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Abstract

Living organisms must monitor and respond to a diverse array ofenvironmental

stimuli. These responses, many of which are genetically-programmed, allow the

organisms to obtain nutrients as well as c0Pe with toxins. To identify such responses in

Escherichia coli, a cbromosomal luxAB gene fusion library was constructed By

screening this library with metals and monitoring for increases in luminescence, two

metal..inducible clones were fdentified. Luminescence of clone LF20110 increases with

increasing concentrations of added aluminum, Iron, indium, gallium and vanadium, but

not added calcium, magnesium or nickel. Luminescence of clone TBT1 increases with

increasing concentrations of added tnbutyltin, triethyltin, tri-n-propyltin and carbonyl

cyanide m-chlorophenyl hydrazone, but not added dtbutyltin or tetrabutyltin.

Analysis ofclone TBT1 revea1ed a lurAB fusion to the uhpT gene, which encodes a

hexose-6-phospbate transport protein. Transcriptional regulation of uhpT by

g1ucose-6-phosphate bas been weil characterized. However, it bad not been previously

demonstrated that addition oftnbutyltin could induce transcription of uhpT. This effect on

uhpT is associated with. the uncoupling ofoxidative phosphorylation.

Isolation and sequencing ofthe luxAB gene fusion from clone LF20110 uncovered a

previously uncharacterized gene, which we call ais (Aluminum. and Iron !timulated). The ais

gene bas been sequenced, the transcriptional start site bas been identifi~ and the 22 kDa

Ais p(otein bas been overexpressed in véVo~ Mutation of the bosS gene abrogates

metal-induced transcriptionofais. However, expression ofthe BasR-BasS two-component

regulatory system, in trans, restores the metal.-inducible response.
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The E. coli BasR-BasS regulon is poorly cbaracterized~To identify genes regulated

by this two-component system, a MudI (lac Ap) gene fusion hbrary was constructed and

screeo~ Gene fusions to blc, glmUS, iap, and ygiDK exhtbited increased

(3-galactosidase activity upon overexpression of BasR-BasS, while expression of a

dsdXA fusion decreased. By searching the E. coli genome database for putative BasR

binding sequences, four additional genes, sete, yibD, yhhT and yafwere identified. Of

these nine genes, four bave oot yet been characterized. The other tive are 8SSOCiated with

ceil membrane functions or sugar metaboliSD1-
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Résumé

Les prokaryotes, comme tous les organismes vivants, doivent surveiller et

répondre a une diversité de stimuli environmentaux. Leurs réponses, dont la plupart sont

génétiquement programmées, permettent aux organismes d'obtenir des nutriments ainsi

que de gérer la présence de toxines.

Pour identifier de telles adaptations chez l'organisme Escherichia coli, une

ltbrairie de fusions géniques /zaAB chromosomales fut construite. Suivant l'exposition

de cette librairie à des metaUX specifiques et la mesure d'augmentations significatives de

la luminescence chez ces bacteries, deux clones repondant aux metaux ont été identifiés.

La luminescence du clone LF20110 augmentait en présence de concentrations croissantes

d'aluminum, de fer, d'indium, de gallium et devanadium, mais pas suivant l'exposition

au calcium, au magnésium ou au nickel. La luminescence du clone TBTl, augmentait

suivant l'exposition à des concentrations croissantes de tributyltin, de triethyltin, de

tripropyltin et de cyanure de carbonyl, mais pas après l'exposition au dibutyltin ni au

tetrabutyltin.

L'étude du clone TBTL révèle une fusion luxAS au gène uhpT, qui code pour une

protéine de transport pour l'hexose-6-phosphate. La régulation de la transcription du

gène uhpT par le glucose-6-phosphate est bien characterisée. Cependant, ceci est la

première démonstration que l'ajout de tnbutyltin pouvait induire la transcription de uhpT.

Ceteffet du tributyltin est associé au <<UDcoupling» de la phosphorylation oxadative.

Après l'isolation de la fusion génique ftaAB du clone LF20110, la séquence fut

déterminée, et les résultats suggéraient un gène inconnu que nous avons nommé ais

(!luminum. et iron ~ulated). La séquence complète d'ais est maintenant connue et
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l'origine de transcription a été déterminée. De plus, la protéine Ais de 22 kDa a été

surexprimée in vivo~ La mutation du gène bosS abbrège la transcription d'ais en réponse

au metal, mais l'expression «en tranS» du système bi-eomplexe BasR-BasS rétablit la

réponse- au métal. Très peu est connu quant au régulon BasR-BasS d'E~ coli. Afin

d'identifier des gènes sous le contrôle de ce système bi-complexe, une librairie de fusion

génique MudI (lac Ap) fut construite et analysée. Des fusions géniques aux niveaux de

bic, glmUS, iap, and Y.fllJK exhibaient une augmentation d'activité l3-galactoside lors

de la surexpression de BasR-BasS, tandis que l'expression d'une fusion au niveau de

dsdXA diminuait. En analysant une base de données d'E. coli à la recherche d'éventuels

sites de liaison pour BasR, nous avons identifié quatre gènes de plus: setC, yibD, yhhT et

yaj: D'un total de neuf gènes, quatre ont été identifiés, et les autres sont impliqués dans

des fonctions de membrane cellulaire ou dans le métabolisme des sucres•
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'Art is L Science is we.' Claude Bernard, French physiologist (1813-L878)
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Preface to the Thesis

l have chosen to present this Thesis in manuscript-based format.

The 'Guidelines for Thesis Preparation', established by the Faculty of Graduate Studies

and Researc~ include the following provisions for manuscript-based theses:

1. Candidates have the option ofincluding, as part of the tbesis, the text of one or more
papers submitted, or to he submitted, for publication, or the clearly-duplicated text
(not the reprints) ofone or more published papers. These texts must conform ta the
"Guidelines for Thesis Preparation" with respect to font size, line spacing and margin
sizes and must he bound together as an integral part ofthe thesis.

2. The thesis must he more than a collection of manuscripts. Ali components must he
integrated iota a cohesive unit with a logicai progression from one cbapter to the next.
In order to ensure that the thesis has continuity, connecting texts that provide logical
bridges between the different papers are mandatory.

3. The thesis must confonn to all other requirements of the "Guidelines for Thesis
Preparation" in addition to the manuscripts. The thesis must include the following:
(a) a table of contents; (b) an abstract in English and French; (c) an introduction
which clearly states the rational and objectives of the research; (d) a comprehensive
revieworthe literature (in addition to that covered in the introduction to each paper);
Ce) a final conclusion and summary.

4. As manuscripts for publication are ftequently very concise documents, where
appropriate, additional material must he provided (e.g., in appendices) in sufficient
detaU to allowa clear and precise judgement to he made of the importance and
originality ofthe research reported in the thesis.

s. In general, when co-authored Papers are included in a thesis the candidate must have
made a substantial contribution to aIl papers included in the thesis. In addition, the
candidate is required to make an explicit statement in the thesis as to who contnbuted
to such work and to what extent. This statement should appear in a single section
entitled "Contributions ofAuthors" as a preface to the thesis.
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l have observed these provisions during the preparation oftbis Thesis~

The Thesis follows a logical progression~ Chapter 1 is a comprehensive review of

relevant literature~ Cbapters 2 through S, inclusive, are manuscripts descnbing original

research and will he submitted for publication~ My peers contnbuted to this research~

Individual contnbutions are descnbed in the ~Manuscripts and Authorship' section at the

beginning of the Thesis. Ta ensure continuity of the Thesis, Chapters 3, 4, and 5 are

prefaced with connecting text. Chapter 6 contains conclusions and a final summary~ Ali

text has been formatted properly. Abbreviations used throughout the text are listed at the

beginning ofthe Thesis~ References, in alphabetical arder, are included at the end of the

Thesis.
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1.1 HEAVYMETAL ROMEOSTASIS

There are ninety naturaUy occurring clements. Fifty-three are heavy metals. Most

are either too rare or too insoluble within the hydrophilic conditions of the biosphere to

he readily bioavailable. Yet, because of their abundance~ utility~ and/or toxicity, several

heavy metals are biologically significant. For most prokaryotes, Iron, zinc, copper, cobalt

and manganese are essential trace elements. Molybdenum, nickel, and tungsten cao. also

he important. Other metals, such as Mercury, silver, lead, cbromium, cadmium and

arsenic are notable fortheirtoxicity.

Metals are important protein cofactors. Metal-containing enzymes are ubiquitous

and affect every aspect of cell physiology. For example, iroo- (or manganese-)

containing nbonucleotide reduetases are essential for DNA synthesis (Auling and

Follmann, 1994). Zinc and copper oxidases are required for carbon and nitrogen

metabolism. In addition, ~blue' copper proteins are important for electron transport

reactions, and zinc-binding proteases are commonly produced by pathogenic bacteria

(Brown et al., 1994; Hase and Finkelstein, 1993). Cobalt-containing cobalamin (Le.

vitamin B12) fs a cofactor for many enzymes, including sorne involved in glycerol

utilization and amino acid metabolism (Ochiai, 1994). Proteins with iron-sulfur clusters

or molybdate centers are important for electron transport and oxidation-œduction

reactions, especially under anaerobic conditions (Bemert and Kiley, 1999; Rille et al.,.

1999).. This Cbapter provides a review of the role of metals, and metalloproteins, in

transcriptionaL regulation.. However, the numerous metabolic fimetions ofmetalloproteins

must nothe forgotten..
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The impact of a heavy Metal is affected by both concentration and reactivity.

Concentration determines the nomber ofMetal ions that a cell must contend witb. For

example, iftbe Metal concentration in the bacterial culture medium Ce.g. 108 cells/ml) is

l pM, and assuming tbat the Metal ions do not interact with components of the culture

medium, then there is an average of six ions/ceU, too few to he either useful or

dangerous. However, if 1 DM is present, each cell must cope with 6000 Metal ions. At

this concentration, mercury (Hrî can damage a cell, but manganese cannoL Iron and

zinc are commonly found at concentrations above 100 DM (e.g. 600 000 or more

ions/celL). The consistent and abundant supply of these reactive, but not overly toxic,

metals mayaccount for their widespread participation in cellular processes.

Reaetivity refers to the capacity ofa Metal to generate toxie oxygell species, the

ability to mimie otber metals, and the affinity of a metal for amino acid side chains, sucb.

as the imidazole ring of histidine residues or the thiol group of cysteine residues. The

formation of reversible metal-thiol bonds is particularly important for proper protein

function. Mercury bas such a high affinity for thiols that it cm displace other Metal

cofactors, form irreversible thiol bonds, and disrupt protein activity. Silver, chromium,

and cadmium are toxie for the same reason. Moreover, the sligbtly higher toxicity of

copPer, as compued to zinc, may he due to differences in thiol affinity. Flee Metal ions

can react with molecular oxygen and the thiol groups of glutathione to form reactive

oxygen species, such as Hl01. Free metals cao. also eatalyze the formation ofsuperoxide

radicals trom other reactive oxygen species (Toua~ 1999)~ For example, the Fenton

Reactiondescnbes the Metal (M) induced generationofa hydroxyL radical COHj:

M3
+ + H10l ~ M 2+ Oa- + OH-

3



•

•

•

Reactive oxygen species damage DNA, proteins, and membrane lipids, and are a key

reason why it is important for the intracellular concentration offree metal ions to remain

low~ There are additional mechanisms ofMetal toxicity. Arsenic is chemically similar to

phosphorous, and the pentavalent arsenate oxyanion species exerts its deleterious etTects

by disrupting phosphate metabolism.

Unlike toxie organic comPOunds~ which are subject to anabolism and catabolism,

Metal ions cannot he destroyed. However, metals can he sequestered by histidine- and

cysteine-rich proteins, converted ta less reactive sPecies, or exPOned from the œiL With

the notable exception ofHg2
+, which can he reduced to the volatile and readily dissipated

HgO, few metals can he etrectively detoxified by conversion to less toxie species~ As

such, sequestration and emux are the main mechanisms ofMetal detoxification. A single

metal-binding protein cao sequester ooly a few Metal ions and it can he expensive for the

cell to produce enough protein to sequester even a moderate concentration of MetaL A

single emux pump· cao export Many Metal ions and is often more efficient~ However, if

the same ion is repeatedly exPOrted and taken up, emux: becomes less productive.

Sequestered ions do not retum..

Uptake and emux: mechanisms are classified according to their energy

requirements and structure. Chemiosmotic transporters depend on the relative internaI

and extemal concentrations of the substrate. Chemiosmotic uptake proteins are active

when the extemal concentration i5 higher. Chemiosmotic effiux proteins are active wben

the internai concentration is higber. fn proton/cation antiport systems, metal ion emux is

coupled to proton uptake and requires an intact proton gradient. P-type, A-type and

ABC transponers are ATP-dependent.. In P-type systems, transport and ATPase
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activities are controUed by a single protein. In A-type systems~different proteins mediate

emux and ATPase activities. ABC transporters use two integral membrane subunits and

two ATPase subunits. Tbese subunits May he discrete proteins~ or separate domains ofa

single protein. ABC-mediated uptake often involves a periplasmic factor wlule

ABC-mediated emux employs an outer membrane factor.

Heavy Metal homeostasis systems are only effective if expressed appropriately.

Uptake mecbanisms need to he activated when Metal concentrations are limiting. If the

metal concentration is too high~ detoxification mechanisms need to he tumed o~ and

uptake must he repressed. This requires regulatio~ which generally occurs at the level of

transcription. Prokaryotes use many elegant strategies to regulate gene expression in

response to beavy metals.

1.1 METAL-DEPENDENT REPRESSOR PROTEINS

A repressor protein regulates gene expression by inhibiting transcription. The

repressor protein recognizes a specific~ usually palindromic, DNA sequence located

within the promoter of a target gene~ When the repressor is bound ta this sequence, it

occludes the -35 and/or -10 promoter elements~ preventing transcription initiation by

RNA polymerase. The repressor proteins described below May assume either an active

conformation, in which affinity for DNA is hi~ or an inactive conformation, in which

DNA binding is abrogated_ The shift ftom an active to an inactive conformation is

mediated by the incorporation (or loss) ofa Metal iOR-
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1.2.1 Fur

Fur, the ferric yptake r.egulator, was identified two decades aga in a mutant strain

of E. coli that demonstrated constitutive siderophore expression (Hantke, 1981). Fur is

ubiquitous. Homologs have been described for Gram-negative organisms, including

Aeinetobaeter, Bordetella, Campylobacter, Erwinia, Haemophilus, Helicobaeter,

Legionella, Neisseria, Pseudomonas, Sa/monella., Rhizobium, Vibrio, and Yersinia,

Gram-positive bacteria, such as Baeillus and Staphyloeoccus, as weil as Attyeobacteria

and cyanobacteria. Current genome sequencing projects are certain to reveal additional

homologs (Bereswill et aL, 1998; Berish et al., 1993; Brickman and Armstrong, 1995;

Bsat et aL, 1998; Carson et aL, 1996; Daniel et aL, 1999; Ernst et al., 1978; Franza et aL,

1999; Ghassemian and Straus, 1996; Heidrich et aL, 1996; Hickey and Cianciotto, 1994;

LitwinetaL. 1996; Prince et al., 1991; Staggs and Perry, 1991; Wongetal., 1999).

Fur direetly regulates a diverse array ofgenes. They are too numerous to descnbe

in detail, but include loci involved with siderophore synthesis, Iron transport, oxygen

radical detoxification, and virulence factor production (Bearson et al., 1997; Escolar et

al., 1999). Fur also controls expression ofalternate sigma factors and regulatory proteins,

and so indirectly Mediates transcription of additional genes. Because of this extensive

influence, Fur IS known as a global regulatory protein.

Promoters regulated directly by Fur contain the ~Fur box' or 'iron box't consensus

sequence. In solution, Fur monomers fonn homodimers~ Dimers assume an active

conformation upon incorporationofFe2
+_ Recognition ofthe Fur box and DNA binding is

mediated by an N-tenninaI helix-tum-heIix domain.. When Fe2+ is limitin~Fur binding

to DNA is impaired and tIancription is derepressed.. Studies using electron microscopy
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and atomic force microscopy reveal that, when bound to DNA, Fur bas a wen-ordere~

oligomeric structure- and increases the rigidity ofthe DNA (Le- Cam et al., 1994). Also,

the portion of a promoter bound by protein increases with the Fur:DNA ratio, suggesting

that Fur cao. polymerize when protein concentrations are sufficiently high (Frechon and

Le Cam, 1994).

Fez+ is integral to Fur functio~but questions about Metal incorporation remain. A

conserved amino acid motif; HisrXrCys-X-Cys, located near the center of each

monomer, is implicated in Metal binding, but the role of specifie residues in Metal

coordination has not bem resolved.ln vitro, Fur can be activated by the addition ofFe2+,

Cd'l+, Co2+, Cu2+ rvIn2+, or Zn2+ but the metals May not be bound in the sante way

(Althaus et al., 1999; Bagg and Neilands, 1987; ~'lichaud..Soret, et al., 1991; Jaquantet et

al., 1998). According to this scheme, one Metal binding site is occupied by a Zn2+ ion,

which serves to stabilize Fur structure. In the inactive Fur conformation, the other Metal

binding site may CORtain a second Zn2+ ion, or it may be empty.. In either case, occupation

oftlûs second site (likely, the central metal-binding motif) bya Fe2+ ion generates the

active Fur conformation. Evidence for this model cames fiom analysis of the Metal

content ofFur protein preparations.. In the absence of an metal, Fur dîmers are unstable..

Dimers containing one or two Zn2+ ions pa monoma are stable.. Addition ofEDT~

which chelates divalent cations, does not remove an zinc from the prote~ but instead

leaves Fur containing one Zn2+ ion per monomer. Addition of excess iron generates a

protein. that contains one Zn1+ ion and one Fe2.+ io~ not two Fe2+ ions~ pet" monomec

(Althaus et aL~ 1999). When manganese or cobalt are used instead of iron, the Fur

preparations contain. one Zn%.+ io~ plus either a Mil2+ ion or a Co%.+ ion (Michaud-Soret et
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al.~ 1997). This suggests that there is a Zn2+ binding site that is inaccessible to chelators

or other metals. The location of this bindiog site bas oot been determined, but X-ray

absorption spectroscopy suggests that the Zn2.+ ion is coordinated tetrahedrally

(Jacquamet et al., 1998). Either the central metal-binding matit: or a eonserved

C-terminal moti( His-X~ys-Xr-CYs,May be involved. The C-terminal motif is

intriguing becàuse this region bas a1so been implicated in dimerization (Stojiljkovic and

Hantke, 1995). As such, the Zn'2.+ ion May he important for dimer formation.

The interaction ofFur with the Fur box bas been closeLy examined. The consensus

Fur box is a 19 nt sequence, s"GATAATGATAATCATTATC3
·, but several longer

variants exis~ and no single nucleotide appears to he essential (DeLorenzo et al., 1987).

This sequence bas long been viewed as a palindrome fonned by an inverted repeat orthe

nonamer, s-GATAATGATr . However, the corrent model suggests that Fur reeognizes a

hexamer sNATAAT3
·, that is repeated three times (2 direct, 1 inverted) within the Fur

box (Escolaret al.~ 1998a; 1998b). This model is consistent with DNA footprint analysis,

which shows a pattern, repeated three times across the consensus Fur box sequence, of

two proteeted nucleotides followed by four unprotected ones (DeLorenzo et aL, 1988).

To test this theary, binding of Fur to synthetic promoters contaiDÏDg from one to five

repeats of the hexamer was examined. In vitro, Fur binding was observed to DNA

sequences containing two or more tandem repeats of the hexarner (Escolar et al.,. 1998a).

However,. binding to two repeats was quite poor, suggesting that Fur requires a minimum

of three repeats to form. a stable compIex. Fur cm bind hexamers repeated in any

orientation, but bas a higher affinity for the native patte~ direet-direct-inverteds tban

for three direct repeats or the direct-inverted-direct combinatioD. Changes to the
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hexamer, in particular the 3~T, impair Fur binding~ Analysis also revealed that there was

one repeat of the footprinting motif (two protected, four unprotected bases) for each

hexamer (Escalar et al~, 1998a)~ This indicates tbat the affinity of Fur for a specific

promoter depends on the number and orientation of hexameric repeats~ As such, iron

concentration MaY affect different Fur-regulated promoters in different ways. For

example, a slight decrease in Kon concentrations may trigger derepression oflow affinity

Fur promoters wlule more severe iton limitation May he required befote high affinity Fur

promoters are exptessed~

The concentration ofFur bas been estimated to he 2500 molecules/cell in Vibrio

cholera (Watnick et al., 1997) and 5000 molecules/ceU in E. coli (Zheng et al~ 1999)~

This is Many fold higher than the estimate of 20 molecules/ceU for the LacI repressor or

300 molecules/ceU for the Trp repressor. This May simply retlect the large number of

Fur-repressed genes. However, it has been 'suggested tha~ in addition to regulating gene

expression, Fur could help sequester intraceUular iroD. Fur defects are accompanied by

the accumulation of high levels of ftee intraceUular ïron. The combination of free iron

and deficient DNA repair is likely tesponsible for the lethal phenotype offur recA double

mutants (Touati et aL, 1995)~

Severa! Fur-like proteins bave recently emerged. Zur, frr, and PetR cxhtbit

homology to Fur, bind to simiJar DNA sequences, and regulate gene expression in

response 10 Metal concentration. Zur, the Pnc yptake rcgulator, represses expression of

zinc transport operons under zinç-sufficient conditions (Gaballa and Helmann, 1998;

Dalet et aL, 1999; Patzer and Hantke, 1998; Patzer and Hantke, 2000). Irr, the !.rOD

response regulator, tepresses genes ïnvolved in heme biosYDthesis (Hamza et al., 1998)•
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Irr responds to iron, but it aets as a repressor in the absence ofFe2+, unlike Fur, which is

active only when Fe%.+ is present. PerR, the Œ0xide regulator, Mediates expression of

genes required for detoxification ofreactive oxygen species (Chen et al., 1995; Bsat et

al., 1996; Bsat et aL, 1998). These genes are expressed onder high concentrations ofboth

Fe2+ (or Mn2
) and H201 (or a compound generated by peroxide eXPQsure). However,

interaction of the inducers with PerR is not understood. Genome sequencing projects

have revealed numerous putative 'Fur homologs' . [t is likely that some ofthese are really

Zur-, Irr-, and PerR-homologs.

1.2.1 DtxRIIdeR:

ln Many Gram-positive organisms, protefns of the DtxRIIdeR family regulate

Iron uptake and the expression of virulence detenninants. The giptheria !O~in repressor

(DtxR) ofCorynebacterium diptheriae was the first to he identified (Boyd et al., 1990).

However, many homologs have been identified, including DtxR of Brevibacterium

/aclofermentum, the !ron~ndent regulatory (IdeR) proteins of MjJcobacterium spp.

and Rhodococcus spp., the desferrioxamine synthesis regulator (DesR) of Streptomyces

pi/osis and Streptomyces lividans, the $..treptococcus spp. iron regulator repressor (SfrR),

and the transport-related 2peron regulator (TroR) of Treponema pallidum (Boland and

Meijer, 2000; Doukhan et al., 1995; Dussurget et al., 1996; Gunter-Seeboth and Scbupp,

1995; HUI et al., 1998; Oguïzaetal., 1995; Poseyet al., 1999; Schmitt et al., 1995).

Several crystal structures of DtxR have been soLved.. They include the DtxR.

apoenzyme (no bound metal), holoenzyme (metal bound), and DtxRbound to DNA (pohl

et aI.~ 1999b; Qiu et al.,. 1996). Moreover, a structures for the M.. tubercu[osis TdeR
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boloenzyme have been obtained (Feese et al.~ 2000; Pohl et aL~ 1999a). These studies

reveal structural and functional features- of these proteins and illuminate the role of the

Metal corsetor.

DtxRlIdeR monomers bave tbree domains and each domain is separated by a

flexible linker region oftwo to eight amino acids. In DtxR, domain 1 (residues 1-73)

contains a helix-tum-helix motif which i5 important for DNA recognition and binding.

Domain 2 (residues 74-140) is important for dimerization and contributes to the two

distinct metal-binding sites. Domain 3 (residues 148-226) 1S mobile, which mayaccount

for its poor resolution in most crystal structures. This domain contnbutes to the two

metal-binding sites and makes additional contacts with domain 1 (pohl et al., 1999b).

Domain 3 is also called the SH3 dom~ because ofits homology to the SH3 domains of

a-spectrin and the tyrosine kinases Fyn and Abl (Qin et aL, 1996). The significance of

this homology 1S unknown. However, the SH3 domains ofFyn and Abl interact with the

Src protein. As such, it bas been suggested that domain 3 ofDtxR may interact with some

other(as ofyet unlmown) proteins.

DtxRIIdeR dimers fonn in the absence of metal~ but metal incorporation is

required to generate the active, DNA binding, conformation. Although Fe2+ is the

physiological relevant ion in vivo, Mn2
+, C02

+, Cdl
+, Ni2+ and Znl + cao. he substituted in

vitro. However, these meta1s are not bound with equal affinity. Iron aetivates DtxR at

concentrations above l pM while zinç is onlyeffective at concentrations above 100 J,lM.

Each monomer binds two Metal ions,. such that four are bound per dimer_ In the

holoenzyme, the metaL ions exhtbit pentavalent coordination. Each metal-binding site is

formed by three residues ftom domain 2 and two residues ftom domain 3_ The residues
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tbat fonn the metal-binding sites are highly conserved in ail homologs. Moreover,

mutagenesis ofthese key residues' impairs enzyme functfon (Tao and Murphy, 1993). In

the transition from apoenzyme to holoenzyme, the monomers do not move with respect to

one another. In fact, the dimerization domain (domain 2) remains almost completely

immobile. Instead, structural changes occur within each monomer. The greatest change

occurs within domain 3, which moves to contact domain 2 and complete the

metal-binding sites. It is believed that the shifting domain 3 acts as a wedge which also

forces domain 1 to move. This rotation ofdomain 1 relative to domain 2 allows space for

DNA binding. UPOn binding to DNA, there is additional rotation of domain 1, but it is

slight compared to the shift upon metal-binding.

DtxR recognizes the Palindromic nucleotide consensus sequence:

s~TAAGGTTAGNCTAACCTIA3'- (Chen et al., 2000; Tao and Murphy, 1993). Two'

dimers bind to this sequence. Bach dîmer covers 14 nucleotides such that they overlap

across the five central base pairs (Chen et al., 2000). Protein binding is cooperative, but

contacts between the two dimers have not been identified. Protein binding distorts the

DNA. Although it maintains B-DNA fo~ it becomes slightly bent and slightly

unwound (Chen et al., 2000).

In Corynebacterium diptheriae, seven DtxR-reguiated loci have been identified.

In ail cases, binding of the DtxR holoenzyme represses transcriptiolL These loci encode

the following ïron-regulated Rrotein genes: irp1, a membrane üpoprotein and putative

sideropbore receptor (Schmitt and Holmes,. 1994; Schmitt et al.~ 1997); irp2; irp3~ a

putative transcriptional regulator, irp4, ÎrpS (Lee et al.~ 1997); hmuO, a heme oxygenase
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invoLved in Metal acquisition (Schmitt et aL 1997); as weIl as the corynephage tox gene,

which encodes the diptheria toxin (reviewed in Holmes, 2000)~

Targets for the IdeR protein of MjJcohacterium tubercu/osis have also been

identified (Manabe et al., 1999). A computer-assisted search of the M tuherculosis

genome revealed six putative IdeR binding sites, appropriately positioned uPStream of

ORFs. ln vitro gel mobility sbift assays demonstrated that purified DtxR could bind to

five of these sites. The putative IdeR-regulated genes are putative virulence factors,

including an alcohol dehydrogenase, a serine protease, a putative transcriptional

activator, a 16S rRNA and a homolog to the clinically important 19-kDa antigen.

In Staphylococcus spp., SirR regulates expression of the sitABC genes, which

encode an ABC-type transporter responsible for iron uptake (Hill et al., 1998)~ Similarly,

TroR of Treponema pallidum controls expression ofthe troABCO Metal transport system

(posey et al., 1999). However, TroR i5 unusual in that it appears to respond to Mn1.+ but

not Fe1.+. ln vitro, DNA binding by TroR IS mediated by Mn2+ but not zrr+, Co2.+, CU1.+,

Ni2+, or Fe1+(posey et al., 1999).

1.2.3 ModE

MoLybdate and molybdopterin are common cofactors in nitrogenase enzymes and

are essential to nitrogen-fixing bacteria. In Azotobacter vinelandii, Clostridium

pasteurianum, Escherîchia coli, Haemophilus influenzae, Klebsiella pneumonîae, and

Rhodohacter capsulatus, high-affinity molybdenum uptake is regulated by ModE

(Grunden and Shanmugam, 1997; Binton and Freyer~ 1986; Mouncey et aI.~ 1995;

Walkenhorst et al., 1995; Wang et al.~ 1993). Like Fur and DtxRIIdeR, ModE is a
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homodimeric repressor protein tbat assumes an active, DNA binding, conformation uPOn

Metal incorporation. Molybdenum, tungsten, and to a lesser extent, vanadium, can

activate ModE. The crystal structure orthe 262 amino acidE. coli ModE bas been solved

(Hall et al., 1999). Each monomerhas two domains. The N-terminal domain contains a

helix-tum-helix motif tbat mediates DNA binding. The C-terminal domain bas two

subunits, which are required for Metal binding and dimerization, respectively. Each

monomer binds one Metal oxyanion (Le. Mool-, wol- or VOll. Tetrahedral

coordination of the oxyanion involves four residues that are strictly conserved in all

MoeE homologues. One residue (Argl28 in E. coli ModE) is part of a conserved motit:

(Thr/Ser)-Arg-Asn-Gln-X2-Gly_ Mutation of this motif bas been shown to eliminate

repressor aetivity. Metal incofPOration induces changes in the C-terminal domain which

enhance DNA binding by the N-tenninal domain (Hall et al., 1999; McNicholas et al.,

1998).

The modE gene is divergent to the modABCD operon, such that the two

transeriptional units are oriented, and expressed, in opposite directions. ModABCD

encodes an ABC-type uptake system for molybdate, tungstate, vanadate and sulfate

oxyanioDS. Transcription of modE is constitutive (Grunden and Shanmugam, 1997).

Expression of modABCD is regulated by ModE (Gronden et aL, 1996; Walkenhorst et

al., 1995). Transcription is repressed when molybdenum concentrations are high and

derepressed when they are low_ Details of ModE binding to the modABCD promoter

remain to be elucidated, but DNaseI protection analysis indicates that the protein protects

a 30 bp segment (bp -15 to +15, relative to the transcription start site). ModE may

recognize the consensus sequences s~TAc/TAT3~or S~GTIA3~, which both accur multiple
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times in the modABCD promoterregion.. The s·TAc/TAT3
• motifis repeated three tintes

within the DNaseI protected region and is associated with a putative DNA stem-loop

structure. ModE binding couId stabilize this stem-loop and occlude the -10 promoter

element (Gronden and Shanmugam~ 1997; Gronden et aL~ 1999). In E. coli, ModE also

regulates the dmsABC (McNicbolas et aL, 1998), moaABCDE (McNicholas et al., 1997),

and narGHJI (Selfet al., 1999) operons, which encode molybdate-containing enzymes.

1.%.4 AnRlSmtB/CadC/ZiaIl

ArsR, SmtB, CadC and ZiaR are representative members ofa growing family of

metal-responsive repressor proteins that use a simple, yet effective, method to regulate

expression of Metal resistance genes. In the absence of Metal, the apoprotein exhibits

DNA binding activity and represses transcription. In the presence of cognate Metal, a

metal-protein complex forms. This holoenzyme no longer binds DNA. As sucb,

transcription is derepressed, and the Metal resistance genes are expressed (Fig. LI).

ArsR responds to arsenite (As3"1 and antimonite (Sb3
). A variety of

plasmid-bome, and chromosomal ars operons have been identified (Cai and DuBow,

1996; Cervantes et aL, 1994; Diorio et aL, 1995). AIl contain arsB, encoding an

arsenitefantimonite emux pump, and arsC, encoding an As5+- -.- As 3+ reductase. In

addition, some ars operons contain arsA, whose product converts ArsB trom a

cation-proton antiporter into an effiux ATPase, and orsO, which encodes a second

regulatory protein, responsible for establisbing the upper limit ofars operon expression

(Cervantes et al., 1994; Silver andPhung, 1996)•
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Figure 1.1: Transcriptional regulation by a metal-responsive repressor protein

A) In the absence of Metal, DNA binding of the active repressor homodimer to the

promoter region of a target gene occludes transcription initiation by RNA polymerase

B) Incorporation ofmetal into the repressor homodimer impairs DNA binding such that

RNA polymerase is able to initiate transcription.
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SmtB, ftom Synechococcus, responds 10 zinc (Zn2.), cadmium (Cd2
) and, to a

lesserexte~ cobalt (C03), Mercury (Hg2), and nickel (Ni2.j. SmtB regulates expression

ofsmt~which encodes a metal-sequestering metallothionein (Daniels et aL, 1998).

Cade homologs are widely distnbuted.. CadC responds to cadmium (Cd2.j, zinc

(Zn2), lead (pb2) and bismuth (Bi2) (Endo and Silver, 1995)~ It regulates expressIon of

the cadmium/zinc effiux P-type ATPase encoded by codA.

ZiaR has only been found inSynechocystis (TbelweR et aL, 1998). ZiaR responds

to zinc (Zn2) and cadmium (Cd2
) and Mediates expression of the ziaA-encoded zinc

effiux P-type ATPase.

ArsR (117 aa), SmtB (122 aa), Cade (122 aa), and ZiaR (132 aa) are of similar

size, but amino acid sequence homology is limited to the central regions. This May retlect

differences in Metal specificity. However, work with ArsR and SmtB indicates that the

proteins do have similar structures. A crystal structure of apo-SmtB bas been soLved

(Cook et aL, 1998). It shows that the central region contains a helix-turn-helix structure

followed by a hairpin-shaped antiparallel ~sbeet. The helix-turn-helix Mediates DNA

recognition and binding. The I3-sheet structure is tlexible and May affect the stability of

DNA binding. This central region is tlanked by three a-helices (i.e. two towards the

N-terminus and one near the C-terminus). SmtB acts as a dimer and inter-monomer

contacts between these belices are important for dimerization. The stoichiometry ofmetal

binding by SmtB bas Dot been resolved and it i5 not clear if there are one or two Metal

ions bound per monomer (VanZile et al., 2000). As suc~ the Metal binding site(s) of

SmtB bas not been clearly defined.. However,. it bas' been suggested that metal may bind

to the C-termïna1 dimerization heIix.. This could disrupt or diston dimer stureture enough
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to abrogate DNA binding. Moreover, mutation of SmtB-His106
, which is predicted to

coordinate the Metal ion, resuIts iD. a constitutively active, metal-insensitive repressor.

The implicated residues are not conserved in ArsR or CadC. However, mutation of the

equivalent ZiaR-His l16 residue also generates a metal-insensitive repressor (Thelwell et

al., 1998). AltemativeLy, Metal May bind to the helix-tum-helix motif With ArsR, this

appears to he the case (Shi et aL, 1996). Arsenite is coordinated by three cysteine residues

found within the first helix ofthe motit: The imt two cysteine residues are essential for

nonnal, metal-sensitive repressor activity. These essential residues are conserved in

CadC and ZiaR, but only one is found in SmtB. Mutation of these cysteines in Zi~ but

not SmtB, generates a metal-insensitive repressor (Thelwell et al., 1998)..

1.3 METAL-RESPONSlVE ACTIVATORPROTEINS: MerRiCoaRICueRlZntR

MerR, CoaR, CueR and ZntR. are similar to the proteins described thus far. They

fonn dimers, recognize characteristic DNA sequences, bind to the promoters of target

genes, and sustain confonnational changes upon the incorporation of Metal ions.

However, MerR, CoaR, CueR and ZntR. are activator proteins and use a different

mecbanism to regulate gene expression. Promoters targeted by these activators exhtbit

unusual spacing of the -10 and -35 promoter elements. In a typical a70 promoter, the

spacing is 17± 1 bp. The spacing is 19 bp in promoters regulated by MerR or CueR, and

is 20 bp in promoters regulated by CoaR or ZntR... The altered spacing disrupts the

• pbasing of the -10 and -35 promoter elements such that they are recognized poorly by
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Figure 1.2: Transcriptional regulation by a metal-responsive aetivator protein

A) In the absence of metal, the activator homodimer binds and bends DNA in the

promoter region ofa target gene, preventing transcription initiation by RNA polymeraese

B) Upon Metal incorporation, the activator bomodimer unbends and unwinds the

promoter DNA and activates transcription initiation by RNA polymerase.
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helix-tum-helix. domain near the N-terminus ofthe protein. Mutation or deletion ofthis

domain abrogates DNA binding and transcriptional activation (Shewcbuk et al., 1989;

Zeng et aL, 1998). Mercury binding is associated with three cysteine residues located in

the C-terminal balf of MerR. A single Hi+ moiety is coordinated by the two most

C-tenninal cysteines of one monomer, and a third, more central, cysteine of the other

monomer. Substitution of these cysteines (e.g. by alanine) impairs dimerization, but the

dimers that do fonn can bind DNA (Helmann et al.~ 1990; Shewcbuck et aL, 1989).

Heterodimers, which include the central cysteine on one monomer and the C-terminal

cysteines on the other, cao bind Hg2+ and activate transcription. However, homodimers

containing only the central cysteine or only the two C-terminal cysteines are inactive

(Helmann et aL, 1990). rn another Mer construc~ ail of the residues preceding the

conserved, central cysteine were deleted. Despite the deletion, the Mer protein could

dimerize and bind Hi+ with wild type affinity (Zeng et al., 1998). The importance orthe

central cysteine forthe asymmetric trigonal coordination ofHgZ+ bas also been confinned

via NMR (Utschig et aL, 1995).

Crosslinking studies (Ku1kami and Summers, 1999) indicate that MerR foons

protein-protein interactions with RNA polymerase. Interactions occur with both the RNA

polymerase core and holoenzymes, and are independent ofDNA binding or Metal stalus.

A highly conserved and charged region near the middle of MerR may be important for

contacts with RNA polymerase (Caslake et aL~ 1997; Comess et aL, 1994). This

interaction may help recruit RNA pllymerase to the promoter region. rn the absence of

Metal, interactions between RNA pllymerase and apo-MerR stabilize the formation ofa

closed complex suçh that mer operon transcription decreases (Caslake etal., 1997). Basal
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The regulatory scbeme descnbed for MerR, Co~ CueR and ZntR is not only

used for the activation ofmetal resistance genes. Homologous activator proteins regulate

systems tbat Mediate drug resistance (MtaR), thiostrepton eroux. (TipAL), and cell

ditTerentiation (BmrR) (Ahmed etaI., 1994; Baranoval et al., 1999; Holmes et al., 1993).

1.4 The CopY-CopZ Repressor-ADtirepressor System

The copYZAB operon of Enterococcus hirae Mediates both coppet uptake and

copper eftlux (Odermatt and Solioz, 1995). Although copper is an essential metal, too

much can he toxic. The CapY and CopZ proteins provide the proper balance. Together,

they mediate a biphasie pattern ofgene expression.. The copYZAB genes are transcnbed

when the copper concentration is limiting (<2 JJM) or in excess (>0.3 mM), but are

repressed at intennediate concentrations. Moreover, this system mediates transport of

toxie silver (Ag") which bas a similar ionic radius to COppeT (CuJ-

The CopA and CopB proteins are P-type ATPases tbat transport Cu+. However,

they work in opposite directions, such tbat CopA brings extracellular COpPeT into the cell,

and CopB expels întracellular coppet ftom the ceR (Odermatt et aL, 1992; 1994).

Although the predominant extraceUular form of COppeT is Cu2
+, the current model

suggests tbat, priOt to uptake byCop~ a periplasmic reductase converts Cu1+to Cu+. The

putative reductase bas not been isola~ but copper reduetase activity bas been measured

in vivo. Moreover, expression ofthe cop operon is induced by chelators ofCu1+:t which

can deplete extraceUuIar Cu2
+ pools, but not chelators of Cu+, which cannot enter the
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periplasm (Wunderli-Ye and Solio~ 1999)~ Although CopA and CopB are expressed

together, uptake activity dominates when copper is limiting and effiux activity is

sufficient to provide resistance wben copper is in excess~ It is likely that when

concentrations are low, ftee Cu+ is Dot available for CopB-mediated emux~ At high

concentrations, the rate offree Cu+ effiux is likely faster than the combined rates ofCu2+

reduction and CopA-mediated Cu+ uptake~

CopY is a metal-dependent transcriptional repressor, 145 amino acids in size.

The N-tenninus cootains a helix-tum-belix domain that Mediates DNA binding

(Odermattand Solio~ 1995). The C-terminal fcatures a CYS-X2-CYS-~-cYS-X2-CyS

motif associated with Metal binding. A single Copy monomer can bind one Zn2.+ ion or

two Cu+ ions (Cobine et al., 1999). Zn-CopY, but not Cu-CopY, can recognize and bind

a 28 bp DNA sequence that contains an inverted repeat. The cop promoter regjon

contains two discrete copies ofthis sequence, one 00 each side ofthe transcriptional start

site (Strausak and Solioz, 1997). Zn-CopY binding to either sequence is sufficient to

block transcription and repress expression of the copYZAB genes (Wunderli-Ye and

Solioz, 1999). Although in vitro binding studies indicate that both sites of the wild type

promoter become occupied, binding is not cooperative. Displacement ofZn1+ions by two

Cu+ions abrogates DNA binding~ln vitro, addition ofAg+ or Cd2+~but not Ni2+, can also

displace purified CopY ftom the wild type promoter (Strausak and Solioz 1997).

Similarily, silver and cadmium" but not zinc or nickel, cao înduce in vivo expression of

the cop operon(Odermattet aL, 1994; Solioz and Odermatt, 1995)-

CopZ, a small, 69 amino aci~ protein regulates the metal status of CopY. The

N-terminus ofCopZ contains a metal-binding motit: Gly-Met-X-Cys-xrCys, which
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can bind a single Cu+ ion (Wimmer et al., 1999). When copper concentrations are higb,

two Cu-CopZ complexes donatetheirtwo Cu+ ions to oneCopY moiety, displacingone

Zn2
+ ion (Cobine et aL, 1999). Although the stoichiometry of this reaction bas been

determined, most other detatls bave not. However, it is h"kely that a positively charged

surface ofCopZ is important for protein-protein interactions (Wimmer et al., 1999).

These recent tindings account for capYZAB repression at intermediate copper

concentrations and expression (Le. derepression) when copper is in excess (Fig. 1.3).

Unfortunately, it is unclear why the cop operon is transcribed when copper is limiting.

One possibility is that, in the absence of copper, apo-CopZ interacts with Copy and

impedes DNA binding. This would permit CopA expression and Cu+ uptake. When

copper is no longer limiting, the CopZ-Copy complex May he disrupted by the

formation ofCu-CopZ. However, tbis bas not been addressed in the literature.

Although sunilar procaryotic systems have not been descnbed, Copy and CopZ

homologs are found in genome databases. Homologous eucaryotic systems have been

reported, including a hwnan copper transport system associated with Menkes' and

Wilson's diseases (Rolfs and Rediger, 1999).

26



•

•

•

Figure 1.3: Transcriptional regulation by the Copy -CopZ repressor pair

A) When copper is sufficient, zinc-eontaining Copy (Zn-CapY) binds to its target

promoter and occludes transcription initiation by RNA polymerase. B) Upon addition of

copper, two Cu-CopZ proteins transfer two Cu+ ions to CopY, displacing one Zn2+ ion.

C) The copper-eontaining Copy homodimer (2Cu-CopY) is unable to bind to its target

promoter such that RNA polymerase is able to initiate transcription.
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1.5 Two-CompoDeDt Replatory SysteDlS

Twoy-component regulatory systems are common in procaryotes~but few have

been implicated in metal transport.. The two-component systems descnbed below are

homologous to the EnvZ-ompR osmosensor system (Dutta et aL~ 1999; Martinez­

Hackert and Stock~ 1997)~ Rach iDcludes a transmembrane sensor kinase and a

cytoplasmic- transcriptional regulator. The periplasmic domain ofthe sensor kinase is the

receptor for a specific ligand (e~g. Metal ion). The cytoplasmic domain contains

conserved histidine residues and exhibits kinase activity. The transcriptional activator

contains a conserved aspartate residue and a DNA binding helix-tum-helix domain.

Metal binding to the receptor domain ofthe sensor induces a conformational change that

activates kinase activity and initiales an ATP-dependent phospho-relay cascade. First, a

phosphate is transferred from ATP to the conserved histidine residue via an

autophosphorylation reaction. Then~ the phosphate group is transferred from the histidine

residue of the sensor to the conserved aspartate residue on the regulator (Appleby et a1.~

1996). Addition of the phosphate induces a confonnational change in the activator that

increases its affinity for DNA. The activator may form homodimers in solutio~or DNA

binding May assist dimerization. In either case, interactions between the DNA-bound

activator proteins and the a-subunit of RNA polymerase enhance transcription ftom

target promoters (Fig. 1.4).
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Figure L4: Transcriptional regulation by a two-component regulatory system .

A) ln the absence of Metal, the response regulator is unable to bind DNA or activate

transcription of the target gene~ 8) Addition of metal, and metal binding to the sensor

domain of the sensor kinase, initiates a phosphorelay cascade. A phosphate group is

removed from ATP, transferred to a conserved histidine residue on the sensor kinase, and

finally transferred to a conserved aspartate residue on the response regulator.

C) The phosphorylated response regulator binds to the target promoter and Mediates

transcription ofthe target gene.
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1.5.1: Cop/CutIPco

A two-component system for copper resistance~ involving a copper-sensing

membrane protein and a cytoplasmic transcriptional activator~ is conserved in

Pseudomonas, XanthomonQs~ andE: coli spp (Cooksey, 1988; Mills et al., 1993).

In Pseudomonas, the system bas six components: the sensor, CopS; the regulator, CopR;

an inner membrane protein and putative copper emux pump, CopD; an outer membrane

protein, CopB; and two periplasmic proteins, CopA and CopC. The periplasmic proteins

cao bind and sequester copper. CopA is thought to bind Il Cu2+ ions, while CopC binds a

single Cu2+ moiety. The genes comprise a single chromosomal operon, copABCDRS.

The chromosomal copper resistance operon, copABCO, from Xanthomonas is similar,

but copRS genes have yet ta he identified. HoweveT, Pseudomonas CopR cao bind to the

Xanthomonas copABCD promoter(MiUs et al., 1994).

The chromosomal E. coli copper resistance operon, cutABCDEF, contains two

genes not found in the Pseudomonas system. CutF is a putative lipoprotein while CutE

may he the acetyltransferase tbat attaches the fatty acid moiety to CutF. The production

of this novellipoprotein MaY alter the permeability of the cell membrane to copper. The

CutE product also contains a putative Cu2
+ binding motit: but its importance is unknown

(Fonget aI.~ 1995; Gupta et al., 1995).

ThepcoABCDRSE copper resistance opero~ ftom the E. coli plasmid pRJI004,

is similar to the eut and cop systems (Brown et a1.~ 1995). Analysis indicates tbat

pcoABCDRS is transcnbed as a single unit white pcoE is transcnbed ftom a separate

promoter. Both promoters contain ~copper boxes, which are DNA sequences containing

invened repeats and recognized by PcoR and CutR- However, pcoE is more strongly
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induced by coppet tban.pcoABCDRS~ A putative promoter~ Located upstream. ofpcoRS,

May also Mediate eonsitutive, low leveL expression of the regulatory genes (Rouch and

Brown, 1997)~ Although PcoE bas not been weIl eharacterized, it May he a periplasmie

protein capable ofsequestering eopper~

CopS, CutS, and PeoS are homologous to the EnvZ sensor kinase~Copper sensing

is probably mediated by the N-terminal domain. CopR is homologous to the OmpR

response regulator~ DNA recognition and binding is mediated by aC-terminal

helix-tum-heLix domain. Transfer of 32p from radiolabeled CopS to CopR bas been

demonstrated in vitro (Mills et aL, 1994).

1.5.2 Cze

In Ra/stonia sp. (formerLy Alca/igenes eutrophus) strain CH34, the czc system

mediates resistance to ~t, Pnc and~um~ The czc operon includes at least eight

genes, czcNlCBADRS (Grosse et a1~, 1999). The functions of CzcN and CzcI are

unknOWD. However, they are predieted to be membrane bound, and periplasmic,

respectively. CzcABC comprise a proton-eation antiport system responsible for the

energy dependent effiux ofCo2
., Zn2

+ and Cd2
+ (Nies, 1995)~ CzcD is membrane bound

and provides consitutive~ albeit Low Level, metal emux (Anton et al~, 1999). CzcR is a

response regulator and CzcS is its eognate sensor kinase. Primer extention analysis

reveals that there are four promoters,. PN; Pr, PeSA and PORS, wbich give rise to the czcN,

czcI, czcCBA, and czcDRS transcripts. RNA bLotting experiments suggest that other

mRNAs~ such as czcNICBA, cao. be generated by transeriptional readthrough (Grosse et

al., 1999)•
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It bas been shown that the czc system tS inducible by Zn2
+-, Cd2

+- and, to a lesser

extent, Co2
+-, but the regulatory cascade is not completely understood.. CzcD sets the

lower limit for induction. In czcD deficient strains, basal transcription of czcCBA is

higher (Anton et al., 1999). Metal emux by CzcD prevents Metal sensing by CzcS. This

May involve an interaction between CzcD and CzcS or, more likely, CzcD keeps the local

Metal concentration below the tbresbold required for CzcS activation. Metal sensing by

CzcS is thought to enhance DNA binding by CzcR, and induce transcription.

CzcR-CzcS do upregulate transcription in response to metals, although the details

of their interaction have not been demonstrated. However, the czc system is unusual in

that CzcR-CzcS are not essentiaL Even in czcRS deleted strains, transcription ofczcCBA

is induced by Zn2
+- (Grosse et al., 1999). Moreover, purified CzcR does not biod DNA

containing Pr, PesA or PORS sequences. CzcR only recognizes PN. The significance ofthis

May oot he known until CzcN and CzcI are better characterized.
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1.6 Metal-Regulated Enracellular Functioll cr Factors

Extra~lluiar fonction (ECF) G factors are a growing class of proteins that

regulate RNA polymerase activity in response to extemal stimulL Sorne are alternative cr

factors that interact with the RNA polymerase core enzyme to direct transcription of

specific genes~ Others are anti-a factors that antagonize cr factors (such as (J'o and crS4
)

and inhibit transcription oftarget genes~ EeF factors can exist in either an active state, in

which they can interact with RNA PQlymerase, or an inactive state~ Stimuli ftom the cell

surface (or periplasm) initiate a signal which is transduced to the cytoplasm (Hughes and

Mathee, 1998)~ The nature orthe signal has not been clearly defined, but it involves a

cascade of protein-protein interactions and confonnational changes which ultimately

modify the ability of the ECF factor to promote transcription~ As described below,

severa! metal-mediated ECF factors exist. They regulate systems involved with iron

transport and Metal resistance~

1.6.1 Iron Transport: Fed, PupI

E. coli bas at least seven iton transport systems (Braun, 1997)~ Theic transcription

is controlled by Fur such that expression (ie. derepression) cm only accur under iron

limiting conditions. However, sorne systems, such as thejèclRABCDE operon for fenie

~itratetransport, are regulated by additional mctors. FecA is an outer membrane protem

and ïs the receptor for ferrie citrate. FeeB shuttles renie citrate tbrough the periplasm

wbile FecC~ FecD and FecE fonn. acomplex that transports iron across the cytoplasmic
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membrane~ Feel is an aItemate a factor tba~ in its activated fol'Dl, directs transcription of

jècABCDE. FecR is a novel transmembrane regulatory protein required for full activation

ofFecL The C-terminal domain ofFecR is periplasmic- and can interact with FecA. The

N-tenninal domain is cytoplasmic, and cao interact with FeeI (Enz et al~, 2000; Welz and

Bra~ 1998).

Under iron replete conditions, transcription from the two fée operon promoters,

Pm and PABCDE, is repressed by Fur (Angerer and Bra~ 1998)~ Iron starvation leads to

the derepression of both promoters, but the RNA polymerase holoenzyme, containing

cio, only initiates transcription from Pm. Once expressed, the paniallyactive FeeI cr

factor mediates low level transcription trom PABCDE- This results in expression ofFecA,

and due to the secondary structure of the transcript, smaller amounts of FecB, Fece,

FecD, and FecE.

However, if iron citrate is present, the fic operon is strongly induced (Fig~ 15)~

Iron citrate binding to the FecA receptor at the outer membrane generates a signal that is

transduced, via FecR, to Feel in the cytoplasm. Feel becomes fullyactivated and interacts

with the RNA polymerase core enzyme to direct transcription of PABCDE (Braun, 1997)~

It should he empbasized that ferric citrate activates transcription without entering the eeU.

Several kinds of FecA mutants have been isolated, ÏDcluding those that are: i) deficient

for signaling, but not iton transport; ii) deficient for transport, but not signaling, and iit)

signal in the absence ofrerrie cïtrate. These mutants indicate that the sïgnaling and iron

transport fimctions ofFecA cm he separated. Severa! details of signal transduction and

iron transport remain to be elucidate~ For example, mutation of tonS, exbB or exbD,

which encode an. energy transducing mecbanism requùed by severa! iron transport
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Figure 1.5: Transcriptional regulation by an extracellular function (EeF) cr factor~

A) In the absence of Metal, the ECF Cf factor in inactive and is unable to direct

transcription of the target gene~ B) Addition of Metal, and Metal binding to the outer

membrane (OM) receptor, initiates a signal transduction cascade. The signal is

transduced from the OM receptor to the cytoplasmic membrane (CM) component, which

then aetivates the ECF cr factor~ C) The active ECF (f factor directs transcription of the

target gene.
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systems~ can impair both citrate-mediated iron transport and FecA-mediated induction

by fenic citrate (Harle et al., 1995; Moeck and Coulto~ 1998). However~ TonB is only

reqwred for signaling across the outer membrane, not signaling across the cytoplasmic

membrane (Braun, 1997). The mechanism by which FecA, TonB and FecR interact is

under investigation.

A similar system bas been identified in Pseudomonas putida. PupB is the outer

membrane receptor for the Cerrie siderophores, pseudobactin BN7 and pseudobactin BN8,

and is homologous to FeeA (Koster et al., 1993). Homologs to FecI and Fec~ called

PupI and PupR, respectively, have also been identified. Under iron limiting conditioDS,

binding of ferric BN7 or rerrie BN8 to the PupB receptor generates a signal whieh, once

transduced to the cytoplasm, induees transcription ofpupB. Although the result is similar,

the signal is slightly ditrerent. Unlike FeeI, whieh promotes transcription, PupI is an

anti-CT factor and interferes with ttanscription. In a pupI mutant straïn, transcription of

pupB is actually enhanced, even in the absence of ferrie pseudobactin. Under indueing

conditions, PupR inhibits PupI activity and transcription can occur (Koster et aL, 1994).

Regulation of the ferrie pyochellin receptor, FptA, of Pseudomonas aeroginosa

May invoLve a sunilar strategy, although homologs to FeeR and Feel have not yet been

identified. Transcription offptA is induced by ferrie pyocbellin binding to the FptA

receptor and requiIes PchR, a putative transcriptional activator (Heinrichs and Poole,

(996). The mecbanism by which PcbR and FptA interact is unknown~However, signais

transduced from FptA seem to regulate transcription. Distinct signals seem to induce

repression of[ptA wben pyochellin is absen~ and activate[ptA transcription when ferric

pyocheUin is bound (Heinrichs andPoole~1996). AnECF factor could account for thïs•
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1.6.1 Metal ResistaDce: CDr aDd Nee

The nec system, from Alea/igeneg xylosoxidans, Mediates resistance to IDckel

~obalt and ~dmium (Schmidt and Schlegel, 1994). The related cnr system of Ra/stonia

sp. strain CH34 is responsible for ~obalt and nickel resistance (Grass et aL, 2000). Both

systems are metal inducible and Mediate resistance via cation-proton antiport. The

cnrXYHCBA operon is better characterized. The regulatory genes, cnrXYH, and the

antiport genes, cnrCBA, are transenbed independently from the PXYH and PCBA

promoters, respectively. CnrH i5 an ECF (J factor. CnrX and CnrY mediate CnrH activity

in response to metals. CnrX monitors periplasmic copper levels while the transmembane

CnrY protein transduces signais from the periplasm to the cytoplasm. These roles remain

to he confirmed, but translational PhoA fusions indicate that at least the C-tenninals of

CnrX and CmY are located in the periplasm. Deletion of enrXYH abrogates

metal-inducible transcription ofenrCBA. When added in trans, cynH increases the basal

level ofcnrCBA transcription, but does not restore metal-inducibility. The basallevel of

transcription is higher if cynYH is used instead. This suggests that the signal ftom CnrX

and CnrYactivates CnrH(Grass et al., 2000). The nec system encodes homologs to ail of

the cnr genes, plus an extra factor, NccN (Koster et al., 1994). The function ofNccN is

unknown, but it is homologous to CzcN of the Ralstonia cobalt, zinc and cadmium

resistance system. Although similar, nccXYH and cnrXYH cannot complement one

another(Grass etai., 2000).
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1.7 Regulatory Proteins with Iroa-SulfUr Clusten: SoxR and FNIl

Iron-sulfur clusters are a heterogeneouS group ofprotein cofactors that perroon a

variety of structural and functional roles. Their utility stems from their sensitivity to

oxidation and reduction. Changes in the redox environment alter the charge, and

sometimes the structure, of the clusters. Iron-5ulfur clusters are found in proteins

associated with anaerobic metabolism including numerous nitrogenase, fumarase and

dehydrogenase enzymes. Changes in cofactor structure can precipitate changes in protein

conformation and fonction. Although it i5 not a prokaryotic protein, the vertebrate !ron

regulatory Rrotein 1 (IRP-l) i5 an intriguing example ofthis. The [4Fe-4S]-containing

fonn of IRP-l is an aconitase that participates in the tricarboxylic acid cycle. However,

oxidation and destruction of the [4Fe-4S] cluster converts IRP-l into an RNA binding

protein tbat recognizes stem-loop structures called iron regulatory ~lements (IREs).

IRP-l binding to an IRE stabilizes mRNA structure and enhances translation. Severa!

proteins tbat transport and sequester iron are post-transcriptionally regulated by this

mechanism (Beinert and Kiley, 1996).

In vivo, iron-sulfur clusters are usually coordinated by cysteine residues. In vitro,

they can aIso be coordinated by synthetic, cysteine-rich peptides. A single ~maquette'

peptide, containing a Cyx-X:rCYS-XrCyS moti( can coordinate a single [4Fe-4S]

cluster. However, it requites two Peptides containing the smaller CYS-Xl-CyS motif to

coordinate the same cluster (MulhoUand et al. 1999)~ In solution, peptide-cluster

complexes can form spontaneously~ In a ceU, a variety offactorst including dithiols and

several gene productst are important for generation and maintenance of iron-sulfur
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cofaetors. Bath glutathione and thioredoxin influence the redox state of the eeU and

faeilitate eluster stability. Fonctions that requite iron-sulfur cluster containing proteins

are impaired in E. coli double mutants that are deficient in both thioredoxin-A and

glutathione reductase (Ding et al., 1996). The highly conserved IscS/NifS and IscU/NifU

proteins are involved in cluster fonnation. In E. coli, mutation of iscS slows eeU growth

and inhibits functions mediated by [4Fe-4S]-eontaïnïng enzymes including aconitase,

glutamate synthase, fumarase, NADH dehydrogenase, succinate dehydrogenase and FNR

(Schwartz et al., 2000). IseS catalyzes the reduction of free cysteine to alanine and

sulfide. The sulfide is added to a conserved cysteine residue to form a reactive cysteine

persulfide residue_ The crystal structure ofNifS from Thermatoga maratima was recently

solved. The conserved cysteine resïdue is on a fleXIble, solvent exposed loop, which

would allow the sulfide to he readily donated to other proteins involved in eluster

biosynthesis, sueh as IscU/NifU (Kaiser et al., 2000). IscU homodirners provide a

scatTold for the assembly ofiron-sultùr clusters. Each monomer provides the scaffold for

one [2Fe-2St~+eluster, which cm then he combined within the [scU dimer to form one

[4Fe-4S]2+ cluster (Agar et aL, 2000). Once complete, the clusters are transferred to

cofaetor-deficient apoproteins (Nishio and Nakai, 2000). Another enzyme, SoxR

reductase, MaY Mediate the NADPH-dependent reduction of [2Fe-2S]2+-SoxR

(Kobayashi and Tagawa, 1999). Current efforts are focussed on unravelling the

intricacies ofiron-sulfur clusterassembly and incorporation.
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1.7.1 [2Fe-2S] Centen: SoxR

Genes of the Escherichia coli So'CR.-SoxS regulon provide defense against

damage ftom superoxide (Orl. Homologs ftom Pseudomonas aeroginosa are required

for virulence~ probably because tbey provide protection against Or- generated by tbeir

bost's defense response (Ha and Jin, 1999). SoxR and SoxS fonn a regulatory cascade.

Both are transcriptional activators. SoxR senses 02..-, but not H20z or OH-, and regulates

transcription of SoxS. SoxS, in tum, controls expression of the rest of the genes in the

regulon. SoxS is an AraCIMarA-type transcriptional regu)ator. The small (107 aa)

protein contains two helix-tum-helix domains connected by a flexible Unlcer. Each

domain binds DNA- SoxS aets as a monomer (Rhee et al., 1998). SoxR is quite different.

The functional fonn is a homodimer (Hidalgo et al., 1995). Each monomer contains one

N-terminal helix-tum-belix DNA binding domain. Unlike SoxS, which is fully

functional once expressed, SoxR can exist in either an active or an inactive fonn.

Activation is mediatcd by two [2Fe-2S] clusters. Each SoxR monomer contains one

cluster, coordinated by four C-terminal cysteine residues (Gaudu and Weiss, 1996).

Upon exposure to oxidative stress, the clusters shift ftom a reduced state, [2Fe-2S]+, to

an oxidized state~ [2Fe-2S]2+. Oxidize~ but not reduced, SoxR promotes transcription of

SoxS. It bas been reœntly demonstrated tbat nitrosylation of the [2Fe-2S) clusters (e.g.

by NO) aiso activates SoxR. (Ding and DempIe, 2000). Both oxidation and nitrosylation

are reversibie. For example, electron paramagnetic resonance (EPR) speetroscopy can

ditïerentiate the paramagnetic [F~+-Fe!.) iron in reduced SoxR !tom the diamagnetic

[Fe3
+-F~l iron ofoxidized SoxR.ln v;tro~ experiments using EPR spectroscopy indieate
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tbat purifi~oxidized SoxR can he reduced, and then re-oxidized.. For example, purified

SoxR can Mediate in vitro transcription of soxS onder oxidizing conditions, but

transcription stops once a reducing environment is established. However, in vitro

transcription recommences if the oxidizing environment is restored (Ding et al., 1996).

This indicates that changes in oxidation state do not destroy SoxR.. Similarly, EPR

spectroscopy bas been used to monitor SoxR in intact eeUs (Gaudu et al., 1997). Addition

ofan oxidizing agent (e.g. phenozine methosulfate) decreases the EPR signal of reduced

SoxR. However, washing the ceUs or addition a reducing agent (e.g. sodium. dithionite),

restores the EPR signaL Control experiments indicate that recovery of the EPR signal

does not require de nova protein synthesis or represent a change in the concentration of

[2Fe-2S] clusters. As such, oxidationlreduction ofSoxR is also reversible in vivo.

The soxR and soxS genes are divergently transcnbed. SoxR recognizes a sequence

between the -10 and -35 elements orthe soxS promoter. The soxS promoter is a poor

target for RNA polymerase because the -10 and -35 promoter clements are 19 bp apart,

instead ofthe preferred 17 bp, and are out of phase. Oxidized SoxR, like Hi+-activated

MerR, remodels its target promoter to make ft a better substrate for RNA polymerase.

DNA binding is independent of the [2Fe-2S] clusters. ln vitro gel retardation assays

demonstrate that oxidized SoxR, reduced SoxR, and apo-SoxR, in which the [2Fe-2S]

clusters are absent, bind the soxS p(omoter with similar affinity (Hidalgo and Demple,

1994). However, only oxiclized SoxR cao. stimulate the formation ofan open complex by

RNA polymerase (Ding et al.~ 1996). It bas also been demonstrated that the amount of

soxS mRNA is proportionai to the amountofoxidïzed SoxR (Dingand Demple~1997).
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1.7.2 [4Fe-4S] Centen: FNR

The E.. coli fnr locus was descnbed 2S years ago as a mutation responsible for

deficits in !ùmarate and nitrate !eduction (Lambden and Guest, 1976). FNR is now

recognized as a global regulator. ft mediates expression of approximately 120 E. coli

genes involved in survival and energy generation under anaerobic conditions. FNR

homologs from Salmonella spp. (OnA), Pseudomonas spp., Rhodopseudomonas

paluslris (AadR), and Shewane/la pUlrefàciens (EtTA) perfonn similar roles (Cuypers and

Zumft, 1993; Dispensa et a1.~ 1992; Lissenden et aL, 2000; SatTarini and Nealson, 1993;

Strauch et al., 1985). Other homologs, ftom Azorhizobium caulinodans, Azotobacter

\1ine/andii (CydR), Bradyrhizobium japonicum (FixK), Paracoccus denitrificans (NNR)

and Rhizobium spp. (FixK) Mediate nitrogen fixation (Anthamatten et al., 1992;

Patschkowski et aL, 1996; Saunders et al., 1999; Wu et al., 2000). However, some

FNR-like proteins exhibit structural, but not funetional homology. A homolog ftom

Vihrio fischeri Mediates bioluminescence, while regulators from Actinobaci/lus

pleuropneumoniae (HlyX), Bordetella pertussis, and Pasteurella haemolytica (FnrP) are

associated with toxin production (Bannan, et al. 1993; MacInnes et al., 1990; Spiro, 1994;

Uhlich et al., 2000). The Flp regulators ftom Laclohacillus case; and Lactococcus lactis

are poorly characterized, but have been implicated in zinc transport (Gostick et aL, 1999;

Irvine and Ouest, 1993). Pseudomonas stuze,t is interesting in that itcontains at least four

FNR homologs (VoUack et al., 1999). One, ForA, regulates a variety ofgenes required

for anaerobic metabolism. The others, 0nrD, DnrE, and DnrS, are functionally similar to

FixK. and independently regulate several operons involved in denitrification.. Strueturally,

DnrD, DorE and DorS are unusual in that they lack several conserved N-tenninal
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cysteine residues~ ForA is required for DnrS activity, which suggests that these proteins

fonn a regulatory cascade. Hierarchical arrangements of FNR homologs bave been

descn"bed in both Pseudomonas and Rhodopseudomonas (Arai et aL, 1995; Egland and

Harwood, 2000).

FNR is structurally similar to the CRP-family ofregulatory proteins (Shaw et al.,

1983). DNA recognition and binding is mediated by aC-terminal helix-tum-helix

domain (Sharrocks et aL, 1990). Dimerization is mediated by a central, belical domain.

However, FNR bas an unusual, cysteine-rich N-tenninal domain that distinguishes it

from CRP. Moreover, wild type FNR contains two [4Fe-4S] clusters per dimer. Under

anaerobic conditions, each [4Fe-4S]2+ cluster is coordinated tetrabedrally by three

N-terminal cysteines plus a fourth, more centrally located cysteine (Green et aL, 1993;

1996). Under aerobic conditions, the clusters are unstable. They degrade, ineversibly, to

[3Fe-4S]+ and then to [2Fe-2Sf+ (Khoroshilova et aL, 1997). Changes in the clusters

trigger alterations in FNR structure. Dimerization is destabilized such tbat

[2Fe-2S]2+-containing FNR. is predominantly monomeric (Beinert and Kiley, 1999;.

Lazazzera et al., 1996). Moreover, the remaining oxidized dimers have seven-fold (ess

affinity for DNA tban the active, reduced dimers (Green et al., 1996).. In shon, oxidative

stress inactivates FNR (Fig. 1.6).

FNR. is both an activator and a repres50r of gene transcription However, the

[4Fe-4Sf+ cluster is oxygen-Iabile, 50 FNR is only fimetional under anaerobic

conditions. Under such conditions, it tends to aetivate genes required for anaerobic

metabolism and repress genes involved with aerobic metabolism~ Under aerobic

conditions, FNR-activated genes arepoorly expressedand FNR.-repressed. genes become
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derepressed. FNR recognizes and binds the palindromic DNA sequence ~TTGAT X4

ATC~·. The regulatory role ofFNR IS determined by the position of its binding site~

relative to the-IO and -35 promoterelements. Promoters activated by FNR faU iota two

classes. In Class l promoters:t the binding site is centered at -61.5. In the more common

Class II promoters~ the binding site is centered tùrther downstream, at -41.5. Promoters

repressed by FNR. exhibit more beterogeneity and can have multiple FNR sites.

Mutational analyses indicate that activator and repressor functions are mediated by

distinct regions of FNR (Williams et al., 1997). For example, mutations in ARI

(activating region 1), a large, solvent exposed surface, impair transcription from both

Class l and Class II promoters. Mutations in AR3 (activating region 3), an exposed loop

on the opposite surface of FNR, only impair transcription of Class fi promoters (Busby

and Ebright, 1997). ARI makes contacts with the a.-subunit of RNA polymerase and

enhances oPen complex formation. AR3 makes contacts with a70
• At Class 1 promoters~

FNR is positioned such that only ARI of the downstream monomer contacts RNA

polymerase. At Class II promoters, FNR malees additional contacts with RNA

polymerase. AR3 ofthe downstream dimer interaets with a70 while ARt ofthe upstream

dîmer contacts the a-subunit. FNR. mutations that affect repressible promoters converge

on a region that overlaps, but is not identical to, ARI. This suggests tbat there are both

favourable and unfavourable FNR-a-subunit contacts. Favourable interactions enbance

RNA polymerase recruitment and open complex formation. Unfavourable ones May

black recruitmentand/or inlubit RNA poLymerase activity (Menget al.~ 1997).
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1.8 SUMMAR.Y:

In prokaryotes, heavy Metal homeostasis is mediated bya plethora ofsystems that

sense, import, export and sequester Metal ions. These systems are required for the

acquisition of essential metals and the detoxification of noxious ones. To he effective,

each system must he expressed, or repressed, appropriately. This requires

metal-dependent regulation of gene expression. As described in the preceding pages,

Many elegant mechanisms oftranscriptional regulation exist.

In the simplest systems, a single metal-responsive homodimer regulates the

transcription ofjust a few genes, which are expressed only in the presence ofthe cognate

Metal. The ArsR, SmtB, Cade and ZiaR repressor proteins, and MerR,C~ CueR and

ZntR activator proteins use variations ofthis scheme ta Mediate metal resistance. It is an

efficient strategy because it requites Iittle energy to maintain, and the target genes are

onlyexp[essed when needed. A1so, the few detenninants used by these resistance systems

May favour their mobility, as demonstrated by the widespread distribution ofmer and ars

operons.

The unusual CapY-CopZ system seems convoluted, but the principle difference

is that the transcriptional regulator is also regulated. This May he indicative of coppel's

essential status. Although. toxic at high concentrations, overzealous copper effiu.'C cao alsa

endanger the ceU. Similarly, the two-component regulatory systems that regulate the cop,

cut, pco, and czc operons are not as complieated as they appear. The metal-sensing and

transcriptional regulation aetivities are divided between proteins, ratber tban performed

by one.. The advantage to this ïs that the two-component systems cao monitor and
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ferrie citrate. However, the presence of rerrie citrate is not sufficient for fec gene

transcription. The cell must also need iron. Fur represses the fec genes as long as the

ceU's iron requirement is satisfied. The E.. coli sod gene encodes superoxide dïsmutase,

which is important for detoxification ofreactive oxygen species. fur, FNR and SoxS ail

regulate expression ofsad. The interacting, and sometimes redundant, regulatory systems

provide a set of checks and balances that a110w appropriate and efficient gene

transcription, and ensure heavy Metal homeostasis.

1.9 RatioDale and Objectives of the Thesis:

Procaryotes bave numerous mecbanisms by which they maintain Metal

homeostasis. Cbapter 1 includes examples of genetic systems that are regulated by, or

cope with, arsenic, bismuth, cadmium, chromium, cobalt, copper, iron, lead, manganese,

Mercury, molybdenum, nickel, silver, teUurium, tungsten, vanadium and zinc. However,

two common heavy metals are absent from this list: aluminum and tin. Aluminum. is the

most abundant beavy Metal in this planet's crust and bas innumerable industrial

applications. Yet, almost notbing is known about its effect on prokaryotes. Inorganic tin

is one of the least toxie heavy metals. However, organotin compounds are widely

employed as antimicrobial agents. Such use bas been criticized because ofits devastating

impact on non-target organisms. Yet again, information about the impact oforganotins

on the targeted baeteria is severely lacking. The work descnbed in this thesis was
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initiated such that the effects of aluminum and organotin on gene expression in

prokaryotes could he identified and better understood.

Chapter 2 descnbes the isolation and PIeliminary characterization of ais, the

~luminumand Iron !timulated gene ftom Escherichia coli. The ais gene was sequenced

and Ais protein expressed. Gene expression upon addition of numerous heavy metals,

including almninum, iron, gallium, indium and vanadium, was measured by

luminescence ftom an ais::luxAB transcriptionaL fusion and by RNA blotting.

Chapter 3 includes additional details about the transcrlptional regulation of ais.

The effects of divalent cations, pH and the two-component regulatory systems,

PhoP-PhoQ and BasR-BasS are descnbed.

Chapter 4 describes the search for BasR-BasS-regulated genes in Escherichia

coli. Genes were isolated by over-expressing BasR-BasS in a Mudl (/acZ Ap) gene

fusion Iibrary and screening for changes in l3-galactosidase activity. Additional genes

were identified by searching the Escherichia coli genome database for BasR regulatory

sequences.

Cbapter 5 descnbes the isolation ofthe hexose-6-phosphate transport gene, uhpT

during a search for genetic responses to organotin compounds. Gene expression upon

addition of organotin compounds, gluc0se-6-phospfJate, and uncouplers of oxidative

phosphorylation. was measured by luminescence from an uhpT::luxAB transeriptional

fusion, and byRNA blotting.

In Chapter 6, the data, and its significance are summarized. Finally, poSSIble

directions foc future research are- discussed~
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CHAPTER1

Isolation and charaeterizatioD of an alumÎDum-, iroD-, and

vanadium-inducible gene in Escherichia coli

so



•

•

•

2.1 Abstnet

Upon exposure to toxic metals~ living organisms ftequently change the expressionof

certain genes. This enables them to respond to metaL-induced etrects on ecU physiology

Aluminum, the third most common crustal element, is not identified as an essential trace

element, but is implicated in many toxic prcx:esses. The bioavailability and toxicity of

aluminum is enhanced under &cidie conditions. To identify genes whose expression is

inducible by added almninum, a hbrary of luxAB chromosomal gene fusions was

constructed inEscheriehia coli, and luminescence was assayed in the absence and presence

ofadded aluminum at acimc pH.. One clone was found that showed increased luminescence

in the presence of aluminum, and subsequently by iron, gallium, indium and vanadium, but

not nickel orCOppeT. Cloningofthe junction ofthe /uxAB insertion, and hybridization to the

Kohara Â. hbrary ofthe E.. coli genome, revealed that the a1uminum-inducible gene mapped

to 519 map units. A northem blotting analysis revealed tbat a transcript ofapproximately

800 nucleotides was induced in the presence ofaluminum or iron. DNA sequencing of1286

bp surroundfug the site of luxAB insertio~ and expression of this cloned DNA in vivo,

revea1ed that it encoded a polypeptide of 200 amino acids (22 kDa) which begins with a

GTG codon and whose N-terminus is suggestive of a membrane-Iocalizing signal

sequence. This gene was thus designated ais CAluminum and iron !timulated). Ais exbtbits

homology to the PmrG protein. ftom Salmone/la enlerica serovaIS, the plasmid-encoded

AftS protein ftom E.eoU RDEC-l, and the TraG proteins from the Salmonella enterica

plasmid RM and Shigella sonne; plasmid Co~P9. The funetion of these proteins is

currently unknown. Howev~ they are associated with genes involved in lipoPOlysaccbaride

modification and pili syntbeis and may contnbute ta bacterial virulence or survival under

bushenvironmentaI conditions•
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%.2lDtroduetioD.

Aluminum is the Most abundant crustal metal and the third most abondant crustal

element (Martin, 1988). A1uminum lS Dot considered to he an essential trace element but it

does participate in biological processe5, often with toxic etfects (Ganrot, 1986). Aluminum

toxicity i5 a significant medical and agricultural concem. In mammals, aluminum

contnbutes to a variety of neurological and skeletal pathologies (Macdonald and Martin,

1988) including neuronal cytoskeletal abnonnalitie5 (Klatzo et al., (965), memory

impairment (Crapper and Dalton, 1973a; 1973b), and alterations in neurotransmitter

metabolism (Crapper and Dalton, 1973a; Crapper et aL, 1973). Aluminum is resPOosible

for the dialysis dementia experienced by long term hemodialysis patients (A1frey et al.,

1976) and the incidence of severa! neurological disorders bas been correlated with the

concentration of aluminum in drinking water (Nieboer et al., 1995). Aluminum inhtbits

plant mot growth and limits agricultural yields. The solubility, and therefore mobility and

bioavailability, of aluminum increases with decreasing pH. As such, plants growing in

acidic soils and in regions poUuted by acid min are particularly vulnerable to aluminum

toxicity (Delbaize and Ryan, 1995; Delbaize etal., 1999; Taylor, 1988). Aluminum bas been

shown to affect sene expression in wheat (Richards et al., 1994; Snowden and. Gardner,

1993), tobacco (Ezaki et al., 1996) and yeast (Ezaki et al., (998). The mechanism oftoxicity

is unknown, but alwninmn and related metals, including gallium and indium, can alter the

strudUre of phospholipid membranes and enhance lipid peroxidation (Verstraeten et al.,

1997). Moœover, a1uminum cm alter the fimction ofprocaryotic ATPases. In Escherichia

52



•

•

•

hermannii and Enterobacter c/oacae, this altered activity is associated with multidrug

resistance and metal accumulation(Hemandez etal., 1998)

Indium. and gallium are not abondant metals and, like aluminum, are not essential

trace elements~ However, increased use of the radionuclides, lllIn and 610a, and the

semiconductor compounds, gallium arsenide (GaAs) and indium arsenide (InAs), bas

prompted studies of these elements. Indium can interfere with iron metabolism and,

through competitive inhtbition, prevent iron binding to siderophores. As such, indium can

have bacteriostatic effects on pathogenic enterobacteriaceae, including Klebsiella

pneumoniae and E. coli spp (Rogers et al., 1982). It bas also been shown tbat aluminum,

gallium and indium cao bind direetly to DNA, inhibit gene transcription, and alter the

structure ofchromatin(GuidonetaL, 1993; Walkeretal., 1989)~

Some bacterial species have strategies for coping with aluminum and other toxie

metals. Pseudomonas jluorescens produces an extracellular phosphatidylethanol­

amine-rich matrix. which cm immobilize aluminum, gallium, iron and other metals

(Appanna and St Pierre, 1996). Additionally, P.. jluore.'tcens cm sequester metals within

cytoplasmic inclusion bodies (Appanna and Hamel, 1996). The details ofthis mechanism

bave yet to he resolved, but gallium exposure is associated with the induction ofat least

six cytoplasmie proteins inPseudomonas (al-Aoukaty etaL, 1992). A gene which confers

aluminum tolerance to E. coli was isolated from a strain of Arthrobacter viscosus

retrieved ftom acidie soil (10 et al., 1997)~ ALUI-P, the protein encoded by this gene, is

homologous to ExsB, a putative transeriptional œgulator that is highly conserved among

procaryotes (Becker et aL, 1995).
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Inan effort to identitY a1uminum-mediated effects on bacterial cell physiology~ and

the cellular responses to them, we searcbed for genetïcally-programmed responses to

aluminum exposme in Esche1'ichia coli (Guzzo and DuBow, 1994)~ A bbrary of

approximately 3000 E~ coli clones~ each containing the promoterless Vih1'io harveyi luxAB

genes in a single, random chromosomal locatio~ was previously created (Gozzo and

DuBow, 1991)~ Changes in transcription, as measured by a change in luminescence, were

monitored in the absence and presence ofa1uminum after overnight growth on solid media

(adjusted to pH S5, such that the Metal was readily bioavai1able)~ One

aluminum-responsive clone, designated LF20111, was previously shown to contain the

luxAB genes inserted 97 bp downstream ofthe E. colifliC translational stan: site (Gozzo et

aL 1991)~ In addition ta alumin~ luminescence ofLF20111 was also inducible by copper,

iron and nickeL Here, we present the cbaracterization and expression of a second E. coli

gene whose transcription is induced (as measured by luciferase aetivity and RNA blotting to

the cloned gene) by aluminum in bath liquid and solid media.. We bave designated this novel

gene ais (for liuminum and iron !timulated) because it is a1so induced by iro~

Subsequently, ais was round to be inducedby gallium, indium, and vanadium.
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1.3 Materials and Metbods

1.3.1 Baeterialstnms and media

E. coli strain DHI (F recAl endAI gyrA96 thi hsdRI7 (rk-, D1k") supE44 relAl]

(H8nahan, 1983) was used to prepare the bDraIy of luxAS transcription fusion clones

(Guzzo and OuBow, 1991). Straïn NMS22 [supE thi â(lac-proAB) Msd-S (lk-mie) (F

proAB lacflZ4Ml5)] (Gough and Murray, 1983) was used to transfonn ail DNA ligation

reactions. Straïn BU1(DE3):pLysS [r ompT hsdSB (rk-, mac) gal dcm (DEJ)] [pLysS

Cm1 (Grodberg and Dunn, 1988) was used for protein expression experiments. E. coli

strains were propagated at 3'oC, unless otherwise stated, in Luria-Bertani (LB) broth (10 g

NaCI, 10 g tryptone, S g yeast extract per L) or on LB plates containing 1.5% agar

(Sambrooket al., 1989) and supplemented with annbiotics when indieated. Anbbiotics were

used at the foUowing concenttations: Ap (Ayerst Laboratories, Montreal, Canada), 40

J.lS'ml; Cm (Sigma, St. Louis, Missoun), 50 I-lWml; Km {Boehringer Mannheim, Laval,

Canada). 50 I-lgfml. Tc (BoebringerMannhe~Laval, Canada), 10 I-lgfml in broth, 20 I-lWml

in. agar. Stock solutions ofMetal salts were prepared in sterile disti1led deionized water at the

followingconcentrations: a1uminum chloride (20.1 mgtml) (Anachemia, Montreal, Canada),

renie cbIoride (14.5 mg/ml) (BDH, Montreal, Canada), gallium chloride (12.47 mgtml)

(Strem Chemicals, Newburyport, Massachusetts), indium chloride (9.63 mwml) (Strem

Chemicals, Newburypo~ Massachusetts), nickel sulfate (IL1S mw'm1) (Anachemia,

Mon~ Omada), vaDadium chloride (15.4 mwmI) (Aldrich Chemical Company Ine.,

Milwaukee, Wisconsin). The pHofLB was adjusted to S5 with 12 M HCl and to 7.0 with
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2.3.3 Construetion oCplasmidl

Constructionofplasmids pAl-l and pAGl7 are described elsewhere (Guzzo, 1994)r

Briefly, pAl-l was generated by ligating BamID-cleaved chromosomal DNA from strain

LF20110 to BamHI-cleaved pUCl19 (Vieira. and Messing, 1987) and contains the

downstreamjunction orthe ais::Tn5-/raAB insertioa Plasmid pAG17 was constructed by

ligating HindIII-eleaved cbromosomal DNA ftom strain LF20110 to HindlII-cleaved

pUCl19 and contains the upstream j\Dlction of the ais::Tn5-/uxAB insertion. Plasmids

pAG43 and pAG46 were bath derived trom a 5.0 kb HindIll-BamHI fragment ftom phage

379 (Kohara el al. 1987) as described previously COuzzo, 1994). To consttuct plasmid

pAG43, the fragment was ligated ta pUCll9 hydrolyzed with the same enzymes. To

construct plasmid pAG46, the ends of the HindIII-BamHI fragment were back-filled and

then ligated ta SmaI-cleaved plasmid pKK223-3r For construction of protein expression

vectors, plasmid pAG46 wu used as a PCR template to amplitY the entire coding region of

the ais gene. The oligonucleotide primers s'CCCCGGATCCGCGCTIGTCTATAGGTGG
3P

(Sheldon Bioteehnology Center, Montreal, Canada), which corresponds ta bp 375-402 (Fig.

25) and contains an NdeI site, and s'cccCCCcrCGAOGTAATIAACGAATICCCcJ'

(Canadîan Lire Technologies, Burlington, Canada), which corresponds to the complement

ofbp 982-999 (Fig. 2.5) and contains anXhoI site were used for PCR and produets were

ligated ta the TA vector, pCR2.1 (Invitrogen, Carlsbad, Califomia). Next, a NdeI-XhoI

fragment, containing the ais gene~ was isolated and ligated to pET29b (Novagen Ine.,

Madison, Wisconsin) cleaved witb. NdeI and XhoL to construet pDAX29 for the expression

ofAis with.a C-terminal histidine tag. To construet plasmid pDAXI6, for- expression ofAis
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without a histidine ta& the XhaI-XhoI fragment of pDAX29 was ligated to pETl6b

(Novagen IDe., Madison, Wisconsin) eleaved withXbaI andXhol

2.3.4 Lu.ineseenee assays

Overnight cultures ofE. coli strain LF20110, grown in LB broth containing Te and

Ap at 32°C, were diluted 20-fold ioto fresh LB broth at pH 55 or pH 7.0 and grown 10

mid-Iogarithmic phase CAsso = 0.4). The cultures were then diluted So-fold in LB broth and

grown to an Asso of0.05, at which tinte the cultures were separated into 50 ml portions. One

tlask contained no exogenous Metal, whereas the appropriate volume of freshly prepared

Metal salt stock solution was added 10 the other tlasks to reach the appropriate final Metal

concentration (usually 1, 5, 10 and 20 J.1g metal/ml). The portions were subsequently

incubated at room temperature. At regular intervals, cells were removed and diluted to an

Asso of 0.05 in LB broth. Luminescence of triplicate 1 mL samples was measured with a

Tropix Optocomp l Luminometer (MGM Instruments, Connecticut). Samples were

automatically injected with 100 JJL ofa decyl aldehyde solution (0.5% v/v in LB broth) and

ligbt emittedduring a ten seoond period was recorded.

2.3.5DNA sequeneing and mappingwith the Koban À pbage Ibnry

Labeling of cloned chromosomaL DNA, and mapping using the Kohara À phage

hbrary ofthe E. coli gemme (Kobara et al., 1987) was perfonned as previously descnbed

(Guzzo et al, 1991; Guzzo, 1994)_ A 4.0 kb &nnH[-EcoRI DNA fragment trom plasmid

pAl-l was used as a probe_ For sequencin& single-stranded pbagemid DNA was pœpared

ftom pUCll9-- or pUCII8-basecl plasmids as descnbed elsewhere (Vieira and Messïng,
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1987). Dideoxy sequencing reactions, with [y~2p]dA1P (500 Cilmmol; Du Pont Canada

IDc., Mississauga, Canada), were performed with a Sequenase II kit using the universal

primer (U.S. Biochemical Corp., Cleveland, Ohio). Determination of the sequence at the

junetion between IS50R and the adjacent chromosomal DNA, cloned into plasmid pAl-l,

was perfonned as previously descnbed (Guzzo, (994).

2.3.6 Northem bloUinl analysis

Northem blotting analysis of ais mRNA expression was descnbed previously

(Guzzo, 1994). To summarize, anovemigbtculture ofstrainDHl was diluted lOO-foid into

LB broth adjusted to pH S.5 and grown at 32°C. When the cultures attained an Asso of0.2,

they were portioned ioto separate tlasks. One tlask contained no added metal. Aluminwn

chloride, renic chloride or nickel sulfate was added to the other tlasks to achieve a final

concentration of 10 J,lg metal/mL After 80 minutes of additional incubation, RNA was

extracted and purified using the RNaid II kit (Bio 101, Mississauga, Canada). Five Jolg of

RNA were subjected to electrophoresis through a 1% denaturing agarose gel according to

Sambrook et al. (1989), except tbat the RNA was prestained by the addition of 100 J.lglml

ethidium bromide to the loading buffer, and the running butTer contained 7.4% (v/v)

formaldehyde, 40 mM MOPS-NaOH (pH 7.0), 10 mM sodium acetate and 1 mM EDTA.

Ailerelectrophoresis, the gel was soaked in20X SSC [3 MNaCI, 0.3 M sodium citrate (pH

7.0)] for 20 minutes and then transferred to a Hybond-N membrane (Amersbam LUI.,

0akvilI~ Canada) for 16 bours. The filter was baked in a vacuum oven at SO°C for two

hours, and then hybridizedto an [y22PI-labeled probe according to Sbackelford and Varmus

(1987). The probe was a 700 bp BamHl-HindIll fragment isolated ftom plasmid pAG17:t
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labeled with. [y-32p)dGlP (3000 Cilmmol, ICN Biomedicals, Mississauga, Canada)

accordingto the procedure ofFeinbergand Vogelstein (1983; 1984).

%.3.7 St auelease aaslysis

SI nuclease analysis of analysis of ais mRNA was descnbed previously (Gozzo,

1994). An oligonucleotide primer ~OGTCGCAACGtTCAGCATGACGAA3',

corresponding to the complement of bp 598 to 575 (Fig. 2.5) was synthesized (Sheldon

Bioteehnology Centre, Montreal, Canada), labeled at its 5' end with [y -.32p]ATP (3000

Ci/mmol; Amersbam Lld., Oakvtllc, Canada), and extended using single-stranded DNA

isolated ftam pAG43 as a template (Greene and Struhl, 1989). The double-stranded

radioactive products were subsequently hydrolyzed with Pstl (Fig. 2.5, bp 39), subjected to

electrophoresis tbrough an alkaline agarose gel, and the 560 nucleotide single-stranded SI

nuclease probe was purified (Greene and Struhl, 1989). The probe was hybridized to 10 J,lg

ofRNA fsolated ftom strain DRl, grown in the presence of 10 J,lglml ofalwninwn at pH

7.0, in aqueous hybridization buffer in a total volume of 15 ~l at 55 oC (Greene and Struhl,

1989). Ailer twelve hours, 135 J.Ù. ofSI nuclease mix, containing 250 units of SI nuclease

(pharmacia Biolee&, Montreal, Canada), was added and the mixture incubated at 37 oC for

60 minutes. The reaction was subsequently stopped, precipitated and suspended in S pl of

0.1 M NaOH.. An equal volume of formamide loading dye was added and baIf of the

reaction was subjected ta electrophoresis through a 5% denaturing polyacrylamide gel

(Greene and StruhI, 1989). A dideoxy sequencing œaction was also performed using the

synthesizedoligonucleotideand single-stranded plasmïd pAG43 as a template""
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2.3.8 Visualization oC plasmid-eneoded polypeptides

BL21(DE3):pLysS cells transformed with pETl6b~ pET29b~ pDAX16~ or pDAX29

were grown in LB broth at 37°C ta an Asso of 0.5, at which point 1 ml a1iquots were

removed. IPTG was then added to a final concentration of4~ and the cultures were

retumed to the incubator~After two hours, 1 ml ofcells was removed. The cells were lysed

and boiled in SOS-PAGE loading buffer (Sambrook et aL~ 1989) and loaded onto a 15%

SnS-polyacrylamide gel (Laemmli, 1970)~ Staining with Coomassie blue was used to

visualize polypeptides (Sambrooket al~~ 1989)~

2.3.9 Nucleotide sequence aecession Dumber

The DNA sequence presented here was assigned EMBL accession nmnber X83814~

Howeve~ subsequent DNA sequencingand restriction endonuclease analyses have revealed

tbat nucleotides 996 and 997 (Fig~ 2.5), initially rePOrtedas Tf, are CC~

2.4 Results

2.4.1 JsolatiOD ofan aluminum-iDducible illxAB gene fusion clone

A hbrary of3000 E. coliclones, each containing a single cbromosomal copy of the

v:. harveyi IraAB genes in random positiODS~ was previously constructed (Guzzo and

OuBow, 1991). The library was screened in. the absence and presence of1 and 10 J.1Wml of

added aluminum on LB agar plates~ Because aluminwn solubility, and therefore

bioavailability~ increases with decœasing pH, the media was adjusted ta pH S~S. One oftwo
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clones (Gozzo et al., 1991; Guzzo, 1994) round to display increased luminescence with

incteaSingconcentrations ofa1uminum was isolatedand designated strainLF20110.

Luminescence of strain LF20110 was measured over a 60 minute interval in the

absence or presence of1, S, 10 and 20 J.1gfml aluminum (added as aluminum chloride) in LB

broth adjusted to pH 5.5 (Fig.. 2.1A) or pH 7.0 (Fig. 2.1B). After a lag period of15 minutes,

luminescence in the alwninwn-treated cultures increaSed.. In general, the rate ofincrease in

light emission correlated with the increasing concentrations ofadded aluminum. Moreover;

luminescence, after addition ofMetal, was affected by pH and was greater at pH 5.5 tban at

pH 7.0. For example, 60 minutes after addition of 10 J.1lifml alumin~ luminescence was

three-fold greater at pH 5.5 (Fig. 2.1A) than at pH 7.0 (Fig. 2.1B). Luminescence was

subsequently round to he stimulated by the addition of iron (as rerrie cbloride) (Fig. 22).

The pattern of light emission, with respect ta Metal concentration and pH, was sïmilar for

both aluminwn and iron. A comparable pattern ofluminescence was also seen upon addition

ofvanadium (as vanadium cbloride; Fig. 2.3), gallium (as gallium chloride; data Dot sbown)

and indilUll (as indium chloride; Fig. 2.4). Indium was the Most patent inducer of

luminescence. One hour ailer addition of 1 J.iWml indium, luminescence increased to Sxl06

relative light units at pH 7.0 (Fi~ 2.4B) and lxl01 relative light units at pH 5.5 (Fig. 2.4A).

In contrast, one hour afteraddition of 1 fJWm1 aluminum, iron, or vanadium, luminescenœ

was less than IxI06 relative ligbt units atboth pH 7.0 and pH 5.5. Usingtbe same methods,

it was determined that the luminescence ofstrain LF20110 is Dot inducible by nickel sulfàte

orcoppersulfàte in eithersolid orliquidmedia(datanot shown)_
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Figure 2.1: Measurement of luminescence ftom strain LF20110 in the presence of

aluminumat pH S.s (A) and pH 7.0 (8). Aluminum was added to a final concentration of.

o(.), 1 (.), S CÀ), 10 (X), 20 (*) J.1WmL Standard error is less than 1%, bence enor bars

are DOt shown.

Figure 2.2: Measurement of luminescence from strain LF20110 in the presence of iron at

pH5.5 (A) and pH 7.0 (8). [ron was addedto a final concentration of 0 (.), 1(.), S (À),

10 (X), 20 (*> PWmL Standarderroris Icss tban 1%, bence errorbars are not shawn.
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Figure 2.3: Measurement of luminescence from suain LF20110 in the presence of indium

at pH 5.5 (A) and pH 7.0 (8). Metal was added to a final concentration of: 0 (.), 1 C.),

5 C.), 10 (X), 20 C*) f.lglml. Standard error is less than 1%, bence error bars are oot

shown.

Figure 2.4: Measuremeotofluminescence from strain LF20110 in the presence ofvanadium

at pH S.S CA) and pH 7.0 (8). Metal was added to a final concentration of 0 C.), 1 (.),

S(.), 10 (X), 20 (*) J,lgfml.Standard error is less than 1%, hence errorbars are DOt shown.
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2.4.2 OOllÎDg aBd sequenciDg oCtbe alumiDuDl-induciblegene

A Southem blot was perfODJl~ and confirmed that the Tn5-ltaAB element was

present at a single chromosomallocation in strain LF20110 (data not shown). The right end

ofthe gene fusion was cloned in one step using the tet gene in the Tn5..ltaAB element as a

selection marker (Guzzo and DuBow, 1994; Guzzo et al., 1991). The enzyme Bamm

cleaves to the left of the tet gene, such that digestion of total chromosomal DNA with

Hamm, Iigation to BamHI-eleaved pUC119 (Vieira and Messing, 1987), and selection of

transfonnants on LB plates containing Tc enabled isolation ofplasmids that contaïn the tet

gene, ISSOR and chromosomal DNA downstream of the site of the Tn5-/urAB insertion.

The resulting plasmid, pAl-l, was shown ta contain approximately 4.3 kb ofchromosomal

DNA, with an EcoRi site located 4.0 kb away ftom the chromosomal BamHI site (Guzzo~

1994). The site of insertion was sequenced using a primer complementary to IS5OR, as

previously descnbed (Ouzzo et aL, 1991). Initially, comparison of the sequence with the

bacterial sequences in the GenBank database (Benson et aL, 1999) did not produce a match.

The 4.0 kb BamHI-EcoRI fragment was labeled and round ta hybridize 10 phage 379 ofthe

Kobara Â. hbrary of the E. coli chromosome (Kobara et al., 1987) and is transcnbed in a

rigbt-t&-left orientation (Guzzo, 1994). A total of 1286 bp, spanning the site of insenion,

was sequenced (Fig. 2.S). It bas been subsequently detennined tbat the Tn5-lraAB element

bad inserted after bp 2 363 413 of the complete E. coli chromosome (bp 667 of Fig 2.5)

(Blattner et al.~ 1997). The sequenced region CODtained a nested (IlÎr of putative open

reading ftames (ORFs) of200 and 94 amino acids wbich. start with GTG and ATG codons,

œspectively (Fig. 2.S). We decided tbat the metal-inducible ORF should he called aïs, for

a1uminum-and [ron-!ÛIIluiated..
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Figure 2.5: DNA sequence ofthe ais regiolL Shown is the amino acid sequences, in one-letter

code, ofORF 22.21Ais. The potential. Sbine-Dalgamo (SD) sequences are overlined. The two

putative stan: sites oftranseription, Pl and P2, are indicated by boxes. The putative fS70 "-10"

and "-35" promoter sequences are underlined for Pl and overlined for P2. An inverted repeat

embedded in the a70 'e-10" and "-35" sites IS in boldtype. The potential BasR binding motit:

which is similar to the PmrA binding motif descnbed by Wosten and Groisman (1999), is

indieated by bold, italicized boxed type. The site ofTnS-furAB insertion was determined to

he between bp 667 and 668 and is denoted by a vertical arrow. An inverted repeat sequence,

which is located downstream. ofAis, and is a potential transcription tenninator, IS îndieated by

horizontal arrows. The GTG stan: codonofupstream ORF b2253, and the TAA stop codon for

downstream ORF yfaO, are indicated withboxes•
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• GGTTGTGATC CAACCGATTC GAGAACCTCT TTAACTGCAG CGAGTTCCTC CACGCCCATT 60

GCTGGTCGCG AAAAAGGCAA AAATTCTGAC ATTGCTTTTC CTTCCGCCAT TGAATACCTG 120.m STARTORF b225J
TC TTATA TTTGCTATAA AGAGTGTTGT GTATATTTTG CCATTTGGAG CGAAATTTTA 180

AGGATAGAAT ATTAACT'MA CCTTAAGAAA CTAAITATTAG ACGTAAATAT TGAAATTTTT 240

-JS (Pl) -3S~P2~ -10 (Pl) Pl
ATATTTTTTC TTATTTAGGC TTTGCATTT8 8~AAAATTtfA GCATTTT G~CGACAo- 300

-10 {P2t,r P2
TAGGATTTTT A ATTA~C CAACTGCGAA TTATCGCCAG AAATGTAGCT CAATTTCACG 350

50
GTAATTGTCT GGTTGCGCTT GTCTATAGGT GGAGTTTACG TGTTAGCTTT TTGCCGCTCT 420

M L A F C R. S

TCGTTGAAGT CAUAAAAATA TATCATCATT TTACTGGCGC TCGCTGCAAT TGCCGG"J%T"a" 480
5 L. K S K K y- I t t L. L A L. A A 1 A G L

1rC:TACTCATG CCGCCTGGAG TAGCAATGGT TTGCCACGTA TCGACAATAA AACACTGGCC 540
G T H A A W S S N G L. P R. (: 0 N K T L A

AGACTGGCAC AGCAGCACCC GGTTGTCGTT TTGTTTCGTC ATGCTGAACG TTGCGACCGT 500
R L. A Q q H P V V V L F R- H A E R- C D R.

TCAACCAATC AATGCTTGTC AGATAAAACA GGTATTACGG TTAAAGGTAC CCAGGATGCC 660
5 T N Q C L S D le: T G [ T V 1( G T Q. D A

~ TnS-UrM
CGTGAA TGG GCAACGCTTT TAGTGCTGAT ATCCCTGATT TCGATCTTTA TTCCAGTAAT 120

R E L. G N A F 5 A D [ P D F D 1- y- S S N

ACCGTCCGGA CCATTCAGTC GGCTACCTGG TTTTCAGCGG GTAAAAAATT GACGGTAGAT 180
T V R T l Q. 5 A T W F S A G le: le: L T V D

AAACGACTTC TTCAGTGCGG TAATGAGATT TATAGTGCAA TTAAGGACTT ACAAAGCAAA S40
le: R L. L Q. c G N E r y- S A l 1( D L Q. s le:

GCGCCTGATA AAAATATCGT TATTTT'CACC CAT'AATCATT GCCTGACATA TAT'TGCTAAA 900
A- P D K N l V l F T H N li C L T y- t A- I(

GATAAGCGTG ACGCGACATT TAAACCTGAT TATCTGGATG GTTTAGTCAT GCATGTGGAA 960
D K R- D A T F K P D y- L D G L. V M H V E

AAAGGCAAAG TTTATCTGGA îGGGGAATTC GTTAACCACT AAATTTTCAA TCTGACAGCC 1020
K G K V y- L D G E F V N H •

• 4
AGTAATGGCT GTCATCATTG TTA-CAGAAGA. CCTTTCAAA.C GTAACGTTTT TCGGGTGGCG 1080

ACATTCAAAT CA~CAC CAGATCTTCA GGTTTTACCC ACGCGTAGTC CTGAA A. CTCT 1140
STO' 01tFyfIO

TCGTTTATTT TCACTTCTCG GTTGGCAGAA ACGCAGTCAA AAAT:tAGGTA AATCATATAA 1200

ATCTCTTCCT TGCGACCATC TGCATACGTC TTGGTGCGAA TATCATCGCT GAAGGTCCAC 1250

GGCGTGATTT CTGTCAAAAG CAGCTG 1286
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Figure 2.6: Homology of Ais to PmrG from Salmone/la ente,.ïca serovars, AfrS from the

attachingleffacing E. coli strain RDEC-l, and TraG from plasmids R64 and pCollb-P9.

The amino acid sequences, in one-Ieuer code, are aligned to give maximum homology~

ldentical residues are lightly shaded~ SunHar residues are darldy shaded. Overlined regions

indicate the putative phosphate binding motit Arrows mark putative cleavage sites for the Ais

signal sequence. Sequence data for PmrG (accession number AF036677), ArtS (accession

number LOS467), and TraG (accession numbers AB02730S.1 for R64 and AB021078.1 for

pColIlrP9) were obtained from the GenBank: database.

67



·-
Ais

PmrG
AfrS
TraG

, ,
:~.L~~if!:C R S'S L;~ S,K K;.Y 1 1;'.... ··~.J4: ' !.~::;.~. A A;I~:"·:9:;·.~·G\'f H A;A::W~:~J.~f'f,q·:"~:;p, R J. D N 1(

.tL'iA.\!;'T ~ ~ ~ ~,~=~ :l~ O·~ft.~~ ~:~~~ ~:~;re:~;~~~'~ ~;~~ii~:~\~:~:~~"3~
MM K P R..$; S Y$.':lÇ: T A.f • .J)I;:~~J,\' FsiF(~.,~•. :!1;. K • èAI Ki.'l~: • . !;l;;.J~ Dil' T L E

-

.-

Ais Ti"L':"I:~:lif;-!'A"QinïMI '·\fV:·V.~f1=ftD~":,.)r;~{.~e·:.o;:R:··S; TiN' Q:g'.lf;f5!D~·K·i~.te~l;tr-t~.Krc·:irQ:n;:Jj.·D~1::
~'." 1~:\i;,"VI-"~'~,~P,'~i ~_~~'\~I.',I",rji.,~."iJt_~:~~~,J".]~.'~'" _..L1,~~ .•.~,;1.. '" ~-~,'Pii!~~,"" .rP.,<.,~ .{_~.l:,~~;....rtI,.,'''.''\f:',~'~;7,~~S ~~'~'~,' J.:", ",:,"_-~~_';J_' :,\,~~ ;.f('~Jt~~~~I_i~.i.',":,r:,'.•~~~.),,~.. ,'I~·:"~···- r~"l.".;..: ,; t"'_".:'\~,'_,J5'"PmrG A: tt.' A ~a:'~: K"~"~".•ry.\,,,,;~,,:,t"~J'D"~H('N"I:·~D'!i~D;'R,5: D·II T ;e"L;';S~D' Sim:~G~'f.t"".al· Nlt:nIQ ·'Di A

Il
; L;~n'II""t:'''4 !~~" •. ,:, .';~'.~" '.•' ;",', t·'-.t~'I1~-~~.'~lf.'.~.'h;,:.,:;..,iF.r~.~c.],l'il!,.~.'~:,~~J."'f~~.~...'{ ,~-: ;.~~..~;,;~....,.,....~'. ~,(~~.~~~. ~ .M:".,. ~.~.·R;.~~~

AfrS D T S RJ\) Y\P.;T;~ J~;tt~.'il;~~\~.;.Q!.~,'Q K·~;a.;1§;~..T E,.__ N,G NK~""'I
TraG Q AKEN ADN T\~ !~)f:~P.~~"~Ç~I~IIQJ);Ri.~R M Pt~· Y~$,.~g·~II.gu~rIlT;~rr~ E K·A.Q

-AI :il~;~G N'~~:~E'iC:·:.·· Q',.J"R D~;fr·p'(I.I/"';:$~S:'II;'-;:V ;D~~:r/'I:ft;:S';:;A~T;'W1F'~$1,::&;~Gt;KJi(~'Ê'~~;u:'nlllt,; R .L, L Q 'Cft'!'
s~~;:,i.' "..: ,r'~').':"":'.~!'!h~;~''''i.{f'''\fl.. '..t'I!'",H. '~~.I.;.','."-"";." .."~.'~'~.!~ ~~é.'.h.' '~.'.'.~"'.fP;'])"."",~~. . >..+...,.~\r#f(;~~~.~.:il.f}•.""".~1.;.~:I'.'..~..~:f,J"i.~!~~lj.~.i-,.!~~".' .' • • . ','.....".;~.~.•PmrG 1·~·G{·llwla:.e,?SI::&·I'\':W"r. Q :I;;',:Y· Sr~~i'NJ·~V ID~i~".:I'••n'·S·'A··~f"',I:'j~h<a.\l: Sil'·~~, A..n·,." K MMD''''''G

1('~'1. "f!'f;'Q1f1:;~!,·.1'~:~l:;~\ " f.('i.1e/}·~.~1'~~!1;';i~~~~à.l:\:~1 l~·'ff1""~~~~J"~.: ';~'. t.-'9~~~ .!if~.~ ;~r".,
AfrS Y:'~lrK, V::f:. N K M F("P, S G

II
,t,.~~:~, ',. mp IJJ~l!-.gl~j 11;~:§.~I;..tilœl P • ElST ;.~I 0

TraG E,;~. 1 K ~~': A TIF S E ,q ~~~·.S,~~i": A:V.:~~;J2~(~f;Q '~l K :~~~~;. L~~~tt E V~M 0 S j.~. S 0 l.~; N

Ats i"' E~~J;~.; S A;~l;: K D~.~· Q S:K' A P_~~;~i~t~i~i:~:!~f.~~œ:~tt1!)·"'!~·Çi:f~~J:f?j{~J~t~~~;~:~D~~I,l? A.T.~~~:'t_~\..,P,Y~j,h
PmrG S G~'I'! 1 A SI.I: N T !'l.t· L K 'K S Q N:~,~II;,;Y·.~V;I'~lt;I.lT',H·.·N:H··iC('.I~~~Tcl::~fl:~'~'.K.~1I.':D~t:· V '''''.1:; 0 ·D.pt.v.;,."

. .:, .,;: '. ",,'-c l". .. , .... '.t;'.,I .."~.\.:~..:'...:1.'.~.:.,~..r..,,'~'•.".i;"';"'." ".'."!',' ~,'.' '.;.!I"!.~,•...m·." ....U\).. ~}..._•...~...:f••w ..~.,~~,;:r.', '1.~.1.'.••.,~.... ','."_'.. ~~::::."." ""~.:'~.".''rl.AfrS :.~.:D A~'(j N N~I! L K SE., H",:K' V:.l<V~JvF;T ·.t;1.l~~.HJ;:'~·.l: Rtl"ii~iK:.K. M M)~\W,R L ..~::f~(I;)?(,:M
TraG :~"·DII:~~K Tlle S ARE S H KIIN:.I,f)lJI~MTt.tr~tH,ç:L ·:AII~IIL;.(;i,:K';KiF'(K,~,A!,yq.~

'ft .,' '.c'G'K' G ~AIs iw;:G:iI.;:N,:":J1, V':j~~~,i~. "ViIY:'~.··Q.,; .::~;·...~\V· N H

~~ r.Ttl.:iM.(,:,~..... ~:~r~\~IP~I':·.·.':. :·;:t:~ : ~" L L H
TraG !;PII::~."'H y DT RI ÎL'.D..G KIIN KEA



•

•

•

%.4.3 Analysis oftraaseription

To examine the transcription of this region, the left end of the gene fusion was

cloned mto plasmid pUCl19, using HindDI and selection for Tc~ resulting in plasmid

pAO17 (GU72.0, 1994)~ When the Tn5-luxAB element inserts into the chromosome, a

BamHI site (located between the endofIS50L and luxA) is placed 23 bp downstream ofthe

site of insertion. Hydrolysis ofpAG1? with HindITI and Bamm produced an approximately

700 bp DNA fragment containing sequences upstream ftom the site of Tn5-1zaAB

insertion. The fragment was labeled and hybridized to RNA isolated ftom E. coli DHI (no

TnS-luxAB insertion) grown in the absence and presence of 10 J.1Wml aluminum chloride,

ferric chloride and nickel sulfate at pH 5.5~ An mRNA ofapproximately 800 nucleotides in

length was detected. The level ofais mRNA ftom ceUs exposed to aluminum and iron is

augmented, wbereas the level produced in the presence of nickel is comparable to

unexposed ceUs (Guzzo, 1994). These results also show that increased luminescence is due

to an increase in luxAB transcription.

An SI nuclease analysis was performed on RNA from ceUs exposed to aluminum

(Guzzo, 1994). Two protected fiagments were seen migrating with Ducleotides 299 and 319

(Fig. 2.5), localiring putative transcriptional start sites to a C and an A residue, respectively.

The putative promoter starting at bp 299, which produced a more abundant amount of

protected fragment, was called Pl, while tbat startingatbp 319 was designated P2 (Fig. 2.5).

If the transcript is 800 nucleotides long, then a transeriptional stop site should he located

near bp 1119. An inverted repeat sequence, wbich MaY rorm. a stem-loop structure:t is

centeredaround bp 1122 (Fig. 2.5).
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2.4.4 ExpressioR ofORFI

AnaLysis of the DNA sequence upstream of bp 348t using ATG as a start codo~

revealed a potential ORF with a predicted molecular weightof10.6 kDa spanning bp 488 to

769 (Fig. 2.5). Translation of the DNA sequence using GTG, an alternative start codon,

revealed that an ORF with a predicted molecular weight of22.2 kDa could he encoded from

the region spanning bp 400 ta 999 (Fig. 2.5). Shine-Dalgamo sequences are present

upstream of bath ORF 10.6 and ORF 22.2. When the expression of polypeptides from

plasmids pETI6b and pDAX16 (pET16b containing both ORF 10.6 and ORF 22.2) was

monitored in vivo, a unique polypeptide, migrating at approximately 22 kDa, was observed

in the IPTG-induced pDAX16 culture (Fig. 2.7). This suggests that ORF 22.2 encodes the

ais gene Producl Expression ofpoLypeptides produced in vivo from plasmids pDAX29 and

pETI9b revealed the presence of a unique protein in the IPTG-induced pDAX29 culture

(Fig. 2.7). This polypeptide is sligbtly larger than 22 kDa, consistent with expression ofthe

Ais protein containing a C-tennînal sixhistidine tag.

2.4.5 Romology ofAis to otller proteÎDI

A homology search was conducted using the BLASlP a1gorithm (Fig. 2.6) (Altsebul

et aL, 1997). Ais exlubits 63% amino ICid identity, and an additional 12% amino ICid

similarity, ta the ptm'Û (fonnerly pagH) gene product of Salmonella enterica serovars,

including S. typhimurium LT2, S. typhi and & paralyphimurium (Gunn et al., 1998),

Genome Sequencing Center). The function of PmrO- bas not been determined, but it is

known to he regulated by the PmrA-PmrB two-eomponent regulatory system. Otbet genes

regulated by the PmrA-PmrB system mediate 4-aminoarabinose modification of
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Figure 2~7: Expression of the Ais polypeptide~ Polypeptides expressed in vivo from E~ coli

strains BL21(DE3)pLysS/pETI6b (Lanes 1, S), BL21(DE3)pLysS/pDAXI6 (Lanes 2, 6),

BL21(DE3)pLysS/pET29b (Lanes 3, 7) and BL21(DEJ)pLysS/pDAX29 (Lanes 4,8) in the

absence (Lanes 1-4) or presence (Lanes 5-8) of4 mM IPTG~ Mass ofmarker polypeptides

(in kDa) are shown at the right. The Ais protein and Ais with a N-terminal, six-histidine tag

(Ais + 6 His) are indicated with arrows•
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lipopolysaccharide and resistaDœ to peptide anttbiotics such as polymixin B (Ounn et aL,

1998; Roland et aL 1993). Ais exhtbits 37% amino &Cid identity, and an additional 35%

amino acid similarity, to AfrS (Genbank accession number L08467) from the

attaehinwetfacing R coli strain RDEC-1 (Wolf and Boedeker, 1990). Recently, it was

suggested that MS is a novel regulatory protein that, in coordination with AftR, Mediates

transcription of afr~ the structural subunit of the AFlRl pilus (Cantey et al., 1999).

However, the mecbanism ofthis regulation remains to he elucidated. Ais a1so exhibits 400,4

amino acid identity and an additiona122% amino acid similarity to the TraG proteins tram

plasmid pColIlrP9 of Shige/la sonnet strain P9 (Genbank accession number AB021078)

and plasmid R64 ofSalmone/la entertca serovar Typhimurium (Genbank accession number

AB02730S). The function of TraG is unknown. Although the N-tenninal regions of these

proteins show Iittle sequence identity, computer analysis predicts that the N-tenninal of

eachprotein contains a signal sequence (Argos and Rao, 1986; Rayet al., 1986).

2.5 DiseussioB

We have isolated a sene inducible by aluminUlll, iron, gaIli~ indium and

vanadium, as measuœd by an increase in luminescence ftom a luciferase gene fusion and by

RNA blotting to the isolated gene. We bave designatedthis gene as ais <f!luminum and imn

ltimulated). Induction oftranscription, as measured br luminescence, correlates with Metal

concentration such that the- leveLof light emission increases with. incœasing concentrations

of added metaL Moreover, the luminescence at a given concentration of added metal
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increases with decreasing pH (Figs. 2.1-2.4). Exceptions to this trend bave been observed at

pH ~ 5.5 in cultures containing 20 ....Wm1 of added aluminum and 10 or 20 JJWml added

indium. This may be due to impaired œil viability caused by the increased toxicity ofthe

metals at pH S.S. We have observed that, onder acidic conditions, indium and alwninum,

added at concentrations as lowas 10 ....glmI, can slowecll groMb. (data not shown). This

sensitivity 10 aluminwn and indium is not due ta disruption of the ais gene by the

Tn5-1urAB insertion. When compared ta the parental E.. coli strain DHI, E. coli strain

LF20110, which contains the ais::Tn5-/uxAB insertion, does not display increased

sensitivity to metals (data not shown). Thus, it does not appear that ais plays a significant

role in detoxification ofthese metals.

The amount ofa mRNA species tbat hybridizes ta a radiolabeled ais DNA probe is

augmented in aluminum and iron exposed E. coli DHl but not in untreated or nickel

exposed cells (Gozzo, 1994). This confirms tbat the metal-induced changes in ais

expression occurat the level oftranseription..

The TnS-lurAB elementwas shown ta he insened in a previously uncharacterized E..

coli geœ. The DNA sequence spanning the Insertion site was detennined, and SI nuclease

analysis (Guzzo, 1994) revealed tbat transcription could start at two positions, termed Pl

and P2, corresponding to bp 299 and 319, respectively (Fig. 2.5). Potential 0
70 "_10" and

"-35" recognition sites for these promoters are indicated in Figure 2.5. Analysis of the

potential ORFs downstream. ofbp 348 revealed that there were two posSIble candidates:

ORF 10.6 withan ATG start codon and ORF 22.2 with. a GTG start codon.. When this DNA

region was expressed in vivo, a polypeptide migrating at approximately 22 Id>a wu seen,

wbiIe DO 10.6 kDa polypeptide wu observed either in vivo (Fig. 2..7) or in vitro (data not
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and Salmonella ente1'ica. Two primer extension produets have been obtained for ais, Pl

corresponds to a C residue (101 bp upstream from the start codon; Fig~ 25) while P2

corresponds to an A residue (81 bp upstream from the start codon; Fig. 25). Only a single

primer extension produ~ starting with a G residue, bas been obtained forpml'Û. Zhoo. et al

(1999) found tbat NH4VÜJ induces changes in E. coli lipid A that are similar to the lipid A

modifications mediated by the PmrA-PmrB pathway in Salmonella enterica serovar

Typhimurium. They implied that vanadate MaY induce the BasR-BasS pathway in E. coli.

Indeed, we have demonstrated that vanadium induces the expression ofais- (Fig. 2.3).

Our data also indicates that BasR-BasS May he required for metal-mediated expression of

ais (see Chapter 3).

Computer-assisted analysis prediets that Ais and its homologs bave N-tenninal

signal sequences. In Ais, two putative consensus sites, which could direct cleavage either

between amino 8Cids 22 and 23 or between amino acids 25 and 26, have been identified

(Fig. 2.6) (Argos and Rao, 1986; Rayet al., 1986). This suggests these proteins are

membrane bound orperiplasmic-. The central tegions ofthese proteins are highly conserved..

Moreover, this central region features a histidine-containing motit: LXRIfi"/AE (Fig 2.6~),

which resembles the LXRHGErQ motifpresent in the active site ofthe phosphatase domain

of the bifunctional eucaryotic enzyme 6-pbosphofructo-2-kinase!

fructose- 2,6-bisphosphatase (Hasemann et al., 1996; Yuen et al., 1999)~ A similar motifis

present in cofactor independent phosphoglycerate mutases and acid phosphatases round in

bath procaryotes and eucaryotes (Hasemann et al., 1996). The active site of the

ftuctose-2,6-bisphospbatase domain reatures conserved arginine, glutamate and histidine

IeSidues. An arginine residue,. with spacing identical to tbat round in the
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fructose-2,6-bisphospbatase domain, is conserved in Ais, PmrG and AfrS, and motifs

containing glutamine and histidine are conserved in all ofthe homologs (Fig. 2.6). IfAis is a

phospbatase, it may contribute to the modification oflipid A. Indeed, Zhou et al (1999)

indicate tbat an enzyme which regulates the level oflipid A I-pyrophospbate bas yet to he

identified Altematively, Ais MaY have a regulatory function. Recently, Cantey et al. (1999)

suggested that MS is novel regulatory protein that, in association with AfrR, induces

expression ofAfrA, the major structural comp<ment orthe AFlRl pilus. The mechanism of

this regulation bas not been determined. However, the activity ofmany response regulator

proteins is dependent on their phosphorylation state. Although descnbed as an Ame

homolog, AftR only exhibits homology to the DNA-binding region of Arae. fnformation

about the regulation of AftR function, including the raie of pbosphorylation and/or

dimerization, remains to he determined (Canteyet al, 1999).

Although we have demonstrated that ais expression is metal-inducible, the role of

aluminum is not clear. However, in other systems there are two reeurring themes. Gene

expression cao he mediated by specifie, metal-induced regulatory factors, such as ArsR

(Diorio et aL, 1995) and Fur (Crosa, 1997). Altematively, gene expression can he an

eiTeet of metal-mediated damage to cellular components, such as membrane

phospholipids and proteins that require metal-cofaetors.

Free Metal ions, including iron, vanadium, aIuminum, indium and galli~ cao.

participate in Haber-Weiss reactiODS tbat generate taxie oxygen radicaIs (Goldstein et al.,

1993; Keller et al., 1989;~ 1988). Ineucaryotic systems, aluminum treatment induces

expression of peroxidase, cataIase and superoxide dismutase enzymes that can. coUDter

reactive oxygen species (Ding et al., 1999; Ezaki et al., 1996). Aluminum tolerance in
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suggests a role in bacterial virulence~ Fora pathogento he effective, virulence genes must be

expressed when conditions (e-.g. suflicient quorum of bacteria, nutritional status, location

within the hast) are ravorable~ Although aluminum is not known to he important for

bacteriaL virulence, ironcenainly is~ Both low and high iron concentrations trigger responses

which enhance bacterial survival and pathogenicity (Cro~ 1997; Vasil and Ocbsner, 1999)~

As such, our aluminum-stimuJated gene may represent a new iron-regulated genetic

cascade inE. coli.

We have isolatedand expressed a novel gene fram Escherichia coli. Transcription of

ais is stimulated by aluminum, ïron, indium, gallium and vanadium. Altbough the fimction

of Ais is unknown, several homologs exist. The homologs sbare a phospbatase motif and

may he involved in bacterial virulence~ Experiments ta examine the DNA sequences

required metal-mediated transeriptional induction ofthe ais gene are currently underway. In

this manner, we will to better characterize the ais gene, and enhance our understanding of

cellularresponses to heavy Metal stress~
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Prer.œ to Cbapter 3

InChapter 2, isolation and preJiminary cbaracterization ofthe Escherichia coli ais

gene was descnbed. The DNA sequence of the ais region was determined, the

transcriptional stan site identified, and Ais protein was expressed. This study

demonstrated that transcriptiOIl of ais is induced by the addition of aluminum, iron,

indium, gallium and vanadium. However, the role ofpH in ais transcription was not fuliy

addressed Moreover, the homology ofAis and PmrG, as weil as the generai similarity of

Escherichia coli and Salmonella enterica serovar Typhimurium, suggested that a

two-component regulatory system might he responsible for metal-induced transcription

ofais. In Chapter 3, these possibilities are examined.
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3.1 Abstraet

We previously identified ais, an aluminum- and iron-inducible gene from

Escherichia coli. Altbough the tùnction ofais is unknown, it bas several homologs. One of

these homologs, pmrG from Sa/mone/la enlerica serovar Typhimurium, is regulated by the

PmrA-PmrB and PhoP-PhoQ two-œmponent regulatory systems, pH and magnesium.

Using a transcriptional ais::/uxAB reporter gene fusion, we examined the possibility that

similar mecbanisms regulate ais. We found that the BasR-BasS system is required for

metal-inducible expression. The E. coli PhoP-PhoQ system is not required for

metal-induClble expression, but phoP and phoQ. mutations do diminish the magnitude of

ais::/uxAB expression. Moreove1; pH does not directIy induce ais::/uxAB expression,

although pH may alter the bioavailablity of a1uminum and/or iron and 50, indirectIy

influence transcription. Transcription is Dot induced by Low concenttations ofMagnesium or

calcium.. High concentrations of magnesium or calcium bave no efTect on baseline

expression ofthe ais::/uxAB fusion, but do inlubit aluminum-induced transcription. These

results indieate tbat the Salmone/la and E. coli systems are anaIogous and indicate that the

BasR-BasS Mediates cellular responses to metals..
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3.2 IntroduetioD

The ais gene of Escherichia coli was isolated during a search for

aluminum-inducible genes (see Cbapter 2). Expression of a chromosomal ais::luxAB

transcriptional reporter gene fusion was round to increase with incre&sing concentrations oi

aluminum. It was subsequently round that tbis pattem of ais expression is induced by a

varlety ofmetals including alumin~ indium, galliwn, vanadium and iron, but not nickel or

copper. Ais bas severa! homologs including pmrG ftom Salmonella enterica serovar

Typhimurium, (Gunn et al, (998), AfrS from the attachingfeffacing E. coli strain RDEC-l

(Wolfand Boedeker, 1990), and TraG trom the Enterobacteriaceae plasmids pColIb-P9 and

R64. Although the fimetion of Ais and its homologs is unknown, they share putative

N-tenninal signal sequences and a putative phosphatase motit:

Transcription ofpmrG is mediated by the PmrA-PmrB two-component regulatory

system (Wosten and Groisman, 1999). Stimulation of the PmrB sensor kinase results in

pbosphorylation orthe PmrA response regulator-. Although it has been suggested that PmrB

responds ta mildly &cidie pH (Bearson et al., 1998), this bas been disputed (Gunn et al.,

1998; Kox et al., 2000). PmrA increases transcription ofseveralloci, including thepmICAB

operon, the p""F operon, pmrE, and pmrG (Aguirre et al., 2000; Wosten and Groi~

1999).

In Salmonella enterica, the PhoP-PhoQ two-component regulatory system can.

enhance expression of PmrA-reguiated genes. Indeed, severa! Pmr-A-regulated genes,

includingpmI'Û (formerlypagH) were initiaIly identified as PhoP-aetivated genes (Belden

and Miller,. 1994). The PhoQ sensor protein Mediates the phosphorylation state, and
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therefore activity of the PhoP response- regulator, in response to extraeellular magnesium,

calcium, and manganese concentrations (Vescovi et aL, 1996; Castelli et al., 2000)~ The

current model suggests that phosphorylated PhoP ïnduces expression ofpm"O (Kox et al.,

2(00)~ PmrD tben interacts \Vith PmrA to enbance expression ofPmrA-reguiated genes~

The mecbanism for tbis remains to he furtber elucidated, but it requires a fimctional

PmrA-PmrB system.

The E. coli genome includes homologs to ail oftbese genes (Table 3~1)~ Moreover.­

the ais promoter region includes a sequence which is similar to the DNA binding motif oC

Pm.rA (see Chapœr 2; Wosten and Groisman, 1999). As sucl\ sunilar regulatory

mecbanisms might mediate transcription of the ais gene. In this Chapter, the effects of

BasR-BasS, PhoP-Ph~ pH, magnesium and calcium on aluminum-induced expression

ofa chromosomal ais::luxAB transcriptional reporter gene fusion are examineci

3.3 Materia" and Metbods

3.3.1 BaderialstraiDs and media

The bacterial strains usedin this study are Iisted in Table 3.2. LF20110, the original

ais::/uxAB transcriptional fusion clone, was derived. trom E.. coli strain DHl [F recA.I

endAI gyrA96 thi hsdRI7 (rk-, mit) supE44 "eLAl] as prevïously descnbed (Guzzo and

DuBow, 1991; Hanahan, 1983). MG:aisAS (6asS) andMG:aisARS (basRS) were derived

82



• Table 3.1: Escherlchûl collaad SillllUJnella ellterlca bOBlolop

E.coll S. ellier/cIL % Ho.ology Function
(% Identity)

BasR PmrA 86%(82%) Response- regulator
BasS PmrB 92%(85%) Sensor Kinase

responds to Al3+Fe3+V3+
yjdB PmrC 87%(78%) Transport '1
yjdE orfD 89%(86%) Transport?

Ais PmrG 86% (79016) Phopbatase '1
b2253/o390 PbgPl 86% (70%) Amino transferase
b2254/o322 PmrFIPbgP2 83% (78%) 4 amino arabïnose bactoprenol transferase
b2255/0660 PbgP3 89% (79%) Oxido reductase '1
b2256/o296 PbgP4 78%(69%) Decarboxylase '1
b2257/o550 PbgEl/PqaB 7So/o{62%) Bactopreno14 amino arabinose
b2258/o222 PbgE3 72%(62%) Lipid A transferase

• PmrD PmrD 75%(59%) RegulatorofBasRlPmrA function

Ugd PmrElUgd 94%(88%) UDP-glucose 6-dehydrogenase

PhoP PhoP 93%(89%) Response regulator
PhoQ PhoQ 88%(81% Sensor Kinase,

responds to [Iow] M~+Ca1+Mn1+

• 83



• Table 3.2: Baeterial Strains and PlasDlids used in tbese Studies

Relevant Cbaraeteristies Reference
Baderia. StraÎDs

LF20LIO E. coliDHL ais::luxAB Chapter2

MGl6SS E. coli K-12 (r Àl Bachm~ 1972-
MG:ais MG16SS aïs::luxAB thisstudy
MG:aisL\S MG:ais basS::aacCl (GmR

) this study

MG:aiSL\RS MG:ais basRS::aacCl (OmR
) thisstudy

CSH26 Waldburgcr-l996
CSH26:ais CSH26 ais::luxAB this study
CSH26L\Q:ais CSH26 aïs::luxAB phoQ thisstudy
CSH264PQ:ais CSH26 ais::luxAB phoPQ thisstudy
40 RI E coli 40 arsR::luxAB Caï.l996
40Bl E coli 40 arsB::luxAB Cai. 1996
DHSu supE44 L\UI69 (.80 lacZAMI5) Woodc:oc~ 1989

hsdRI7recA.I endAI gyrA96 thi-/ relAI

Plasmids

• ApRpSU2SRS Nagasa~ 1993
pBAD33 CmR Guzman,1995
pDAL71 CmR thisstudy
pDAL73 CmROmR

tbisstudy
pDAL73 CmR.OmR

thisstudy
pK03 CmR I.ink. 1997
pDK73 CmRamR thisstudy
pDK75 Crr!-amR thisstudy
pUC7G QmR Schwizer~1993
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trom wild type E. coli MG16SS cr, Àl~ Strain CSH26 and the mutants CSH264Q~ (phoQ)

and CSH26APQ (phoPQ) were kindly provide by Dr~ R.T~ Sauer 1996 (Waldburger and

Sauer, 1996)~ Derivatives of these strains containîng a cbromosomal ais::luxAB

transcription gene fusion were generated by transduction with Pl cml,clr100 using lysates

prepared on E. coli LF20ll0 (Miller, 1972)~ E. coli strain. DRSo. (Woodcock et al., 1989)

was used for transforming ail DNA ligation reactions and during amplification/isolation of

plasmid DNA. E. coli stIains were propagated at 32°C, unIess otherwise stated, in LB broth

(10 g NaCl, 10 g ttyptone, S g yeast extract per litre) or on LB plates containing 1.5% agar

(Sambrook et al., 1989) and supplemented with antibiotics as ÎDdicated Anttbiotics were

used at the following concentrations: Ap (Ayerst Laboratories, Montreal, Canada), 40

J.18/mI; Cm (Sigma, St~ Louis, Missoun), SO J.lWml; Gm (Sigma, St. Louis, Missoun) IS

J.LWml., and Tc (BoehringerMannheim, Laval, Canada) 10 JJWml in broth, 20 JJJYml in agar.

Stock solutions of Metal salts were prepared in sterile distilled deionized water at the

following concentrations: aluminum cbloride (20.1 mg/ml) (Anachemi, Montreal, Canada),

magnesium chloride (418.3 mg/ml) (BDR, Montreal, Canada), calcium cbloride (182.7

mg/ml) (Anachemia, Montreal, Canada). Where necessary, the pH ofLB was adjusted with

12MHClor2NNaOa

3.3.2 DNA••DipuiatiODs

Restriction endonuclease- hydrolyses were performed according ta the

manutàcturers' protocol {Gibco-BRL, Burlington, Canada; New England Bïolabs, Ltd.,
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Figure 3.1 Construction ofplasmids used in this study.
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Plasmid

pSU2SRS
pDAL71
pDAL73
pKD73
pDAL75
pKD75

Markers

ApR
CmR

CmRGmR

CmRGmRSucS

CmRGmR

CmRGmRSucS

- .....hts-

-
VC NNB B H

basRS
Genotype

R+S+
R+S+
R+S­
R+S­
R-S­
R-S-

•

adiY yjdE yjdB basR basS proP

1 kb
B=Bcli
C=HincII
H=HpaI
N=NruT
V=EcoRV

A.: Gentamicin resistance cassette
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volume offteshly prepared Metal salt stock solution W8S added to the otber tlasks ta reach

the desired final concentration.. Flasks were subsequently incubated at room temperature. At

regular intervals, cells were removed and diluted to an Asso of O.OS in LB broth..

Luminescenœ of triplieate 1 mL samples was measured with a Tropix Optocomp 1

Luminometer (MGM Instnunents, Connecticut). Samples were automatically injected with

100 J.1L ofa decyl aldehyde solution (0.5% v/v in LB broth) and light emitted during a ten

second period was recorded. When measuring the effect of pH on luminescence, Ibis

method was modified such that the second growth step was omitted. CeUs were grown ta an

Asso of0.4 in LB (pH 7) and then directly diluted to an Asso ofO.OS in LB ofthe desired pH.

3.4 Results

3.4.1 Ba.S is required for alulDÎnuDl-indueible expression ofal.s::/arAB

Luminescence ofstraiDS MG:ais, MG:aisâS and MG:aisL\RS was measured upon

addition of0, 10 or 20 J.&glml aluminum (Fig. 3.2). Light emission ftom MG:ais increased

with increasing concentrations of added aluminum (Fig. 3.2A). However, strains

MG:aisâS and MG:aisARS showed no increase in luminescence upon addition of

exogenous aluminum (Figs. 3.2 B, C). Ne~ strains MG:aisâS and MG:aisARS were

transformed with the basRS-contaîning pDAL71 or the pBAD33 vector control and

luminescence W8S measured (Fig. 3.3). Upon addition oro, 10 or 20 J.&Wml aluminum,

strains transformed with pBAD33 showed. no increase in luminescence. However, a
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Figure 3.2: Measurementofluminescence ftom strains (A) MG ais, (B) MG ais AbasS and

(C) MG ais MasRS upon addition of 0 J.lg/ml ce), 10 J.lg/ml (A), or 20 J.lg/ml (.)

a1uminum. Standard error is less than 1%, hence errorbars are not shown.
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Figure 3.3: (A) Measurement of luminescence from strains MG ais âbasS:pBAD33 (open

shapes) and MG ais AbasS:pDAL71 (closed sbapes) upon addition of 0 J.lg/ml (circle),

10 J.lgfml (triangle), or 20 J.lglml (square) aluminum~ (8) Measurement of luminescence

produced by strains MG ais ~asRS:pBAD33 (open shapes) and MG ais ÂbasRS:pDAL71

(closed sbapes) upon addition oro J.lg/ml (circle), 10 J.lglml (triangle), or 20 tJg/mI (square)

aluminum~ Standard error is less than 1%, hence errorbars are Dot shown.
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Figure 3.4 Measurement of luminescence ftom strains CA) CSH26, (8) CSH26 âQ and

CC) CSH26 âPQ upon addition oro f.1g/ml ce), S J.lg/ml (.), 10 J.1gfml CA), or 20 IJgfml (.)

aluminum~Standarderror is less tban 1%, bence error bars are not sboWIL
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minutes. Tbirty minutes after addition ofalumin~ light emission from a11 four samples

increased, but the pH S.S and pH 6 samples were emitting much more light than the pH 7

or pH 8 samples (Fig 3.5). This indicates that aluminum induces aïs::luxAB, but

extracellular proton concentration does not. However, the solubility, and therefore

bioavailability, of aluminum increases as pH decreases. As such, pH may indirectly

influence ais::luxAB expression by ïncreasing the solubility, and/or altering the

speciation, ofaluminum.

Because the effect of pH on background expression of aïs::/uxAB was

reproducible, we also examined the effect of pH on expression of two other E~ coli

chromosomal luxAB fusions; the constitutively expressed arsR::/uxAB fusion and the

arsenic-inducible arsB::lurAB fusion (Cm and DuBow, 1996). In bath cases, basal

luminescence was greater under acidic conditions than under neutral or basic conditions

(Fig. 3.6). As such, our observations suggest that the luciferase reaction is affected by the

extraceUularpH..

3.4.4 Effeet of div.leDt eaUOD! OD expressioD of tIi.s::IIaAB

In Sa/monella ente,.;co, PhoP-PhoQ mediates expression of PmrA-PmrB (and

therefore PmrA-reguiated genes) in response to magnesium, calcium and manganese

concentrations. To determine if tbis etTect also occurs- in E.. coli, luminescence of strain

MG:ais was measured upon addition of0, S, 100, or 250 J.1gfml magnesiUID. (Fig. 3.7A).

Addition of magnesium. bad no eifect on ligbt emission. In particular~ the &igher

concentrations ofmagnesi~ which lead to decreased.PhoP activity, and therefore dimjnish

transcriptionofdownstream. genes~ did not œduœ lwninescence belowbasallevels. Simîlar
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Figure 3.6: Measurement of luminescence trom (A) the constitutively luminescent strain,

E. coli 40 arsR::/zaAB and (B) the arsenic-inducible strain, E. coli 40 arsB::lt«AB1I at

pH s. (0)11 pH 6.0 (")11 pH 6.5 (A) pH 7.0 (.)11 and pH 8.0 (+). Standard error is less tban

1%11 hence errorbars are Dot shown.
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Figure 3.7: (A) Measurement of luminescence from strain LF20110 upon the addition of

o J.lgtml (e)t 5 IJWml C.)t 100 J.lWml CÂ)t or 250 J.llifml (.) magnesium. Quenching of

aluminum-induced luminescence by the addition of (B) magnesium or CC) calcium.

10 IJglml aluminum was added along with 0 J.1g/ml ce)t 10 J,lglml C.)t 100 J.18r'ml (Â), or

250 J.1g1ml (. ) magnesium or calcium. Control sample to which no Metal was added (0).

Standard error is less than 1%t bence error bars are Dot sbown..
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together, AftR. and AftS do induœ afrA transcriptiOIL Based on homology data, we have

suggestedthat Ais may &Ct as a phosphatase. However, a funetion remains to he definitiveLy

established.

The best studied, and Most closeLy related homolog is PmrG ofSalmonella ente,.ïca.

Although its funetion is also an enigma, transcriptional regulation ofpmrG bas been weil

establishect Transcription of pmrG is directiy mediated by the PmrA-PmrB

twcrcomponent system (Wosten and Groisman, 1999). Transcription is initiated upon

binding of the PmrA response regulator to a specifie site, the PmrA Box, in the pmlG

promoter region. This binding, and thus pmlG transcription, is enhanced by PmrB-mediated

phospborylation ofPmrA. PmrB is a sensor kinase, which bas been proposed to respond to

changes in pH (Bearson etal., 1998).

An additional level of regulation is provided by the PhoP-PhoQ two-component

system which aets upstream of PmrA-PmrB. The PhoP response regulator Mediates

expression of at least 20 genetic loci which are involved in diverse funetions including

magnesium acquisition and virulence (Bearson et al., 1998; Belden and Miller, 1994; Gunn

and Miller, 1996) 115 cognate sensor kinase, PhoQ, responds to Mi+, ea2+ and Mn2+. Under

low (J.&M) but not high (mM) concentrations of these divalent cations, PhoP induces

expression of PmrD which aets in concert with PmrA to enhances transcription of

PmrA-PmrB regulated. genes (Kox etal, 2000).

Tbere is extensive homology between the PhoP-PhoQlPmrA-PmrB polypeptides of

Salmonella enterica and the PhoP-PhoQ/BasR-BasS polypeptides ofK coli (Table 3.1).

Moreove~ key nucleotide sequences are conserved in the promoter region ofpm1'Û and ais
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We previously observed tbat aetivity of the ais::/uxAB fusion is increased under

mildly acime conditiODS. Others have noted similar effects on ugd::/acZ, phgE::/acZ,

pbgP::/acZ, pmrC::/acZ and pmrB::/acZ fusioDS (Groisman et al., 1997; Heitbotr et al.,

1999). However, when LF20110, grown at pH " was shifted to pH S, 5.5, 6, , or 8, there

was onlya slight albeit consistent, differenœ in basal luminescence (Fig. 3.5). Moreover,

Iight emission did DOt increase over time. Ifaluminum was added ta the cultures 60 minutes

after the pH sbift, there was adramatic increase in luminescence. This increase was affected

by pH, such that light emission increased with decreasing pH.. Although it is possible that

ais bebaves differently than other genes in the regulon (to our knowledge, the etÏect ofpH

on a pmI'Û reporte~gene fusion bas not been reported), we believe that the etÏect ofpH is

indirect, and BasS does not monitor the extracellular proton concentration. The speciation

and solubility ofaluminum and iron are affected by pH.. It is likely tbat increased aetivity of

the ais::luxAB fusion undermildlyacidic conditions is due to increased Metal bioavailabùity

andIorfonnation ofan aluminum species tbat more readily interacts with BasS.

We bave al50 examined the etfect of pH on aetivity of a constitutively expresse([

arsR::lIaAB fusion (Fig. 3.6A) and an arsenic-inducible arsB::/uxAB fusion (FiS-- 3.6B). In

bath cases, there was a sligbt but consistent increase in luminescence with decreasing pH.

As sucb, the pH-associated change in basal lurninesœnce is likely an artitàct of the

luciferase reaction.. The quantity and oxidation state ofthe tlavin mononucleotide Mediates

the rate oflight production (Eckstein et al., 1993)~ We suspect tbat, especiallyabove pH 7~

the level of reduced tlavin mononucleotide is limited and 50 Iuciferase-mediated

luminescence is impaired.
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Aluminum-inducible luminescnce was maintained in bothphoQ andphoPQ mutant

strains (Fig 3.4). This indicates that neither PhoQ nor PhoP is required for aluminum

sensing or transcription of the ais gene. This is consistent with the finding by Zhou et aL

(1999) that NILV03-induced E. coli Iipid A modifications are unaffected by phoQ or

phoPQ mutations. Although these mutations did Dot alter the pattern of light emissioll, they

did diminish the magnitude ofluminescnce. When compared to CSH26:ais~üght emissions

from CSH26ÂQ:ais and CSH26APQ:ais were approximately 60% and 75% (ess,

respectively(Fig 3.4). This suggests thatPhoP-PhoQ does modulate activity ofBasR-BasS

inE. coli. However, the mechanism ofthis interaction, and the possible role ofE. coli PmrD

remains ta be elucidated.

High concentrations ofextraœlluar Mi+ and Cal + lead to diminished PhoP aetivity

and reduced transcription ofdownstteam genes (Vescovi et al., 1996; Castelli et al., 2000).

As such, the effect of magnesium and calcium on ais::luxAB aetivity was examined.

Addition ofmagnesium. (Fig. 3.7A) orcalcium (data not shown) in the absence ofa1uminum

had no effect on luminescnce. However, when aluminum was added in combination with

magnesium or calci~ quenching of aluminum-inducible light emission was observed

(Figs. 3.18, Cl· An bour after- addition 10 J.1Wml aluminum plus 10 J.1g1ml calcium

(equivalent ta 2S mM) or magnesiUD1 (equivalent to 41 mM), Iight production was onlyone

third that of the a1uminum only controL This is consistent with previous reports that

expression of this regulon is inlubited by mM quantities of magnesium and calcium

(Groisman et al.:t 1997). Addition of 100 J.1!ifml or more magnesium or calcium diminisbed

luminescence to basallevels. This degœe ofquencllfng is more dramatic tban the etTeds of
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phoP and phoQ mutations, and suggests that added magnesiutn and calcium do more than

inhibit PhoP aetivity.

The role of magnesium in PhoP-PhoQ intereaction bas recently been dissected

(Castelli et al., 2000). PhoQ bas a constitutive kinase activiy that mediates phosphorylation

and enhances the DNA binding activiy of PhoP. However, PhoQ also possesses a

magnesium-dependent phosphatase aetivity that Mediates dephosphorylation of PhoP.

Under high (>200 JJM) magnesium conditions, PhoQ phospbatase activity dominates such

that Most PhoP is dephosphorylated and there 1S little transcription ofdownstream genes. If

the phosphatase aetivity ofPhoQ is gratuitous, it might a1so dephosphorylate BasR and so

diminish transcription of ais. Altematively, Magnesium or calcium MaY directly interaet

with BasS. BasS may behave in a manner similar to PhoQ such that Metal binding (e.g.

a1umin~ iron or vanadium) shifts the balance between kinase and phospbatase aetivities.

Because these metals enhance transcription of BasR-Bass-dependent genes, they would

have to inhibit phosphatase aetivity and/or augment kinase aetivity. The former is more

likely as alwninum bas been shown to alter phospbatase activity and vanadium is a known

inhtbitor ofprotein tyrosine phospbata5eS, acid and aJka1ine phospbatase, and pbophatases

involved with gluconeogenesis (Stankiewicz and Gresser, 1988; Stankiewicz et aL, 1995).

Magnesium and calcium may compete withalumin~ iron and vanadium. for BasS binding

such that, under high magnesium and calcium conditions, phosphatase aetivity is not

inlnbited.. Studïes on mammaJian ATPases bave revealed the interaction of calcium and

magnesium with aluminum and vanadium. For examplcs AlCI] inlubits ATP hydrolysis

aetivity of the Mi+-dependent Na+~ ~-ATPase ftom rat synaptosomes in a dose

dependent mannet. AlCl) does not affect Na+ orr-bindingor alter the dissociation constant
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for ATP~ However, it does change the dissociation constant for Mi+, indicating aluminum

disrupts the interactionofMi+and the ATPase (Caspers et a1~, 1994). Vanadium inlubits ail

EIE2-type ATPases, including Na+, r -ATPases andeaz+, Mi+-ATPases (Himpens et aL,

1991; Stankiewicz et al., 1995). The mechanism for this bas oot been confinned, but

vanadyl (vanadium(lV)), cao bebave as a divalent cation (Stankiewicz and Tracey, 1995).

The direct interaction of magnesium and calcium with BasS would also explain why the

divaleot cations inlubit aluminum-induced expression of ais::luxAB in phoP and phoQ

deleted strains

We bave examined the effects ofPhoPQ. BasRS, pH, magnesium and calci~ on

expression ofa chromosomal ais::IUTAB transcriptional fusion gene in E. coli. In geoeral,

our findings confinn that the Salmonella and E. coli systems are analogous: BasR-BasS

regulate ais transcription as PmrA-PmrB regulates pnuG. Although not essential for ais

expression, PhoP-PhoQ can modulate the level ofais::luxAB activity.

Unlike Groisman et aL (1997) we do oot find tbat pH induœs expression under

either bigh or low magnesium conditions. However, we do find aluminum-mediated

ais::luxAB aetivity is enhanced at lower pH. This is Most likely due 10 the increased

solubility ofaluminum underscidie conditions. In part, the apparent differences may be due

to the ditrerent techniques used.. Groisman et al (1997) used lacZ fusions and monitored

J.}-galactosidase activity at a single time point, wbile we used luciferase fusions and

foUowed. a timecourse.

The role ofmetals in BasR-BasSfAis expression bas not been completely resolved..

We believe that BasS senses meta1s, including iro~ aluminum and vanadiUIIL However; at

high concentrations, magnesiUDL and calcium seem ta interact, or interfere with BasS. Work
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with iso1ated BasRand BasS proteins andconstructionofadditional mutants will allow us to

better understand the role of meta1s in BasR-BasS signallïng~ In tbis manner we hope to

unravel the mysteries ofthis enigmatic reguiolL
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Chapter4

Identification of leDes regulated by the BasR-BasS two-componeDt

regul.tory system ofEscherichia coli
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Preraee to Cbapter4

In Chapter 3, the Escherichia coli BasR-BasS two-component regulatory system

was examined. It was demonstrated that BasR-BasS Mediates expression ofthe ais gene.

In Chapter 4, the search for nover members ofthe BasR-BasS regulon is descnbed.

l07



•

•

•

4.1 Abstraet

The basRS (hacterial !(Iaptive repnse) genes ofEsche,.ichia coli encode a two-component

regulatory system~ Altbough it bas been demonstrated tbat BasR-BasS are required for

metal-inducible expression of the ais gene, otber members of this regulon have not been

descnbed. To identify additional BasR-BasS regulated genes, a MudI (lac Ap)

transcriptional gene fusion bDrary was constructed~ The I3-galaetosidase activity of more

tban 7000 clones was monitored in the presence and absence ofBasR-BasS, as expressed

ftom the sugar-eontrolled PBAD promoter~ Clones exlubiting a1tered ~actosidase activity

upon overexpression ofBasR-BasS weœ isolated. Foreach ofthese clones, the right end of

the MudI (lac Ap) gene fusion was subcloned and sequenced. Gene fusions to hIc, iop,

dsdXA, g/mUS and}gDK were isolated. Four additional genes, setC, yibD, yhhT and yajB,

were identified via a computer-assisted search ofthe Escherichia coli genome database for

~bas box' consensus sequences~ In total, nine putative members of the BasR-BasS regulon

were identified~Mostare associated with sugar metabolism and cclI membrane functioDS.
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4.2 Introduction

The basS gene ofEscherïchia coli was isolated during a search for factors thatcould

complementa deficit in the kinase- domain orthe EnvZ osmosensor (Nagasawa et aL, 1993)p

DNA sequencing ofbosS revealed the presence of its upstream partner, bQS~ BasR-BasS

were immediately recognized as a two-component regulatory systemp BasS is a sensor

kinase and EnvZ homolog, white BasR is a transcriptional activator and OmpR homologp

Transfer of32p trom radiolabelled BasS to BasR, a haUmarkofresponse-regulator pairs, bas

been demonstrated in vitro (Nagasawa et al., 1993). OUT previous work suggests tbat BasS

senses metals, such as Iron and aluminum. We bave also demonstrated that metal-inducible

transcription ofais requires bosRSp However, BasR-BasS, and the genes tbat they regulate,

remain largely uncharaeterize<L The highly homologous PmrA-PmrB system ofSalmonella

enterica serovar Typhimurium bas been studied more extensively. The five members ofthe

pmrAB regulon were discovered during searches for PhoP-PhoQ regulated genes and loci

involved withantimicrobial peptide resistanœp Only later was the relationship between these

five genes and PmrA-PmrB recognized and confinnedp To date, a focussed search for

additionalloci bas not beenattempted..

Herein, we report the identification ofnovel members ofthe BasR-BasS regulon in

K colip Two methods were used to find these genes: i) a MudI (lac, Ap) gene fusion hbrary

was construeted and screened and. ii) the complete Escherichia coli genome sequence

database was analyzed viaacomputer-assisted search_
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4.3 Materials and Metbods

4.3.1 Baderial strains aad media

E. coli strain 40 [Apro-lac rpsL trpl was used in construction orthe MudI (lac Ap)

gene fusion hbrary~ E~ coli strain DH5a [supE44 AU169 (.80 /acZAMl5) hsdR17 recAI

endAI gyrA96 thi-I re/Al] (Woodcocketal., 1989) was used fortransfonnation ofall DNA

ligation reactions and for amplification and purification of plasmid DNA. E. coli strains

were- propagated at 32°C, unless otherwise stated, in LB broth (10 g NaCI, 10 g tryptone, S g

yeast extraet per litre) or on LB plates containing 1.5% agar (Sambrook et aI~, 1989)~ Media

were supplemented with annbiotics or sugars as indicated. Anbbiotics were used at the

following concentrations: Ap (Ayerst Laboratories, Montreal, Canada), 40 Jllifml; Cm

(Si~ St.. Louis, Missoun), 50 J.lglml; Km (Sigma, St. Louis, Mîssoun), SO Ilglml; and Tc

(Boebringer Mannheim, Laval, Canada) 10 J.lWml in broth, 20 IlWml in agar. Glucose and

sucrose, prepared as 200A. stock solutions, were used. at final concentrations of02°1Ô. Xgal

(S-bromo-4-chloro-3-indoly[-P-~galactopyranoside), prepared at 20 mwmL in

N',N'-dimethyl fonnamide (Aldrich Chemiœl Co. Inc~, Milwaukee, Wisconsin), was used

at a final concentrationof40 J1Wml
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4.3.1 DNA manipulations

Chromosomal and plasmid DNA was isolated as previously descnbed (Autexier and

DuBow, 1992). Restriction endonuclease hydrolyses were performed acoording to the

manufacturers' protocol (Oibco-BRL, Burlington, Canada; New England Biolabs, Ltd.,

Mississauga, Canada) using 3 units ofenzyme per J.1g DNA. DNA ligations were perfonned

at lSoC for 18 hours following the manufaeturer's protocol (Gibco-BRL, BurlingtoD,

Canada). DNA was subjected ta electrophoresis in 0.7% TAE agarose gels (Sambrook et al.

1989). Size-selected DNA fragments were purified using the Oeneclean II kit (Bio 101,

Mississauga, Canada). DNA transformations were perfonned according ta standard methods

using Cach or RbCh competent eeUs (Hanahan, 1983). DNA sequeneing was perfonned

with the Sequenase II produet (BioIOI, Mississau~ Canada). Altematively, DNA

sequencing was performed by the Sheldon Bioteehnology DNA Sequeneing Facility

(MeGill University, Montreal, Canada), the Core DNA Sequeneing Facility (Queens

University, Kingston, Canada) or the DNA Sequencing Facility at The Hospital for Sick

Cbildren (Toronto, Canada). Forward and reverse Ml3 primers were used for the DNA

sequencing of pUCll9-based vectors. The clockwise (#1233) and counterclockwise

(#1247) BamHl site primers (New England Biolabs Ltd., Mississauga, Canada), wbieh flank

the BamID site ofpBR322, were used forDNA sequencingofpBR322-based vectors.

4.3.3 Plamids and plasmid cODStrudion

Constructïon of pDAL71, for expression of BasR-BasS, bas been descnbed

previousLy (sec Chapt«3). Briet1y, a Hincll-HpaI fragment ofpSU2SRS (Nagasawa et al,

1993) containing basRS was ligated. ta Smar. lineariml pBAD33 (Guzman et al., 1995).
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In pDAL71, the basR gene is proximal 10 the PBAD promoteL Transcription ftom the PSAD

promoter is induced by arabinose and repressed by glucose. Plasmid pACYC177 (Chang

and Cohen, 1978), which bas the same piS origin as pBAD33 and pDAL71, but a different

antlbiotic resistance profile, was used for vector replacement experiments. Plasmid pBR322

(Boüvar et al., 1977) was used for initial isolation of chromosomal MudI (lac Ap) gene

fusions. Some gene fusions were subsequently subcloned mto pUC119.

4.3.4 Construction ortheMudI (lIJC Ap) gene fusion 6brary

E. coli 40, transformed with the BasR-BasS expression vector, pDAL71, was used

for construction of the MudI (lac Ap) gene fusion hbrary. Generation ofMu lysogens bas

been descnbed previously (Casadaban and Cohen, 1979). Brietly,- recipient cells, grown to

early stationary phase in LB broth supplemented with 10 mM MgS04 and 5 mM CaCh,

were combined with MudI MALI03 lysate at a multiplicity ofinfection of 1 ptùlcell. After

20 minutes, ceUs were diluted 1:10 in ftesh LB broth and incubated, with sbaking, 8t 32°C

for 30 minutes. Then, cells were plated onto LB agar containing Cm (for maintenance of

pDAL71) and Ap (for selection ofMudI (lac Ap) lysogens). Ailer 24 hours ofincubation al

32°C, transductants were 'mastered', (i.e. individual colonies were picked and plated on a

grid, 48 distinct colonies per Petri plate) in triplieate on LB agar containing Cm and Ap.

Two of these 'master plates' were required for subsequent experiments and the third was

storedat 4°C_
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4.35 Sereenmg oftheMutII(Ille Ap) gene fusion library

Colonies trom a master plate were replica plated on to LB agar containing Cm, Ap,

Xgal, and eitherO.2% arabinose, 0.2% glucose, or no aclded sugar. After 24 and 48 hours of

incubation, J3-galactosidase production was compared. Positive clones, which exhtbited

differeoces in I3-gaJaetosidase production on the arabinose (Le. BasR-BasS

over-expressed) versus glucose (i.e. BasR-BasS expression repressed) plates were

subjected to additional rounds of screening. To begin the second round ofscreening, each

positive clone was streaked (using cens taken from a second master plate) ooto LB agar

containing Cm and Ap. After incubation, several well isolated single colonies were plated

on LB agar containing Cm, Ap, Xgal, and either arabinose, glucose, or no added sugar.

Agaïn, Ji-galactosidase production was compared. Clones that continued to exhIbit a

positive phenotype (Le. a consistent difference in J3-galaetosidase production on arabinose

vs. glucose plates) were subjected to a similar, third round of screening. Clones tbat

remained positive after the third round of scteening were next tested to ensure that

difTerences in Ji-galaetosidase aetivity were due to expression of BasR-BasS, and oot

arabinose or glucose. Colonies were made competent and transformed with pACYC177.

Both pACYC177 and pDAL71 bave a pIS origin of replieation and are incompatible.

Transformants weœ selected on LB agar containing Ap and Km, and then screened on

media containing Ap and Cm, or Ap, Km and Cm. Clones exhibiting a 1(mR.

(Le. transfonned with pACYCl77) and Cms (i.e_ [055 ofpDAL71) phenotype were screened

on media containing Ap, Km, Xgal and either arabinose~ glucose, or no added sug&r_

(J-gaIactosidase aetivity was compared agaiiL Clones that exlubited a difrerence in

(J-galactosidase aetivity, despite the loss ofpDAL71, were deemed negative (ie_ arabinose
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affected gene fusions). Clones that DO longer exhtbited a difïerence~ such tbat altered

~gaIaetosidase activity was lost with pDAL71, were deemed positive and retained for

further analysis.

4.3.61soIatiOD and sequeneing ofMudI (ltIC Ap) gene fusions

ChromosomaL DNA was isolated from positive clones, digested \Vith either BamHI

or Bg/ll and ligated to BamHI-linearized pBR322. 80th HamID and BglII cleave

(approximately) 8 kb from the right end ofMudI (lac Ap). A1though this region does not

contain a selectable marker, it does include /acZ, which can he used as a differential marker

(Diorio et al., 1995). LigatiODS were transformed ioto DHSa and plated on LB agar

containing Ap and XgaL Blue colonies were tùrther ana1yzed. First, plasmid DNA was

isolated and digested with a panel ofrestriction endonucleases. From the restriction map, the

orientation ofthe insert with respect to pBR322, and the approximate sile ofDNA flanking

the right end ofMudI (lac Ap), could he detennined. Because ofdifficulties 8SSOCiated with

sequencing through the right end ofMudI (lac Ap), the end ofthe insert DNA distal to the

MudI (lac Ap) fusion junetion was sequenced first.. Using the BLASTN algoritlun. DNA

sequence data was compared to the E. coli genome sequence database. Ifsuch analysis was

insufficient to allow identifieationofthe site ofMudI (lac Ap) insertion, or ifthe adjacent

chromosomal region was large (> 8 kb), additional subcloning into pUCl19, and DNA

sequencing was performed.
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Figure 4.1: Isolation and DNA sequencing ofMud1 (lac Ap) gene fusion clones

A) Insertion of Mudl (fac Ap) into the Escherichia coli chromosome (wiggly line).

The right (R) and left (L) ends of MudI, the lacZYA genes~ the ampicillin resistance

determinant (ApR)~ and restriction endonuclease sites for BamHI (B)~ BgID (G)~ EcaRI (E)~

EcoRV (V)~ and Hindm (H) are indicated. B) Subcloning ofthe MudI (lac Ap) gene fusion

by cleavage of chromosomal DNA with BamHI and ügation with BamID linearized

pBR322. The chromosomal fragment, which contains the lacZYA genes~ the right end of

MudI~ and adjacent cbromosomaI DN~ may he inserted into pBR322 in two orientations.

Restriction mapping aIlows this orientation to he determined and dietates if the ~clockwise'

(CW~ open arrow) or ~counterclockwise~ (CCW, closed arrow) primer is to he used for

DNA sequencing. C) Subcloning of large insens by cleavage of DNA with HindIll and

another restriction endonuclease (in this case, EcoRI) and ligationto linearized pUC119.
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4.3.7 Computer-assisted seareh for BasR-BasS regulated genes

The BLASTN algorithm W8S used 10 search the E. coli genome database for DNA

sequences matebing variations of the 'bas box'. The 'bas box' is the palindromic motif

S'TAGTITCITAAGGT3", round in the ais promoter region and potentially recognized by

BasIL Sequences retumed by the BLASTN algorithm were positioned on the E.. coli

genome and nearby ORFs were identified An ORF was considered to he a potential

member ofthe hœRS regulon if: i) the putative bas box was located appropriately to the

gene's -10 and-3S promoterelements, and ii) BasR-BasS regulation was compatible with

existing information about the gene.

4.4 Results

4.4.1 CODstruetiOD and sereeDiDgofthe MutlI (lac Ap) gene fusion Ubnry

A hbrary of ofmore than 7000 MudI (lac Ap) gene fusion clones wu construeted

and screened. Initially, several hundred clones appeared to exlubit different P-galaetosidase

phenotypes on arabinose and glucose media However, most of these proved to be mixed

colonies and were eliminated during subsequent rounds of screening. After tbœe rounds of

screening, ooly 16 clones remained. These clones were transformed with pACYC177 such

tbat the BasR.-BasS expression vector, pDAL71, was eliminated.. Upon seteening for

fi-galaetosidase aetivity, Il ofthe 16 clones continuedto showdifferences olLarabinose and

glucose media.. The persistenœ ofaltered P-galactosidase activity, despite the absence of

pDAL71, indieated that the gene fusion clones were responding diœctly to arabinose and/or
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Figure 4.2: Mapping of Mud l (lac Ap) gene fusion clones A) RS20t, 8) RS3S7t

C) RS138t D) RS206, E) RS327, F) RS403 t and G) RS41L The site ofMud l (lac Ap)

insertion, tlanking genes, and the restriction map ofthe adjacent chromosomal region are

indicated. The right end (R) ofMud l (lac Ap) is denoted. The endonucleases BamHI (B)t

BgID. (G}t EcoRi (E), EcoRV (V), and HindIll (H) were used for restriction mapping.
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pUCl19 linearfzed with. the same enzymes~ Initial attempts at sequencing the gene fusion

junction, through the rigbt end ofMudI (lac Ap), tàiled. This is likely due to the extensive

secondary structure in this region_ As such, DNA was sequenced nom the plasmid-insert

jonction and the end of the chromosomal fragment distal to the gene fusion junction was

sequenced first (Fig~ 4~lC)

The DNA sequencing data was used to query the E~ coli genome database-~

A combinatioD ofsequence and restriction map data was used to identifY the site ofMudI

(lac Ap) insertion (Fig~ 4.2)~Two clones, RS201 and RS357, were false positives~ The MudI

(lac Ap) insertions were localized to the AraC-reguiated genes araA (RS201) and ahrB

(RS357) (Figs~ 4.2~ B). During replacement ofpDAL71 by pACYC177, araC is lostalong

with basRS~ As such, the scteeDÎng process did Dot control for overexpressioD ofArae. The

other insertions were localized to bic (RS138), iap (RS206), dsdXA (RS327), glmUS

(RS403) and ;.giDK (RS411) (Ffgs~ 4.2C-G). CharacterizatiOD of these clones i5

summarized in Table 4~1. The promoter regions were examined for the bas box sequence

~TAGTITCTIAAGGr·'but in no case was sucb.a sequence round..
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Table 4.1: Features o(tbe MudI(lac Ap) (usion clones.

Clone . Gene Funmon Position
NaDle (Map Units)_

RS201 araA arabinose fsomerase 1.4

RS357 ab,.B putative transcriptional regulator 16.3

RS138 bic bacteriallipocalin 94.3

RS206 iap alkaline phospbatase isozyme conversion 61.2

RS327 dsdA serine dehydratase 53.6

• dsdX. serine permease

RS403 glmU GlcNAc-l-phosphate uridyltransferase 84.3
g/mS glucosamine synthase

RS411 YW1 membrane prote~ putative antiporter 69.5
YgjI unknown.
yg,K putative sugar isomerase
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4.4.3 Computer-ass.ted searell for BasR-BuS regulated pDes

Dozens ofE~ coli genome sequences exhibited homology to variations ofthe bas

box. However, most sequences were located within the coding region of an ORF, or not

suitably positioned within the putative promoter regiolL Only seven sequences satisfied the

search criteria (Table 4.2). Three of these: ais, orf b2253 and ugd, exhtbit homology ta

PmrA-PmrB regulated genes ftom Salmonella enterica serovar Typhimurium. The

remaining four include setC, a sugar effiux pump; yibD, a putative glycosyl transferase;

yhhT, a putative transport protein; andyafB, a putative aldoselketose oxidoreducta5e.

4.5 Discussion

Using two different strategies we have identified mne putative members of the

bœRS regulon. They are bic, iop, ds~ glmUS, setC, and the uncharacterized ygiIJK.,

yihD, yhhT, and yaf genes~ Previous work indica1es that genes regulated by E. coli

BasR-BasS (and/or the homologous Salmonella enterica PmrA-PmrB) are responsible for

4-aminoarabinose modifications of lipopolysaccbaride. Most of these novel genes are

associated with sugar metabolismand/orecU wall functiODS..

AU four genes identified in the computer-assisted search fit this profile. The setC

gene encodes a sugar eftlux pump (Liu et ai., 1999a). The pump is Dot active understandard

laboratory conditions, and does not employ glucose, lactose or galactose as substrates (Liu

et al., 1999b). Howe~ arabinose utili73tion bas DOt been examined.. Although poody

cbaracterized,yibD exlubits homologyto glycosyl transferase genes associatedwith spore
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coat and capsularpolysaccharide biosynthesis. TheyhhT gene produet is likelya membrane

transport prote~whileyajB is a putative aldoselketose oxidoreductase

Isolates from the MudI (lac Ap) gene fusion library included glmUS, which is

involved in N-acetylglucosamine and lipopolysaccbaride synthesis, and}'&fl(, a putative

sugar isomerase (Mengin-Lecreulx and van Heijenoort, 1994). The bic geoe produet,

bacteriallipocalin, is an outer membrane protein. It is Predicted ta he a receptor prote~ but

its cognate ligand bas not been identified (Bishop et al., 1995). The iap gene product is a

periplasmic protease that cleaves aIkaIine phosphatase to generate several isozymes (Nakata

et al., 1982; Ishino et al., 1987). Finally, dsdA encodes a serine dehydratase, and dsdX is a

serine permease. The dsdAX. fusion was the only one in which P-galactosidase aetivity

decreased upon BasR-BasS overexpression.

Although the gene fusion clones an exlubited altered ~-gaIaetosidase aetivity upon

overexpression of BasR-BasS, their regulation by the two-component system requires

furtber analysis. None ofthese genes were identified during the computer-assisted search,

and inspection of their promoter regions did not reveal bas box sequences. As such, these

genes may not be regulated diœctl.y by BasR. Inste~ their expression may retlect

BasR.-BasS mediated changes in the œIL For exarnple, NagC regulates expression of

gimUS and other genes required for glucosamine and N-acetylglucosamine metabolism.

During BasR-BasS mediated remodeling of Iipopolysaccharide, N-acetylglucosamine is

required. As such, it is not surprising that members of the NagC regulon are expœssed. In

fact. glmU isessential for Iipopolysaccbaride synthesis (plumbridge, 1995)~

MudI (lac Ap) gene fusions 10 wen cbaracterized members of the basRS regulo~

such as ais, were not isolatecl The possible reason for tbis is the sma1l bbrary sÎZe. R coli
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bas only 4405 genes, but 7000 MudI (lac Ap) insertions do not ensure complete coverage of

the genomeOc A1so, essential genes, which would he disrupted by MudI. (lac Ap) insertion,

will he misse<l Limitations inherent to the library construction scheme may also he at fault.

For example, the host strain, E.- coli 40, is both basRS+ and araC+. To minimize basRS

expression, cells were grown at pH 7 and in the absence of added metal. However, it is

possible that residual expression ofthe host bœRS genes prevented identification of some

BasR-BasS regulated fusion clones. Efforts were made ta acbieve tight regulation of

plasmid-based bœRS expressionOc When construeting pDAL71, the PBAD promoter and the

low copy, P15-based pBAD33 vector were used instead of a high copy number,

pUC-based vector or the P1RP promoter. However, BasR-BasS expression from pDAL71

remains leaky. In other experiments, it bas been demonstrated that pDAL71 can Mediate

luminescence ofan ais::/uxAB transeriptional gene fusion strain. Light emission is greatest

in the presence of arabinose. Glucose diminishes ais::/taAB aetivity, but does not reduce

luminescence to basal (Le. no pDAL71) levels. The reason for this is unknown, but the

bœRS promoter bas not been weU cbaracterized and the pDAL71 construet MaY include

bœRS Pr0moter elements that Mediate sugar-independent transcription. Despite these

limitations, the isolation ofknown AraC-reguiated genes (even in the arae+ background)

indicates that the search strategy was effective.

Nine putative members ofthe BasR-BasS regulon have been identified Although

this effort marks the first attempt to cbaracterize this regulo, additional work must be done.

For example~ aetivity of the MudI (lac Ap) fusion clones must be monitoœd in a MasRS

background and, to eliminate any peculiarities ofE. coli40~ in additional Mac straÎDS. Most

of the genes identified during the computer-assisted search are associated with sugat
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Cbapter 5

Cbaraeterization of a Triorganotin-Indueible Gene in Escherlchia coli
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Prefaœ to Cbapter 5

In Chapter 2, screening of the Tn5-lzaAB library of Escherichia coli with

aluminum resulted in isolation ofLF20I10, the ais::luxAB transcriptional fusion clone.

Screening of the Tn5-luxAB hDrary with tnbutyltin resulted in isolation of another

/uxAB transcriptional fusion clone. This is descnDed in ChapteT s.

127



•

•

•

S.l Abstraet

Organotin compounds, such as tnbutyl~ are pltent biocides. However, because

of their taxie and undesirable effects on Don-target organisrns, widespread use of

organotins bas been cballenged an~ in sorne cases, restrieted. Exposure to toxins cau

result in a1terations to cell physfology. Frequently, this involves changes in the expression

of specifie genes. To identifY genes whose expression is inducible by acided organotin

comPOunds, a hbrary ofluxAB cbromosomal gene fusions was construeted in Escherichia

coli, and luminescence was assayed in the absence and presence of added tnbutyltin.- One

clone sbcwed increased luminescence upon addition of tnbutyltin, and subsequently by

trietbyltin and tri-n-propyltin, but Dot dibutyltinor tetrabutyltin. Cloning and sequencing of

the junction of the luxAB insertion revealed that the triorganotin-inducible gene is uhpT,

which encodes a hexose-6-phosphate transporter. RNA blotting analysis revealed that bath

glucose-6-phosphate and tnbutyltin induce transcription of uhpT. The mIe of UbpT in

tnbutyltin metabolism is unclear, but expression of the sugar transporter may result from

uncoupling ofoxidative phosphorylation.
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5.2 Introduetioll

Organotin compounds are effective biocides with a wide range of applications~

Tnbutyltin is used in antifouling paints and as a preservative for wood and textiles~

Dibutyltin is used to stabilize polyvinylcbloride products, including plastic piping~

Although useful, these comPOuods are an environmental bazard and devastate target and

non-target organisms alike~The deleterious etrects oforganotins on both procaryotes and

eucaryotes have been weil documented (Boyer, 1989; Chang et al., 1992; Fent, 1996;

Snoeij et aL, 1987; White et aL, 1999). They are associated with liveT damage and thymus

atrophy in rats (Boyer, 1989), and neurological damage in rabbits, mice, rats and bumans

(Chang et aL, 1992). OrganotÎn contamination of Stalinon, an antibaeterial drug, is

credited with the death of more than 100 PeOple (Chang et aL, 1992). However, the

etTects oforganotins on aquatie organisms are especially dramatic~ These organisms can

bioaccumulate organotin to levels thousands of tintes higher than in the surrounding

seawater (Takahashi et al., 1999)~ Molluscs, such as dogwhelks and mud snails, suifer

reproductive problems, including the imposex phenomenon, in which females develop

male sexual cbaracteristics (Matthiessen and Sumpter; 1998). These etTeets have been

observed at organotin concentrations as lowas 1 nwmL •

The interactions between organotins and microrganisms have been studied for

decades (recently reviewed in White et a/~ 1999). It is known that organotins cm ÎDteract

with lipid bilayers, serve as halide/hydroxide excbangers (AntoneDko, 1990), and inhtbit

ATPase activity. However, much remains to be elucidated about the mechanisms of
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organotin toxicity and the etfects ofsublethal organotin concentrations on ceU physiology

and gene expression.

In an effort to characterize organotin-mediated etrects:J we searehed for

genetically-programmed responses to tnbutyltin exposure in Escherichia colL A hbrary of

approximately 3000 E. coli clones, each containing the promoterless Vihrio harveyi luxAB

genes in a single, random chromosomal location, was previously created (Guzzo and

OuBow, (991). This hbrary was screened in the absence and presence oftributyltin and, by

monitoring changes in transcription, as measured by changes in luminescence, three

organotin-responsive clones were identified (Briscoe et al., 1995). Here, we present the

characterization ofone clone, designated TBT1, which extubits increased luminescence in

the presence of incœasing concentrations of tnbutyltin. TBT1 also exhJbits increased ligbt

emission upon addition oftriethyltin and tri-n-propyltin~but not dtbutyltin or tetrabutyltin•

The Tn5-luxAB insenion bas been Iocalized to the uhpT gene, which encodes a

hexose-6-phospbate transporter (Sonna, 1988). Transcription of uhpT, as measured by

RNA blotting to the cloned gene, is induced by glucose-6-phospbate and tnbutyltin. The

mecbanism of uhpT induction remains to he clarified, but is associated with uncoupling of

oxidative phosphorylation.
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5.3 Materials and Methods

5.3.1 Baetens. str.iDs and media

E. coli sttain DHl [r recAI endAI gyrA96 thi hsdRI7 (rk-, mkJ supE44 reUl]

(Hanahan, 1983) was used to prepare the bbrary of luxAB transcription fusion clones

(Gozzo and DuBo~ 1991). StrainDHSa [end41 hsdR17 (rk-, mk) supE44 thil recAl gyrA

relAl (tYacIZYA-argF) Ul69 deoR (,80,MacZM'15)] (Woodcock et aL 1989) was used to

transform ail DNA ligation reactions. AIl E. coli strains were propagated at 32°C, unIess

otherwise sta~ in LB broth (10 g NaCl, 10 g tryptone and 5 g yeast extract (Düco

Laboratories, Detroit, Michigan) per litre) oron LB plates containing L5% agar (Sambrook

et al., 1989) and supplemented with anttbiotics as indicated. Anttbiotics were used at the

following concentrations: Ap (Ayerst Laboratories, Montreal, Canada) 40 JJlVmL, Cm

(Sigma, St. Louis, Missoun) 50 JJg/mL, and Tc (Boehringer Mannheim, Laval, Canada) 10

JJgtmL in broth and 20 IJWmL in agar. Stock solutions oforganotin salts were prepared in

7()oA ethanol at the following concentrations: tributyltin cbloride, 5.61 J,lLImL; triethyltin

chloride, 5.86 J.LUmL; tri-n-propyltin chIoride, 5.71. J,LL/mL; dtbutyltin cbloride 6.52

mgfmL; and tetrabutyltin cbloride, s.o JJUmL. AIl organotin compounds were obtained

ftom Aldrich Chemical Company IDe., (Milwaukee, Wisconsin). Stock solutions of

gluc0se-6-phospbate (5.44 mwmL), carbonyl cyanide m-chlorophenyl hydrazone (CCCP),

andKCr were preparecl in sterileanddeionized water_

13l



•

•

•

5.3.2 DNA manipulations

AIl restriction endonuclease hydrolysis reactions were perfonned in the

manufaeturers' buffers according to the manufacturers' protocol (Gibco-BRL, Burlington,

Canada; New England Biolabs, Inc-., Mississauga, Canada). DNA ligations were performed

at ISoC for 18 hours with T4 DNA ligase following the manufacturer's Protocol

(Gibco-BRL, Burlington, Canada). DNA was subjected to electrophoresis in 0.701'0 TAE

agarose gels (Sambrook et al., 1989). Size-selected DNA fragments were purified using the

Geneclean II kit (Bio lOI, Mississauga, Canada). DNA transformations were performed as

previously descnbed (Guzzo and DuBow, 1991).

5.3.3 Constnetion ofplasmids

Plasmid pCI7 was construeted (in arder to obtain the upstream junction of the

uhpT::Tn5-luxAB insertion) by ligating HindDI-eleaved chromosomal DNA from strain

TBT1 ta HindIII-eleavedpUC119, transforming the Iigation mixture into E. coli DHSa, and

selecting for TeR clones (Guzzo and DuBow, 1991; Vieira and Messing, 1987). Plasmid

pCD159 was constmeted br ligatingthe 5.3 kb HindIII-BamHI ftagmentofplasmid pCl7

(containingthe chromosomal DNA upstream orthe fusionjunetion and 23 bp ofIS50L) ioto

HindIII-andBamHI-cleaved pUC119.

5.3.4 LumiDeseeneea_ys: Solid _edia

Scœening ofthe E. coli TnS-furAB hbrary bas been previously descnbed (Gozzo

and DuBow, 1991; Briscoe et al.. 1995). Briefly, clones (a grid of 48 distinct isolates per

Petri plate) were incubatedal 37°ConLB agar containfngAp and Tc and then replica plated

132.



•

•

•

ooto solid media containing antlbiotics and 0, 1 or 10 J.1g1mL tnbutyltin. Ailer 20 hours, 100

JJL of decyl aldehyde, a substrate for the luciferase reactiOD, was added to the lids of the

plates, and X-ray film (Agfa CURIX RPl orKodak XAR-S) was placed over the bases of

the invened plates~ After exposure, the film was developed and clones showing a

concentration-dependent increase in luminescence were reteste<L Subsequent light tests

were perfonned in a similar manDer, except œil were grown for 24 hours, tteated with

50 J,1L of clecyl aldehyde. These light tests were used to monitor TBTl upon exposure to

0, 100, 2S0 and SOO nwmL of added tnbutyltin, triethyltin, tri-n-propyltin, dibutyltin and

tetrabutyltin, 0, 200, SOO and 1000 n!ifmL ofadded CCCP, and 100, 2S0, SOO, 10000 and

20 000 ng/mL of added g1ucose-6-phosphate. ScionImage software (Scion Corporation,

Frederick, Maryland) was used for densitometric analysis offilms.

5.3.5 Luminescencea_ys: Liquid media

Overnight cultures of strain TBTI, grown in LB broth, were diluted. 2o-fold ioto

fiesh LB broth and grown to mid.-logarithmic phase (Asso of0.4). The cultures were then

diluted So-fold in LB broth and grown to an Asso of0.05, at which time the cultures were

separated into SO mL portions. Organotin compounds (dissolved in 7001Ô etbanol and added

as chloride salts) were added to final concentrations of 0, 10, 100, 250, 500 and 100 ng

organotinlmL. Glucose-6-phospbate (dissolved in sterile, deionized water) was added to 5,

10, 25 and SO J.lWmL. Solvent (wateror 70010 ethanol) was added to a control flask, whereas

the appropriate volume offteshly prepared stock solution was added to the other tlasks to

reach the appropriate final. concentrations. The t1asks were subsequently incubated at room

temperature~ At regular intervaIs, cells were removed and. diluted to an Asso of0.05 in LB
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broth. Luminescence oftriplicate 1 mL samples was measured with a Tropix Optocomp 1

Luminometer (MGM Instruments, Connecticut)~ Samples were automatically injected with

100 JJ.L ofa decyl aldehyde solution (O~S% v/v in LB broth) and light emitted during a ten

second period was recorded

Ta assess the eifect ofhalides on luminescence, light emission was measured in the

presence of500 ng'mL tributyltin plus 0, 10~ 25, or 50 mM KCL To assess the possibility

that a compound produced upon organotin exposure was responsible for activation of the

uhpT::/uxAB fusio~ E~ coli DHI cells were exposed to 500 ng'ml added tnbutyltin. After

0, 1,4, 6 or 24 hours, the culture supematent fluid was collecte<!, subjected to centifugation

at 4000 xg for 10 minutes at 4°C, and filtered through a 0.2 nm Millipore membrane to

remove any remainingceUs. Finally, TBT1 ceUs, grown to mid-Iogarithmic phase and then

diluted to an Asso of 0.2, were added to 50 mL of the cell-ftee supernatent tluid and

lwninescence was monito~

5.3.6 RNA dot bloUiDg analysis

An overnigbt culture of strain DHI was diluted 2().fold mto fresh LB broth and

grown to an Asso of 0.2 at wbich tinte portions were divided mto separate tlasks.

Gluc0se-6-phospbate was added to a final concentration oro, 5, 10 or 20 J.1WmL and ceUs

were œtumed ta the incubator. Ailer 90 minutes, ceUs were barvested and total RNA was

extraeted Alternatively, tnbutyltin was added 10 a final concentrationoro, 100, 250 or 500

nwmL and ceUs were barvested after 4 bours ofincubatioa Five micrograms oftotal RNA

were subjected to RNA dot blotting analysis. RNA was applied to a nitrocellulose

membrane (Scbleicher and Scbuell, Keenet New Hampshire) and fixed by UV crosslinking
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(lOS mJ/cm2
, UV Strata1inker, Stratagene, La Jolla Califomia). The probe, a 400 bp Eco57I

fragment of uhpT isolated ftom plasmid pCD1S9, was labeled with [a.-.31P]dATP (3000

Cilmmol, ICN Biomedicals, Mississauga, Canada) according to the method ofFeinberg and

Vogelstein (1983; 1984). Hybridization was perfonned according to the method of

Shacldeford and Vannus (1987). Membranes were exposed on a phosphoimager cassette

and analyzedusing ImageQuant software (Molecular Dynamics, Sunnyvale, California).

5.3.7 Seositivity Assay

Ovemight cultures of strains DHI and TBT1, grown in LB broth, were diluted

2o....fold into fiesh LB broth and grown to mid-logarithmic phase (Asso = 0.4). The cultures

were then dl1uted 105 in LB broth and triplicate 100 JJL samples were sPre8d on LB agar

containing 0, LOO, 250, 500, lOOO, 5000 or 10 000 n{ifmL of added dtbutyltin, tnbutyltin,

triethyltin or tri-n-propyltin. After 48 hours of incubation at 32°C, the number ofcolonies

was recorded

5.4 Resalts

5.4.1 IsoI.tioD ofa tributyltin-iDdueiblelarAB geDefusion elone, TBT1

A bbrary of3000 E. coli clon~ cach. containing a single chromosomal copy ofthe

v: harveyi IraAB genes in random positions, was previously construeted (Gozzo and

DuBow, 1991). The bbrary was screened. in the absence andpresenceof1 and 10 J.1W'mL of
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added tnbutyltin on LB agar (Briscoe et al., 1995). One clone, round to display fncreased

luminescence with incteasing concentrations of tnbutyl~ was isolated and designated

strain TBT1.

5.4.2 CIODÎDg and sequeneiDg of the tributyltin-indueible geDe

A Southem blot, using the luxAB genes as a probe, was performed on genomic

TBT1 DNA cleaved with severa! restriction endonucleases, and confinned that the

TnS-ilaAB element was present at a single chromosomal location (data Dot shown). The

left end of the gene fusion was cloned in one step using the tet gene in the Tn5-/raAB

element as a selection marker- (Gozzo and DuBow, 1991; 1994). The enzyme HindIII

cleaves to the right of the tet gene, such that digestion of total cbromosomal DNA with

HindllI, ligation to HindITI-eleaved pUC119 (Vieira and Messing, 1987), and selection of

transformants on LB agar contaîning Tc enabled isolation of plasmids contaîning the tet

gene, the promoterless luxAB genes, IS50L and chromosomal DNA upstream ofthe site of

the Tn5-11aAB insertion (Fig. S.l). The resulting plasmid, pC17, contained approximately

S.3 kb of chromosomal DNA. Cleavage of pCl7 with. HindllI and BamHI was used to

isolate this cbromosomal DNA and 23 bp of ISSOL. This fragment wu then ligated into

HindllI- and BamHI-eleaved pUC119 and sequenced using a primer complementary to

ISSOL, as previously descnbed (Gozzo and DuBow, 1991). Using the BLAST algori~

tbis sequence was compared to E. coli sequences in the GenBank databa5e (AltsehuL et al,

1997; Benson et al., 1999). It was subsequently determined that the Tn5-/taAB element

had insened before bp 3 844 000 ofthe complete E~ coli chromosome, 794 bp downstream

ftom thettanslational. startofuhpT (Blattneretal., 1997)~
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Figure 5~1: Subcloning of the TBT-inducible gene~ A) Insertion of the TnS-lzaAB

transposon mto the uhpT region orthe TBTl chromosome~ B) Construction ofplasmid pCl7

by insertion ofa HindIll fragment of the TBTL chromosome, containing tet, lzaAB, ISSOL

and upstream DNA, into Hindm-linearized pUCl 19~ C) Construction ofplasmid pCD159

by insertion of a Bamm-HindDI fragment from pC17, containing ISSOL and upstream

DN~ into Bamm and HindllI digested pUC119~
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5.4.3 Lumineseenœ on saUd media

Luminescence of strain TBTL was measured after ovemight growth on LB agar

containing 0, 50, 100 or 250 ngfmL added tnbutyltin, triethyltin, tri-n-propyltin,

dtbutyltin, or tetrabutyltin.. A concentration-dependent increase in luminescence was found

with tnbutyltin (Fig. 5.2A), triethyltin. (Fig. 5.2B), and tri-n-propyltin (Fig. 5.2C), but not

dtbutyltin or tetrabutyltin (data not shown). Subsequent tests showed increasing light

emission with increasing concentrations of added gluc0se-6-phospbate- (Fig. 5.20) and

CCCP (Fig. S.2E). Induction of luminescence followed the pattern tnbutyltin < triethyltin <

tri-n-propyltin .~CCCP « glucose-6-phosphate.

5.4.4 Luminesœnee in liquid media

Luminescence ofstrain TBTl was measured over a six hour period in the absence or

presence of 10, 100, 250, SOO and 1000 ng'mL added tnbutyltin (Fig. S.3A). In all cultures

exposed to tnbutyl~ Iight emission was induced after 180 minutes. However, the rate and

magnitude of luminescence increased with increasing concentrations of added tnbutyltin.

The initial decrease in light emission in cultures exposed ta high (500 or 1000 ngfml)

concentrations ofadded tnbutyltin is attnbuted to the toxicityofthe organotin.

Luminescence of strain TBTl was also measured over a 90 minute period in LB

broth in. the absence orpresenceof0, 0.1, 0.5, 1, S or 10 J18fmL added gluc0se-6-phospbate

(Fig.. 5.3B). Light emission was conœntration dependentanddid not increase in the absence

of added gIucose-6-phospbate. For concentrations of 5 and 10 I!W'mL added

g1uc0se-6-pbosphate, llllDinescenœ was induced. within 10 minutes. With IJlWml added

138



•

•

•

Figure S.2: Luminescence of E. coli uhpT::/uxAB fusion strain TBT1 colonies on solid

media upon addition of A) tnbutyltin, B) triethyltin, C) tri-n-propyltin,

D) glucose-6-phosphate, and E) CCCP~ Bottom panel: Kodak XAR5 film exposed by

luminescent TBTi colony. Top panel: graphical representation of luminescence.

Concentrations ofthe added compound andfilm exposure lime are indicated..
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Figure 5.3: Luminescence ofE. coli uhpT::/uxAB fusion strain TBTl in liquid media upon

addition of: A) tnbutyltin to a final concentration of 0 CO), 10 (X), 100 (*), 250 C-),

500 (.), or 1000 (e) ng/mL, or B) gluc0se-6-phospbate to a final concentration oro (0),

O~l C*), 0.5 (.), 1 ce), or 5 (-) or 10 (X) JJ.g/mL~ CeUs were grown to mid-logarithmic

phase (Asso of 0.4), diluted in fiesh LB broth to an Asso of 0.05 and divided into 50 mL

aliquots. At lime 0, tnbutyltin or glucose-6-phosphate was added At each time poin~

triplicate lmL samples were removed and assayed for Iight emission in a Tropix

luminometer.

140



• A

360

--~ -- -
=~-

120 180 240 300
TIME (Minutes)

60

2

O-+------r---r---.....------r---r---.......-.~

o

10 ~-------------------r

B
1000 -,------------------~

1209060

TIME (MiDutes)

30
1~~::-.. .......~t=:=====::::;.....lI--_l

o

•



•

•

•

Figure~ 5.4: RNA dot blot analysis ofuhpT transcription ftom E. coli DHl upon addition of

tnbutyltin or glucose-6-phosphate. Concentrations ofadded compounds are indicated Cells

were harvested 90 minutes after exposure to glucose-6-phosphate and 4 hours after

exposure to tributyltin.
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5.4.6 Sensitivity to OrgaDOtinS

E. coli strains DHl and TBT l were grown on LB agar containing 0, 100, 250, 500,

1000, 5000 and 10000 nwmL added dlbutyltin, tnbutyltin, triethyltin, and tri-n-propyl~

to detennine if the Tn5-/laAB insertion altered the sensitivity of cells ta organotin

compounds (Fig~ 5.s)~ The two strains exlubited the same sensitivity profiles, with

sensitivity decreasing in the order triethyltin > tri-n-propyltin > tributyltin » dtbutyltirL

5.5 DiseussioR

We have isolated an R coli luxAB transcriptional gene fusion clone, TBTl, tbat is

induced by the triorganotin compounds tnbutyltin, tri-n-propyltin and triethyltin

(Figs~ 5.2A-e), but not cbbutyltin or tetrabutyltin. Cloning and sequencing of the gene

fusion revealed that Tn5-ltaAB is inserted iota the uhpT gene, which encodes a

hex0se-6-phosphate transporter~

GI~phopbateis the normal inducerofuhpT~Brietly, sensing ofextraeellular

gluc0se-6-phosphate by UbpC and signal transduction via UhpB results in phosphorylation

of the transcriptional aetivator, UhpA (Island and Kadner, 1993; Island et al~, 1992)~ The

uhpABC genes are constitutively transmbedas a tricistronie mRNA. Transcription ofuhpT

is ioducible and is initiated by binding of UbpA 10 specifie DNA sequences in the uhpT

promot« region (Merlœl et al., 1992). The uhpT promoter also contains a binding site for

CAP, the catabolite gene aetivator protein. CAP binding is neither sufficient nor necessary

for uhpT expressi~ but ft does stimulate transcription (Merkel et al., 1995). Once

expressed, UhpT aets as anantïportpermease. Itcatal.yzes the uptakeofa hexosesugar
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Figure: S.S: Sensitivity of the parental Eo- coli strain DHI (.) and the uhpT::luxAB fusion

strain TBTl (e) to A) tnbutyltin, B) triethyltin, C) tri-n-propyltin, and D) cbbutyltin on

solid media. Cells were grown to mid.logarithmic phase (Asso of0.4) then diluted lOs in LB

broth and plated in triplieate on LB agarcontaining added organotin at a final concentration

of 0, 100, 250, SOO, 1000, 5000 or 10000 J.LglmL.. Ailer 48 hours of incubation at 32 C,

colony forming units were counteel
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phosphate in excbange for the export ofan inorganic phosphate (Sonna et al., 1988). This

anion excbange does not require a proton gradient. However, uptake of

glucose-6-phosphate does require an internai pool ofinorganic phosphate.

It is not immediately apparent why triorganotin compounds should induce

transcription of uhpT. However, severa! possibilities have been explored: i) UhpBC may

recognize triorganotins, or their Metabolites; ii) UhpT MaY influence, directly or indirectly,

the resistance of E. coli to organotins; fi) uhpT transcription may he due to

organotin-mediated olr/cr excbange; or iv) uhpT transcription may he related to

organotin-mediated inlubition of ATPase activity and uncoupling of oxidative

phosphorylation.

Gluc0se-6-phospbate induces luminescence ftam TBTl (Figs. 5.2D, S.3B). In

liquid culture, glucose-6-phospbate-mediated light emission is induced within 10 ta 15

minutes an~ within 60 minutes, results in a 3So-fold increase in luminescence. The shape

ofthe curve in Figure S.3B suggests maximal induction oftranscription upon addition ofS

to 10 fJglmL (approximately 8 to 15 J,1M) or more glucose-6-pbospbate. This is consistent

with other reports showing maximal. induction of uhpT transcriptional sene fusions upon

addition ofmicromolarconcentrations ofexogenous glucose-6-phospbate (Shattuck-Eidens

and 1Cadner, 1981). However, in Iiquid culture, tnbutyltin-mediated induction requires

severalhours and resu1ts mamodest 8-fold, increase in luminescence (Fig. S.3A).

An RNA dot blot, used 10 examine tnbutyltin. and glucose-6-phospbate induced

uhpT transcription from E. colë DHl, reveaied a simiIat pattern of expression (Fig. 5.4).

Glucose -6-phospbate induces uilpT transcription more rapidly and to a greater magnitude
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than tnbutyltiIL Moreover, 10 and 20 I-lWmL added glucose-6-phospbate produced similar,

high signais suggestingthat the rate oftranscription was at a maximum.

The disparate kinetics suggest that triorganotins do not induce transcription in the

same manner as glucose-6-phosphate and are not recognized by UbpBC However, it is

possible tbat a metabolite of triorganotin, or some compound generated upon

triorganotin-exposure, is recognized by UbpBC. The time required for generation of such

inducers would account for the tinte lag observed in tnbutyltin-mediated induction. Ifthese

inducers exi~ they could he present in media conditioned by triorganotin-exposed cells,

and their concentration could increase with the duration ofexposure. However, when TBTI

was mixed with such conditiooed media, there was 00 measurable increase in luminescence.

As such, there is no evidence that a stable, extraceUular inducer reœgnized by UhpBC is

generated upon tnbutyltin-exposure (data not shown).

Several groups bave isolated tnbutyltin-resistant mutants ofE. coli (Ito et al., 1983;

Sedgwick and Bragg, 1992; Singh and Singh, 1984). A1though few ofthese mutants bave

been cbaracterized, several classes of mutants bave emerged and bave enhanced

understanding ofthe effects oforganotins. In sorne mutants, resistance is due to exclusionof

organotin. These mutants exhIbit slow« uptake and lower levels oforganotin aœumulation

tban parental strains (Singh and Sin~ 1984). Gene(s) œsponsible for this phenotype bave

DOt been identified, but the mucoid·appearanœ of these mutants suggests that sorne œil

membrane component bas hem modified (SîngfL and Singh, 1984). Indeed, modification of

membrane phospholipidcomposition is associated. with tnbutyltin resistanee in the Baci//us

suhti/js mutant, AG2A (Guftàntietal, 1987).
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In other mutants~ tnbutyltin-resistance maps to the une genes, which encode a

proton-translocating ATP syntbase (Ito et al., 1983). This fonn of resistance may he

indicative of target site modification. Organotins are known to inhlbit oxidative

phosphorylation in both prokaryotes and eukaryotes. Studies with submitochondrial

particles suggest thattnbutyltin interaets with the Fa component ofATPase (Matsuno-Yagi

and Hatefi, 1993a; 1993b). This is likely to he true for E. coli, as soluble (i.e. F1 only)

ATPase aetivity is not affected by tnbutyltin, while membrane bound CFI-Fo) ATPase

activity is atTected (de Chadarevjan et aL, 1979). Many of tbese une mutants also exhtbit

resistance to UDcouplers of oxidative phosphorylation such as carbonyl cyanide

m-eblorophenyl hydrazone (CCCP), N,N'-dicyclohexylcarbodiimide (DeCO), sodimn

azide and pentacblorophenol (PCP) (lto et al., 1983). Similarly, some E. cofi straïns,

originally isolated as uncoupler-resistant mutants, exhtbit resistance to organotins (lto et al.,

1986; SedgwickandBragg~ 1992).

One weil studied tnbutyltin-resistant mutant, E. coli ttr-3, exhtbits resistance to

tnbutyltin, CCCP, OCCO, sodium azide and PCP. This strain also bas a

temperature-sensitive defect in ATP syntbesis, but the mutation is not in the une genes.

Linkage analysis using phage Pl transduction places the mutation in the 82 map unit region

of the E. coli chromosome, somewhere betweenpyrE and dnaA (Nakamura et al., 1989).

Although there are severa! dozen genes betweenpyrE and~ including many tbat are

uncbaracterized, it is inteœsting to note tbat the uhp operon is in the Middle oftbis region.. It

is C[Uite plaUSIble that UhpT, a transport protein, could mediate organotin eftlux and

contnbute to organotin resistanee~ lJldeecl organotin resistance in Altermonas M-l is

mediatedbya putative aniontraDsportprotein (Whiteet al.~ 1999)
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However, mTt and the parental DHI exhtbit the same sensitivity to organotin

compounds (Fig. 5.S). The sensitivity of these strains to tributyltin were similar to values

reported in the literature (e.g. 5 J.1WmL is comparable to the 0.001 % (v/v) used by lto et aL

(1983) and 10 JJM used by Singh and Singh (1984». Also, the triorganotins are more toxie

than the di- ortetta- organotins.

TnbutY1tin can Mediate balidelhydroxyl exchange across Iipid bilayers and the E.

coli cell membrane (Antonenko, 1990; Singh and Bragg, 1979). This inlubits some œil

functions, such as uptake ofMolecules, including proline and glutamine (Singh and Bragg,

1979). To examine the effect ofC170Ir excbange on uhpT transcription, Iight production

byTBTl was monitored in thepresenceofSOO nglmL tnbutyltin and 0, 10.25, SO mMKCL

Light production decreased with increasing concentrations of KCI (data not shown). The

observation tbat halides reduce light production from TBT1 is ïnconsistent with the

hypothesis tbat induction ofuhpT is due to organotin-mediated balide/bydroxyl excbange.

Tnbutyltin inhibition of ATPase aetivity is weil established and, as mentioned

previously, resistanee ofE. coli to organotin compounds bas been associated with the une

genes. Ifthe etrect oftnbutyltin on uhpT transcription is related to ATPase inhtbition, then

other uncouplers of oxidative pbosphorylation should induce increased luminescence ftom

TBT•. As suc~TBT1 was exposed to 0, 200, SOO, 1000 and 5000 nwmL CCCP (Fig. 5.2E).

CCCP-ïnduced luminescence was greater tban that oftnbutyltin (Fig. 52A) and trietb.yltin

(Fig. 2B), and comparable to that induced by tri-n-propyItin (Fig.. 52C). This suggests tbat

induction of uhpT transcription may he related to the uncoupling aetivity of triorganotin

compounds.
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Transport of hex0se-6-phospbates tbrougb. the UhpT antiporter is electroneutral,

and does Dot required a proton gradient across the cell membrane. However, our data

indicates tbat uncoupling of oxidative phospborylation by triorganotins and CCCP does

stimulate transcription of uhpT. Moreover, there is a least one precedent for our finding..

Singh et al. (1985) observed increased uptake of sugar phosphates after treatment of

Brochothrix thermosphacla withCCCP orKCN (Singh etal., 1985).

An intact proton gradient is integral to many aspects ofcell metabolism and so, it is

difficult to speculate on the precise meçhanism ofuhpT induction. Uncoupling MaY disturb

the interaction between UbpB and UbpC. This might influence phospbatase and/or kinase

activity and the phosphorylation state ofthe activator, UbpA. Altematively, uncoupling may

alter CAP binding. Increased binding ofUbpT or UbpT with CAP to the uhpT promoter

would increase transcription. Future experiments with uhpA, uhpB, uhpC, and cya mutants

may belp to resolve these issues and enhance ourunderstanding ofthis pbenomenon.

Organotin compounds are important to industry and agriculture. Unfortunately, their

environmental etfects, ftom enzyme inlubition to imposex, are not fully understood~

despite govemment legislation, organotin pollution continues to proliferate (Fent, 1996;

Mattbiessen and Swnpter, 1998). Wc have found tbat sub-letbaL conœntrations of

ttiorganotins, added in DWmL amounts, can induce transcription of uhpT, the

hex0se-6-phosphate transporter ofK coli. Moreover, our experiments suggest tbat this is

re1ated to triorganotin-mediated uncouplingofoxidative phospborylation.
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The anist may be weil advised to keep bis work to himself
till it is completed, because no one can readily help him
or advise him with it
But the scientist is wiser Dot to withhold a single fmding
or a single conjecture from publicity

Goethe,
Essay on Experimentation
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SUDlmary and Future Prospects
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6.1 Summary

Procaryotes can monitor and respond to changes in their environment. Tbese

reponses, many of which are genetically-programmed, help the organism cope with a

diverse anay ofconditioDS. For example, genetic cascades regulated by the Fur and FNR

proteins Mediate responses to iron and oxidative stress. Previously, a chromosomal

/uxAB gene fusion hbrary was construeted in Escherichia coli. By screening tbis library

with aluminum, arsenic, seleniUDl and organotin compounds, a varlety of novel genes

have been identifed.

The current work descdbes the isolation and characterization of the previously

unknown ais gene, as weil as the identification of a noveL pathway for inducing

expression ofuhpT, which encodes a hexose-6-phosphate transport protein.

The ais gene was sequeDced and the Ais protein was expressed. Although its

funetion bas not been demonstrated, Ais contains a motif that is conserved among

procaryotic and eucaryotic phosphatases. The Ais protein is also homologous to PmrG

ftom Salmonella enterica, AfrS from the pathogenic E. coli strain RDEC-I, and TraG,

wbich is conserved among several Enterobacteriaceae plasmids.

The transeriptional start site of the ais gene was identified. Transcription was

found to he induced by the addition ofheavy metals, including aluminurn.. itou, gallium,

indium and vanadium. Magnesiumand calcium. do Dot induce transcription ofais, but can

inhtbit aluminum-induced ais transcription. In the absence of metal, changes in pH do

Dot induce transcription of ais.. However, changes in extraeellulat pH can alter the

bioavailabilityofadded metal, and therefore influence transcription.
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The PhoP-PhoQ two-component system Mediates genetîc responses to

magnesium and calcium. Although mutation of phoP and phoQ does not prevent

metal-induced luminescence of an ais::/uxAB gene fusion, it does diminish the

magnitude ofthe response. However, mutation ofthe hasS gene abrogates metal-induced

expression of ais. Moreover, expression of the BasR-BasS two-component regulatory

system, in trans, restores the metal-inducible resPOose. This indicates that the

BasR-BasS system regulates ais expression and is involved in E. coli responses to heavy

metals.

The BasR-BasS two-component system bas not been extensively characterized.

To identitY noveL members of this regulon, a Mudi (lac Ap) gene fusion library was

constructed and screened. Gene fusions to bic, iap, glmUS, and ygiIJK exhibited

increased ~galactosidaseactivity upon over expression ofBasR-BasS, while expression

ofdsdXA. decreased. Four additional genes, setC, yibD, yhhT and yaf, were identified by

searching the E. coli genome database for the presence of the putative BasR recognition

sequence. Functions for ail ofthese of these genes have Dot been defined, but most are

associated with œil wall fimctions or sugar metabolism.

The uhpT gene encodes a transporter for hexose-6-phosphate. Other labs bave

demonstrated that, in response to glucose-6-phospbate, UbpA UhpB and UbpC induce

transcription of uhpT. However, tbis work indicates that tnbutyltin, triethyltin,

tri-n-ptopyltin and CCCP cao. induce luminescence of a uhpT::luxAB gene tùsion.

Moreover, RNA blotting analysfs confirms tbat addition of tnbutyltin increases

transcription of uhpT. This response MaY he due to the uncoupling aetivity of these

compounds.
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6.% Future Prospeets

The current work can he extended in many exciting directions. The Ais protein

remains poorly characterized. Expression and purification of the Ais protein was

attempted, but a reliable and hfgh YÏeld method was not developed. Pure Ais protein

could he used for the development of antibodies, a valuable tool. Although it bas been

proposed that Ais is located in the eell membrane (or periplasm), this bas not been tested.

However, with antibodies, the location of Ais could he determined br analyzing eeU

fractions via Western blotting, or by examining whole cells with in situ hybridization.

Also, N-tenninal sequencing of the purified protein would identify the extent ofthe Ais

signal sequence. ln vitro experiments with Ais protein might confirm its role as a

phosphatase (although an appropriate substrate would have to be identified).

Crystalization of Ais would involve a significant amount of wode, but solution of this

structure, perbaps using NMR, might confirm the existence of a phosphate binding

poeket, and hint at Ais funCtiOD. More immediately, the function of Ais could be

established br comparing the LPS profiles of E. coli DHl and LF20110 (i.e. an ais

derivative ofDHI)~ Zhou et al. (1999) established functions for many of the pmr genes

by examining LPS changes in a set of Salmonella typhi mutants. It wouid also he

interesting to sec bowaluminum, iron, vanadiwn and indium afTect LPS strueture~

BasS bas been identified as a metal sensing protein. Mutational analysis of the

putative Metal sensing domain (e.g~ deletion of large or sman regions, or alanine

scanning) could be used. ta identifY residues required for metal-dependent aetivities~

Purified BasS protein, or Bas8-enriched membranes, couid he used in viuo for kinetic
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studies~ For example~ the etTects ofMr+ and Al3+ on BasS kinase activity could he

monitored~ BasR bas been identified as a transcriptional regulator. However, the

interaction ofBasR with the ais promoter region remains to he demonstrated. Purification

of the BasR protein (agai~ a project tbat bas been initiated, but bas yet to produce

satisfactory results) would allow this. Gel mobility shift assays would demonstrate tbat

BasR can bind to the ais promoter region~ DNA footprinting would further enhance our

understanding ofhow ais transcription is reguJated. Transcription ofhasRS bas not been

characterized RNA blotting and SI nuclease analysis should he conducted to identitY the

size of the hasRS transcript, and its transcriptional stan: site. These analyses would also

indicate ifyjdB, which is located immediately upstream of hQs~ is cotranscribed with

basRS. The yjdB gene encodes a putative transport protein. It is round in both E~ coli and

s~ typhi, but its role is unknown.

Characterization of the BasR-BasS regulon would he another valuable project.

An initial attempt is descnbed in Cbapter 4. However, the nine genes identified in that

study sbould be examined more extensively. l3-gaIactosidase aetivity should he

monitored in a basR hasS background. Moreover, gel mobility shift assays and DNA

footprinting analysis would better cbaracterize the interaction of these genes with BasR.

Gene fusion horaries, using luxAB, MudI (lac Ap) or other reporter constructs, have long

been used to dissect genetie pathways in procaryotes. However~ other systems for

monitoring gene expression aIso exist Two-dimensional gel analysis!t or gene microarray

tecbnology, could he used to study the BasR-BasS regulon. Such techniques couId also

he used to identfY additional etïects ofalum.in~iron, vanadium, and indium onE. coli.
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In science one tries to tell people,
in such a wayas to he understood by everyone~

But in poetry, it's the exact opposite

Paul Dirac
Quantum Physicist
Nobel Laureate 1933

[ could go on making POetry
On my favorite subject, Enterobaeteriacea
Yet, POetIy is Dot on my list.
CaU me a desperate Bacteriologist
Hoping to conviDce people:
Microbiology is Dot only for the smart
But for people who like poetty.H
Microbiology is an art.

Teresa Tam
The Body Electric
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Dave, my oldest brother - the one who should bave been
the scientist but who grew a filmypony tail instead and
who DOW seUs records ln an alternative record shop in
Seattle (he and bis girlfriend, RaiD, who only wears black)
be's in London, Eilglancftliis Cliristmas, doing Ecstaey and
going to nightclubs.

Douglas Coupland,
(reneration X


