggests
that this histidine may play a role in determining substrate preference. Mutagenesis of the
histidines found in this region in MerR and CueR may shed more light on this aspect of

regulatory function.

The roles that H29, H53, H76 and H119 may have in determining substrate preference are
of interest. The recently characterised MerR-like regulator ZccR from Bordetella pertussis
which responds to Zn(II), Cd(II) and Co(Il) (Kidd and Brown, 2003) possesses six histidine
residues (fig. 3.8) and mutagenesis of these to asparagine had some effect on metal
induction by reducing the response to Zn(II), Cd(I) and Co(II) in comparison to ZccR w.t.
at the cognate promoter of a predicted export ATPase (Kidd and Brown, 2003). The most
pronounced effects were seen with the HO0ON, H140N and H142N mutants, which resulted
in a much diminished response to Zn(II), Co(II) and Cd(II). Interestingly, mutagenesis of
H73 in ZccR produced similar results to those seen with H77A in ZntR, where induction of

the cognate promoter of ZccR diminished slightly in response to Zn(II), Cd(1I) and Co(II).

Mutagenesis of the first four cysteines in ZntR at positions C79, C114, C115 and C124
resulted in a complete loss of activity with Zn(Il) as the inducer. In addition, mutants of
C79, C114 and C124 showed no activity with Cd(II) or Pb(Il) and surprisingly both C115A
and C115S derivatives mediated induction at PzntA in response to Cd(II) and Pb(II)
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Fig. 3.8 Amino acid sequence of ZccR consisting of 125 amino acids. Within its N-terminal
region is a helix-turn-helix DNA-binding domain indicated by the blue border.
Downstream is the ligand-binding region containing five histidines and three

cysteines, all of these are highlighted by a white font on a black background.

The yellow highlighted sequence represents the predicted coiled-coil dimerisation
domain, generated using PAIRCOIL (http://www.paircoil. led.mit.edu/cgi-
bin/paircoil). The location of the helix-turn-helix DNA binding motif was
predicted using Network Protein Sequence @nalysis (http://npsa-pbil.ibep.fr/cgi-
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despite showing no activity with Zn(II). Indeed C115A induces the promoter 2.5- and 3-
fold greater than w.t. with Cd(II) and Pb(II), respectively. It is unclear why this derivative
should respond so well to Cd(II) and Pb(II) given that it does not respond well to Zn(II).
The position of C115 within ZntR may be such that replacement of cysteine by the smaller
alanine residue may help to create an alternative binding site that accommodates Cd(II) and
Pb(II). Cd(II) can bind more strongly to thiol groups than Zn(II) and therefore may not

require as many ligands as Zn(II) to enable structural alteration associated with induction.

In MerR, from Tn2! (Livrelli et al., 1993, Ross et al., 1989) and Tn501 (Shewchuk et al.,
1989a, Shewchuk et al., 1989b, Shewchuk et al., 1989c), four cysteines are present. Three
of these cysteines, C82, C117 and C126 have been shown, by mutational analysis to serve
as ligands for Hg(II) binding. These three cysteine residues are conserved with respect to
other MerR family members (fig 1.8) and correspond to residues C79, C114 and C124
respectively in ZntR. In CueR (E. coli), C112 and C120 correspond to C117 and C126 in
MerR, and C114 and C124 in ZntR. Site-directed mutagenesis of C112 and C120 in CueR
(Stoyanov and Brown, 2003) eliminated the response to Cu(I), Ag(I) and Au(l).

Also, site directed mutagenesis of three cysteines in ZccR which are analogous to the
conserved MerR cysteines showed that these were required for full induction by Zn(II),
Cd(II) and Co(II) (Kidd and Brown, 2003). It is therefore unsurprising that C79, C114 and
C124 in ZntR are essential for the full transcriptional response of ZntR. Additionally, C115
in ZntR may be required for a tetragonal arrangement to accommodate Zn(II) but not Cd(II)
or Pb(Il). The complete loss of function in these cysteine mutants suggests that the
conserved cysteine residues play a central role in the mechanism of induction and are likely

to act as ligands for metal-ions.

The C-terminal residue of ZntR (position 141) is a cysteine, and shows no sequence
conservation with other MerR-family members (fig. 1.8). It is of interest that the most
diverse region in the MerR family (fig. 1.8) is at the C-terminal region where many MerR-
like proteins have putative metal-binding ligands such as thiols and imidazoles. It is

perhaps in this C-terminal region where some measure of specificity is directed.
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Initial experimentation demonstrated that replacement of C141 in ZntR with either an
alanine or serine residue had very different effects on function and this led to further
extensive mutagenesis of this cysteine. It appears that the C-terminal C141 in ZntR may
control access of metal-ions to the binding sites in the protein as mutagenesis had

profoundly different effects depending on the nature of the mutation and of the metal.

Maxicell labelling of ZntR mutant derivatives was carried out to confirm expression of the
mutants. Although this had already been achieved by performing luminescence assays at
PzntA-1, maxicell labelling was necessary for ascertaining expression of non-activating
derivatives at this promoter namely, C124A and C124S and also for confirming the
presence of the mutant proteins in the system to be used for EMSAs. All of the mutant
proteins were found to be fully expressed. EMSAs were carried out with all of the mutant
derivatives however results were highly non-reproducable given the time constraints of this
study so efforts were focused upon C124A and C124S. C115A and C115S were also used

as a comparison for C124.

EMSA'’s were carried out with C124 derivatives to test the binding to Pznt4. C115
derivatives were used for EMSA’s to rule out arguments that binding of mutants to PzntA4-1
may not necessarily prove binding to Pznt4 w.t. The results of the EMSA’s were in
accordance to the predicted hypothesis that activation of Pznt4-1 represents binding of
ZntR or its derivatives to Pznt4 w.t. since ZntR w.t. and C115A/S did retard the PzntA4
probe whereas C124A/S did not. It appears therefore that C124 is an important residue for
structural stability and perhaps ligand binding.

BmrR is a member of the MerR family and activates transcription of the multi-drug
transporter gene bmr in response to cellular invasion by certain drugs in Bacillus subtilis
(Ahmed et al., 1994). The crystal structure of BmrR bound to its cognate promoter and its
ligand was elucidated recently (Heldwein and Brennan, 2001). The ligand is coordinated
between the 2 monomers (fig 3.9 B). It is held in place by residues on the ligand-binding
domain of one monomer and residues from the DNA binding domain of the other

monomer. The linker helices within BmrR form a coiled-coil holding the monomers
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Fig 3.9 (A) A structural model for the first 95 amino acids of ZntR was created using
SWISS-MODEL (Guex et al., 1999) (http://swissmodel.expasy.org/SWISS-
MODEL.html) with BmrR coordinates as the template. Histidine residues are
shown in blue and spacefill, cysteine 79 is shown in yellow and spacefill.

The H-T-H motif within the N-terminal DNA-binding region (grey) is highlighted

red. The coiled-coil dimerisation structure is shown in magenta.

(B) A dimer of BmrR (Heldwein and Brennan, 2001) complexed with DNA
(cyan/spacefill) is shown. The H-T-H motifs within the N-terminal DNA-binding
regions of BmrR are highlighted red.
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together to form the dimer, and have been predicted to be present in all MerR family
proteins (Heldwein and Brennan, 2001). It is unsurprising, given the chemical similarity of
Zn(II), Cd(II) and Pb(II), that simplistic interpretations of the structure—function
relationships within ZntR are not easily defined, although the 3-dimensional structure of
BmrR, the only published structure of a MerR family protein to date (Heldwein and
Brennan, 2001), allowed the creation of a model of the first 95 amino acids of ZntR (fig.
3.9 A) which positions three of the histidine (H53, H76 and H77) and one of the cysteine
residues (C79) in regions expected to interact with metal-ions e.g. at the proposed dimer

interface.

From the data of the histidines in ZntR, H76 and H77 do not play a critical role in Zn(II)
responsiveness. A coiled—coil structure is present in BmrR (fig. 3.9 B) (Heldwein and
Brennan, 2001) and a similar structure is thought to link the two domains of ZntR (fig. 3.9
A) and other MerR-like regulators (Caguiat et al., 1999). The predicted position of H76 at
the proximal end of the coiled—coil structure places this residue in the centre of the
proposed dimer-interface region known to be important for substrate binding in BmrR
(Heldwein and Brennan, 2001)

The model of ZntR (fig. 3.9 A) predicts that H29 lies close to the DNA-binding H-T-H
region of ZntR and is distant from a proposed binding site at the dimer interface although
our data shows that this residue has a significant effect on the selectivity and dynamic range
of ZntR. It is tempting to suggest that since alterations in these residues appear to affect the
substrate range of ZntR that they act as ligands for one of the two Zn(II)-ions predicted to
bind each ZntR monomer, perhaps acting in a structural role rather than a primary driver of
DNA distortion. Irrespective of the detailed function of these residues, these results show
that all 5 histidine residues are important for ZntR function.

In the ZntR model, C79, C114 and C115 are located at the ends of the proposed linker
region and C124 is within the ligand binding region (fig 1.10). It may be plausible to
allocate the roles of C114, C115 and C124 as Zn(II) binders on one monomer and C79 on

the other in order to convert ZntR into its active state.
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It is not clear if C124 is important for binding Zn(II) as a switch for activating ZntR or if it
binds Zn(II) to structurally stabilise ZntR or simply to provide disulphide bonds with
another cysteine for maintenance of the protein structure. In any case, if C124 is important
structurally, the possibility that some of the histidines or other candidate metal-ion binding
residues within ZntR such as aspartate or glutamate may be involved in binding Zn(II) for a

regulatory effect cannot be ruled out.

Recently, the x-ray crystal structure of ZntR was solved (Changela et al., 2003). The
comparison of the solved structure with the results from this study are compared in section
6.1.

Concluding remarks

An interesting aspect of this research is the mutability of the specificity, sensitivity and
dynamic range of ZntR, with 7 of the 10 derivatives showing substantial differences from
w.t. This mutability of ZntR is in sharp contrast to that seen during mutational analysis of
MerR (Comess et al., 1994, Parkhill et al., 1993, Parkhill et al., 1998, Ross et al., 1989)
which appears to be rather more refractory to functional alteration (Caguiat et al., 1999).
Perhaps the differences in the strength of interaction with biological molecules between
Zn(II) and Hg(II) has allowed MerR to become more selective and less open to change than

seen here for ZntR.

Three of the cysteines required for optimium ZntR function are known to be conserved in
MerR, namely C79, C114 and C124. These correspond to MerR residues C82, C117 and
C126 where they have already been shown to coordinate Hg(II) in a tridentate orientation
sandwiching a Hg(II)-ion between 2 monomers of the MerR dimer (Shewchuk et al.,
1989a, Shewchuk et al., 1989b, Shewchuk et al., 1989c¢). In ZntR, the involvement of an
additional cyteine, C115, for coordinating the primary ligand Zn(II) ties in with the
assumption that Zn(Il) is co-ordinated tetrahedrally within ZntR. ZntR is known to bind 2
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Zn(II) ions per monomer (Outten et al., 1999). It is not known if any Zn(II) ions are
structural and how many are required for switching apo-ZntR to the activating form. It is
likely that these cysteines coordinate Zn(II) between 2 monomers as is the case for the
ligands of both MerR and BmrR.

The data show that both cysteine and histidine residues are important in the function of
ZntR and that alteration of the C-terminal amino acid can have a profound effect on the

properties of this regulator.
Further study of this family of transcriptional regulators will yield important information

regarding the evolution of specificity and mechanism, particularly with respect to metal-ion

dependent transcription in prokaryotes.
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CHAPTER FOUR

TRANSCRIPTIONAL PROFILING IN E. coli (w.t.)
AND E .coli (AzntR) IN RESPONSE TO Zn(1I)
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4.1 Summary

Whole-genome transcriptional profiles were generated using RNA isolated from TG1
(w.t.) and TG1 (zntR::Km) at an elevated Zn(II) concentration to investigate the effect

of zntR in E. coli on an organismal scale.

Significant alterations in expression patterns between the two strains were observed.
Zn(II) appeared to affect strain TG1 (znfR::Km) more dramatically than TG1 (w.t.).
Trends observed included interference with other metal-ion utilising systems in TG1
(zntR::Km), enhanced chemotaxis and other proposed mechanisms of coping with

elevated Zn(II), such as chelation. A potential Zn(II) exporter was also highlighted.
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4.2 Introduction

The advent of array technology has allowed the expression patterns of all 4290 (Blattner et
al., 1997) genes in E. coli to be studied simultaneously. Expression profiles generated by
cDNA array technology can present a holistic view of transcriptional regulation in response
to stressful environmental stimuli. This has been demonstrated in E. coli for a range of
stimuli such as Fe (McHugh et al., 2003), Zn(II)/Ni(I1)/Co(II)/Cd(II) in adapted strains
(Brocklehurst and Morby, 2000), hydrogen peroxide (Zheng et al., 2001) and osmotic stress
(Weber and Jung, 2002).

The main Zn(II) resistance protein in E. coli is ZntA (detailed in section 1.3.1.3.1). The
transcriptional activation of this Zn(II) exporting ATPase is dependent on ZntR (detailed in
section 1.5.2). It may be possible to glean a great deal of information pertaining to the
metabolism and toxicology of Zn(II) by array analysis of a zntR deficient strain of E. coli in

response to Zn(II) with comparison to the transcript profile of the wild-type strain.

This methodology was used for this study to identify novel Zn(II) transport/binding
mechanisms in E. coli. These may be accentuated when one of the prominent Zn(II)
resistance systems, ZntR-ZntA system is absent. Also, the role of ZntR and Zn(II) in
general cell metabolism can be reaffirmed or novel pathways elucidated. The identification

of other promoters activated directly by ZntR is another possibility.
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4.3 Results

4.3.1 Growth curves of TG1 and TG1 (zntR::Km) strains

LB medium was prepared from a single batch which was aliquoted into separate flasks to
keep conditions as standard as possible. The growth of strain TG1 (zntR::Km) was
maintained with kanamycin until inoculation of this strain into fresh LB medium from an
overnight culture was required for the growth curve. Growth studies of TG1 and TG1
(zntR::Km) strains (section 2.1.1) were performed as detailed in section 2.2.10.6, in
triplicate aliquots of 250 ml. Growth was followed over a 16 hour period with Dggo
measurements at hourly intervals in standard LB medium and LB medium supplemented
with Zn(II) at 0.2 mM, 0.3 mM, 0.4 mM and 0.5 mM concentrations.

The growth curves of both strains in standard LB medium and LB medium supplemented
with 0.3 mM Zn(II) are shown in fig. 4.1. Growth of the TG1 (zntR::Km) strain in LB
media with either 0.2 mM, 0.4 mM or 0.5 mM Zn(II) was not suitable for extracting mRNA

and therefore the growth curves are not shown.

4.3.2 RNA extraction from TG1 and TG1 (zntR::Km) strains

LB medium was prepared from a single batch which was aliquoted into separate flasks to
keep conditions as standard as possible. TG1 and TG1 (zntR::Km) strains were grown
overnight in standard LB medium at 37°C, 200 rpm. These were used to inoculate 100 ml
(1:100 dilution) of standard LB medium and LB media supplemented with 0.3 mM Zn(II),

in triplicate, and returned to the previous growth conditions.

Cultures were grown to Dggo of 0.5 £+ 0.005 and RNA was extracted and the concentration
determined as detailed in section 2.2.4. RNA purification typically yielded concentrations
of total RNA of approximately 1 pg pul!. RNA samples prepared from identically treated

triplicate cultures for each of the strains were subjected to electrophoresis (section 2.2.5.2)
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Fig. 4.1 Growth curves for TG1 and TG1 (zntR::Km) in standard LB medium and LB medium
supplemented with 0.3 mM Zn(II).

The graphs show Deggo against time after initial inoculation. Assays were performed in triplicate

and the standard error bars are shown ( I ).
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to check for degradation and genomic DNA contamination. The RNA gel obtained is
shown in fig. 4.2, where 1 pg of RNA was loaded into each lane.

4.3.3 E. coli genome expression profile

Transcriptional profiles of TG1 and TG1 (zntR::Km) strains grown in standard LB medium
and LB medium supplemented with 0.3 mM Zn(II) were generated as described in section
2.2.11 using the RNA extracted (section 4.3.2). The cDNA was prepared from triplicate
RNA samples for each strain, obtained during the exponential phase of growth of each
strain in separate flasks. To minimise variation in the cDNA reaction the same batch of
primers, ANTPs and AMYV reverse transcriptase were used and the triplicate cDNA
reactions carried out simultaneously. The triplicate probes generated were hybridised to
triplicate sets of arrays of the same batch number to minimise variation between individual
arrays. An example pair of E. coli gene arrays hybridised with [a->>P] dCTP in this study is
shown in fig. 4.3.

Hybridisation intensity was quantified, compared and normalised using Quantity One (Bio-

Rad) and Excel (Microsoft) software. The average spot intensity for each array was used to

normalise the data for direct comparison. After normalisation, the average intensity for each
ORF was compared and the fold increase/decrease calculated. The transcriptional profile of
each strain grown in LB medium supplemented with 0.3 mM Zn(II) was compared to that

of the same strain grown in standard LB.

4.3.4 Transcriptional analysis of TG1 and TG1 (znfR::Km) strains

Gene expression was considered to be significantly changed when the fold-change was
* 1.5-fold, this is below the threshold set by the manufacturer Sigma-Genosys who
recommended * 2-fold. Significance analysis was performed using the statistical program

SAM (Tusher et al., 2001). This statistical method identifies genes with statistically
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TGI TGI1 (zntR::Km)

Fig 4.2 A typical RNA extraction from triplicate TG1 and TG1 (zn#R::Km) RNA samples
electrophoresed on a 1% agarose gel. The two bands visible in each lane represent
23S and 16S ribosomal RNA (rRNA). No genomic DNA or mRNA degradation is

apparent in the samples.
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Fig 4.3 Panorama E. coli gene arrays hybridised with [a-*’P] labelled cDNA probes.
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significant changes in expression by assimilating a set of gene specific t-tests. Each gene is
assigned a score based on change in gene expression relative to the standard deviation of
repeated measurements. For genes with scores greater than an adjustable threshold, SAM
then estimates the percentage of genes identified by chance, referred to as the false

discovery rate (FDR). For further details refer to Tusher et al, 2001.

The significantly altered genes in strain TG1 (w.t.) are shown in table 4.1. Alterations are
based on comparison of TG1 grown in medium supplemented with 0.3 mM Zn(II) against
TG1 grown in normal LB medium. These results represent the background profile for
comparing strain TG1 (zntR::Km), for which an analogous table of results is shown (table
4.2).

Transcripts that were altered in both strains are shown separately, in table 4.3. For brevity,

genes of unknown function have been omitted from the tables in this chapter. The full set of
results can be found in appendix I, tables 1, 2 and 3.
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Table 4. 1 Genes of known function for which transcript levels were altered in
strain TG1 (w.t.) at 0.3 mM Zn(Il). The fold-change levels represent
the ratio of transcript levels for Zn(II)-treated TG1 (w.t.) to transcript
levels for untreated TG1 (w.t.). Down-regulated genes are indicated by
a minus sign {-) in the 'Fold change' column. Function descriptions
were taken from hitp://www.sigma-genosys.com/media/Ecoli_Array
Info.xls. Genes are crdered according to function.

2'-Deoxynbonucleotide metabolism
SivA h1642 Adaptations, atypical conditions 408
CysAt b2421 Adaptations, atypical conditions 2.94
ginB b2553 Amino acid biosynthesis: Giutamine 5.06
hisl 52018 Amino acid biosynthesis: Histidine 4.

hisG 2019 Amino acid biosynihesis: Histidine 3.71
isC b2021 Amino acid bicsynthesis: Histidine 273
hisiH 02023 Amino acid bicsyninesi 3.79
ivbL b3672 Aminc acid biosynthesis: Isaleucine, Valine 4.32
teuC b0072 Amina acid biosynthesis: Leucine -2 05
sulB 73 Amino acid biosynthesls: Leucine -1.79
wrbA b1004 Amino acid biosynthesis: Trvpiophan 269
S [b1714 Amincacyl {RNA synthetases, IRNA modification e 458
aspS b1866 Amincacyl tRNA synthetases, IRNA modification 4.69
onitF b0586 Bigsynthesis of cofaclors, carriers: Enterocheiin 7.24
entA p596 Bigsynihesis of cofaciors, camiers: Enterochelin 3.986
hemt b0154 Biosynthesis of cofactors, carriers: Hama, porphyrin 3.17
lipA b0628 Biosynthesis of cofactors, carriers. Lipoate 4.82
FpB £0630 Biosynthesis of cofactors, camiers: Lipoata 2.78
yraC b3843 Biosynthesis of cofactors, carriers: Menaquinone 2.58
moiR 3 b2117 Biosynthesis of cofactors, carriers: Molybdopterin 548
nadC b0105 Biosynthesis of cofaciors, camiers: Pyviding nudeolids 3.56
8 b2320 Biosynthesis of cofactors, caviers: Pyridoxine -2.63
thiD b2103 Biosynthesis of cofactors, camiers: Thiamin .76
mirA b2127 Biosynthesis of exiracellular matrix and curii: regulator (MerR) 3.58
-] b2052 Biosynthesis of extraceliular polysaccharide colanic acid 2.43
wesF b2054 Biosynthesis of extracellular polysacecharide colanic acid 2.83
wcat 2055 Biosynthesis of extracellular polysaccharide colanic acid 2.90
wcal 2058 Biosynthesis of extraceilular polysaccharide colanic acid 3.22
DDOA b2826 Biosynthesis of macromolecules: imbria, pili 4.15
chpA p2782 Cell growin regulaiion 3.47
choS b4224 Cell growth regulation 4.87
muld 00922 Cell killing 3.63
hivE b1182 Cell killing 3.94
surf b2744 Cell protection 2.68
mob& b3856 Ceniral intermediary metabolism: Nuciagctide inlerconversions 3.57
phniN 4094 Central intermediary metabolism: Phasphorus commpounds 3.30
chnd! 04095 Cantral intermediary malabalism: Phosphorus compounds 417
phnK b4337 Central intermediary metabollsm: Phosphorus compounds 4.03
amiB8 b0451 Central intermediary metabolism: Pooi, muitipurpose conversions 2.99
crifF b0G615 Ceniral intermediary metabolism: Pocl, multipurpose conversions - 10.57
ved b2028 Central intermediary maiabalism: Sugar-nucieotide bigsynthesis, conversions 2.82
refC b2051 Central iniermediary metabolism: Sugar-nucleotide biosynthesis, conversions __ 328
V'Sl b2752 Central intermediary metabolism: Sulfur metabolism 9.89

cys! ~ |p2763 Central intermediary matabolism: Sulfur metabolism 54
yabH b0055 Chaperone 711
yhaP b3111 Cearadaticn of amino scids: L-serine 416
yafB b0207 Degradation of carbohydrates 275
abgA b1338 Degradation of carbohydrates she 3.00

yeeZ b2016 Dearadaiion of carbonydrates 27
iah b3719 Degradation of carbohydrates (putative) 331
paal b1387 Dearadaiion of phenyt acetic acid 409
paaY b1400 Degradation of phenyt acetic acid 3.26
cinA b0882 Degradation of proteins, peptides. glycopeptides 3.58
pepT b1127 Degradation of proteins, peptides, alycopeptides 2.88
me b1084 Degradation of RNA -2.26
meH b1524 Deqradation of small molecules (putative): Amino acids 3.13




ansA b1767 Degradation of small molecules: Amino acids 3.16
dsdC b2364 Degradation of small molecules: Amino acids 6.58
mhpC b0349 Degradation of small molecules: Carbon compounds 3.90
sk b3753 Degradation of small molecules: Carbon compounds -2.80
fadD b1805 Degradation of small molecules: Fatty acids 3.49
atoA b2222 Degradation of small molecules: Fatty acids 3.74
ato8 b2223 Degradation of small molecules: Fatty acids 3.10
52224 (0394) b2224 Degradation of small molecules: Fatty acids 3.19
fadA b3845 Degradation of small molecules: Fatty acids 2.50
sodC b1646 Detoxification -2.66
xerD b2894 DNA - replication, repair, restriction/modification -2.38
cho b1741 DNA repair 3.64
nuol b2281 Energy metabolism, carbon: Aerobic respiration -1.86
ppc b3956 Energy metabolism, carbon: Fermentation -1.72
ydcW b1444 Enzyme (putative): aldehyde dehydrogenase 2.78
yfaw b2247 Enzyme (putative): dehydratase 4.50
ygbO b2745 Enzyme (putative). dehydrogenase 268
yhiY b3548 Enzyme (putative): lipase 3.55
yfiC b2575 Enzyme (putative). methyitransferase 297
yohF b2137 Enzyme (putative): oxidoreductase 2.74
yffG b2468 Enzyme (putative): oxidoreductase 5.73
ynbD b1411 Enzyme (putative): phosphatase 5.00
fabD b1092 Fatty acid and phosphatidic acid biosynthesis -2.58
CStA b0598 Global reguiatory functions 3.06
era b2566 Global reguiatory functions 2.38
arcA b4401 Global requiatory functions -2.32

SA b1912 Macromolecule synthesis, modification: Phospholipids 2.96
pisC b3018 Macromolecule synthesis, modification: Phospholipids 2.77
PSSR b3763 Macromolecule synthesis, modification: Phospholipids 2.87
ompA b0957 Outer membrane constituents -2.26
yegA b2064 Outer membrane constituents: lipopolysaccharide biosynthesis 7.32
yedS b1964 Outer membrane constituents: pore protein 3.56
ompG b1319 Outer membrane constituents: pore protein 3.20
yihH b4298 Phage-related functions and prophages 3.24
yihO b4305 Phage-related functions and prophages 3.29
ybeT b0556 Phage-related functions and prophages 8.21
wzxC b2046 Protein, peptide secretion 6.30
| yagF b0296 Ribosomal protein (putative) 2.78
pmi b1717 Ribosomal proteins - synthesis, modification 4.75
v b3315 Ribosomal proteins - synthesis, modification -2.40
nmJ b1066 Ribosomes - maturation and modification 2.99
’@F b1558 Stress adaptation 4.56
gtk b0653 Transport of small molecules: Amino acids, amines 5.74
ghG b3681 Transport of small molecules: Carbohydrates, organic acids, aicohols 2.53
kefB b3350 Transport of smail molecules: K(I) / H(l) antiporter 3.07
ZntA (0732) b3469 Transport of small molecules: Zn(l), Cd(ll), Pb(Il) 4.23
zur b4046 Transport of Zn(ll): high-affinity Zn(l) import, repressor 3.08
yogF b1600 Transport protein: multidrug 6.19
YN b1310 Transporter (putative), ABC-type 2.31
yav b1318 Transporter (putative): sugars 445
b1601 (0344) b1601 Transporter (putative) 4.89
yHE b1769 Transporter (putative) 3.81
yeaN b1791 Transporter (putative) 3.70
yicM 53662 Transporter (putative) 4.21
yieH b4141 Transporter (putative) 4.99
yniC b1755 _Transporter (putative), ABC-type 299

B 62178 Transporter (putative), ABC-type: Oligopeptides 3.87
Tﬁc b0262 Transporter (putative): Ferric transport 2N
yheD b3323 Transporter (putative). protein export 4.75
yi22 3 b1996 Transposon-related functions 6.68
yi21 4 b2861 Transposon-related functions 3.27
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|argF b0273 Aminc acid biosynthesie 2585
ginD bGiB7 Amino acid biasynthesia: Glutamine 4.52
2inG b3868 Amino acid biosynthesis: Glutamine 254
vl b3766 Aming acid biasynthesis: Isgleucing, Valine 3.59
isuC b0072 Amino acid biosynthesls: Leucine 2.27
thr8 b0003 Amino acid biosynthesis: Threonine 2.92
pC b1262 Amino acid biosynthesis: Tryptophan -2.25
T 04371 Amincacy! tRNA methylase, tIRNA modificaticn 3.52
spolt D365 Aminoacyl IRNA methylirasferase, tRNA maodification 2.62
bG406 Aminoacyl tRNA synthetases, tRNA modification 464
truf3 b31 Amincacyl IRNA synthetases, IRNA modification 2.69
A D365 Aminoacyi tRNA synihetases iRNA modification 5.61
KRB 03634 Biosynthesis of colactors, caimiers: Coenzyme A 3.77
ygiG 53058 Biosynthesis of cofactors, carriers: Folicacid =8 4.08
moa8 b0782 Biosynthesis cf cofactors, camiers: Molybdopterin 3.13
g8 b1064 Biosynihesis of cofactors, carriers: Thioredoxin, glutaredoxin, glutathione 3.22
Yool 614 Biosynthesis of cofaclors, camiers: Ubiguinons 2.75
weak b2045 Bicsynthesis of extracellular polysaccharide solanic acid 2.83
iresC 02218 Cell division: capsule biosynihesis 5.72
xerC b3811 Cell division: chromosomai segregation 2.92
fic b3361 Cell division: filamentaticn, induoced in stationary phase STy e 257
talA b2464 Central intarmediary metabalism: Non-oxidativa branch, pentose pathway 3.70
psiF b0384 Central intermediary metabolism: Phosphorus compounds 2.47
ohnP b4092 Central intermediary metabolism: Phosphorus compourdds AR
caiF b0034 Central intermediary metabolism: Pool, multipurpose conversions 6.83
oD b3213 Central intermediary metabglism: Pool, muitipurpose conversions 298
g3adA b3517 Ceniral intermediary metabolism: Pogo!, mullipurpose conversions 5.80
gioK b3g26 Central intermediary metabolism: Peal, multipurpose conversions -2.35
e b3784 Central intermediary metabolism: Sugar-nucieotide biosynthesis, conversions 2.78
D 3787 Central intermediary metabolism: Sugar-nucleotide biosynthesis, conversions 3.45
i 53783 Central intermediary metabolism: Sugar-nuclectide biosynthesis, conversiens 2.
e b3131 Cantral intermediary metabolism:Amino sugar conversions 2.64
chpA b1000 Chaperones 3.09
mopB b4142 Chaperones -1.54
yhaQ 53112 Degradation of amino acds: L-serins 3.58
maa bD459 Degradation of carbohydraies 2.70
mcrB b4345 Degradation of DNA: methyiation dependent endonuclease 8.55
morC b4345 Degradation of DNA: methylation dependent endonuciease 2.90
mhpR b0348 Degradation of fatty acids 3.75
vgav 2869 Degradaiion of nudeotds triphosphates {putative) 3.01
hycl! b2717 Dearadation of proteins, peptides, glycopeptides 4.46
sohB b1272 Degradation of proteins, peptides. glycopeptides 4 40
58 b3ii7 Degradation of small molecules: Amino acids -2.11
xyIR b3569 Dearadation of small molecules: Carbon compounds 3.41
yhaP b3245 Degradaton of proieins, peptides. glycopeptides -3.24
1A 0950 Detoxification: paraquat inducible protain 4.66
iB 0851 Detoxificafion: paraquat inducible piotein 3.48
dgnal b4362 DNA replication: assembly of primosome 2.90
a1pC b4150 Drug/analog sensitivity 511
hyaD b0975 Energy metabolism, carbon: Aerobic respiration 2.55
hyB b2482 Enefgy metabolism, carbon: Anasiobic respiration 2.49
\hyfF b2486 Energy metabolism, carbon: Angasrobic respiration Z.36
gipE 3425 Energy metaboiism, carbon: Anaerobic respiration 2.3
dmsC 00898 Energy metabolism, caibon: Anaerobic respiration- dimethyl sulphoxide 3.13
frdlC b4152 Energy metabolism. carbon: Anaergbic respiration- fumarate reductase 2.48
nard b1226 Enarav metabclism,. carbon: Anaerobic respiration- nitrate reductase 2.52
dzhc e b2195 Energy metaboiism, carbon: Eleciron transport 5.09
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| alaH b1300 Energy metabolism, carbon: Fermentation- aldehyde dehydrogenase 237
[gapC 1 b1417 Energy metabolism, carbon: Glycolysis 2.62
iR b0867 Enzyme (putative): amidase 2.57
ylE b2253 Enzyme (putative): aminotransferase 3.34
mae 8 b2463 Enzyme (putative): bifunctional oxidoreductase/phosphotransacetylase -2.36
N b1629 Enzyme (putative): oxidoreductase 4.57
YDOhA b0766 Enzyme (putative): phosphatase 3.90
hydH b4003 Enzyme: kinase, Zr{ll) sensor 7.99
CdsA b0175 Fatty acid and phosphatidic acid biosynthesis 268
cfa b1661 Fatty acid and phosphatidic acid biosynthesis 240
388 b2836 Fatty acid and phosphatidic acid biosynthesis 2.29
suhB b2533 Global regulatory functions 3.89
daps b0812 Global regulatory functions, iron storage 3.34
fak b3623 Macromolecule metabolism: Lipopotysaccharide 244
| pgp8 b1278 Macromolecule synthesis, modification: Phospholipids 2.43
8 b3432 Macromolecule synthesis, modification: Polysaccharides - (cytoplasmic) 248
boIA b0435 Murein sacculus, peptidoglycan 3.15
mrcA b3396 Murein sacculus, peptidoglycan 2.94
rhiB b3780 Not classified -2.89
ybeK b0651 Not dassified -2.55
MuA b0150 Outer membrane constituents: ferric uptake 2.90
u b2000 Outer membrane constituents: fluffing protein 3.14
wzz8 b2027 Outer membrane constituents: modification of polyliposaccharide chains 3.29
ompN b1377 Outer membrane constituents: pore protein, non-specific 3.00
b0241 Outer membrane constituents. pore protein; phosphate uptake 3.56

A b0253 Phage-related functions and prophages 3.21
ybalN 00468 Phage-related functions and prophages 5.09
b1145 (f224) b1145 Phage-related functions and prophages 327
hl b4302 Phage-related functions and prophages 3.33
it b1139 Phage-related functions and prophages 5.26
ybgP b0717 Pilin i ic (putative) 2.88
b0534 Pilin-like protein (putative) 4.59

b1504 Pilin-like protein (putative) 8.43

enmvR b2684 Plasmid-related functions: repressor of multidrug resistance pump 2.70
imsyB b1051 Protein, peptide secretion 6.49
secf b0409 Protein, peptide secretion -2.27
yasD b0028 Proteins - translation and modification 3.79
A b1211 Proteins - translation and modification _ 2.68
infC b1718 Proteins - translation and modification 4.68
hrsA b0731 Proteins - translation and modification -1.95
purl. b2557 Purine ribonucieotide biosynthesis 2.91
piL b3986 Ribosomal proteins - synthesis, modification 3.70
pi8 b3317 Ribosomal proteins - synthesis, modification -2.90
baeS b2078 RNA synthesis, modification, DNA transcription 3.14
nusG b3882 RNA synthesis,_modification, DNA transcription 5.02
1basR b4113 RNA synthesis, modification, DNA transcription 3.39
[cspH b0989 Stress adaptation - cold shock 4.12
cspl b1552 Stress adaptation - cold shock 3.75
treA 01197 Stress adaptation - osmotic shock 2.94
IPSPA b1304 Stress adaptation - osmotic shock: psp operon 4.49
pspB b1305 Stress adaptation - osmotic shock: psp operon 2.69
[pSPE b1308 Stress adaptation - osmotic shock: psp operon 282
yegD b2069___| Stress adaptation (putative) 2.81
yog8 02924 Stress adaptation (putative) - osmotic shock 3.24
oM b1071 Surface structures: biosynthesis of flageila 241
gl b1080 Surface structures: biosynthesis of flageila 4.21
[L/3 b1937 Surface structures: biosynthesis of flageila 285
AmC b4316 Surface structures: biosynthesis of pili 297
cueR b0487 T ransport of Cu(ll) : Transcriptional regulator of Cu(ll)-exporting ATPase 265
| sapB b1293 of proteins ) 2.94
yocC b1918 T of smali molecules jve): Amino acids, amines 3.08
 yas) b0007 Transport of small molecules: Amino acids, amines 3.50
tauC b0367 Transport of small molecules: Amino acids, amines 427
git) b0654 Tra of small molecules: Amino acids, amines 4.77
potH 0856 Transport of small molecules: Amino acids, amines 3.90
IvF b3454 Transport of small molecules: Amino acids, amines 2.88
livM b3456 Transport of small molecules: Amino acids, amines 2.59
or b2417 Transport of small molecules: Carbohydrates, organic acids, alcohols 5.60
cmtA b2933 Transport of small molecules. Carbohydrates, organic acids, alcohols 2.70
exuT b3093 Transport of smail molecules: Carbohydrates, organic acids, alcohols 2.82
(ugpE b3451 Transport of small molecules: Carbohydrates, organic acids, alcohols 2.7
ugpA b3452__ | Transport of small molecules: Carbohydrates, organic acids, alcohols 3.46
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fecC b4289 Transport of small molecules: Fe(lll) 4.71
fecB b4290 Transport of small molecules: Fe(lll) 2.81
tsx bo411 Transport of small molecules: Nucleosides, purines, pyrimidines -1.89
pstA b3726 Transport of small molecules: phosphate (phosphatase) 3.12
pstS b3728 Transport of small molecules: phosphate (phosphate binding protein) 4.63
znuC b1858 Transport of Zn(ll): high-affinity Zn(ll) import 3.59
znuB b1859 Transport of Zn(ll): high-affinity Zn(il) import 2.59
yraP b3150 Transporter (putative) 4.90
yfdC b2347 Transporter (putative) 278
yhfC b3364 Transporter (putative) 3.81
yjgA b4234 Transporter (putative): ABC-type 2.89
ybiT b0820 Transporter (putative): ABC-type, ATP-binding component 3.36
yadG b0127 Transporter (putative): ABC-type, ATP-binding component 3.48
allP b0511 Transporter (putative): allantoin transport 2.90
yidL b4130 Transporter (putative): di-/ tripeptides 3.09
ddpC b1485 Transporter (putative): dipeptide transport, ABC-type 4.40
afuB b0263 Transporter (putative): membrane component of ferric transport system 2.53
ybbM b0491 Transporter (putative): metal resistance 4.33
yrbG b3196 Transporter (putative): Na(l)/Ca(l) antiporter -3.35
yicQ b4081 Transporter (putative): Pit family _ 3.88
|gSpE b3326 Transporter (putative): proteins for pili biosynthesis - gsp operon 2.56
gspl. b3333 Transporter (putative): proteins for pili biosynthesis - gsp operon 3.38
qspM b3334 Transporter (putative): proteins for pili biosynthesis - gsp operon 4.00
yicK b3659 Transporter (putative): sugars 2.71
yjio b4337 Transporter: multidrug 246
tehB b1430 Transporter: tellurite resistance 3.66
b0299 (0288) b0299 Transposon-related functions 3.88
tra5 2 b0541 Transposon-related functions 3.67
tra5 3 b1026 Transposon-related functions 3.67
trab 4 b2089 Transposon-related functions 2.54
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Table 4.3 Genes of known function for which transcript levels were commonly altered in both
of the strains, TG1 (w.t.) and TGI (zn t,-'? 2:Km ) at 0.3 mM Zn(II). The fold-change
levels reprecenr the ratio of transcript levels for Zn(Il)-treated TGI (w.t.) and TGI
(zntR ::Km ) strain to t‘ranscnpt levels for untreated TG1 (w.t.) and TG1 (zniR ::Km))
n ken from http://www.sigma-

¢ ordered acco dmg te function.

e R A ¥ ,,-_(7rl.lE::I(m1.
laroM 50399 Armno acid b|o=v1'hesn=‘ Chorismate 2.50 3.12
CySK b2414 » | Aming acid biosynihesis. Cysteine 8.34 A7
met b2114 Amingacy! tRNA synthetases, tRMA modification 3.38 3.5
chpB b4225 Celi killing 4.06 4.08
cysQ@ D4Zid Central intermediary metabolism: Sulfur metaboiism 4.08 3.12
ebgA £3076 Degradation of small molecules: Carbon compounds 3.85 3.55
¥ncA 01448 Drug/analog sensitivity 3.80 4.0
vnei b1525 Enzyme (putative): aldehyde dehvdrogenase 2.98 2.34
vdcP bi1435 Enzyme (putaiive): collagenase 3.45 3.53
yeiA 02147 Enzyme (putative): dehydrogenase &.15 3.78
yqaC h2928 Enzyme (puiative): kinase Z2.83 3.15
ydiJ bi587 Enzyme (putative): oxidase 424 3.22
nitd 01378 Enzyme (putative): axiéoreductase .32 3.56
vidC b3705 Transport of proteins across inner membrane 4.59 3.38
intE h1140 Phage-related functions and nmnhanns. iniegrase 4.28 19.21
wzxC b2046 Protein, peptide secretion 6.30 7.25
psV. b1480 Ribosomal proteins - synthesis, medification 3.34 4.57
spy b1743 Spherablast formation 5.73 3.64
yeeE b2C13 Transport of smail moleculss: ;'\mino acids. amines 6.65 4.45
Xy ©3566 Transport of small molecules; Carbchydrates, ociganic acids 5.48 455
yehY h213 Transporer (putative): alycine, betai e, choline 7.08 3.66
|zupT b3040 Transport of Zn(ll): low-affinity Zn{ll) import 4.56 447
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4.4 Discussion

Transcriptional profiles of E. coli strains TG1 (w.t.) and TG1 (zntR::Km) grown in standard
LB media (control experiment) and LB media supplemented with Zn(II) (test experiment)
were generated. ZntR is required for transcription of the primary Zn(II) exporter zntA, in E.
coli, therefore strain TG1 (zntR::Km) where zntR is absent provides a useful system for

identifying other mechanisms that may assist in providing Zn(II) tolerance.

The TG1 (zntR::.Km) results were compared to the TG1 (w.t.) strain to elucidate novel
Zn(II) transporters as well as understanding other mechanisms that may be present for
enabling bacterial cells to cope with heavy metal stress. Also, changes to the general cell

metabolism in the absence of optimum Zn(II) export were noticed.

Results were presented (tables 4.1, 4.2, 4.3) in which the TG1 strain (table 4.1) was used to
show the background genes, or the ‘normal’ mechanisms of Zn(II) tolerance in a fully
functioning ZntR-ZntA system. Table 4.3 showed genes induced by Zn(II) in both strains,
and table 4.2 showed genes only induced in TG1 (zntR::Km), i.e. in the absence of
ZntR-ZntA.

The Zn(II) concentration of 0.3 mM was chosen because the growth of TG1 (zntR::Km) at
0.3 mM Zn(I]) trailed smoothly behind its growth in normal LB medium (refer to fig. 4.1).
TG1 (zntR::Km) did not grow very well above 0.3 mM Zn(II) and higher concentrations
were unsuitable for RNA extraction since growth of TG1 (w.t.) entered stationary phase at
which point growth of TG1 (zntR::Km) remained in early exponential phase making the

samples incomparable.

Thus the MIC of strain TG1 (zntR::Km) was established at 0.4 mM Zn(II). This unfortunate
dependency of the strain on ZntR at low concentrations (maximum induction of znt4 by
ZntR occurs at 1.1 mM Zn (II)) meant that the efficiency for highlighting novel transporters
may have been somewhat compromised as the TG1 (w.t.) strain demonstrates an MIC of 2

mM Zn(II) (Rensing et al., 1997a). Nevertheless, the growth curves of TG1 (zntR::Km) (fig.
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4.1) reaffirmed the importance of ZntR as being crucial for Zn(II) tolerance. The relatively
low number of down-regulated genes for each strain (17 out of 387 for TG1 and 14 out of
400 for TG1 zntR::Km) suggests that apart from the applied Zn(II) stress, some growth

effects may have caused a proportionally increased number of up-regulated genes.

Also, it appears that for some operons, only part of the operon is up-regulated. This is
considered as a general up-regulation of the whole operon as differences in hybridisation
can occur despite careful methodology. This is because each transcript is different in terms

of its hybridisation strength.

Recognised Zn(II) transporters

Reassuringly, zntA was induced in TG1 (w.t.) but not in TG1 (zn#R::Km). The transcript of
ZntR was not induced in either strain. These results confirmed the zntR knockout status of
TG1 (zntR::Km) and that activation of znt4 by ZntR occurred in TG1 (w.t.). Although
visible induction of zntR in TG1 (w.t.) would have been desirable, the copy number of zntR
may have been undetectable at 0.3 mM Zn(II) and may be an indication of the sensitivity of
the zntA promoter to ZntR. These results also indicate that ZntR may be the sole
transcriptional regulator of zntA.

In TG1 (w.t.), it was noteworthy that zur (detailed in section 1.4.2), which encodes the
transcriptional repressor of the znu4 BC highly Zn(II) sensitive import system (detailed in
section 1.3.1.1.1) was induced, as would be expected in a normally functioning E. coli
system at elevated Zn(II) levels, since this system should be repressed even in the presence
of subfemtomolar concentrations of Zn(II) (Outten and O'Halloran, 2001). Curiously, zur
was not induced in TG1 (zn#R::Km) although an increase in transcription of znuB and znuC,
which form the membrane transporting and ATP-hydrolysis components of this ABC

transport system respectively, was observed.

The induction of znuB and znuC in TG1 (zntR::Km) was highly unexpected since it would

seem logical that in this strain when Zn(II) resistance is already compromised, the further
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uptake of Zn(II) would be strongly inhibited. One possibility is that these proteins may be
utilised to export Zn(II) under some circumstances. Although ABC transporters have
generally been accepted as being strictly unidirectional, there are exceptions. For example,
amino acid transporters of this family in Rhizobium leguminosarum and Salmonella
typhimurium have been found which are bidirectional (Hosie et al., 2001). The lack of znu4
induction may further support this theory. ZnuA is the periplasmic binding protein of this
ABC-type import system and if it had been induced under these conditions, the effect of
export by ZnuB and ZnuC might be cancelled as ZnuA would be delivering Zn(II) back to
these other components of the import system, having a cyclic effect. As for the induction of
zur in TG1 (zntR::Km) being affected, a detailed study of the promoter region of zur may
reveal more information about its own regulation. It is most likely however, that znuB and

znuC were induced for the purpose of binding Zn(II).

The gene encoding ZupT (section 1.3.1.1.2), a low-affinity Zn(II) importer (Grass et al.,
2002) was induced in both strains and Zn(II) import via ZupT is thought to occur via an
electrochemical gradient. These results were unexpected and in fact a down-regulation

would be expected.

The inductions of other known Zn(II) transporters (detailed in sections 1.3.1.1 and 1.3.1.3)
were checked in the array profiles but zntA, zur, znuB, znuC and zupT were the only

transcripts detected.

Transcripts detected in strain TG1 (zntR::Km)

The full list of transcripts up-regulated and down-regulated with a 1.5 fold induction cut-
off, in TG1 (zntR::Km) grown in LB medium supplemented with 0.3 mM Zn(II) in
comparison to TG1 (zntR::Km) grown in normal LB medium is shown in appendix I, table
2. It contains a total of 400 genes. 386 of these were up-regulated of which 101 genes were
also induced in TG1 (23 of known function 78 unknown) (appendix I, table 3), and 285
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genes were unique to TG1 (znfR::Km) (146 of known function 139 unknown). Only 14

genes were down-regulated.

The transcription of AydH (also known as zraS) (refer to section 1.3.1.2), encoding a Zn(II)
sensor protein (Leonhartsberger et al., 2001), was detected in TG1 (zntR::Km). This
protein, together with HydG (ZraR), is thought to activate ZRAP (yjal), a Zn(Il) resistance
protein (Noll et al., 1998). An increase in sensitivity of TG1 (zntR::Km) is indicated by the
transcription of AydH in TG1 (zntR::Km). hydH may be inducible in TG1 (zntR::Km) at a
lower Zn(II) concentration compared to TG1 (w.t.) (hence the lack of induction in this
strain) because of an increased demand for Zn(II) tolerance in the absence of a functioning

ZntR-ZntA system.

Zn(11) has long been known to inhibit the aerobic respiratory chain in bacteria (Anraku et
al., 1975). In E. coli, excessive cytoplasmic Zn(II) can interfere with electron transport by
inhibiting the ubiquinol oxidase activity of cytochrome bsg,-O, the terminal oxidase in
aerobically grown E. coli (Beard et al., 1995). More precisely, Zn(II) binds to a histidine
residue within this complex and inhibits the oxidase activity non-competitively (Kita et al.,
1984).

Table 4.2 showed evidence of a push towards anaerobic respiration and perhaps reflects a
Zn(II)-induced inhibition of aerobic respiration. Six genes involved in anaerobic respiration
were switched on (dmsC, narJ, hyfB, hyfF, glpE, frdC) in addition to an 8-fold induction of
aldH, encoding aldehyde dehydrogenase, a key enzyme in fermentation.

The genes pgiA and pqiB, normally induced in the presence of paraquat, a superoxide
radical generating agent, were upregulated. These genes are controlled by the SoxRS
regulon (Koh and Roe, 1995) which also induces many other genes required to cope with
superoxide stress (Tsaneva and Weiss, 1990). pgi4 and pqiB may in this case have been
switched on directly in response to radicals generated from interference of the electron

transport chain. Alternatively, these may have been induced simply to help pool excess
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Zn(II) since a closer look at the amino acid content of PqiA revealed 16 cysteine residues

indicative of metal-binding properties.

cueR was upregulated in TG1 (zntR::Km). CueR, a Cu(I) responsive MerR type regulator
controls the transcription of cueQ, encoding a Cu(I) efflux oxidase (Grass and Rensing,
2001), and the Cu(I) export gene CopA, a P-type ATPase (Rensing et al., 2000). In this
way excess Cu(I), a redox-active metal species is expelled from the cell. Transcription of
cueO and copA by CopR is controlled in much the same way as znt4 is controlled by ZntR
in response to Zn(II) (Outten e? al., 2000). CopR responds to Cu(I), Au(I) and Ag(I) but not
Zn(II) (Stoyanov et al., 2001, Stoyanov and Brown, 2003) and in fact demonstrates a
zeptomolar sensitivity to free Cu(I) (Changela et al., 2003). Therefore, since CopR does not
bind Zn(II) the question remains as to why copR transcripts were elevated in this strain at
0.3 mM Zn(II). One answer may be that excess Zn(II) in the cell is displacing Cu(II) from
its native binding sites in proteins which utilise Cu(II), due to high similarity in their
coordination chemistry as previously demonstrated (Korbashi et al., 1989). If this was
happening here, then there would be an increased demand on the cell to keep more Cu(II)
inside, in an attempt to counter the effects of excess Zn(II). This may explain why cueR
transcripts were increased in TG1 (zntR::Km), because CueR represses the Cu(l) exporter,
CopA. A NADH-linked cupric reductase was found in E. coli that reduces Cu(II) to Cu(l)
in vivo, and much of the intracellular copper is assumed to be present as Cu(I) (Rapisarda et
al., 1999) thereby activating CueR. CueR is required to switch on cop4 and cueO, in order
for the expulsion of excess Cu(I). Alternatively, the effects of Zn(II) on the regulation of

cueR itself could be studied to identify a link.

The induction of several Fe transport related genes was apparent, namely fecC, fecB, fhuA,
afuB. This is not surprising considering its importance in many major biological processes
where it is incorporated into proteins involved in aerobic and anaerobic respiration, gene
regulation and DNA biosynthesis (Harrison and Hoare, 1980) and these processes would
probably be in demand in stressful conditions such as heavy-metal toxicity. Also, an

excessive increase in one metal-ion species can cause stress to systems utilising other
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metal-ions. Excessive Zn(II) may be disrupting Fe utilising proteins and therefore there

may be an increased demand for Fe import and storage.

FhuA is an Fe transporting protein located in the outer membrane of E. coli (Braun et al.,
2002). It actively imports ferrichrome, a complex of Fe(III) (ferric form) bound to a
siderophore. Siderophores are low molecular mass, high affinity ferric chelators that are
extracellularly secreted to solubilise the highly insoluble Fe(III) species in response to Fe

restriction.

The fecABCDE system of E. coli determines another Fe(IlI)-siderophore transporter, the
citrate dependent Fe(III) uptake system (Staudenmaier et al., 1989). The system is
transcribed from fecA to fecE: fecA encodes an outer membrane receptor protein, which
transports Fe(III)-dicitrate to FecB, a periplasmic protein. Fe(III)-dicitrate is passed on to
FecC and FecD, two integral inner membrane proteins and finally translocated into the
cytoplasm utilising energy from ATP-hydrolysis via the membrane associated protein

FecE. However, only fecB and fecC were found to be up-regulated in the arrays.

afuB is a putative membrane component of another ferric transport system, however no

literature is currently available on this.

Though the primary role of Dps in E. coli is to protect DNA from redox stress it can also
act as an Fe storage protein (Zhao et al., 2002) and therefore its transcript may have been

generated to store incoming Fe for future use.

McrB and McrC form an endonuclease, which recognises modified cytosines on methylated
DNA (Panne et al., 1998). These may have been induced due to the effects of Zn(II) on
DNA structure, which can be altered because of interaction between Zn(II) ions and

phosphate groups.

Other effects of higher than normal Zn(II) levels suggest an attempt at increasing the rate of

cell division reflected by dnaT (DNA replication), xerC, fic and rcsC. Zn(II) appears to be
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involved in E. coli cell division and has the potential to play a role in the global
orchestration of the fundamental cellular process. Higher levels of Zn(II) have been shown
to stimulate E. coli cell division (Blencowe, 2002). This data is supported by up-regulation
of transcripts such as dnaT, xerC, fic and rcsC. rcsC is part of a two-component system,
resC-resB encoding sensor and regulator respectively, of fis4 and fisZ, which are directly

involved in cell division (Carballes et al., 1999).

Other observations of the TG1 (zntR::Km) strain in response to Zn(II) also showed up-
regulation of transcripts involved in biosynthesis of surface structures and flagella,
enhancing chemotaxis of bacteria away from the Zn(II) in the growth medium. Genes from
the gsp operon, a transporter of proteins required for pili biosynthesis were also up-

regulated, however, this role has been assigned putatively.

An increase in the level of phosphate uptake transcripts was observed. Intracellular
phosphate may be used to chelate excess Zn(Il). pst4 and pstS encode products involved in
phosphate transport and phoE, encodes an outer membrane porin selective for cations such
as phosphate (Samartzidou and Delcour, 1998). They are part of a single phosphate uptake
system, the pho regulon (Makino et al., 1989). The pho regulon is inducible by phosphate
starvation. In addition, a putative transporter yjcQ, was induced that may belong to the Pit
family.

Excess Zn(II) may affect the osmotic balance of the cell as several ‘osmotic shock’ induced
genes were up-regulated. These were tred, yggB and pspA/B/E (part of the psp stress
induced operon (Brissette et al., 1991)). It is also plausible that these stress-responsive
proteins which respond to changes in protein structure, are required to assist directly against

the effects of Zn(II) on intracellular protein structure.

Genes of interest that are rich in cysteines and histidines were found to be up-regulated.
Firstly of interest, fehB (3 cysteines, 3 histidines) is involved in tellurite (TeOs”") resistance
and gutS (5 cysteines, 7 histidines) involved in selenium and tellurite export may be

induced to help in Zn(II) export/binding. It is unlikely that tellurite was present in the media
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used as tellurium (Te), ranked 75" in abundance of all elements in the earth’s crust, is
extremely toxic due to its strong oxidising ability (Taylor, 1999). The cysteine residues in
tehB have been found to be essential for tellurite binding (Turner et al., 1995). gutS
induction in response to various metals including Zn(II) has been tested but it was
unresponsive (Guzzo and Dubow, 2000), however no experimental details or data were
shown in the publication and the experiments with Zn(II) may have consisted of basic
phenotypic screens and further study of gutS may characterise it as a general, broad-range

metal transporter.

Several genes encoding proteins that have been characterised but do not appear to be
involved in metal-ion export such as EmrR were up-regulated. EmrR regulates a multidrug
transporter and it contains 4 cysteines and 7 histidines. It is a cytoplasmic protein that may
have been induced to chelate Zn(II). AlIP, involved in allantoin transport contains 5
cysteines and 6 histidines. Additionally, ybhA, a putative phosphatase was up-regulated and

the encoded protein is extremely histidine rich. It contains 14 histidines and 3 cysteines.

ybbM, is predicted to encode a putative metal transporter (Serres et al., 2004) with 4
cysteines and 4 histidines was up-regulated. BLAST searches were performed but this
protein has not been assigned to any known metal transport family as yet. Phenotypic
studies of this gene would enable assignment of the precise role of ybbM, although it could
possibly encode an additional Zn(II) transporter.

Biosynthesis of the extracellular polysaccharide, colanic acid, was apparent due to
induction of wcaK and wzxC part of the colanic acid synthesis genes cluster, as found in
TG1 also. Extracellular polysaccharides may be synthesised to help chelate Zn(II) as
demonstrated in Bacillus firmus which removed Zn(II), Pb(Il) and Cu(II) ions from
aqueous solution by producing extracellular polysaccharide (Salehizadeh and Shojaosadati,
2003). The adsorption of heavy metals can be brought about by interactions between metal-
cations and the negative charge of acidic functional groups on polysaccharides which have

an extensive chelation capacity due to their position and size.
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cspH and cspl are cold shock proteins that may be induced during transient removal from
the incubator during the experiment. Although this was also seen in TG1 (w.t.) with
different cold shock proteins being induced, this may be due to non-uniform sensitivity

within the gene array.

Transcripts detected in TG1 (w.t.)

The full list of transcripts up-regulated and down-regulated with a 1.5 fold induction cut-
off, in TG1 grown in LB medium supplemented with 0.3 mM Zn(II) in comparison to TG1
grown in normal LB medium is shown in appendix I, table 1. It contains a total of 387
genes. 370 genes were up-regulated of which 101 genes were also induced in TG1
(zntR::Km), (23 of known function 78 unknown) (appendix I, table 3) and 269 genes were
unique to TG1 (104 of known function 165 unknown). Only 17 genes were down-
regulated.

The histidine biosynthesis operon was induced in TG1 but not in TG1 (zntR::Km). This
operon was investigated for ZntR binding sites but none were apparent. sly4 encodes an
adaptation protein produced in response to various cellular stresses (Heroven and Dersch,
2002) and was up-regulated. This protein normally induces hlyE, a hemolytic protein
involved in pathogenesis (Fernandez et al., 1998). This may represent an example of
induction of one gene, sly4 which is being induced because of heavy-metal stress and

thereby inducing hlyE as a biproduct.

Other noteworthy up-regulations included cho (nucloetide excision repair), kefB
(maintaining osmotic balance), cspF (cold-shock response), fatty acid degradation genes
and many genes of the colanic acid biosynthesis cluster; weaG, wcaF, weaE wcaB, wzxC
(induced in TG1 (zntR::Km) also) and the regulator of this cluster, dji4 (Genevaux et al.,
2001).
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Concluding remarks

The results obtained from these arrays further support and consolidate the importance of
zntR in Zn(II) resistance in E. coli. Strain TG1 (zntR::Km) has a Zn(II) MIC of 0.4 mM in

comparison to 2 mM for a normally functioning E. coli TG1 (w.t.) strain.

The arrays did help to highlight other mechanisms that a bacterium can employ to deal with
an environment polluted with heavy metal cations for example chelation by extracellular
polysaccharides and intracellular chelation by virtue of phosphate. The effects of Zn(II) on
the general metabolism of the cell were also highlighted.

Some of the results showed that predicted alterations are not always observed as in the case
of zupT and znuB and znuC inductions. However, a potential Zn(II) exporter ybbM, was

identified.

The reliability of these results is affected by several factors. Macroarray results are
influenced by array production, RNA extraction, probe-labelling, hybridisation conditions
and image analysis. Furthermore, non-specific and cross-hybridisation of probes may be

inevitable due to sequence similarity among gene-family members.
Ideally, the results need to be validated further using specific RNA probing with techniques

such as Northern blots or real time PCR. Proteomic studies are also invaluable in

confirming actual expression of up-regulated or down-regulated genes in stress responses.
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CHAPTER FIVE

PHENOTYPIC CHARACTERISATION OF A
NOVEL ABC-TYPE METAL-ION IMPORTER
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5.1 Summary

The transcriptional abundance of b079S, encoding a member of a predicted ABC
transporter complex was significantly reduced in E. coli adapted to grow in elevated
levels of Zn(II), Cd(II), Co(II) or Ni(II) when compared to growth in normal media.
These results, derived from macroarray analysis, and bioinformatic analysis of the
operon containing this ORF indicated that this region encodes an ABC-type metal-ion

importer.

The promoter region of the genes encoding this putative ABC complex was introduced
into a reporter plasmid and luciferase assays were performed in response to various
metal-ions. Additionally, a gene encoding one of the predicted integral membrane
transport proteins was inactivated, and solid and liquid MIC assays were performed
as well as growth studies in response to Zn(II), Cd(II), Co(II) and Ni(II). Collectively,
the results led to an early phenotypic characterisation of this complex as a novel
metal-ion importer that primarily imports Co(II) and Ni(II) but its transcription may
to some extent be affected by Co(II), Ni(II), Zn(II) and Cd(II).
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5.2 Introduction

E. coli were adapted to grow in media containing substantially elevated levels of Zn(II),
Cd(II), Co(II) and Ni(II) and RNA was extracted for macroarray analysis (Brocklehurst and
Morby, 2000). The adapted strains demonstrated MICs for Zn(II), Cd(II), Co(II) and Ni(II)
of 9 mM, 4 mM, 23 mM and 19 mM, respectively. These were significantly higher than the
MICs of the non-adapted, wild-type strain which demonstrated MICs for Zn(II), Cd(II),
Co(II) and Ni(Il) of 2.2 mM, 1.2 mM, 1.7 mM and 4 mM, respectively (Brocklehurst and
Morby, 2000). A common trend amongst all four adapted strains was the significant

decrease in the transcript abundance of b0795, an unassigned ORF.

Hypothetical functions of b0795 and the ORFs flanking it were collected from the
GenProtEC database (Serres et al., 2004) and suggested that b0795 and the other ORFs,
ybhF (b0794), ybhS (b0793) and ybhR (b0792) are components of an ABC-type importer,
designated here as the ybh cluster. An ORF preceding b0795 called ybiH (b0796), is
predicted to encode a regulatory protein, perhaps regulating the ybh cluster.

The focus of the work in this chapter was to investigate the function of the ybh cluster and
to test the hypothesis that these genes together encode a Zn(II)/Cd(IT)/Co(1I)/Ni(II) import
system as suggested by the macroarray results of metal-ion adapted strains (Brocklehurst

and Morby, 2000) and bioinformatic analysis presented below.

The promoter of this region, Pybh, was introduced into a luciferase reporter plasmid
(pUCD615) and was subsequently assayed for activity in the presence of various metal-ions
to identify which of the metals affected transcription of the ybh cluster and whether

transcription was repressed or activated.

A knockout strain of one of the potential integral membrane channels of the complex,
YbhR, was constructed and used for MIC assays and growth curves with the metal-ions.
Data suggest that the ybh cluster encodes a Co(II) and Ni(II) importer which may also be
transcriptionally responsive to Zn(II) and Cd(II).
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5.3 Results

5.3.1 Bioinformatic analysis of the ybh cluster

The ORF b0795 is preceded by a predicted regulatory gene, ybiH, and the downstream
genes ybhF, ybhS and ybhR, referred to here as the ybh gene cluster are located on the
reverse strand in the genome at the locus 820765-829878 bp. A schematic of the ORFs in
the ybh cluster is presented (fig. 5.1). The protein sequences of the members of the ybh

cluster including all relevant features are shown in fig. 5.2.

A transmembrane region consisting of 21 amino acids is predicted to lie within the
immediate N-terminal region of b0795 (fig. 5.2). Furthermore, a Kyte-Doolittle hydropathy
plot (Kyte and Doolittle, 1982) showed that downstream from the predicted transmembrane
region, the remaining protein is largely hydrophilic in nature. Additionally, a signal peptide
consensus sequence was present at the N-terminal region, although it was predicted to be
uncleavable (Nielsen et al., 1997). These predictions indicate that b0795 is likely to be
located in the periplasm but anchored to the inner membrane. b0795 bears strong similarity
to EmrA, HlyD and AcrA (appendix II, fig. 1) all of which are inner-membrane anchored
periplasmic proteins from E. coli. All of these proteins are involved in the transport of
various, specific substrates: EmrA is involved in resistance to nalidixic acid and other toxic
compounds (Lomovskaya and Lewis, 1992); HlyD and AcrA are membrane fusion proteins
that respectively transfer hemolysin and antibiotics to an outer membrane protein TolC, for
secretion (Gentschev et al., 2002, Jellen-Ritter and Kern, 2001). Additionally, b0795 shows
similarity to CzcB, a component of the Cd(II), Zn(II) and Co(II) efflux pump from
Ralstonia metallidurans (appendix II, fig. 1).

Bioinformatic sequence analysis of ybhF, ybhS and ybhR point to an assignment of the ybh
cluster as an ABC transporter, and more specifically, a binding protein-dependent import
system. These are the most ubiquitous ABC transporters in prokaryotes and the most

widely studied amongst these are the histidine and maltose importers in E. coli (reviewed
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Fig. 5.1 Schematic of the ORFs in the yb# cluster (http://colibase.bham.ac.uk/).
This cluster is located on the reverse strand of the E. coli genome. The arrows

refer to the direction of transcription.
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by Boos and Shuman, 1998, Linton and Higgins, 1998, respectively). A unique feature of
the bacterial ABC importers that distinguish them from the exporters is that they all have a
periplasmic binding protein (hence the term ‘binding protein-dependent systems”) which
binds the incoming ligand and presents it to the rest of the import complex in the inner
membrane. The periplasmic binding protein is the main determinant of substrate specificity
(Ehrmann et al., 1998). In gram-negative bacteria the periplasmic binding protein is located
in the periplasm but in gram-positive bacteria these receptors are anchored to the

cytoplasmic membrane and exposed on the cell surface (Gilson et al., 1988).

In prokaryotes, ABC transporters consist of many subunits. They are also found in
eukaryotes but the protein subunits are usually fused. Aside from metal-ions, the ABC
importers are capable of importing a wide range of products such as oligopeptides, amino
acids, sugars and phosphate (Fath and Kolter, 1993). The energy released from ATP
hydrolysis brings about a conformational change enabling ABC transporters to pump

substrates across the membrane against a concentration gradient (Higgins, 1992).

One of the characteristic features of ABC transporters is the presence of a conserved ATP-
binding domain, better known as an ATP-binding cassette (ABC). This ABC domain is
responsible for ATP hydrolysis and is located within a hydrophilic, cytoplasmic protein
known as the ABC subunit (fig. 5.3). The ABC domains are approximately 200 amino
acids long and display 30-50% sequence identity to subunits of similar transporters

(Higgins, 1992).

The ABC subunits are associated tightly with two integral membrane-spanning proteins.
These integral proteins are believed to form the pore or pathway through which substrates
cross the membrane, and perhaps play a role in determining substrate specificity of each

ABC transport system.
The adc operon of gram-positive Streptococcus pneumoniae encodes an ABC import

system containing three ORFs designated adcC, adcB and adcA (Dintilhac et al., 1997).

These ORFs encode the ABC subunit, integral-membrane proteins and the substrate-
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NatB. Both YbhR and YbhS contain histidines and cysteines in crucial areas for binding
metal-ions (fig. 5.2).

One of the most convincing members of the ybh cluster that supports its function as an
ABC transporter is ybhF. Its encoded protein YbhF (fig 5.2), contains classical consensus
sequences found in ABC subunits. Consensus sequences are known as Walker motif A
(GxxGxGKTY/S, where x represents any amino acid) and Walker motif B (hhhhD, h
represents ‘hydrophobic’) which is immediately preceded by a ‘linker motif’
LSGGQQ/R/KQR (Schneider and Hunke, 1998). The invariant lysine in Walker motif A is
required for binding the B- and y- phosphates of ATP as mutational analysis has shown that
ATP hydrolysis does not occur without this lysine (Delepelaire, 1994) even though
nucleotide binding can still occur (Schneider et al., 1994). The importance of the conserved
aspartate in Walker motif B was similarly demonstrated as alterations to it abolished
ATPase activity and nucleotide binding since the aspartate is crucial for binding the Mg(II)
ion that accompanies ATP (Panagiotidis et al., 1993).

YbhF bears strong similarity to CcmA (E. coli), the ABC subunit of a heme transporting
ABC complex (Schulz et al., 1999) and ZnuC, the ABC component of the ZnuABC Zn(II)
import system in E. coli (detailed in section 1.3.1.1.1). Sequence identity and similarity is

high particularly in the ABC domain consensus regions (appendix II, fig. 3).

YbiH contains a predicted helix-turn-helix motif in the N-terminal region (fig. 5.2) and
constitutes a putative regulator of the ybh cluster. YbiH contains 4 cysteines and 7
histidines that may be implicated in metal-ion coordination. Alignments (appendix II, fig.
4) with the drug responsive transcriptional repressors TetR (Salmonella typhimurium) and
AcrR (E. coli) demonstrate homology. Both TetR and AcrR contain helix-turn-helix motifs

and their transcription is autoregulated in response to stress signals (Ma et al., 1996).
The TetR homodimer was crystallised in complex with its palindromic DNA operator and

comparison of the structure to TetR complexed with its transcriptional inducer tetracycline

allowed an induction mechanism to be deduced (Orth et al., 2000). Binding of tetracycline
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to TetR initiates a conformational change causing dissociation from the operator site (Orth
et al., 2000). It is of interest to note that the promoter of the ybh cluster, designated Pybh,
contains two inverted repeat sequences (fig 5.4) which may assist binding of a YbiH-type
homodimer via its helix-turn-helix domains thereby regulating ybA in a manner similar to

the regulation of the tetracycline efflux genes by TetR.

The structure of this putative promoter Pybh (fig. 5.4) has many other interesting
components. As well as containing the conserved 6’° promoter elements —10 (TAAATT
(4/6 bp homology with TATAAT consensus)) and —35 (GTAGCA (3/6 bp homology with
TTGACA consensus)) (Hawley and McClure, 1983) several other features are apparent.

A o> or RpoN recognition element, CGTTGACNNNNNTTGCT (N is a non consensus
nucleotide) is present that is very close to the consensus sequence

CTGGCACNNNN NTTGCA (Hunt and Magasanik, 1985). The o™*-factor binds to these
consensus sequences to form a transcriptionally inactive closed complex. The resulting ¢°*-
holoenzyme remains in this state and is unable to spontaneously isomerise to form a

transcriptionally active open complex unlike the 6”°-holoenzyme.

Transcriptional initiation by a 6>*-holoenzyme requires interaction with a transcriptional
activator known as a bacterial EBP (enhancer binding protein) which binds upstream of the
o>* recognition element. EBPs share in common a °* interaction domain as well as an
additionally conserved domain and a DNA binding helix-turn helix domain. The interaction
of the EBP with a 6°*-holoenzyme may require DNA bending (reviewed by Studholme and

Dixon, 2003).
Whereas one of the inverted repeats in Pybh at postion —24 to —1 (fig. 5.4) may represent a

binding site for a regulator such as YbiH, the direct repeat at —194 to —177 or the inverted
repeat at —179 to —169 (fig. 5.4) may constitute a binding site for an EBP.
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Transcription by 6>* has mostly been associated with nitrogen starvation conditions for
example, several different amino acid synthesis or catabolism operons are activated by o
(reviewed by (Reitzer and Schneider, 2001)) however this is not always the case, an
exception being the two component zraSR system. The zraSR genes contain a 6°* promoter
in addition to a 6”° promoter and activate ZRAP, a periplasmic zinc resistance protein
(detailed in section 1.3.1.2) (Leonhartsberger et al., 2001). It seems that o> dependent
transcription may not strictly be related to just nitrogen starvation but to other stressful
stimuli too, however, these may be constrained within a narrow range and may be inter-

related.

5.3.2 The introduction of Pybh into pUCD615

The promoter region of the ybh cluster from -173 bp to +35 bp (fig. 5.4) was amplified by
PCR (section 2.2.6) using genomic DNA purified from E. coli TG2 (section 2.2.2.3) and
primers Pybh For (BamHI) and Pybh Rev (EcoRI) (section 2.1.3.7.1) at a Ty, of 67.9°C.
The size of the PCR product, visualised by agarose (2%) gel electrophoresis (section
2.2.5.1) was about 210 bp and this confirmed successful amplification of Pybh.

The PCR product was purified as described in section 2.2.3.4 and ligated (section 2.2.3.7)
into linearised pCR®-Blunt (section 2.1.2). After completion of ligation, the reaction
mixture was transformed (section 2.2.1.1.2) into competent TOP10 cells (section 2.1.1)

with Km selection and incubated at 37°C, overnight.

Recombinant colonies were detected by PCR screening (section 2.2.6) using M13 forward
and M13 reverse primers (section 2.1.3.7.1) followed by visualisation on an agarose gel
(section 2.2.5.1). Colonies of TOP10 cells containing recombinant pCR®-Blunt-Pybh
plasmids were picked, the plasmid DNA isolated (section 2.2.2.1) and the nucleotide

sequences determined (section 2.2.8) to confirm the accuracy of Pybh.
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Liberation of Pybh from pCR®-Blunt-Pybh was achieved by cleavage with BamHI and
EcoRlI (section 2.2.3.1), sites for which were present in the original primers used for initial
amplification of Pybh from TG2 (‘Pybh For (BamHI)’ and ‘Pybh Rev (EcoRI)’). The Pybh
fragment was separated from other fragments by agarose gel electrophoresis (section
2.2.5.1) and purified (section 2.2.3.5) followed by ligation (section 2.2.3.7) into similarly
cleaved pUCD615 (section 2.1.2).

After completion of ligation, the reaction mixture was transformed (section 2.2.1.1.2) into
competent TG2 cells (section 2.1.1) with Cb and Km selection and incubated at 37°C,
overnight. Plasmids from the resultant colonies were isolated (section 2.2.2.1) and the
plasmids were digested with BamHI and EcoRI (section 2.2.3.1). The resultant fragments
were visualised on a 2% agarose gel (section 2.2.5.1) to identify pUCD615 derivatives
carrying a band of approximately 220 bp indicating successful creation of pUCDPybh

plasmids.

5.3.3 Transcriptional activity at Pybh in response to metal-ions

Competent TG2 cells were transformed (section 2.2.1.1.2) with pUCDPybh to Cb and Km
resistance. pUCDPzntA was used as a control. Luciferase assays were performed on the

transformants as detailed in section 2.2.10.1.

The luciferase readings of pUCDPybh were measured in response to Zn(II), Cd(II), Co(II),
Ni(II) and Pb(II) at the following concentrations in 0.1 mM increments except for Cd(II)

which was added in increments of 50 pM:

ZnSO4 0-12mM
CdSO, 0 - 500 uM
CoSO4 0-1.0mM
NiSO, 0-1.0mM

Pb(C,H30;);, 0-1.0mM
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The results for the luciferase assays of TG2 [pUCDPybh] in response to these metal-ions
and TG2 [pUCDPzntA] in response to Zn(II) only, are shown in fig. 5.5. The figures
presented in this section show luminescence measurements that have been adjusted for final
Dgoo values to take into account any effects of toxicity from the metal-ions and so that an
inaccurate representation of luminescence values is not given due to the cumulative effects
of basal transcription that may be caused by differences in cell numbers rather than
transcriptional activity. The results are presented as fold-inductions with respect to
luminescence of each strain without the addition of any metal-ions. Each assay was

repeated at least five times and a representative induction profile is shown for each metal.

PzntA was assayed for its response to Zn(II) in order to check that the system was working.
The response of PzntA to Zn(II) was the usual, expected profile, which peaked at 1.1 mM as
seen previously (section 3.3.3.1). Pybh appeared to be induced by Zn(II) up to 0.7 mM with
transcription increasing up to about 1.8 fold, being followed by a sharp fall in transcription
from 0.8 - 1.2 mM Zn(II). A similar transcriptional profile was observed with Cd(II);
transcription from Pybh increased to almost 2-fold in response to Cd(II) at 0 - 250 pM and
decreased sharply from 300 — 500 pM.

The transcriptional response of Pybh to Co(II) was the most dramatic with transcription
steadily decreasing by the addition of 0.1 mM Co(II) with almost no detectable
transcription from 0.5 — 1.0 mM Co(II). Ni(II) did not seem to affect transcription of Pybh
up to 0.7 mM but the addition of 0.8 — 1.0 mM Ni(II) decreased transcription to below 0.5-
fold. The effect of Pb(II) on Pybh was negligible.
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Fig. 5.5 Transcriptional response of PzntA4 in the presence of Zn(II) and Pybh in
response to Zn(II), Cd(II), Co(II), Ni(II) and Pb(II).

The data are presented as fold-induction values (open columns) as derived from
the corrected luminescence of E. coli TG2 [PzntA ] and E. coli TG2 [Pybh] in
media that had not been supplemented with any metal-ions.

The standard error (vertical bars) in each case is derived from a triplicate data
set. The y-axis represents the fold-induction of transcription from Pznt4 or
PybH plotted against the metal-ion concentration in mM for each metal-ion
except Cd(II) for which the units are pM. Note that the scale of the y-axis of
the PzntA (Zn(1l)) graph is different to the others.
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5.3.4 Construction of E. coli W3110 (ybhR::Km) strain

The W3110 knockout strain, W3110 (ybhR::Km) was prepared as described in section
2.2.10.2. Primers ‘ybhR K.O. For’ and ‘ybhR K.O. Rev’ (section 2.1.3.7.1) were used for
original amplification of the kanamycin cassette from plasmid pKD4 (section 2.1.2) and
were designed to include nucleotide sequences complementary to regions flanking the
YbhR gene in W3110, as required in the method (Datsenko and Wanner, 2000).

Primers ‘ybhR K.O. For - CHECK’ and ‘ybAR K.O. Rev - CHECK’ were used in
combination with primers ‘k1’, ‘k2’ or ‘kt’ (section 2.1.3.7.1) to confirm creation of a
successful knockout strain by PCR screening (section 2.2.6). The resulting PCR products
were resolved by agarose gel electrophoresis (section 2.2.5.1). An example gel is shown
(fig. 5.6) where the insertion of the kanamycin cassette into the genome was checked by
PCR screening of W3110 wild-type and W3110 (ybhR::km) using primers ‘ybhR K.O. For-
CHECK’ in combination with k1.The primer ‘ybhR K.O. For-CHECK’ was designed to
anneal to a sequence upstream of the original ybhR in the genome. k1 was designed to
anneal to a sequence within the kanamycin cassette (kT was designed to anneal to a
different sequence within the kanamycin cassette). As expected, no amplification was
observed in W3110 wild-type which was used as a control. Bands were visible for W3110
(ybhR::km) when PCR screened using primer combinations ‘ybhR K.O. For-CHECK’ + k1
and ‘ybhR K.O. For-CHECK’ + kT. This confirmed successful inactivation of ybhR by the

kanamycin cassette.

5.3.5 MIC assays of E. coli W3110 (w.t.) and W3110 (ybhR::Km)

MIC assays on gradient plates were performed as described in section 2.2.10.4 on agar
containing 3.5 or 7mM ZnSO4; 350 or 700 pM CdSOQOy; 3.5 or 7 mM CoSOQOy; 3.5 or 7 mM
NiSOy; 0.5 or 1 mM Pb(C,H30,),. Plates were incubated at 37°C and monitored every 24
hours up to 72 hours, however there appeared to be no significantly different patterns of
growth between W3110 (w.t.) and W3110 (ybhR::Km).
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M W.T. K.O. K.O
k1 k1l kT

30Kb —
20Kb —

1.6 Kb —

1.0 Kb —

0.5Kb—

Fig. 5.6 PCR screen of W3110 wild-type (W.T.) and W3110 (ybhR::km) (knockout (K.O.))
strains. The lanes marked M, W.T. and K.O. indicate the 1 Kb ladder DNA
marker, PCR products of W3110 wild-type and W3110 (ybAR::km) (knockout),
respectively. The PCRs shown here were performed using the primer ‘ybhR K.O.
For-CHECK’ in combination with k1 for W3110 wild-type and k1 or kT for
W3110 (ybhR::km).
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Liquid MIC assays were carried out as described in section 2.2.10.5 with ZnSO4, CoSOg,
and NiSOj at concentrations up to 6 mM, in 0.1 mM increments. These were carried out a
maximum of four times for each metal due to time constraints but were non-reproducable
for Zn(II) and Ni(II). Strain W3110 (ybhR::Km) had an increased MIC with Co(Il) in
comparison to W3110 (w.t.) twice out of the four times tested with the MIC being raised to
1.7 mM in W3110 (ybhR::Km) from 1.2 mM in W3110 (w.t.).

5.3.6 Growth studies of E. coli W3110 (w.t.) and W3110 (ybhR::Km)

Growth studies of E. coli W3110 (w.t.) and W3110 (ybAR::Km) were performed as
described in section 2.2.10.6, in response to Co(II), Zn(II) and Ni(I[). W3110 (ybhR::Km)
showed a definite growth advantage in response to Co(II) at 0.5 — 1.5 mM and to Ni(II) at 1
mM as compared to W3110 (w.t.). There was no difference in growth in response to Zn(II)
or Cd(II). These are preliminary results and need further validation (Khan, Wilkinson,
Morby, 2003).
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5.4 Discussion

The bioinformatic analysis of the ybh cluster revealed several interesting features which
indicate that it encodes an ABC-type transporter. These data, together with the
experimental results obtained with the pUCDPybh construct and the ybhR knockout strain
in response to certain metal-ions confirms to a great degree the original hypothesis that
b0795 is an ORF that is part of a metal-ion importer (Brocklehurst and Morby, 2000). More
precisely, the regulatory data suggest that the ybh cluster appears to encode proteins that
import Co(II) primarily and to some degree Ni(II).

The bioinformatic data predicted that b0795 encodes a membrane bound periplasmic
protein due to a predicted transmembrane domain in the N-terminal region with the rest of
the protein being hydrophilic and the presence of a signal peptide. It also bears strong
similarity to other membrane anchored periplasmic proteins. b0795 probably acts as the
periplasmic binding protein, a component that is specific to ABC importers in gram-
negative bacteria and recognise, co-ordinate and direct the incoming ligand to the integral

membrane protein domains of the ABC importer (Gilson et al., 1988).

YbhF is an excellent ATP-binding candidate of an ABC transport complex. Its primary
amino acid sequence contains the typical consensus motifs found in bacterial ABC subunits
such as the Walker site A, linker peptide and Walker site B. Additionally, it was found to
have similarity to other ABC subunits. YbhF is abundant in cysteine and histidine residues.
YbhS and YbhR represent the integral inner-membrane import components that may
function as a heterodimer and may be loosely associated with b0795 on the periplasmic side
and YbhF on the cytoplasmic side of the membrane. Predicted transmembrane regions were
found in both proteins and the suggested orientation of the first (out of six) transmembrane

regions was N-in. Similarity with another integral membrane protein was found.
YbiH probably regulates the operon. A predicted-helix-turn helix was found that may bind

to one of the two inverted repeat regions within the promoter of the ybh cluster, Pybh. It

was found to have strong similarity to two other transcriptional regulators that repress
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transport of certain ligands as YbiH is predicted to do. YbiH also contains many histidine
and cysteine residues. The transcriptional control of this region is likely to be more

complicated given the presence of a 6> binding site in addition to the ¢”°.

The transcriptional response of Pybh to Zn(II), Cd(II), Co(II), Ni(II) and Pb(II) revealed
important information about the regulation of the ybh cluster. It appeared to be most
sensitive to Co(II) as transcription was strongly repressed by small quantities of Co(II) such
as 0.1 mM. Zn(II), Cd(II) and Ni(II) also repressed transcription of Pybh but only at higher
concentrations (0.8 mM for Zn(II) and Ni(II), 300 uM for Cd(II)). These results suggest
that the ybh cluster is primarily involved in Co(II) import however its transcription is
affected by Zn(II), Cd(II) and Ni(II) also. One explanation as to why Zn(II), Cd(II) and
Ni(II) repress transcription of Pybh only at higher concentrations may be that these metal-
ions slowly compete and displace Co(II) from the Co(II) binding site in the repressor at

increased concentrations.

Further support for the ybh cluster being characterised as an ABC-importer of Co(II), came
from the preliminary liquid MICs and growth studies which showed that the strain in which
ybhR had been deactivated survived better in Co(Il) elevated media. This was observed for
Ni(II) also but only at high Ni(II) concentrations. Zn(II) or Cd(II) did not affect growth
rates of the knockout strain versus the wild-type. The reason for this may be that the
resistance systems in place for Zn(II) are more abundant and complex than for Co(II) or

Ni(Il) in E. coli and therefore resistance to Zn(II) does not solely rely on this importer.

Concluding remarks

The bioinformatic and experimental data on the ybh cluster obtained thus far suggests that it
is an ABC-type transporter involved in the import of metal-ions, primarily Co(II) and
Ni(II), although its transcription is also affected somewhat by Zn(II) and Cd(II). Future
work is required to confirm these findings and exploration of the regulation of the ybh
cluster would be useful in further defining the mechanisms and the conditions under which

this importer functions.
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CHAPTER SIX

GENERAL DISCUSSION
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6.1 Site-directed mutagenesis of znzR

The transcriptional regulation of the primary Zn(II) exporter, znt4, in E. coli is under the
control of ZntR, which was modified by site-directed mutagenesis, and the regulatory
effects studied. The results obtained (section 3.3) showed that cysteines C79, C114, C115
and C124 were absolutely critical for optimum function of ZntR in response to Zn(II).
Histidines H29, H53 and H119 were equally important with regards to Zn(II). The final
amino acid in ZntR, C141 was found to be important for the sensitivity of this regulator in
response to Zn(II), Cd(II) and Pb(II).

Interestingly, ZntR responded better to Cd(II) and Pb(II) when C115 was mutated to
alanine as was the case with H29 and H76. Modification of H77 produced a slightly
diminished response to Cd(II) and Pb(II). Overall, it was concluded that all 5 histidines and
the 5 cysteines in ZntR were important for optimum functioning and a model was

constructed (fig 3.9A).

Recently, after the publication of these results (Khan et al., 2002), the crystal structure of
the metal-binding region in ZntR was solved (Changela et al., 2003). The structure (fig.
6.1) harmoniously backed up the results obtained in chapter 3. The structure showed that
ZntR co-ordinated 2 Zn(II) ions between each metal-binding region on one monomer and
the N-terminal region of the dimerisation domain of the other monomer (4 Zn(II) ions per
dimer), in tetrahedral co-ordination environments. The first Zn(II) ion was found to be co-
ordinated via the thiol groups of C114 and C124 from the ligand-binding region of one
monomer, an oxygen from a phosphate group and C79 from the N-terminal region of the
coiled-coil dimerisation domain of the other monomer. The second Zn(lII) ion was co-
ordinated by C115 and H119, another oxygen from the phosphate group and again C79
from the other monomer. The phosphate group and C79 in effect, act as bridging agents
between the 2 Zn(II) ions.

The reported structure of ZntR is consistent with the effects of the mutagenesis of C79,
C114, C115, C124 and H119, causing a detrimental effect on transcriptional regulation of
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he metal-binding region of ZniR is shown, chelating two Zn(Il) ions depicted as

Fig 6.1

. ., AN ook L
green spheres. Znl is coordinated to Cys ™ and Cys “” of the metal-binding loop,

and to Cys” from the other monomer. Zn2 is coordinated to Cys''"> and His''? of the

i L g i i o 79 C . . 3 \ .-
metal-binding loop and Cys’ of the other monomer. The co-ordinating cysteines

[

and histidine are highlighted in ball-and-stick representation. Each Zn(Il) atom is
also coordinated by an oxygen atom of a bridging phosphate ion, shown in ball-and-
stick representation with the phosphate atom coloured magenta. The coordinate-
covalent bonds to the metal-ions are shown in orange. The metal-binding domain is

shown in blue ribbon, the dimerisation domain in red ribbon and the dimerisation

domain from the other monomer is shown in grey ribbon. Reproduced from
Changela ef al., 2003.
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zntA by ZntR (section 3.3).

One interesting aspect of the ZntR structure solved by Changela et al (2003), was the
involvement of a phosphate group in coordinating the Zn(II) ions. Closer inspection of the
coordinates of the solved protein revealed that a truncated version had been crystallised,
from aspartate-44 to glutamine-132. Therefore, some of the residues that were found to be
significant for Zn(II) induced transcriptional regulation of Pznt4 by ZntR in my results
were not included in this structure. These are, H29 and C141. Rather than 2 oxygen atoms
from a phosphate group coordinating the Zn(II) ions, it may be more credible to suggest
that H29 and C141 are involved.

Another interesting aspect of the work presented by Changela et a/ (2003), was the
selectivity of MerR-family metalloregulators for +1 or +2 metal-ions. The structure of
CueR (E. coli), the Cu(I)/Ag(I)/Au(I)-responsive analogue of ZntR, was solved at the same
time as ZntR Changela et al., 2003. CueR was found to coordinate one Cu(]) ion via 2
cysteines C112 and C120, both from the metal-binding region of the same monomer,
however another residue, a serine, at the N-terminal region of the dimerisation domain of
the other monomer was found to be involved. This serine, S77 was found to be equivalent
to C79 of ZntR, and although S77 was not directly involved in binding Cu(l), it was found
to extend across the dimer interface to contact the metal-binding loop. Its position is such
that it is within hydrogen-bonding distance to several main chain atoms of the metal
binding-loop and these interactions may be important in maintaining the conformation of
the metal-binding loop. In CueR, a net negative charge arises from 2 thiolate anions and
one positively charged Cu(I) ion which may be neutralised by the specialised electrostatic—
and hydrogen bonding interactions occurring when a +1 ion, but not a +2 ion, binds to the

metal-binding region (Changela et al., 2003).

Alignments generated (Changela et al., 2003) of MerR metalloregulatory homologues
allowed characterisation of certain features, which may help to predict whether they would
bind +1 or +2 metal-ions. For example, a serine or cysteine at the N-terminal end of the

dimerisation helix provides selectivity for +1 or +2 metal-ions respectively.
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In ZntR, histidines H76 and H77 are also located near C79 at the N-terminal end of the
dimerisation helix and may have some effect in maintaining the conformation of the metal-

binding loop in ZntR.

This structure of ZntR may also help to explain the effect of site-directed mutagenesis on
the responses to Cd(II) and Pb(II), which were improved after mutagenesis of C115 to
alanine. Considering that Cd(II) and Pb(II) can bind more avidly to the sulphydryl groups
of cysteine residues than Zn(II) (Lippard and Berg, 1994; Harrison and Hoare, 1980), the
dependency of Cd(II) and Pb(II) on all four cysteines may not be as strong as for Zn(II). It
is not known how many Cd(II) and Pb(II) ions ZntR can bind. Another consideration in the
case of Cd(II) is that it is larger than Zn(II) (cationic radii are 152 and 137 pm,
respectively) (Jones and Atkins, 2000), and therefore the replacement of C115 by the
smaller amino acid alanine allows the creation of a metal-binding cavity more
accommodating to Cd(II) than for Zn(II). Pb(II) is also larger than Zn(II) (Jones and Atkins,
2000).

Much has now been revealed about the metal-ion specificity and selectivity of ZntR.
However, reciprocal studies of CadR, another member of the MerR family of
transcriptional regulators, that responds primarily to Cd(Il), revealed that the metal-ion
specificity and selectivity may not be solely dependent on the characteristics of the

regulator alone.

Brocklehurst et al, (2003) identified a chromosomally located divergon in Pseudomonas
aeruginosa, comprising homologues of E. coli zntA and zntR, called cad4 and cadR. CadA
is a P-type ATPase which primarily effluxes Cd(II) and Zn(II) (Lee er al., 2001). CadR has
43% sequence identity with ZntR, contains an N-terminal helix-turn-helix motif and other
features placing it in the MerR family of transcriptional regulators. Since Cd(II) serves no
biological function in E. coli, it is toxic even at very low concentrations. CadR mediates

Cd(II) responsive induction of cadA at the promoter PcadA (Lee et al., 2001).
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As with other MerR-type promoters, a structurally supraoptimal spacer region is apparent
in PcadA, which is 19 bp in length, as well as an inverted repeat region in the form of a 9-2-

9 bp dyad. It is likely that induction will involve the MerR DNA distortion mechanism.

Reciprocal experiments were performed by Brocklehurst er al (2003), in which the activity
of CadR was assessed at promoter PzntA. The spacer length of PzntA is 1 bp longer than the
spacer of PcadA. The results showed that CadR was able to induce transcription at Pznt4
although the primary inducer here was Hg(II), and induction was not as strong as that seen
with CadR at Pcad4. However when ZntR activity was assayed at PcadA, no metal
induction was detected. It seems that CadR has a broader promoter binding specificity

range than ZntR.

Brocklehurst et al., 2003, created a PzntA deletion derivative, Pznt419, in which a single
nucleotide was deleted from the centre of the inverted repeat. Pznt419 mimics the
architecture of PcadA, both of which have a spacer length of 19 bp. At this promoter, CadR
was most responsive to Cd(Il), just as it is at PcadA (Brocklehurst et al., 2003).

These results demonstrate that metal-ion specificity lies not only in the regulatory protein,
but is also influenced by the promoter-regulator complex, with promoter spacing and the
inverted repeat playing a fundamental role. Also, the type of metal-ion may play a role in

twisting promoters to different degrees.

6.2 Whole-genome transcriptional analysis of E. coli (zntR::Km)

The global effect of elevated Zn(II) on E. coli lacking a normally functioning ZntR-ZntA
resistance system was the focus of Chapter 4. Many interesting observations were made.
An excess of Zn(II) appeared to interfere with systems utilising other metal-ions, namely
Cu(Il) and Fe. An attempt at increasing the rate of cell division was apparent and many
stress-responsive genes were induced. The results also showed that alterations that are

expected or predicted do not always occur, as was demonstrated in E. coli (zntR::Km) at
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elevated Zn(II), because of observed inductions of zupT, znuB and znuC which are all

related to Zn(II) import.

In general, an up-regulation of transcripts encoding potential Zn(II)-binding proteins was
apparent in E. coli (zntR::Km) such as ybbM, a putative metal-ion transporter containing
many cysteines and histidines. This type of up-regulation was also seen in the metal-ion
adapted strains where the transcript abundance of ins4-7 was found to have increased
(Brocklehurst and Morby, 2000). Furthermore, insA4-7 was over-expressed and conferred
increased Zn(II) tolerance probably by virtue of two C-X-X-C motifs. Therefore, up-
regulation of transcripts encoding proteins that could assist in metal-ion tolerance by means
of export or chelation, would appear to be the general response of a bacterium subjected to

heavy-metal stress.

6.3 Phenotypic characterisation of a novel ABC-type metal-ion importer

The bioinformatic data presented in section 5.3 and previous macroarray data (Brocklehurst
and Morby, 2000) indicted that the ybh cluster encodes a metal-ion importer belonging to
the ABC-family of transporters. Further evidence for this suggestion was obtained through
studies of Pybh transcriptional fusions (section 5.3.3) and a knockout strain of E. coli
W3110 (ybhR::Km) (sections 5.3.4, 5.3.5 and 5.3.6).

Primarily, this novel transporter responded to Co(II) and may represent the first known
Co(Il) importer in E. coli. Co(Il) is a transition metal that has two naturally occurring
oxidation states, Co(II) and Co(III), and it is an important cofactor in vitamin B, dependent
enzymes since vitamin B> contains Co(lII) (Battersby et al., 1977). The enzyme
methionine aminopeptidase that cleaves the N-terminal methionine from newly translated

polypeptides utilises Co(II) also (Roderick and Matthews, 1993).

Co(Il) has a cationic radius of 74 pm which is very close to that of Zn(II) (75 pm). The two

cations are similar both in size and in preferred ligand type and co-ordination geometry
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(Harrison and Hoare, 1980). As a result, the two can often be substituted. This could
explain the results seen in section 5.3.3, where the activity of Pybh gradually increases in

response to Zn(II) up to a certain point (0.8 mM), after which a sudden fall is observed.

6.4 Concluding remarks

The work presented in this thesis throws light on the nature of metalloregulatory proteins
from the MerR family of transcriptional regulators. The dependence of metal-ion specificity

on cysteine —115 and cysteine —141 in ZntR was particularly interesting.

Further work would be required to explore the regulatory activity of ZntR in greater detail
and may take the form of further mutagenesis in other regions of this protein. This may
help us to understand which amino acids are crucial for dimerisation and promoter
recognition. The ybh cluster will definitely need to be investigated further to establish its

precise role and its importance within E. coli.

The extensive role that metal-ions play in the biochemistry of all organisms can be seen by
the examples presented in Chapter 1. Additionally, a significant amount of scientific
literature is available on this subject. The usage of metal-ions in metabolism is becoming
increasingly apparent as more research is directed towards this area of science. They are
required for structural stability, as cofactors and as redox catalysts in some of the most
crucial metabolic pathways such as the electron transport chain. The importance of metal-

ions cannot be overstated.
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Appendix 1

Table 1 Complete list of genes for which transcript levels were altered in strain TG1

(w.t.) at 0.3 mM Zn(lI). The fold-change levels represent the ratio of transcript
levels for Zn(Il)-treated TG1 (w.t.) to transcript levels for untreated TG1 (w.t.).
Data has been presented according to increasing Blaitner numbers (Gene 1D).
Function descriptions were taken from hitp://www.sigma-genosys.com/media/
i3 R
G j e - 2 sl & o bl
aF »0030 Unknown 2.73
yabH b005S Chaperons 7.11
bl 50065 Unknown 3.89
syl b072 Amino acid bicsynth x‘.’*.ecns: Leucine -2.08
feud o007 Aming adid biosynihesis: Leucing -1.7
b0100 {133) £0100 Unknown 3.67
nadgC b0108 Biogynthasis of cofactors, camiers: Pyridine nucleolide 3.56
yacH b011 Unknown 5.83
yacl bB0118 Unknown 5.00
yadE b013 Unknowrt 5.93
hemiL b0154 Biosynthesis of cofactors,_carriers: Heme, poiphyrin 3.17
yalB b0207 Degradation of carbohvdrales o h— 2.75
atuC 00262 Transpoites (putative): Ferric transport 2.71
yagF 60296 Ribosomal profein (putativa) 2.78
ah8 0316 UnKknown 7.6
mhoC b0343 Degradation of small molecules: Carbon compounds 3.90
yoaQ 00447 Unkngwn 2.99
ami8 b0451 Centra! intermediary metabolism: Pogl, multipurpose conversions 2.99
yhbK b0489 Unknown -2.70
ybbP b0496 Unknown 5.64
\vbeO bh0549 Unknown 2.67
yooT 0556 Phage-related functions and prophages 8.21
f bd580 Unknown 3.73
ybaX 50581 Unknown 3.02
BalF bO5: Biosynthesis of cofactors, camiers: Eniarochelin 7.24
enlA b0596 Biosynithesis of cofactors, caimiers: Enterochelin 3.96
¥y 0597 Unknown 05
CSIA b0588 Global requlatory functions 3.
S5O0 (0153) bOG03 Unknown 283
ciG 0613 Unknown 2.73
oiF 00615 Cex irai intermediary metabolism: Pool, multlpurpose conversions 10.57
ybeiG b0622 Unknown 2.79
ybeH b0625 Unknewn 3.00
oA b0628 Biosynthesis of cofaclors, catriers: Lipoata 482
i 60630 Biosynthesis cf cofactors, cairiers: Lipoate 2.78
ybeB b0637 Unknown - L. 3.02
ybel b0648 Unknown -2.24
ZitK b0653 Transpoit of small molecules: Amino acids, amines 574
bOE71 (050) 0671 Unknown 8.65
CipA b0882 Degradation of proleins, peptides. glycopeptides 3.56
mukF 22 Cell killing 383
OmMpPA 60357 Outer membrane constituenis -2.26
wibA 51004 Aminc acid bicsynthesis: Trypioghan 2.69
nmJ 01065 Ribosomes - maturalion and modification : 293
me b1084 Degradation of RNA -2.26
fabD b1022 Eatty acid and phesphatidic 2cid biosynthesis e b -2.58
yefF b1103 Unknown 3.06
ycfR bii12 Unknown 3.07
ymiA pii22 Unknown 3.20
pepT b1127 Dearadation of proteins, peptides, glycopeptides 2.88
yimiP b1152 Unknown 3.18
gA b1165 Unknown 3.94
h1170 (0338) b1170 Unknown 308




ymgD b1171 Unknown 511
yogN b1181 Unknown 4.51
hiyE b1182 Cell killing 3.94
yoiQ b1268 Unknown 2.80
yoiN b1310 Transporter (putative), ABC-type 2.31
ipgmB b1317 Unknown 3.50
iV b1318 Transporter (putative): sugars 4.45
ompG b1319 Outer membrane constituents: pore protein 3.20
| yoiF b1322 Unknown 3.31
b1333 Unknown 3.44

labgB b1337 Unknown 3.07
(abgA b1338 Degradation of carbohydrates 3.00
b1341 (f430) b1341 Unknown 3.06
| ydaQ b1348 Unknown 3.02
yabl b1383 Unknown 4.07
paaZ b1387 Degradation of phenyl acetic acid 4.09
| psaA b1388 Unknown 228
/ b1396 Unknown 4.33
[paak b1398 Unknown 2.86
ipaaXx b1399 Unknown 3.01
lpaaY b1400 Degradation of phenyt acetic acid 3.26
b1408 (0203) b1408 Unknown 2.97
b1410 (0585) b1410 Unknown 4.68
ynbD bi411 Enzyme (putative): phosphatase 5.00
b1414 Unknown 3.32]

ydcA b1419 Unknown 4.44
b1420 (f55) b1420 Unknown 3.97
b1431 (0222) b1431 Unknown 423
bi444 | Enzyme (putative): aldehyde dehydrogenase _ 2.78

b1522 (f315) b1522 Unknown 6.98
| yneH b1524 Degradation of small molecules (putative): Amino acids 3.13
cSpF b1558 Stress adaptation 4.56
yorX b1568 Unknown 3.50
ynfB b1583 Unknown 2.84
ynfK b1593 Unknown 3.39
ydgF b1600 Transport protein. multidrug 6.19
b1601 (0344) b1601 Transporter (putative) 4.89
ydogH b1604 Unknown 3.77
slyA b1642 Adaptations, atypical conditions 4.08
sodC b1646 Detoxification -2.66
sC b1670 Unknown 3.18
b1673 Unknown 3.31

SufA b1684 Unknown 4.52
| ydiK b1688 Unknown 2.91
| YA b1703 Unknown 2.70
YOIE b1705 Unknown 3.50
S b1714 Aminoacyl tRNA synthetases, tRNA modification 4.58
pmi b1717 Ribosomal proteins - synthesis, modification 4.75
YNiA b1725 Unknown 343
cho b1741 DNA repair 3.64
|astE b1744 Unknown 3.18
ydfZ b1752 Unknown 3.01
yniB b1754 Unknown 3.21
wmjC b1755 Transporter (putative), ABC-type 2.99
 ansA b1767 Degradation of small molecules: Amino acids 3.16
| ydiE b1769 Transporter (putative) 3.81
YdiG b1771 Unknown 2.63
yoaH b1784 Unknown 3.50
yeal b1785 Unknown 3.61
yeaJ b1786 Unknown 4.54
| yoaN b1791 Transporter (putative) 3.70
yeaQ b1795 Unknown 5.01
fadD b1805 Degradation of small molecules: Fatty acids 3.49
aspS b1866 Aminoacyl tRNA synthetases, tRNA modification 4.69
[pgsA b1912 Macromolecule synthesis, modification: Phospholipids 2.96
yedS b1964 Outer membrane constituents: pore protein 3.56
yeeO b1985 Unknown 3.58
22 3 b1996 Transposon-related functions 6.68
yooZ b2016 Degradation of carbohydrates 2.70
hisL b2018 Amino acid biosynthesis: Histidine 4.09
[hisG 2019 Amino acid biosynthesis: Histidine 3.71
hisC b2021 Amino acid biosynthesis: Histidine 2.73

187




188

hisH b2023 Amino acid biosynthesis: Histidine 3.79
ugd b2028 Central intermediary metabolism: Sugar-nucleotide biosynthesis, conversions 2.62
wzxC b2048 Protein, peptide secretion 6.30
b2051 Central intermediary metabolism: Sugar-nucleotide biosynthesis, conversions 3.26

b2052 Biosynthesis of extracellular polysaccharide colanic acid 243

weaF b2054 Biosynthesis of extracellular polysaccharide colanic acid 2.83
weakE b2055 Biosynthesis of extracellular polysaccharide colanic acid 2.90
wcaB b2058 Biosynthesis of extracellular polysaccharide colanic acid 3.22
A b2064 Outer membrane constituents: lipopolysaccharide biosynthesis 7.32
b2071 (0153) b2071 Unknown 2.79
b2081 (0453) b2081 Unknown 5.87
b2102 Unknown 3.32

thiD b2103 Biosynthesis of cofaclors, carriers: Thiamin 3.76
yohM b2106 Unknown 3.3
moiR_3 b2117 Biosynthesis of cofactors, carriers: Motybdopterin 5.48
mirA b2127 Biosynthesis of extracellular matrix and curli: regulator (MerR) 3.98
yohF b2137 Enzyme (putative). oxidoreductase 274
yoik b2162 Unknown 4.16
yeiP b2171 Unknown -3.04
n b2176 Unknown 3.02
yeiB b2178 Transporter (putative), ABC-type: Oligopeptides 3.87
| yoiG b2181 Unknown 3.19
| yofF b2207 Unknown 3.92
yolH b2210 Unknown 2.73
| yolL b2214 Unknown 3.05
atoA b2222 Degradation of small molecules: Fatty acids 3.74
| ato8 b2223 Degradation of small molecules: Fatty acids 3.10
b2224 (0394, b2224 Degradation of small molecules: Fatty acids 3.19
nrdA b2234 2-Deoxyribonucieotide metabolism 6.66
w b2247 Enzyme (putative). dehydratase 4.50
52249 (f400) b2249 Unknown 2.80
yfaO 02251 Unknown 4.00
b2256 (0296) b2256 Unknown 4.91
lamT b2257 Unknown 6.58
nuol b2281 Energy metabolism, carbon: Aerobic respiration -1.86
pdx8 b2320 Biosynthesis of cofactors, cariers: Pyridoxine -2.63
dsdC b2364 Degradation of small molecules: Amino acids 6.58
52375 (f211) b2375 Unknown 2.90
cysM b2421 Amino acid biosynthesis: Cysteine 2.94
yfeT b2427 Unknown 2.94
b2444 (081) b2444 Unknown 5.37
ypfG b2466 Unknown _3.02]
b2468 Enzyme (putative). oxidoreductase 573

ginB b2553 Amino acid biosynthesis: Glutamine 5.06
ora b2566 Global reguiatory functions 2.38
C b2575 Enzyme (putative): methyitransferase 297
02596 (068) _ |b2596 Unknown 4.01
VAN b2604 Unknown 3.72
yi8 b2615 Unknown 3.00
ViR b2634 Unknown 3.19
viiT b2637 Unknown 2.68
U b2638 Unknown 3.57
52650 (£160) b2650 Unknown 3.26
52658 (090) b2658 Unknown 4.85
ygaQ b2689 Unknown 4.61
surE b2744 Cell protection 2.68
[29] b2745 Enzyme (putative): dehydrogenase 2.68
ispD b2747 Unknown 344
cysD b2752 Central intermediary metabolism: Sulfur metabolism 9.89
52755 (£305) b2755 Unknown 3.04
yoeJ b2758 Unknown 6.03
b2760 (f502) b2760 Unknown 4.07
cysl b2763 Central intermediary metabolism: Sulfur metabolism 5.42
chpA _ b2782 Cell growth regulation 347
b2790 (f149) b2790 Unknown 5.10
ppdA b2826 Biosynthesis of macromolecules: fimbria, pili 4.15
yi21 4 b2861 _Transposon-related functions 3.27
xerD b2894 DNA - replication, repair, restriction/modification -2.38
yagD b2941 Unknown 71.67
yghv b2989 Unknown 2.83
b3007 (151) b3007 Unknown 4.74
pisC b3018 Macromolecule synthesis, modification. Phospholipids 277




iw b3024 Unknown 522
ygiC b3042 Unknown 4.04
QiR b3087 Unknown 3.63
| yq/D b3098 Unknown 2.84
yhal b3107 Unknown 4.08

P b3111 Degradation of amino acids: L-serine 4.16

C b3121 Unknown 3.01

% b3130 Unknown 3.61
yral b3148 Unknown 3.29
| yraM b3147 Unknown -1.83
yraR b3152 Unknown 3.51
yhbE b3184 Unknown 3.03
yrbA b3190 Unknown 3.4
b3219 Unknown 473

yheG b3220 Unknown 3.24
yheO b3239 Unknown 4.30
b3254 (133) b3254 Unknown 6.55
yhdT b3257 Unknown 5.68
yro8 b3280 Unknown 3.52
iV b3315 Ribosomal proteins - synthesis, modification -2.40
b3323 Transporter (putative): protein export 4.75

kefB b3350 Transport of small molecules: K(1) / H(l) antiporter 3.07
b3394 Unknown 3.08

yhgt b3419 Unknown 4.03
N b3434 Unknown 3.80
2ntA (0732) b3469 Transport of small molecules: Zn(ll), Cd(ll), Pb(l1) 423

w b3546 Unknown 3.97

yhiY b3548 Enzyme (putative). lipase 3.55

) b3656 Unknown 4.55
yicM b3662 Transporter (putative) 4.21
ivbL b3672 Amino acid biosynthesis: Isoleucine, Valine 4.32]
yidG b3675 Unknown 3.60
ghG b3681 Transport of small molecules: Carbohydrates, organic acids, alcohols 2.53
yidR b3689 Unknown 237
yieF b3713 Unknown 2.59
. b3717 Unknown 3.94
yiel b3719 Degradation of carbohydrates (putative) 3.31
rbsR b3753 Degradation of small molecules: Carbon compounds -2.80
PSSR b3763 Macromolecule synthesis, modification: Phospholipids 2.87
A b3810 Unknown 290
b3814 (199) b3814 Unknown 3.18
yiQE b3815 Unknown 2.55
yigL b3826 Unknown 3.42
yigM b3827 Unknown 3.39
tatA b3838 Unknown 4.33
tatC b3839 Unknown 3.37
tatD b3840 Unknown 4.03
yigW 2(0113) |b3841 Unknown 4.04
ygC b3843 Biosynthesis of cofactors, carriers: Menaquinone 2.58
fadA b3845 Degradation of small molecules: Fatty acids 2.50
mob8 b3856 Central intermediary metabolism: Nucleotide interconversions 3.57
yihF b3861 Unknown 3.15
yihA b3865 Unknown 3.23
hl b3872 Unknown 2.91
yiE b3889 Unknown 4.92
iF b3890 Unknown 6.98
yiiQ b3920 Unknown 477
ppC b3956 Energy metabolism, carbon: Fermentation -1.72
yibJ b4045 Unknown 2.77
zur b4046 Transport of Zn(ll): high-affinity Zn(Il) import, repressor 3.08
yibO b4050 Unknown 4.20
yicD b4064 Unknown 2.96
phnQ b4091 Unknown 3.13
phnN b4094 Central intermediary metabolism: Phosphorus compounds 3.30
phnM b4085 Central intermediary metabolism: Phosphorus compounds 4.17

nK b4097 Central intermediary metabolism: Phosphorus compounds 4.03

nF b4102 Unknown 3.65
yieH b4141 Transporter (putative) 4.99
yfR b4192 Unknown 3.64
B b4206 Unknown 4.31
ytfl b4215 Unknown 12.91
chpS b4224 Cell growth regulation 4.87

189




b4275 Unknown 3.86

VIQZ b4277 Unknown 2.51
jhD b4281 Unknown 4.01
b4286 (0137) b4286 Unknown 3.63
hH b4298 Phage-related functions and prophages 3.24
jhO b4305 Phage-related functions and prophages 3.29
iC b4325 Unknown 3.00
iD b4326 Unknown 2.46
iG b4329 Unknown 2.80
yiiH b4330 Unknown 3.01
jiN b4336 Unknown 2.78
iP b4338 Unknown 6.16
iS b4341 Unknown 2.99
W b4347 Unknown 4.61
yiX b4353 Unknown 4.17
S b4367 Unknown 4.06

| yiX b4394 Unknown 2.59
8rcA b4401 Global requiatory functions -2.32
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thrB 50003 Amino acid biosynthesis: 2.92
yaaJ hG0oo7 Transport of small molecules: Amino acids, amines 3.50
yasl 50028 Protelns - translation and modification 3.79
caiF b0034 Central intermediary metabolism: Pool _multipurpose conversions 6.83
lBuC b0G72 Aminc acid bicsynthesis: Leucing 227
yadG 50127 Transporter {putative): ABC-type. ATP-binding component 348
fhuA 0150 Outer membrane constitusnis: ferric upiake 2.90
yadS bC157 Unknown 3.33
ginD b0187 Aming acid biosynthesis: Glutamine 4.52
CdsA p0i75 Fatty acid and phosphatidic acid biosynthesis 2.68
phekE 50241 Quter membrane constituenis: pore protein; phosphate upiake 3.56
ykfA 00253 Phage-relaied funciions and prophages 3.21
afus bDZ63 Transpoiier (putative): membrane component of ferric transport system 2.53
argF b0273 Amino acid biosynthesis: Arginine 2.65
50299 (0288) |b0299 Transposon-related functions _3.88
vahQ bh0329 Unknown 2.85
mhpR _|b0346 Degradation of fatty acids 3.75
tauC b0367 Transport of small moleculss: Amino acids. amings 4.27
SiF b0384 Central intermediary metabolism: Phosphorus compounds 2.47
tgt b0408 Aminoacyl tRNA synthetases, tRNA modification 4.64
seckF b0409 Protein, peptide secretion -2.27
Lo bC41i Transport of small molecules: Nucleosides purines, pyrimidines -1.89
A bC435 Murein sacculus, peptidoglycan 3.15
vbaX b0444 Unknown 9.50
maa b045% Degradation of carbohydrates 2.70
ybaN 50468 Phage-related functions and prophages 5.09
cueR 50487 Transpori of Cu(ll) : Transcriptional regulator of Cu(ll}-exporting ATPase 2.65
ybbM 50421 Transporter {putative}: metal resistance 433
yboD b0500 Unknown N 3.82
allk b0511 Transporter (putative): allantoin transport 2.90
ybeG b0534 Pilin-like protein {putative) o 4.59
b0540 (0102) _ |b0540C Unknown 3.51
tra5 2 h0541 Transposon-related functions 3.67
ybcY b0562 Unknown 2.86
ybaK b0651 Not classified 2.55
aft "y L0654 Transport of small molecules: Amino acids, amines 4.77
Ll b0717 Pilin chaperone, penplasmic (putative) 2.88
hrsA b0731 Proteins - translation and modification -1.95
ybhA b0766 Enzyme (putative): phosphatase 3.90
moa8 50782 Biosynthesis of cofactors, camiers: Molybdopterin 3.13
dps b0812 Global regulaiory funciions, iron siorage 3.34
ybIiT b082 Transporter (putative). ABC-type, ATP-binding component 3.36
poiH p0855 Transpeort of small molscules: Aming acids, amines 39
3R b0867 Enzyme {putative): amidase 2.57
dmsC b0896 Energy metabolism, carbon: Anaerobic respiration- dimethyl sulphoxide 3.13
ycaC 00897 Unknown 3.32
pgiA bh0950 Detoxification: paraguat inducible protein 4.66
pqiB 00951 Cetoxification: paraguat inducible protein .48
ycbG b095E Unknown e 2.80
hyaD b0975 Enerqgv metabolism, carbon: Aerobic respiration 2.55
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icspH b0989 Stress adaptation - cold shock . 4.12
cbpA b1000 Chaperones 3.09
tra5 3 b1026 Transposon-related functions 3.67
[ b1029 Unknown 7.32
yceK b1050 Unknown 3.21
msyB b1051 Protein, peptide secretion 6.49
! b1056 Unknown 4.02
b1063 Unknown 2.91

xB b1064 Biosynthesis of cofactors, carriers: Thioredoxin, glutaredoxin, glutathione 3.22
figM b1071 Surface structures: biosynthesis of flagella 2.41
figl b1080 Surface structures: biosynthesis of flagella 4.21
ycfl b1104 Unknown j 3.03
b1115 Unknown 2.47

It b1139 Phage-related functions and prophages 5.26
b1145(f224) |b1145 Phage-related functions and prophages 3.27
treA b1197 Stress adaptation - osmotic shock 2.94
|prfA b1211 Proteins - tranglation and modification 2.68
b1213 (0130) [b1213 Unknown 2.28
ychA b1214 Unknown 4.00
narJ b1226 Energy metabolism, carbon: Anaerobic respiration- nitrate reductase 2.52
yaiy b1248 Unknown 3.30
il b1251 Unknown 3.73

iF b1258 Unknown 3.71

iG b1259 Unknown 3.08
trpC b1262 Amino acid biosynthesis: Tryptophan -2.25
yoiK b1271 Unknown 5.10
sohB b1272 Degradation of proteins, peptides, glycopeptides 440
pgpB b1278 Macromolecule synthesis, modification: Phospholipids 2.43
iS b1279 Unknown 4.17

iH b1282 Unknown 6.64
iw b1287 Unknown 3.40
sapB b1293 Transport of proteins, peptides 2.94
aldH 61300 Energy metabolism, carbon: Fermentation- aldehyde dehydrogenase 2.37
| pSPA b1304 Stress adaptation - osmotic shock: psp operon 4.49
|pspB b1305 Stress adaptation - osmotic shock: psp operon 2.69
IpSpE b1308 Stress adaptation - osmotic shock: psp operon 2.82
iT b1316 Unknown 3.46
rarC b1356 Unknown 5.22
b1369 (051)  |b1369 Unknown 2.70
aC b1373 Unknown 10.08
lompN b1377 Outer membrane constituents: pore protein, non-specific 3.00
gapC 1 b1417 Energy metabolism, carbon: Glycolysis 2.62
ydcl b1422 Unknown 2.19
b1425 (f67) b1425 Unknown 2.93
tehB b1430 Transporter: tellurite resistance 3.66
b1438 Unknown 2.52

b1445 Unknown 3.12

yncC b1450 Unknown 3.18
b1455 Unknown 4.66

yddH b1462 Unknown 4.19
ddpC b1485 Transporter (putative): dipeptide transport, ABC-type 4.40
ddpX b1488 Unknown 3.25
yddC b1494 Biosynthesis of cofactors, carriers: Ubiquinone 2.75
S b1504 Pilin-like protein (putative) 8.43
b1506 (f59) b1506 Unknown 3.83
ydeU b1509 Unknown 11.64
b1527 (0371)  [b1527 Unknown 4.33
D b1533 Unknown 4.28
ydel! b1536 Unknown 3.67
ydfK b1544 Unknown 4.27
ignsB b1550 Unknown 4.64
ynfN b1551 Unknown 11.96
cspl b1552 Stress adaptation - cold shock 3.75
ydfT b1559 Unknown 7.84
relE b1563 Unknown 4.97
AxA b1566 Unknown 4.10
N b1629 Enzyme (putative): oxidoreductase 4.57
ydgO b1630 Unknown 2.91
| ydgP b1631 Unknown 261
ydhlL b1648 Unknown 2.57
cfa b1661 Fatty acid and phosphatidic acid biosynthesis 2.40
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SufE b1679 Unknown 3.96
sufB b1683 Unknown 3.13
b1685 (f89) b1685 Unknown 3.08
ydiv b1707 Unknown 2.96
infC b1718 Proteins - translation and modification 4.68
yniC b1727 Unknown 11.93
| ydiX b1750 Unknown 4.38
| yoaG b1796 Unknown 2.85
yeaR b1797 Unknown 5.35
Z b1807 Unknown 4.09
b1810 (0119) |[b1810 Unknown 3.70
G b1826 Unknown 5.37

R b1832 Unknown 4.11
b1836 (083) b1836 Unknown 3.72
b1843 (0218) |b1843 Unknown 4.26
yebF b1847 Unknown 2.76
2nuC b1858 Trangport of Zn(ll): high-affinity Zn(ll) import 3.59
znuB b1859 Transport of Zn(ll): high-affinity Zn(l) import 2.59
yecM b1875 Unknown 2.92
yocT b1877 Unknown 2.80
yecC b1918 Transport of small molecules (putative): Amino acids, amines 3.08
IN b1934 Unknown 3.77
yodM b1935 Unknown 2.58
AiE b1937 Surface structures: biosynthesis of flagella 2.85
yodD b1953 Unknown 3.51
yedA b1959 Unknown 3.52
flu b2000 Outer membrane constituents. fluffing protein 3.14
yeeV b2005 Unknown 3.46
wzz8 02027 Outer membrane constituents: modification of polyliposaccharide chains 3.29
weak b2045 Biosynthesis of extracellular polysaccharide colanic acid 2.83
D b2069 Stress adaptation (putative) 2.81
matC b2076 Unknown 3.62
baeS b2078 RNA synthesis, modification, DNA transcription 3.14
yegP b2080 Unknown 3.09
b2084 (f88) b2084 Unknown 5.92
trab 4 b2089 Transposon-related functions 2.54
fbaB b2097 Unknown 3.62
yegU b2099 Unknown 2.71
yohl b2105 Unknown 2.61
yohC b2135 Unknown 3.65
dsbE b2195 Energy metabolism, carbon: Electron transport 5.09
rcsC b2218 Cell division: capsuie biosynthesis 5.72
b2227 (f161) b2227 Unknown 8.39
yhbE b2253 Enzyme (putative): aminotransferase 3.34
yfbJ b2258 Unknown 2.54
yfibM b2272 Unknown 3.49
yfbN b2273 Unknown 3.65
yfcE b2300 Unknown 5.70
b2334 (f162) b2334 Unknown 3.86
b2345 (0352) |b2345 Unknown 7.02
b2347 Transporter (putative) 2.78

b2350 (0120) _ [b2350 Unknown 8.09
cr b2417 Transport of small molecules: Carbohydrates, organic acids, alcohols 5.60
b2432 (f191) b2432 Unknown 2.60
eutL b2439 Unknown 2.75
mae B b2463 Enzyme (putative): bifunctional oxidoreductase/phosphotransacetylase -2.36
talA b2464 Central intermediary metabolism: Non-oxidative branch, pentose pathway 3.70
hyfB b2482 Energy metabolism, carbon: Anaerobic respiration 2.49
hyfF b2486 Energy metabolism, carbon: Anaerobic respiration 2.36
iscU b2529 Unknown 3.13
suhB b2533 Global regulatory functions 3.89
yfhA b2554 Unknown 3.03
|purt b2557 Purine ribonucleotide biosynthesis 2.91
ythH b2561 Unknown 3.56
ypiE b2612 Unknown 3.63
b2649 (f263) b2649 Unknown 2.90
b2680 (088) b2680 Unknown 3.05
emR b2684 Plasmid-related functions: repressor of multidrug resistance pump_ 2.70
hyel b2717 Degradation of proteins, peptides, glycopeptides 4.46
b2790 (f149) b2790 Unknown -2.04
truC b2791 Unknown 3.11
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csdA b2810 Unknown 3.78
L b2812 Unknown 6.15
ygdB b2824 Unknown 3.57
aas |b2836 Fatty acid and phosphatidic acid biosynthesis 2.29
b2859 (f141)  |b2859 Unknown 3.53
Jb2862 Unknown 3.61

v b2869 Degradation of nucleotide triphosphates (putative) 3.01
ygg8 b2924 Stress adaptation (putative) - osmotic shock 3.24
cmtA b2933 Transport of small molecules: Carbohydrates, organic acids, alcohols 2.70
¥99G b2936 Unknown 4.39
yggJ b2946 Unknown 3.85
yqil b3048 Unknown 2.36
ygiM b3055 Unknown 2.81
iG b3058 Biosynthesis of cofactors, carriers: Folic acid 4.06
 yaiH b3070 Unknown 5.88
4 b3090 Unknown 3.40
exuT b3093 Transport of small molecules: Carbohydrates, organic acids, alcohols 2.82
lyhaQ b3112 radation of amino acids: L-serine 3.58
tdcB b3117 Degradation of small molecules: Amino acids -2.11
b3122 (054)  |b3122 Unknown 2.68
lagaR b3131 Central intermediary metabolism:Amino sugar conversions 2.64
yraP b3150 Transporter (putative) 4.90
bO b3153 Unknown 3.40
truB b3166 Aminoacyl tRNA synthetases, tRNA modification 2.69
G b3196 Transporter (putative): Na(l)/Ca(l) antiporter -3.35

D b3213 Central intermediary metabolism: Pool, muitipurpose conversions 2.98
P b3245 Degradaton of proteins, peptides, glycopeptides -3.24
piB b3317 Ribosomal proteins - synthesis, modification -2.90
1gSpE b3326 Transporter (putative): proteins for pili biosynthesis - gsp operon 2.56
gspl. b3333 Transporter (putative): proteins for pili biosynthesis - gsp operon 3.38
[gspM b3334 Transporter (putative): proteins for pili biosynthesis - gsp operon 4.00
b3343 Unknown 3.43

b3354 Unknown 4.83

fic b3361 Cell division: filamentation, induced in stationary phase 2.57
yhfC b3364 Transporter (putative) 3.81
yhf b3378 Unknown 3.76
Y b3382 Unknown 3.07
fZ b3383 Unknown 4.79
mrcA b3396 Murein sacculus, peptidoglycan 2.94
yhgF b3407 Unknown 3.06
E b3425 Energy metabolism, carbon: Anaerobic respiration 2.39
gigB b3432 Macromolecule synthesis, modification: Polysaccharides - (cytoplasmic) 2.48
hY b3441 Unknown 4.10
yhhZ b3442 Unknown 2.68
yrhA b3443 Unknown 3.99
ugpE b3451 Transport of small molecules: Carbohydrates, organic acids, alcohols 2.71
UgpA b3452 Transport of small molecules: Carbohydrates, organic acids, alcohols 3.46
IivF b3454 Transport of small molecules: Amino acids, amines 2.88
livM b3456 Transport of small molecules: Amino acids, amines 2.59
hF b3485 Unknown 2.95
adA b3517 Central intermediary metabolism: Pool, multipurpose conversions 5.80
xyiR b3569 Degradation of small molecules: Carbon compounds 3.41
rfaK b3623 Macromolecule metabolism: Lipopolysaccharide 244
katB b3634 Biosynthesis of cofactors, carriers: Coenzyme A 3.77
| spoU b3651 Aminoacyl tRNA methyitrasferase, tRNA modification 262
yicK b3659 Transporter (putative): sugars 2.71
yidF b3674 Unknown 2.72
yid! b3677 Unknown 3.84
yieE b3712 Unknown 2.52
pstA b3726 Transport of small molecules: phosphate (phosphatase) 3.12
pstS b3728 Transport of small molecules: phosphate (phosphate binding protein) 4.63
yifE b3764 Unknown 2.71
ivL b3766 Amino acid biosynthesis: Isoleucine, Valine 3.59
rhiB b3780 Not classified -2.89
rfo b3784 Central intermediary metabolism: Sugar-nucieotide biosynthesis, conversions 2.78
D b3787 Central intermediary metabolism: Sugar-nucleotide biosynthesis, conversions 3.45
ffH b3789 Central intermediary metabolism: Sugar-nucleotide biosynthesis, conversions 2.31
xerC b3811 Cell division: chromosomal segregation 2.92
yigG b3818 Unknown 4.41
inG b3868 Amino acid biosynthesis: Glutamine 2.54
ihw b3884 Unknown 2.30
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QlpK b3926 Central intermediary metabolism: Pool, multipurpose conversions -2.35
YijE b3943 Unknown 3.09
yiiC b3963 Unknown 3.01
| yijD b3964 Unknown 3.66
trmA b3965 Aminoacyl tRNA synthetases, tRNA modification 5.61
nusG b3982 RNA synthesis, modification, DNA transcription 5.02
rpiL. b3986 Ribosomal proteins - synthesis, modification 3.70
yjaD b3996 Unknown 3.06
hyoH b4003 Enzyme: kinase, Zn(ll) sensor 7.99
ma b4012 Unknown 3.60
yjbA b4030 Unknown 2.41
yibM b4048 Unknown 2.83
yibR b4057 Unknown 3.53
yicQ b4081 Transporter (putative): Pit family 3.88

hnP b4092 Central intermediary metabolism: Phosphorus compounds 2.53
phnB b4107 Unknown 3.43
baskR b4113 RNA synthesis, modification, DNA transcription 3.39
| yroL b4130 Transporter (putative): di-/ tripeptides 3.09
ixsA b4140 Unknown 3.09
|mopB b4142 Chaperones -1.54
ampC b4150 Drug/analog sensitivity 5.11
fraC b4152 Energy metabolism, carbon: Anaerobic respiration- fumarate reductase 248
yioR b4162 Unknown 3.44
yifJ b4182 Unknown 9.31
yitK b4183 Unknown 3.00
YigA b4234 Transporter (putative): ABC-type 2.89
YgM b4256 Unknown 4.68
fecC b4289 Transport of small molecules: Fe(lll) 4.71
fecB b4290 Transport of small molecules: Fe(lll) 2.81
yihL b4302 Phage-related functions and prophages 3.33
fimC b4316 Surface structures: biosynthesis of pili 2.97
yjio b4337 Transporter: multidrug 246
merC b4345 Degradation of DNA: methylation dependent endonuclease 2.90
merB b4346 Degradation of DNA: methylation dependent endonuclease 8.55
dnaT b4362 DNA replication: assembly of primosome 2.99
YifT b4371 Aminoacyl tRNA methylase, tRNA modification 3.52
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Appendix 1

Table 3 Complete list of genes for which transcript levels were altered in strains TG

(w.t.) and TGI (zn¢R ::Km ) at 0.3 mM Zn(Il). The fold-change levels represent
the ratio of transcript levels for Zn(Il)-treated TG1 (w.t.) and TG1 (zntR ::Km)
strain to transcript levels for untreated TG1 (w.t.) and TG1 (zntR ::Km: |

strains, respectively. Data has been presented according to increasing Blattner
numbers (Gene ID). Function descriptions were taken from http://www.sigma-
genosys.com/media/Ecoli_Array_Info.xls

adD 80132 Unknown 5.44 3.05
yaiA _ |bG38% Unknown 6.15 3.55
aroM b0350 Amino acid biosyithesis: Chorismate 2.50 3.12
vhewW b0559 Unknowri 4.32 2.87
cusF b0573 Unknown 4.4 3.
yoaF bidds Unknown 7 i 5.60 5.20
e bii40 Phage-related funciions and proghages: integrase 4.26 19.21

R b1150 Unknown 3.52 4.06

amifQ D115 UnKnown_ et A 2.92 2.58

7chG b1239 Unknown_ e - ~ 7.00 7.04
yoil b1269 Unknowin 3.58 3.0
ynaJ 01332 Unknown 3. 4.79

D b1352 Unknown 3.52 3.61
yaaG 1355 Unknown 4.95 4.i8
reckR b1357 Unknown 4.69 3.40
vdaWv 1361 Unknown 4.38 3.57
ynak b1365 Unknown 581 6.04
yaay 1366 Unknown s gl . . o8 il 6.46 4.13
b1357 (077) b1367 Unknown 7.i5 482
nifJ bi378 Enzvime (putative): oxidoreductase 3.32 3.56
ynbE b1382 Unknown 7.11 7.07

P b1435 Enzyme (putative): collagenase 34 353
yncA bi448 Drug/analog sensiiivity 3.80 4.0
yacD b1457 Uniknown - Tap— 5.89 688
b1458 43) D458 Unknown 4.45 5.25
01459 {065) bi459 Unknown 517 5.08
sV b1480 _| Ribosomal proteins - synthesis, modification 3.34 4.57
el 01525 Enzyms (putative): aldshyds dehydrogenass 2.98 2.34
vl b15637 Unknown 3.69 3.98
b1672 {f215) b1€72 Unknown 37i 3.58
sufD bi681 Unknown 3.3¢ 3.25

i.J b1687 Enzyme (putative): oxidase 4.24 3.22

L bi689 Unknown 372 2.96
vz £1724 Unknown 487 988
vni b1726 Unknown 4.00 2.83
yaiM b1728 Unknown 4.49 2.97
vas b1742 Unknown 5.43 5.07
1 SDY b174: Spheroblast formaion 5.73 3.64
gstA bi1747 Unknown 4.27 2.85
¥TIA b17583 Unknown 4.70 3.38
yeal 31789 Unknown 4.15 3.5
yacH b1806 Unknovwn 4.61 5.4
yoeE 82013 | Transport of small molecules: Aminog aGdR, amines 86 4.45
wzxC b2045 Protein, paplide secietion 6.30 7.25
matB b2075 Unknown 5.04 5.26
yegQ b2081 Unkncwn 5.87 43i
yeoW b2101 Unknown 3.01 2.35
yehE p2ii2 Unknown 3.74 2.
melG b21i4 Aminoacyl tRNA synthetases tRNA modification wll 336 35

ehl/ B2126 Unkirown 293 2.
vehY b2130 Transporier (putative): glycine, bataine,_chaline 7.08 368
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yeiA b2147 Enzyme (putative): dehydrogenase 6.15 3.78
b2229 (f216) b2229 Unknown 6.74 4.02
yfaA b2230 Unknown 8.82 4.97
elaB b2266 Unknown 4.11 4.42
cysK b2414 Amino acid biosynthesis: Cysteine 8.34 4.79
yffo b2446 Unknown 3.14 3.21
b2450 (0279)  [b2450 Unknown 5.08 6.28
K b2578 Unknown 6.24 6.27

P b2583 Unknown 5.38 29

L b2602 Unknown 3.58 2.78

R b2603 Unknown 6.84 7.49
MG b2619 Unknown 3.95 4.13
yiM b2629 Unknown 441 3.81
| yDiK b2635 Unknown 3.30 4.29
ﬂ_z b2645 Unknown 3.12 3.17
ypiF b2646 Unknown 4.07 3.74
b2656 (062) b2656 Unknown 5.03 4.74
b2659 (0360) |b2659 Unknown 6.22 4.06
ygaC b2671 Unknown 5.34 34
aM b2672 Unknown 5.32 3.39
yogC b2928 Enzyme (putative): kinase 2.83 3.15
yghE b2969 Unknown 4.37 3.73
jzupT b3040 Tra of Zn(ll): low-affinity Zn(ll) import 4.56 4.47
obgA b3076 radation of small molecules: Carbon compounds 3.85 3.55
iM b3082 Unknown 3.1 3.86

T b3088 Unknown 4.90 5.04

| yQjA b3095 Unknown 3.87 3.34
yhakK b3106 Unknown 4.74 4.65
yhbQ b3155 Unknown 4.46 3.28
yhcD b3216 Unknown 3.21 2.31
yhcE b3217 Unknown 4.76 2.8
yhfL b3369 Unknown 3.53 3.26
yhhL b3466 Unknown 5.72 4.37
hP b3470 Unknown 6.23 4.75
xylF b3566 Transport of small molecules: Carbohydrates, organic acids 5.46 4.55
yibG b3596 Unknown 7.65 4.92
i b3705 Transport of proteins across inner membrane 4.59 3.38
WfA b3762 Unknown 4.45 4.95
b3776 (f91)  |b3776 Unknown 10.64 4.38
asiB b3800 Unknown 10.36 11.46
yigF b3817 Unknown 7.52 4.45
yigP b3834 Unknown 3.96 2.93
yibD b4023 Unknown 3.06 2.63
. b4060 Unknown 4.34 4.04
cysQ b4214 Central intermediary metabolism: Sulfur metabolism 4.08 3.12
chpB b4225 Cell killing 4.06 4.08
yiqWw b4274 Unknown 4.05 3.12
jhS b4309 Unknown 5.23 4.41
jil b4331 Unknown 3.79 3.48
lasT b4403 Unknown 5.01 5.49
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Appendix 11

Fig. 1 Multipie alignment of b0795 (E. coli), EmrA (E. coii), HlyD (E. coli), AcrA (E. coli) and CzcB
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(Ralstonia metallidurans) generated by the CLUSTALW algorithm using BioEdit V 5.0.6.
Sequence identity is displayed by a white font on a black background and similar amino acids
are highlighted yellow. The transmembrane regions as predicted by TMpred (www.ch.embnet.
org/ software /TMPRED _form.html) are overlaid with red boxes. Coiled-coils in each protein
lie within the region indicated by the cyan boxes. They vary in length depending on the

regulator and were predicted using PAIRCOIL (http://www.paircoil.lcd.mit.edu/cgi-

bin/paircoil).
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Appendix I

Fig. 2 Multiple alignment of YbhR (E. coli), YbhS (E. coli) and NatB (Bacillus subtilis) generated by
the CLUSTALW algonthm using BioEdit V 5.0.6. Sequence identity is displayed by a white font
on a black background and similar amino acids are highlighted grey. Transmembrane regions as

y TMpred (www.ch.embnet.org/software/TMPRED form.html) are represented by
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Appendix 11

Fig. 3 Multiple alignment of YbhF (E. coli), CcmA (E. coli) and ZnuC {E. coli) generated by the
CLUSTALW algorithm using BioEdit V 5.0.6. Consensus motifs found in the ABC subunit of
an ABC transport system are indicated by boxes and correspond to the Walker site A, the linker
sequence and Walker site B, respectively. Sequence identity is displayed by a white font on a

black background and similar amino acids are highlighted magenta.
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Appendix 11

Fig. 4 Multiple alignment of YbiH (E. coli), TetR (Salmonella typhimurium) and AcrR (E. coli)
generated by the CLUSTALW algorithm using BioEdit V 5.0.6. Sequence identity is displayed
by a white font on a black background and similar amino acids are highlighted green. Helix-tum-
helix regions as predicted by Network Protein Sequence @nalysis (http//npsa-pbil.ibcp.fr/cgi-

bin/npsa_auiomai.pl?page=/ NPSA/npsa_hth.html) are represented by a blue box.
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Abstract

The ZntR protein from Escherichia coli is a member of the MerR-family of transcriptional regulatory proteins and acts as a
hyper-sensitive transcriptional switch primarily in response to Zn(II) and Cd(II). The binding of metal-ions to ZntR initiates a
mechanism that remodels the cognate promoter, increasing its affinity for RNA polymerase. We have introduced site-directed
mutations into znzR and shown that cysteine and histidine residues are important for transcriptional control and have an effect on
metal-ion preference, sensitivity and magnitude of induction. We propose a three-dimensional model of the N-terminal region of
ZntR based upon the coordinates of the MerR-family regulator BmrR.

© 2002 Elsevier Science (USA). All rights reserved.

Keywords: ZntR; MerR; Zn(II); Metal transport; Regulation; Site-directed mutagenesis

Zn(II) is an abundant regulator and cofactor in all
living systems [1-3], but until recently the control of
cellular Zn(Il) status was poorly understood in pro-
karyotes.

A Zn(II), Cd(II), and Pb(II) specific P-type-ATPase,
ZntA, has been identified in Escherichia coli which ex-
ports ions from the cytosol [4-7].

The region upstream of zntA contains a 6’° promoter
(PzntA) similar in structure to the mercury resistance
(mer) promoters of Tn50/ and Tn2/ [8,9].

The cognate regulatory gene has been designated
zntR that encodes a polypeptide of 141 amino acids and
has been shown to regulate PzntA [10]. Each monomer
contains an N-terminal DNA-binding domain, charac-
terised by the presence of a helix-turn-helix (H-T-H)
structure, and a C-terminal ‘“‘signal recognition” domain
although the functional protein acts as a dimer. The
predicted primary sequence of ZntR shows 34% identity
with MerR, containing five cysteine and five histidine
residues, and is a member of the MerR-family of regu-

* Corresponding author. Fax: +44-29-2087-4116.
E-mail address: morbytaicf.ac.uk (A.P. Morby).

lators which includes SoxR from E. coli (the superoxide
stress response [11]); TipA, from Streptomyces lividans
(thiostrepton-regulated gene expression [12]; NolA from
Bradyrhizobium japonicum (nodulation gene expression;
[13) and BmrR and BItR from Bacillus subtilis (expres-
sion of multidrug resistance [14,15]. In contrast to the
majority of the metal-responsive MerR-family members,
which are transcribed divergently from the regulated
gene, zntR is distant on the chromosome (74.1 min) from
its associated structural gene (zntA at 77.7 min) [10].

ZntR mediates transcriptional induction primarily in
response to Zn(II) (binding two ions per monomer [16])
and Cd(II), however, Hg(II) and Pb(II) induce to a
lesser extent [10].

ZntR has been shown to induce transcription via a
DNA-distortion (torsional) mechanism [16] analogous
to that of MerR [17,18] and is very sensitive to Zn(II),
responding to femtomolar levels [19].

Here, we report the analysis of transcriptional regu-
lation of PzntA by derivatives of ZntR which contain
single directed alterations in the primary amino-acid
sequence. We show that single amino-acid alterations
can dramatically change the metal-ion specificity and
dynamic range of the PzntA/ZntR regulatory complex.

0006-291X/02/$ - see front matter © 2002 Elsevier Science (USA). All rights reserved.
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Materials and methods

Bacterial strains and plasmids. All experiments were carried out
using as host TG1 (zntR::kan) [10] which is a derivative of TG1 (K12,
lac-pro supE thi hsdD5 [F' traD36 proA + B+ laclg lacZM15]) [20] that
carries an insertion in the znatR gene. E. coli TG2 (supE, hsdAS, thi,
A(lac-proAB)  F'[traD36, proAB*, lacl%, lacAlS) A(srl-re-
cA)306::Tnl0(ter’) [21] was used to propagate plasmid DNA for nu-
cleotide sequence determination and storage.

The plasmids used were: pUCD615 [22], pSU18 [23], pUCDPzntA4
pUCDP:ntA4-1, and pSUzntR [10]. All strains were cultured in Luria
broth unless otherwise stated and antibiotics were added to media at
standard concentrations [21].

DNA manipulations. Competent E. coli cells were prepared for
transformation using the rubidium chloride method (adapted from
[24]). Plasmid purification was performed using a HiSpeed Plasmid
Purification kit (Qiagen) as described by the manufacturer.

All other DNA manipulations were carried out according to [21].

Luciferase assays. Promoter activity was assayed with a luciferase
based reporter gene system (pUCD615 derivatives) and TGl
(zntR::kan) [10) using logarithmically growing cells (Dgo = 0.2 to 0.3)
at a range of metal-ion concentrations and in triplicate to generate an
induction profile for each ZntR derivative (zntR and its derivatives
were expressed in trans from pSU18). Otherwise, luciferase assays were
performed as described in [10] except that a Lumino luminometer
(Stratec) was used to measure light emission.

Site-directed mutagenesis. Site-directed mutants of zntR (with the
exception of zntR (H119A) were created using pSU-zntR as template
DNA with Stratagene’s QuickChange Site-Directed Mutagenesis Kit.
The zntR (H119A) mutant was constructed by PCR using M13-reverse
primer in combination with H119A primer. The resulting PCR product
was gel purified with a Concert gel extraction kit (Gibco-BRL) and
used as a *‘primer” in another PCR with M13-forward primer. The
PCR product was purified, cleaved with EcoR1/BamH|1 (New England
Biolabs) and ligated into similarly digested pSU18.

Oligonucleotides used for site-directed mutagenesis were synthe-
sised by Invitrogen Life Technologies (Table 1).

The nucleotide sequences of all zn#R mutants were confirmed using
an ABI Prism BigDye Terminator v3.0 Cycle Sequencing Ready Re-
action kit (supplied by Perkin-Elmer Life Science Products). Electro-
phoresis and visualisation of the extension products were accomplished
using an ABI Prism 373 DNA sequencer.

Results and discussion

The luminescence measurements have been adjusted
for final optical attenuation and variation in the assay
has been normalised by presenting the results as a per-
centage value based on the maximal level of induction
derived from PzntA/ZntR + Zn(II) for any given assay
set. The assays have been repeated many times for each
ZntR derivative and a representative induction profile is
displayed for each one.

Transcriptional activity of ZntR derivatives at PzntA-1

All of the ZntR derivatives created in this work were
assayed for their ability to elicit transcription from a
PzntA derivative promoter (PzntA4-1 [10]) in which the
spacer region between the —10 and -35 regions has been
shortened from the 20bp seen in the w.t sequence to
19 bp. The critical feature of this promoter is that ZntR
w.t. induces transcription in the absence of Zn(Il), i.e.,
interaction of ZntR w.t. with Pznt4-1 alone can be
measured [10]. The structural integrity of each of the
ZntR derivatives was measured by their capacity to in-
duce transcription at PzntA4-1. All of the ZntR deriva-
tives were active at PzntA4-1 in the absence or presence of

Table 1

Primers used for mutagenesis written in a 5'-3' orientation
Primer name Sequence
H29A CAGCAGATGATGGAGGCTGAGGTGCGTACTGAAGG
HS3A CCAGCGATTGAAATTTATCCGGGCCGCCAGACAACTAGG
H76A GCATCGATCCTGAGGCCCATACCTGTCAGGAGTCAAAAGGC
H77A GCATCGATCCTGAACACGCTACATGTCAGGAGTCAAAAGGC
C79A CGATCCTGAACACCATACCGCTCAGGAGTCAAAAGGC
C79s CGATCCTGAACACCATACCTCACAGGAGTCAAAAGGC
Cl114A CGCCTTAACGATGCCGCATGTGGGACTGCTCATAGC
Cl14S CGCCTTAACGATGCCTCATGTGGGACTGCTCATAGC
Cl15A CGCCTTAACGATGCCTGTGCAGGGACTGCTCATAGC
Cl15s CGCCTTAACGATGCCTGTTCAGGGACTGCTCATAGC
Cl24A GGGACTGCTCATTAGCAGTGTTTATGCATCGATTCTTGAAGC
Cl24s8 GGGACTGCTCATTAGCAGTGTTTATICATCGATTCTTGAAGC
Cl41A GGCGTTAAGAGTGGCGCTTGATTTTTTGCACTGGCAGG
Cl1418 GGCGTTAAGAGTGGTICATGATTTTTTGCACTGGCAGG
Cl41H GGCGTTAAGAGTGGTCATTGATTTTTTGCACTGGCAGG
Cl41L GGCGTTAAGAGTGGTCTCTAATTTTTTGCACTGGCAGG
Cl41Y GGCGTTAAGAGTGGTTACTAGTTTTTTGCACTGGCAGG
Cl41G GGCGTTAAGAGTGGTGGTTGATTTTTTGCACTGGCAGG
C141D GGCGTTAAGAGTGGTGATTGATTTTTTGCACTGGCAGG
HI119A GCCTGTTGTGGGACTGCTGCTAGCCAGTGTTTATTGTTCG
M13-Forward CGCCAGGGTTTTCCCAGTCACGAC
M13-Reverse AGCGGATAACAATTTCACACAGGA

Only one of the primer pairs is shown as the second primer was an exact complement. Underlined sequence shows the altered bases.
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Zn(II) except those in which cysteine at position 124 was
replaced with either alanine or serine (C124A and
C1248) (data not shown).

Transcriptional activity of ZntR derivatives H29A,
H53A, H76A, H77A, and HI119A4 at PzntA

The transcriptional profiles of ZntR(H29A),
ZntR(HS3A), and ZntR(H119A) (Fig. 1) show that no
significant induction is mediated by these ZntR deriva-
tives in response to Zn(II). The alterations ZntR(H76A)
and ZntR(H77A) appeared to diminish ZntR-mediated
Zn(II) induction to some extent but each shows a similar
profile to that for ZntR w.t., this is surprising given the
conservation seen between ZntR [10], MerR [8] and
CueR [25,26] in this region (Fig. 5). These results suggest
that H29A, HS3A, and H119A play a role in the
mechanism of ZntR either as ligands for Zn(II) or as
mediators of the torsional restructuring of PzntA.

Surprisingly, whilst ZntR(H29A) shows little re-
sponse to Zn(II) it now responds to both Cd(II) and
Pb(II) to a greater degree than w.t., exhibiting a 6-fold
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increase in transcriptional response to Cd(II) (Figs. 4B-
D). The model of ZntR (Fig. 6A) predicts that H29 lies
close to the DNA-binding H-T-H region of ZntR and is
distant from a proposed binding site at the dimer in-
terface although our data show that this residue has a
significant effect on the selectivity and dynamic range of
ZntR. Both ZntR(H53A) and ZntR(H119A) respond at
almost w.t. levels to Cd(II) and Pb(II) (Figs. 4A-C) but
not to Zn(II) suggesting that both of these residues play
a role in defining the substrate range of this regulator.
This result is of particular interest given that H53 is
conserved in ZntR, CadR [27], and PbrR [28] yet only
Zn(IT) induction is affected by its replacement. Whilst
exhibiting little alteration in its response to Zn(II),
ZntR(H76A) induces PzntA to a greater extent in the
presence of Cd(II) and Pb(II) (Figs. 4B-D). A coiled-
coil structure (Fig. 6B, shown in magenta) is present in
BmrR [29] and a similar structure is thought to link the
two domains of ZntR (and other MerR-like regulators)
[30]. The predicted position of H76 at the proximal end
of the coiled-coil structure places this residue in the
centre of the proposed dimer-interface region known to
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Fig. 1. Transcriptional response of PzatA with the ZntR-histidine derivatives. Luminescence was measured in E. coli TG1(zntR::kan)[pUCDPzntA)
with the control, ZntR or its derivatives expressed in trans in the presence of IPTG (1 mM) and Zn(1I) ranging from 0 to 1.2 mM (open columns). The
data are presented as a percentage of the maximal induced value for Pznt4/ZntR w.t. The standard error (vertical bars) in each case is derived from a

triplicate data set.
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be important for substrate binding in BmrR [29]. In
contrast, ZntR(H77A) shows no increased response to
Cd(II) and Pb(Il). It is surprising that there is a sub-
stantial  difference between the properties of
ZntR(H76A) and ZntR(H77A) since they are adjacent
residues.

It is tempting to suggest that since alterations in these
residues appear to affect the substrate range of ZntR
that they act as ligands for one of the two Zn(II)-ions
predicted to bind each ZntR monomer, perhaps acting
in a structural role rather than a primary driver of DNA
distortion. Irrespective of the detailed function of these
residues, these results show that all five histidine residues
are important for ZntR function.

Transcriptional activity of ZntR derivatives C79AlS,
Cl114A1S, C115A1S, and CI124AIS at PzntA

In contrast to the histidine modified ZntR derivatives,
replacement of the first four cysteine residues resulted in
a complete loss of activity with Zn(II) as the inducer
whether replaced with alanine or serine (Fig. 2) and
ZntR modified at positions C79, C114, and C124 also

C78A

E— a
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C114A
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C115A
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C124A
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shows no activity with Cd(II) or Pb(II) (Figs. 4A-C).
Surprisingly, both C115S and C115A derivatives of
ZntR mediated induction at PznzA in response to Cd(I1)
and Pb(II) (Figs. 4A-D) despite showing no activity
with Zn(II), indeed ZntR(C115A) induced the promoter
2.5- and 3-fold greater than w.t. with Cd(II) and Pb(II),
respectively. Of all the ZntR derivatives, only the
C124A/S derivatives did not give a response at PzntA4 -1
(see above), suggesting that this polypeptide is either
unstable or lacks the required structure to interact
productively with the promoter.

In MerR, from Tn2/ and Tn50!, four cysteines are
present. Three of these cysteines, C82, C117, and C126
have been shown, by mutational analysis of MerR in
Tn2! [31,32] and Tn501 [33-35], to serve as ligands for
Hg(II) binding. These three cysteine residues are con-
served with respect to other MerR family members (Fig.
5), and correspond to residues C79, C114, and C124,
respectively, in ZntR. It is unsurprising that alterations
of these residues abrogate the transcriptional response
of ZntR. This work demonstrates that these residues are
important for ZntR function and structure, as they are
in MerR. The complete loss of function in many of these
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Fig. 2. Transcriptional response of PzntA with the ZntR-cysteine derivatives. Luminescence was measured in E. coli TG1(zntR::kan)[pUCDPzntA]
with the control, ZntR or its derivatives expressed in trans in the presence of IPTG (1 mM) and Zn(lI) ranging from 0 to 1.2 mM (open columns). The
data are presented as a percentage of the maximal induced value for Pznr4/ZntR w.t. The standard error (vertical bars) in each case is derived from a

triplicate data set.
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Fig. 3. Transcriptional response of PzntA with the ZntR-cysteine [41 derivatives. Luminescence was measured in E. coli TGl(zntR::kan)
[pPUCDP:znt A] with the control, ZntR or its derivatives expressed in trans in the presence of IPTG (1 mM) and Zn(II) ranging from 0 to 1.2 mM (open
columns). The data are presented as a percentage of the maximal induced value for Pzns4/ZntR w.t. The standard error (vertical bars) in each case is
derived from a triplicate data set. Note that the value axes are of different ranges.
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Fig. 4. Transcriptional response of PzntA to ZntR and its derivatives. Luminescence was measured in E. coli TG1(zntR::kan)[pUCDPzntA] with the
control, ZntR or its derivatives expressed in trans in the presence of IPTG (1 mM) and Cd(II) at S0 uM (A (100% ZntR w.t. activity or less) and B
(greater than 100% ZntR w.t. activity) or Pb(II) at 0.5 mM (C (100% ZntR w.t. activity or less) and D (greater than 100% ZntR w.t. activity)) (open
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derived from a triplicate data set. Note that the value axes are of different ranges.
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ZntR derivatives suggests that the conserved cysteine
esidues play a central role in the mechanism of induc-
'y . .

L

tion and are likely to act as ligands for metal-ions

=%

Transcriptional activity of Cl41 ZntR derivatives a
PzniA

The C-terminal residue of ZntR (position 141) is a
cysieine and shows no sequence conservation with other
MerR-family members except CueR (Fig. 5). It is of
interest that the most diverse region in the MerR family
{Fig. 5) 1s at the C-terminal region where many MerR-
like proiecins have puiaiive meial-binding ligands such as
thiols and imidazoles. It is perhaps in this C-terminal
region where some measure of specificity is directed.

Initial experimentation demonstrated that replace-
ment of Cl141 in ZntR with ¢ither an alanine or serine
residuc  had very different function.
ZntR{C141A) showed dramatic differences i its Zn(l1}-
induction profile with respect to w.t. ZntR. Most inter-
estingly, replacement of C141 with alanine increased the
maximal induction of ZntR in response to Zn(Il) (2.5-
fold) but surprisingly changed the sensitivity of the reg-
ulator/promoter complex, with maximal induction now
occurring at 0.1 mM Zn(II) whereas ZntR w.t. (and most
of the active derivatives) showed maximal induction in
the 0.9-1.2mM range. ZntR(CI141A) was 3-fold more
responsive to Pb(Il) but little altered with respect to
Cd(II) (Figs. 4A and B). In contrast, ZntR(C1418S) re-
tained the usual transcriptional profile (maximal induc-
tion 1.1 mM) but was massively more responsive to
Cd(Il) and Pb(ll) (33- and l6-fold, respectively) and
more responsive to Zn(Il) (3-fold) (Figs. 3 and 4A and B).
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Fig. 5. Multiple alignment of MerR [8], ZntR [10)], CadR [27], CueR
{25.26], and PbrR [28). The alignment was generated using DIALIGN
[39] (http://bibiserv.techfak.uni-biclefeld. de/dialign/} and displayed
using SeqVu (The Garvan Institute of Medical Research). Sequence
identity is represented by boxes and similarity by shading.

A Coiled-coil region

Dimer Interface

Fig. 6. A siructural model for the first 95 amino acids of ZntR was
created (A) using SWISS-MODEL [40f (http://swissmodel.expasy.org/
SWISS-MODEL.html) witk BmrR coordinates as the template. His-
tidine residues are shown in blue and spacefill, cysteine 79 is shown in
yellow and spacefill. A dimer of BmrR [29] complexed with DNA
(blue/spaceifill) is shown, for simplicity, one monomer is in black, the
second shows the N-terminal DNA-binding domain (grey) containing
the H-T-H region (red), the coiled-coil structure (magenta). and the C-
ierminal region (cyan). Eguivalent stiucture/model features between

BmrR (B} and ZntR (A} are shown in red (H-T-H) and magenta
(coiied-coil region}.

Residue C141 has also been replaced with histidine,
leucine, givcine, and aspariate, the latter fi
.
4

0.1 mM similar to that seen in Cl41A. Induction was
slightly increased with Cd(II) but little changed with
Ph(II) for ZntR(C141H).

Taken together, these data show that both cysteine
and histidine residues arc important in the function of
ZntR and that altcration of the C-terminal amino acid
can have a profound cffect on the propertics of this
regulator. It is uncicar why the Cl41A or Ci4lH
mutations alter the function of ZntR to such a degree
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although we would hypothesise that the presence of a
thiol group at this position may alter the access of metal-
ions to other binding sites which drive the torsional
anism of induction. It is unsurprising, given the
ch@ ical similarity of Zﬁ(II), Cd(Il}, and Pb{Il), that
simplistic interpretatio of the structure—function re-
lationships within ,_.rtP re easily defined, although
the three-dimensional stru ure of BmrR [29] has al-
lowed us to create a model of the first 95 amino dClOS of
ns
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(H53, H76, and H77) and one of thc uystcl'\c rCSldUCb
(C79) in regions expected to mtcrdct with metal-ions,
e.g., at the proposed dimer interface (see Fig. 6B).

An interesting aspect of this research is the muiability
of the \nem‘icnv \en\mvnv and dvndmlo range of

....... st L] = UL

with 7 of the 10 derivatives showing substantial
dlﬁ'..r..nces from w.t. This mutability of ZntR is in sharp
contrast to that seen during mutational analysis of
MerR [31,36-38] which appears to be rather more re-
fractory to functional alteration [30). Perhaps the dif-
ferences in the strength of interaction with bioclogical
molecules between Zn(II} and Hg(II) have allowed
MerR to become more selective and less open to change
than we see here for ZntR.

Further study of this family of transcriptional regu-
lators will yield important information regarding the
evolution of specificity and mechanism, particularly
with respect to metal-ion dependent transcription in
prokaryotes.
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