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1. Introduction

1. Introduction

1.1 Background of the project

Pseudomonas putida is a Gram-negative-proteobacterium. As a saprophytic organism ioisnid

in soil and water, but also associated with plats. This kind of beneficial interaction with
plants includes the genseudomonas among the plant-growth-promoting rhizobacteria PiRh
Some pseudomonads like. aeruginosa and P. syringae are pathogenic, introducing new
challenges in human health and plant disease doBwaeficial pseudomonads, on other hand, are
useful for the degradation of biogenic and xenabigbllutants, for controlling bio-agents in
certain plant diseases and for biocatalytic/bictfarmation processes (Nelseinal. 2002 and Lee

& Cooksey 2000). The members of the gefgsudomonas are extremely versatile organisms,
showing a wide range of adaptability to biotic auotic stresses. This is partly due to their large
genomes (6-6.3 Mbp as compared to 4.6 MbR.icoli) that encode a great variety of transporters,
enzymes, and regulatory systems to cope with alterenvironmental conditions
(http://www.tigr.org/).

The Pseudomonas putida-plant interaction in the rhizosphere is largelgdxhon root exudates
which function as rich nutrient medium for the gtbwof root-associated bacteria while some
constituents promote bacterial adherence and need@hmunication between guest and host (de
Wegeret al. 1995). Generally, amino acids, monosaccharidegroc acids are considered the
major exudate constituents, but other componekesvitamins and putriscine are also present (Fan
et al. 1997). The predominant amino acids in root exuglate the acidic amino acids Asp and Glu
and their amides Asn and GIn. In barley-root exeslafor instance, the acidic amino acids and
their amides account for almost 50% of all aminm&¢Barber & Gunn 1974). Jones and Darrah
showed that in corn rhizosphere, amino acids affmdnuch as 220 mg nitrogen/kg of soil dry
weight, while nitrate and ammonia together accdontess than 60 mg/kg (Jones & Darrah 1993).
In addition to their nutritional value, some amiagids also play a role in the plaPgseudomonas
interaction. So Vilchezt al showed that certain proline-catabolizing gene®.dluorescens are
strongly induced by root exudates (Vilchetzal. 2000). However, the roles of amino acids in the
plant-bacterial interaction are still poorly charmized.

Our particular interest in the utilization of ac@damino acids is due to the astonishing ability

of many pseudomonads to grow at maximum rates esetlamino acids as the sole source of
1
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carbon and nitrogen. In previous studies, Sonawhak showed that growth d?. putida in acidic

amino acids induces a group of genes which help bactetmrtilize amino acids effectively
(Sonawaneet al. 2003b). Among these genes there is a previousighamacterized ABC
transporter as well as a two-component syssaniR/S (for acidic amino acid utilization) that
controls the expression ef*-dependent genes. The major goals of this studg wecharacterize

the role of these systems in acidic amino acidke#and utilization byPseudomonas putida.

1.2 Choice of organism

Pseudomonas putida KT2440, a derivative of the solil isolate mt-2 sfidescribed by (Frankliet

al. 1981) was selected for this study. This straia mon-pathogenic, efficient root colonizer. It is
found in the rhizosphere at high cell densitiesgrehit controls plant diseases and enhance crop
yields. In addition, strain KT2440 has attractiveatiures like the ability to degrade certain
xenobiotics and polychlorinated biphenyl pollutanesnd hence is used in bioremediation.
Moreover,P. putida KT2440 is a popular model organism for metabohd genetic studies and
suitable for laboratory experiments without anycsplesecurity measurements.gitows well on a
variety of standard carbon and nitrogen sourcesshiaies many features of othHeseudomonas
spp. like P. aeruginosa andP. syringae. The complete annotated genomePoputida KT2440 is
available along with 6 other genomes of differBstudomonas spp. which greatly helps in the

analysis and manipulation of gene sequences obtgenism.

1.3 Bacterial amino acid metabolism: an overview

Nitrogen is present in many cellular metabolited aammonly assimilated either from inorganic

or organic sources. Inorganic nitrogen is assimidiy reduction into ammonia, however, organic
nitrogen is assimilated by many pathways dependinghe organism. Variety of nitrogenous

compounds are utilized by microorganisms to meei thitrogen requirements. These compounds
range from simple dinitrogen ¢Nor nitrate (NQ) to complex organic compounds like amino

acids and nucleotides. Many bacteria, including dneup of enteric bacteria prefer ammonium
ions (NH,") as a source of nitrogen. In absence of ammoh@,atternate nitrogen sources are

catabolized via diverse metabolic pathways.
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Amino acids are important precursors for biosynthptocesses and can be metabolically divided
into two groups. The first group is termed glucagemhese amino acids yietdketo acids when
deaminated thus feed major metabolic pathways the TCA cycle and gluconeogenesis.
Glucogenic amino acids are efficient alternativeboa sources for bacteria when glucose is not
available. The second group belongs to ketogenimn@nacids, which vyield acetyl-coA or
acetoacetate after degradation and thus are ut@pl®vide precursors for gluconeogenesis. The
metabolic pathways of amino acids can be categbii#e two classes: degradative pathways used
for amino acid utilization and biosynthetic pathwdapr production of other nitrogen-containing
compounds.

The regulation of these pathways is controlled by toordinate expression of genes,
depending on the intracellular availability of ofgenous compounds. Nitrogen limitation inside
the cells affects expression of around 100 gends ooli by the process involved, is known as
nitrogen response (Ntr response). Ntr responsdss known in many microorganisms which
controls the utilization of alternative nitrogerusces. Amino acids are building blocks for proteins
and precursor compounds for important metabolité® Ivitamins, lipids, carbohydrates,
nucleotides, and many secondary metabolites. Int mbshese pathways Glutamate (Glu) and
glutamine (GIn) serve as key nitrogen donorsElrcoli aspartic acid and serine are the biggest
donor of Carbon atoms for biosynthetic processeas @, GIn are the major nitrogen donors
(Reitzer 2003).

1.4 Ammonia assimilation by enteric bacteria

The growth of microorganisms is frequently limiteg the availability of nitrogenous compounds.
In enteric bacteria, the assimilation of ammoniwmnsi (NH") is the major route for nitrogen

utilization. The pathways involved can be dividetbitwo groups i) assimilation of nitrogenous
precursors and ii) production of new nitrogen-contey compounds. The specificity of the
nitrogen assimilation metabolic pathways may vaoyt organism to organism, but in most of the
cases glutamate (Glu) and glutamine (GIn) servi&egsintermediates. In enteric bacteria, the
ammonia assimilation pathway basically involves @BH and GS/GOGAT pathways (see Fig.
1.1, Tyler 1978).
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Figure 1.1: Ammonia assimilation pathways of enteric bacteria.

1.4.1 GDH pathway
This pathway involves the enzyme glutamate dehyeliage (EC 1.4.1.4) which catalyzes the
reductive synthesis of glutamate from 2-oxogluarand ammonia using NADPH as the
coenzyme. In most of the microorganisms, GDH héively highK,, values for 2-oxoglutarate
and ammonia (~1 mM), which suggests that it is pineferred pathway when intracellular
ammonium concentrations are high, while this pathwsa ineffective under ammonia-limited
conditions.

2-Oxoglutarate + NADPH + H+ NH; ———>Glutamate + NADP

1.4.2 GS/GOGAT pathway
This is an ubiquitous and very important pathwayimonia assimilation. It involves glutamine

synthetase (glutamate-ammonia ligase, GS) and mgatea synthase (glutamine-2-oxoglutarate
aminotransferase, GOGAT). GS catalyzes the ATP-udgr& synthesis of glutamine from
ammonia and glutamate. Its,Kor ammonia (~0.1 mM) is 10 times lower than tbGDH.
Glutamate + NH ATP —> Glutamine + ADP + P
2-Oxoglutarate + Glutamine + NADPH—— 2 (Glutamate) + NADP
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The available evidence indicates that GS is a fighyulated enzyme at both the transcriptional
and the post-translational levels. In Gram-negathaeteria, GS is reversibly modified by a
bifunctional enzyme adenylyltransferase (ATase) fasponse to nitrogen availability.
Adenylylation and deadenylylation regulate the lgéi@activity of GS. When intracellular level of
nitrogen is sufficient, ATase catalyzes the transfeAMP from ATP to the subunits of GS which
progressively inactivates the enzyme. Conversehemthe intracellular nitrogen level is low, the
adenylyl group is removed from GS and the enzynm®ines active again. IB. coli, two protein

components, Rand P, are involved in the adenylylation and deadenyigtaprocess. Rontains
an adenyltransferase whose ability to adenylylateadenylylate GS is specified by thepiPotein
and by the concentrations of, ATP, UTP, GIn and 2-ketoglutarate (Merrick & Edas 1995).

Structural analyses of GOGAT revealed that the mwzyis a heterodimer, whose larger
glutaminase subunits and smaller transaminase #sbare encoded by geneftB and gltD
respectively. GOGAT is essential for the de-repogssf the Ntr response in many bacteria as it

removes GIn which represses the Ntr system.

1.5 Enzymes of amino acid utilization

In ammonia-limited conditions, cells utilize manyeanative nitrogen sources such as nitrate, urea
and amino acids (Magasanik 1993). As already meeticE. coli and other enterobacteria derive
all their nitrogen from Glu or GIn (Reitzer 2008)evertheless, Glu and GlIn are inferior to N
supporting growth of enteric bacteria. Pseudomonas the situation is different. Several strains of
P. fluorescens andP. putida rapidly grow on acidic amino acids and their arsjd®ven when these
are supplied as the sole source of carbon andgeitrqHuseret al. 1999 and Sonawaret al.
2003a).

1.5.1 Asparagine synthetase

The reactions catalyzed by asparagine synthetaseiilier GIn or ammonia as a nitrogen source to
convert Asp to Asn. Two families of asparagine bgtdses have been found. Members of the
AsnA family which occur inE. coli and Klebsiella aerogenes use only ammonia as the amino
group donor (Humbert & Simoni 1980 and Reitzer &ddsanik 1982). The other group is the
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AsnB family, members of which were found in botlokaryotes and eukaryotes (Hugletsal.
1997 and Scofiel@t al. 1990). These enzymes use both Gln and ammonizeasittogen donor,

but GlIn is the preferred one.

1.5.2 Glutaminase/Asparaginase
Enzymes that catalyze the hydrolysis of GIn and Asm widely distributed in microorganisms.
One such group of amidohydrolases, called glutaseif@sparaginase, convert asparagine or
glutamine to their respective dicarboxylates, asp@rand glutamate. According to their sub-
cellular localization and kinetic properties, thame two major subgroups (Class | and Class II).
Class | asparaginases are constitutive cytoplasmzgmes with a marked preference for L-Asn.
By contrast, class Il enzymes, encoded byathsB gene, are located in the periplasm and show a
wider specificity for L-Asn and L-GIn as well asrftheir D-isomers (Cedar & Schwartz 1967 and
Derst et al. 2000). The role of asparaginases has been stwekthsively in Gram-negative
bacteria such ak. coli (Cedar & Schwartz 1967 Kalmonella enterica (Jennings & Beacham
1993), Erwinia chrysanthemi (Gilbertet al. 1986),Vibrio proteus (Sinhaet al. 1991) and also in
some Gram-positive organisms such Bacillus subtilis (Atkinson & Fisher 1991) and
Saphylococcus aureus (Rozalska & Mikucki 1992).

In Pseudomonas, the acidic amino acids (Asp, Glu) and their ami@d&sn, GIn) strongly
and specifically induce the periplasmic glutamiasparaginase isoenzyme (Kléppner, 1999 and
Huseret al. 1999). However, the physiological roles of clasglutaminases/ asparaginases and

their regulation irP. putida KT2440 at the molecular level are not well undasdto

1.5.3 Aspartase
This enzyme is also referred to as aspartate anantpase. It plays an important role in amino acid
metabolism by reversibly converting the producghftaminase/asparaginase, L-Asp, to fumarate

and ammonium ion. Thus, it feeds the carbon skeletdsp into the TCA cycle.

1.5.4 Aspartase transaminase
This enzyme is also known as aspartate aminotrasseor glutamate-oxaloacetate transaminase,

catalyzes the reversible formation of oxaloacetid and Glu from Asp and 2- oxoglutarate.
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1.6 Molecular control of nitrogen metabolism in bactera

As already mentioned, enteric bacteria can utilagious organic and inorganic nitrogenous
compounds like amino acids, nucleotides, peptitlgsand NQ etc, but ammonia is a preferable
natural nitrogen source. Glutamate provides 80%hefnitrogen for molecular synthesis inside
cells while 15% of nitrogen comes from the amideugr of glutamine (Magasanik 1993). The
nitrogen regulation in enteric bacteria is largedytrolled by the global nitrogen regulatory system
(Ntr). Ammonia availability can suppress the expr@s of genes required for alternate source
utilization. Growth in a minimal medium with a slegorganic nitrogen source is slower than that
with ammonia, loss of a few metabolic enzymes ictdxda can prevent the utilization of a variety

of nitrogen sources (Reitzer 2003).

1.6.1Global nitrogen regulatory system (Ntr)

The Ntr system of enteric bacteria consists of faateins: 1) Uridyl transferase/Uridyl removing
enzyme, 2) | a glutamine synthetase (GS) regulating proteiilNtB3 and 4) NtrC, the NtrB/C are
parts of a two component system. The Ntr systermbkas extensively studied i coli (Jianget

al. 1998 and Atkinson & Ninfa 1998). In this systene first sensing protein of nitrogen level is
UT/UR which is a bifunctional enzyme regulatingdimylation of the i protein and ultimately
starting the Ntr response cascade. When the aellsimogen limited, i.e. when the [GIn]/[2-OG]
ratio is low, this stimulates UTase to transfer UkéPprotein R, which then activates glutamine
synthetase. When nitrogen supply is sufficient, thigh [GIn])/[2-OG] ratio facilitates
deuridinylation of the p protein by UR which, in turn reduces the activdaly GS (Fig. 1.2).
Glutamine plays a central role in this nitrogentoolnsystem by regulating the uridinylation of P
(Jianget al. 1998). The regulation of GS by adenylation andddeglation is discussed in section
1.4.2.

NtrC (NRI- Nitrogen regulator |, the product ginG or ntrC) and NtrB (NRII - Nitrogen
regulator Il, the product afinL or ntrB) constitute a prototypical two-component syster@$J
where NtrB is the sensor histidine kinase whileNis the cognate response regulator. In the
absence of P NtrB act as protein kinase, it autophosphorylated transfers the phosphate group

to the receiver domain of NtrC. Phosphorylated Nth€n induces™* dependent expression of
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several genes. Binding of free PIl to NtrB stimekatits phosphatase activity which
dephosphorylates NtrC. Thug Bcts as a regulatory switch of this system (sgeER).

In E. coli the Ntr response controls many operons which a@tevedy involved in nitrogen
metabolism like thegltlJKL operon for glutamate uptakginHPQ for glutamine metabolism,
astCADBE for arginine catabolismhisIMPQ for histidine transporizodBA for cytosine transport,
yhdWXYZ for polar amino acid transpoinALG andgln-amtB for ammonia transport arargT
for basic amino acid transport (Zimnetral. 2000)

It is still unclear whether the Ntr system alsomapes in pseudomonads. However, some
knock-out models related to the nitrogen regulati@ve been studied. Mutations in the nitrate
reductase genemsB andgltB of P. putida KT2442 abolish the ability to utilizate nitrogenusoes
like amino acids, urea or low levels of ammoniurbgiet al. 2000).P. aeruginosa PA14 mutants
lacking therpoN gene ftrA, ginF) were unable to grow on nitrate, glutamate antdune as sole
source of carbon and nitrogen and were non-motiendlricksonet al. 2001). A study by
Sonawanet al, showed that ifP. putida KT2440 the GOGAT encodingltB gene is essential for
utilization of acidic amino acids and regulation sdveral key enzymes of nitrogen regulation

(Sonawane & Rohm 2004).

Low
nitrogen
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Figure 1.2: Nitrogen control pathway by PII protein and Ntrss&gm of E. coli. The reactions (1);
autophosphorylation of NtrB, (2) phosphotransfeNtaC, (3) dephosphorylation (see text).
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1.7 Two-component systems

1.7.1 Introduction

Rapid adaptation to environmental challenges ierd&d for bacterial survival. The change in
temperature, pH of environment, osmolarity and iantravailability or biotic factors like inter-
species competition or host availability, alterse tipopulation and growth behavior of
microorganisms. These altered factors in the bemade are termed as stress which is managed by
bacterial cells through genetic and biochemicaptateons. The first type of system for adaptation
phenomenon is sensing system, which is widely aptisheed by protein molecules (sensor)
present in bacterial membranes. After sensing thiéitade of signals, the sensor induces response
at genetic and physiological levels by modifying flunction of macromolecules. These adaptive
responses in most of the bacteria are orchestlgtedclass of regulatory systems known as two-

component systems.

Periplasmic space

Histidine kinase Response regulator

Kinase Receiver DNA binding domain

Sensor

Inner Response

Membrane

Figure 1.3: A prototypical two-component system with histidikmase (Sensor kinase) and response
regulator with their mode of function.
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The structure and functions of different two-com@insystems have been described in several
recent reviews (Stoadt al. 2000, Foussard al. 2001 and West & Stock 2001). These systems are
distributed over all groups of organisms (archdeateria and some eukaryotes). However, their
abundance in each group differs substantially. Gensequencing of many microorganisms
revealed an uneven distribution of two-componesteays in their genomes, e.g. QMiycoplasma,

29 in E. cali, 35 in Mycobacterium tuberculosis, 38 in Synechocystis, 3 in Candida albicans, 2 in
Arabidopsis thaliana and none is reported Homo sapiens andDrosophila melanogaster (Koretke

et al. 2000).

1.7.2 Mechanism of action

A typical two-component system consists of a meméraound sensor protein (histidine kinase)
and a cytoplasmic regulator protein (response tgolaThe histidine kinase senses the stimuli,
autophosphorylates at one of its conserved higtidasidues, creating a high energy phosphoryl
group which is subsequently transferred to the riafgaresidue of response regulator protein. The
phosphorylation-induced conformational changesesponse regulator protein cause the response
by interactions with other protein molecules ortbhg direct control of transcription mechanisms.
This histidyl-aspartyl phosphorelay basically ined three phosphotransfer and two phospho-

protein intermediates:

1. Autophosphorylation: HK-His + ATe—  HKid+P + ADP
2. Phosphotransfer : HK-His~P + RR-Asp> HK-His + RR-Asp~P
3. Dephosphorylation : RR-Asp~P +®l«<—> RR-Asp +P

Most two-component systems work according to thevalmentioned scheme, but some of them
function by multiple phosphorelay steps. These caaided hybrid two-component systems. For
instance, the chemotaxis control systenEincoli involves a cytoplasmic sensor, CheA, which
autophosphorylates and then transfers the highggn#rosphoryl group to CheY and CheB. The
sporulation control system oB. subtilis has two sensor proteins (KinA and KinB), which
autophosphorylate in stress conditions and transth@sphate group first to SpoOF and then to
SpoO0B, that ultimately phosphorylates the SpoOfaase regulator (Errington 1993).

10
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1.7.3 Domain structure of two-component systems

1.7.3.1 Histidine kinases

The histidine kinases can be divided into 2 clagses figure 1.4). Class | kinases are membrane-
coupled proteins that exhibit three types of basiectural arrangements.

) Simple kinases (Fig. 1.4a) occur in many typicab-eomponent systems. They consist
of a transmembrane receiver protein coupled tonadd domain, with a conserved
histidine residue in it. Sensing of the cognatenstus leads to autophosphorylation of
this histidine, which then transfers the phosphoggidue to the response regulator (e.g.
the EnvZ /OmpR system &. coli.)

1)) In one type of hybrid kinase (Fig. 1.4b), the liste kinase domain is associated with
two further domains, a receiver domain that accesprimary high-energy phosphate
from the HK domain at a conserved aspartate resitlne phosphate is then transferred
to a conserved His in the so-called Hpt domain franere it is eventually transferred to
the response regulator (e. g. ArcB/ArcA systemEofcoli for anoxic redox control,
BarA/UvrY for carbon metabolism control & coli, BvgS/BvgA inBordetella pertussis
controlling virulence).

i) In a second type of hybrid kinase (Fig. 1.4c), Hpe domain is not linked to the receiver
but functions independently as cytoplasmic proteifes g. KinA-KinB-SpoOF-
Spo0B/Spo0A controlling sporulatiddacillus subtilis.)

Class Il histidine kinases (Fig. 1.4d) have a cismic sensor that is coupled to a membrane
receptor and show an entirely different architextwnth the HPt domain at the N-terminus. They
are mainly involved in chemotaxis e. g. CheA/ChéE.acoli (Taylor & Zhulin 1999).

In class | kinases the kinase domain is linkechtottansmembrane sensor protein by a linker
region ranging from 40-180 amino acids. These liskeave coiled-coil structure and play an
important role in transmitting the signal to theadse core (Park & Inouye 1997). The kinase core
is around 350 amino acid in length and is respdmsilor ATP binding and directing
transphosphorylation. A central feature is a coreristidine residue in the so-called ‘H box’
that accepts phosphate from the kinase (Fig. 11989 .kinase domain has several conserved boxes
(N, G1, F and G2) in its binding cleft (Fig. 1.5k). most histidine kinases, the H box is part of a

11
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dimerization domain at the N terminus of the kindeenain. In some HKs it is a separate protein
or coupled to the C terminus of kinase domain anthén termed Hpt domain, e.g. in ArcB and
CheA ofE. cali. The N, G1, F, G2 boxes are largely conservedleathe spacing between these
boxes somewhat varies in different HKs. The foldpagtern of the kinases differs from those of

Ser/Thr/Tyr kinases but closely resembles with ASé¢2a Gyrase b, MutL and Hsp90 families of

proteins.
NGl FG2
a)
b)
c) -3—&
Input Transmitter Receiver
d)
Hpt Response reg. Transmitter Regulatory domain
Binding domain

Figure 1.4: Modular organization of the histidine kinasesclass I, (a, b, c) the N-terminal input domains
are variable in length senses variety of signdigytare mostly membrane bound. The C-terminal
transmitter or kinase domain has highly conservstidne residue with N, G1, F and G2 boxes. Hybrid
kinases (b, c) contain a receiver and Hpt domairchvinay be associated with HK or cytoplasmic. Class
histidine kinases are involved in chemotaxis codiptiemembrane receptor with Hpt domain at N-terinina
and regulatory domain at C-terminal. These are abynctytoplasmic but associated with membrane
coupled receptor for functional regulation.
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235, 86 286 235

H2434" "y H243

265
25 255

Form (Tomomorkt al. 1999) From (Stoclet al. 2000)

Figure 1.5 Structure of Histidine kinase(a) Dimerization domain (DHp), NMR structure of the
homodimeric core (residues 223-289) of EnvZ..Hiss the site of autophosphorylation and phosphate
transfer reactions. The structure comprises a lelix bundle formed by two identical helix-turn-hel
subunits, revealing the molecular assembly of twbtva sites within the dimeric kinaséy) Ribbon
diagram of kinase catalytic core (CA) of EnvZ pimotef E. coli AMP-PNP molecule is shown in ball and
stick bound at active site, the nitrogenous baseethudeep inside and phosphate group facing ouytside
easily accessible to histidine residue of DHp/Hpindin. Thex-helices an@-sheets are arrangedfiti-o.1-
B2-02-B3-5-p4 topology. N, G1, F and G2 boxes are presentapdo

The solution NMR structure of the dimerization dema(DHp) of EnvZ has

4 helix bundles arranged in antiparallel manneg.(Ei5a). H,3 is conserved in both dimers and
stimulates trans-autophosphorylation. The DHp domaf EnvZ represents the structural
arrangement in the majority of all known HKs (Tormmet al. 1999). Two-component systems
containing a Hpt domain are frequently found in fyliwo-component systems like CheA Bf
coli, ArcB of E. coli and SpoOB ofB. subtilis. The Hpt domain does not exhibit kinase or
phosphatase activity but is involved in cross-comication between different proteins (Bilwets
al. 1999).

13
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1.7.3.2 Response regulators

Most response regulator proteins consist of two alom a conserved N-terminal regulatory
phosphate-accepting domain and a variable effetdarain. Most of the response regulators are
transcription factors, i.e. they have DNA-bindirfeeetor domain. Some regulators contain diverse
domains with specific functions. Thé*-binding response regulators contain an additiéTaase
domain (Fig. 1.6d). Some regulators even lack aiectdr domain and just function as

communication modules between two proteins (Fig)l.6

a)
b) >
DNA binding domain
c)
Enzymatic domain
d) >
ATPase domain DNA binding domain
e)
Receiver domain Receiver domain Regulatory domain

Figure 1.6: Modular organization of response regulators. Thasgeins share a common N-terminal
receiver domain which is phosphorylated at highdpserved aspartate residue. Response regulators may
carry different other domains which may contain DNAding H-T-H motif like in b and c, Other
domains may be ATPase domaist’ interacting domain, reciever with conserved asgiaes for
phosphorylation, other enzymatic or regulatory dmsiaNormally receiver domain in response regusator
regulates the function of other coupled domains.
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The receiver domains of most response regulatonsato a conserved acidic cluster which is
involved in the coordination of Mg a cofactor required for phosphorylation and
dephosphorylation. The majority of response regusate.g. 25 out of 32 I&. coli) act as DNA

binding transcription factors (Mizuno 1997). SomBsRhave a C-terminal functional enzymatic
domain e.g. chemotaxis protein (CheB)fcoli. The DNA binding domains can be divided into

three major families-

1) OmpR: proteins of this family are the largestl d&est-characterized, contain a recognition
helix interacting with the major groove of DNA afldnking loops or wings for binding
to the minor grooves (Harlockeral. 1995).

i) NarL: These factors, which regulate genes imedl in nitrate and nitrite metabolism
contain a helix-turn-helix (HTH) motif for binding.

iv) NtrC: Members of this family of response regulatarsntrol the o>*-dependent

transcription of genes or operons involved in & metabolism.

Recognition
helix

From (Guhaniyoget al. 2006) Frékmartinez-Hackert & Stock 1997)

Figure 1.7: structure of response regulator domaifgg. CheY of S typhimurium, contains a cluster of
conserved acidic residues (side chain anctoms shown and labelled) that bind Mgnd form the active
site for phosphoryl transfer. D57 is phosphate pimre The central core hag&sheets surrounded byo5
helices.(b) The effector C-terminal domain &. coli OmpR, the recognition helix shown in magenta
colour and DNA binding winged-helix domain green colour.
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The chemotaxis protein CheY serves as a basic naidlregulatory domain. This protein is a
doubly wound 128 residugp protein with a central five-stranded parafletheet surrounded by 5
a-helices. Asp;, the site of phosphorylation is located in solvexpposed loop (Fig. 1.7a). Other
highly conserved residues (AspAsp;s, Thrgz, and Lysgg surround the active site of the regulatory
domain (Volz & Matsumura 1991). The helix-turn-kelnotif (Fig. 1.7b) binds with major

grooves in target DNA.

1.8 Sigma factors in bacterial gene expression

Sigma factors are a group of proteins involvedniidating gene expression by binding to RNA
polymerase. The-RNAP complex ljoloenzyme), guided by the sigma factor, then rezes the
promoter region that marks the transcription steiet Sigma factors also contribute to transcriptio
by facilitating DNA strand separation, which mustcor before RNA polymerase can begin
copying the DNA code. Once transcription start® fiigma factor disengages from the RNA
polymerase, becoming available for complex formratiath different RNA polymerases.

Sigma factors can be structurally classified imto tlistinct families. The first one is to&”
family which involves the “housekeeping” sigma fact’® and stress response sigma factors,
which can be divided into three subclass@so®, ando”. These latter factors enhance cell survival
under different stress conditions and maintainleiiae. The general stress factSrcontrols the
transcription of more than 100 genes under diffeséress conditions i8. aureus (Giachinoet al.
2001) and plays an important rolelirsteria monocytogenes during early infection of the intestinal
epithelium (Kim et al. 2004). 0® plays a key role in protecting. coli, S enterica and P.
aeruginosa from different environmental stress conditiongliiing starvation, hyperosmolarity,
oxidative damage, and reduced pH. Other sigmafactntrol sporulation, flagella formation and
the heat shock responganget al. 1992 and Gruber & Gross 2003Yithin theo’® family there
Is a large, phylogenetically distinct subfamilyledlthe extracytoplasmic function (ECF) factors.
These sigma factors are responsible for regulatingide range of functions, all involved in

sensing and reacting to conditions in the membrna@eplasm, or extracellular environment.
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1.8.1 o”*factors and nitrogen metabolism
A second family of sigma factors is calleded$(o™, RpoN). These factors occur in many different

bacteria and control metabolism under nitrogentéohiconditions. The number of sigma factors in
bacterial genome is highly variable, but most gee®montain only one copy of thé* gene or
none at all. Thé. fluorescens Pf5 genome is the largest one sequenced (7 Mbg)italso has by
far the largest numbef sigma factors (4'°-family factors and 28 ECF sigma factors) but aaly
singleo™.

A number of findings indicate that, nitrogen asswtnon in pseudomonads is under direct
control of 6>* SorpoN mutants were unable to utilizeitrate, urea, alanine, glycine, isoleucine,
leucine and serine as nitrogen sources, in additis mutation affected the utilization,C
dicarboxylates (Kohleet al. 1989).c™* also regulates other genes like alginate synthesis
flagellar genes needed for cellular infection atidchment ofP. aeruginosa (Boucheret al. 2000
and Dasguptat al. 2003). It is also involved in virulence control Bf syringae and Vibrio
cholerae and in other human and plant pathogens (#hab 1999 and Chatterjest al. 2002).

1.8.2 Mechanism ofo*transcriptional regulation
0> regulated genes have a binding motif (GC/GG) @irthromoter upstream sequences located at

-12/-24 relative to the transcription start sitel @an additional enhancer sequence, usually situate

between -100 to -15@armoneet al. 1997).

~100bp

Activator protein

ATP
O54 protein
1 24 12

Activator binding site
ﬂ O34 binding site

Activator protein

DNA looping

O>4 protein

Figure 1.8: Roleof activator proteins in the transcription@f-dependent genes (see text)
17



1. Introduction

The activator proteins of>* genesusually contain a receiver domain, a DNA bindirmgnéin of
the helix-turn-helix type and @ recognition domain. They bind to DNA when phospfeted at
a specific site in their receiver domain (see secfi.7.2). Activators of this type interact with
DNA andc>* at the same time to introduce a bend in DNA, wtiely forming an open promoter

complex as a prerequisite for transcription (Carawiral. 1997).

1.9 Transport of nitrogenous compounds in bacteria
As already mentioned, nitrogenous compounds arengak precursors for the synthesis of many
cellular macromolecules. Microorganisms can adaphé changing availability of nitrogen in the

biosphere by expressing a number of different ugptjlstems.

1.9.1 Ammonium transport

Ammonium transport in prokaryotes is controlled &y ubiquitous family of proteins of the
ammonium transport family AMT (Thomas al. 2000). The Amt system in enteric bacteria is
regulated by global nitrogen regulatory (NtrB/Nti@)p-component system (Jayakunetial. 1986
and Arcondegut al. 2001). Theamt gene ofE. coli is transcriptionally linked to a second gene
gInK, which encodes a signal transduction protein mgtanto the R family. When external Nid

is limiting, Amt facilitates the transport of ammom into the cell, where it is converted to
glutamine by glutamine synthetase. When the inti@dee GIn pool is replenished, the GInK
protein is deuridylated and binds to Amt whichfum, inhibits ammonium transport (Williams &
Miller 2001).

1.9.2 Nitrate transport

Many bacteria reduce nitrate to nitrite which i®seuently converted to ammonia. Transport of
nitrate is facilitated by two different meansngrK family transporters and ii) ABC transporters
(Moir & Wood 2001). Nitrate uptake and utilizatiame mainly controlled by a,Rike protein that
modulates the global nitrogen control systermBSmutants ofB. subtilis andR. leguminosarum
failed to utilize nitrate as sole source of nitroga finding emphasizing the essential role of this
system in nitrate utilization and uptake (Anehal. 1994).
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1.9.3 Amino acid transporters

Most amino acids are transported by ABC transpsyrterhich are widely distributed in all
prokaryotic and eukaryotic organisms. The spetyfiaf these transporters with respect to the
solute may be broad or very narrow. On the basseglience homology, amino acid transporters
of the ABC type can be categorized as follows: &n€ral amino acid transporters, ii) Branched
chain amino acid transporters, iii) Basic aminadcansporters, iv) acidic amino acid transporters.
Other systems for amino acid transportation, egfigcGlu and Asp also occurs by secondary
transporters known as Naf H" dependent symporters. This kind of symporters msebrane
potential or pH gradient, acts as driving force @&lu/Asp uptake. The anionic Glu transport is
electrogenic, which at least involves co-transpbitivo protons or equivalents (de Vejal. 1989
and Tolneret al. 1995a). ABC transporters are more active and camfooamino acid uptake in

bacteria.

1.10 ABC transporters
ATP Binding Cassette (ABC) transporters couple ATP hydrolysish uptake of solutes across
the membrane. In Gram-negative bacteria, ABC trarieps are made up of four-five different
domains or subunits; the extra-cytoplasmic solumelibg protein (SBP) binds the solute
specifically, membrane spanning domains (MSDs)¢tion as channels for solute transport, while
cytoplasmic nucleotide-binding domains (NBDs) iatdr with the cytoplasmic surface of the
MSDs to supply energy by ATP hydrolysis (Fig. 119 Gram-negative organisms all the domains
are separate and interact together but in Grantip@sirganisms, the solute binding domain is not
separate and coupled with transmembrane domain€. thdhsporters constitute one of the largest
superfamilies of proteins and are widely distrilbuteer archaea, bacteria and eukaryotic cells. So,
for instance, there are 47 ABC transporters in msmand 69 irE. coli. ABC transporters are
predominantly involved in the uptake of sugars,ramacids, metals, ions, and many other solutes.
They also participate in exporting bacterial toxamsl several harmful metabolites and antibiotics
from cytoplasmic pool, thus providing antibioticsigtance to organism (Davidson & Chen 2004).
The ABC family is currently subdivided into 22 sabfilies of prokaryotic importers, 24
subfamilies of prokaryotic exporters and 10 subf@siof eukaryotic transporters (Quentin &
Fichant 2000). A detailed classification is avaiain the ABC transporter data base (http://www-
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biology.ucsd.edu/~msaier/transphrtfhe grouping of ABC transporters is largely whem the
phylogenecity, substrate specificity, their funoab assignment and evolutionary criteria (Saier
2000). Although sequence similarity between diffieéfamilies of MSDs is usually 25-30% or less,
the existence ohighly conserved residues in these domains indc#éii@at they use similar

mechanisms for coupling of transport to ATP hydsidy
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Figure 1.9 Scheme of a typical prokaryotic ABC transporter magb from a substrate-binding protein
(SBP), two membrane-spanning domain (MSDs) andrtudeotide-binding domains (NBDs). This type
of ABC transporters are commonly found in Gram-tiegabacteria.

1.10.1Structure of ABC transporters

Solute binding proteins (SBP) associated with AB&nhs$porters exhibit three types of folding

pattern all of them consisting of two lobes witle tholute binding site positioned between them.

Class | and Il binding proteins include glucose,ltos® and galactose binding proteins. Upon

ligand binding they undergo conformational change®lving the bending of a hinge that joins

both lobes which promotes the closing of the ladesind the ligand (Quiocho & Ledvina 1996).
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The conformational changes and bending of lobd#estly correlated with substrate specificity as
substrate analogues that cannot induce cleft adomsig not transported (Ledvisgal. 1998). Class
lIl binding proteins include iron-siderophore bindiproteins and vitamineBreceptors. These
proteins have a relatively rigid hinge and do nodergo substrate-induced conformational changes
(Clarkeet al. 2000).

Well-characterized permeases areMi&®s HisQ and HisM of histidine ABC trans-
porters fromS. typhimurium and E. coli (Baichwalet al. 1992 and Liuet al., 1997). The N-
terminal part of the permeases interacts with thestsates and contains some conserved residues
which are used to classify the ABC transportersv(@son & Chen 2004). The nucleotide-binding
domains also contain highly conserved sequences, asi the Walker A and B motifs, a LSGGQ
motif, and the so-called Q loop. These motifs aesent in nearly all NBDs suggesting that they
use a common functional mechanism (Rameteal. 2003). The proper function of transporters
depends on the interaction of the solute-bindingtgn with the MSDsIn vitro studies with a
reconstituted HisQM complex showed that ATP hyds@yy the nucleotide-binding domain HisP
requires both HisJ and HisQM (Liu & Ames 1998).

1.10.2 Mechanism of transport

In Gram-negative organisms small solutes can dfftlteough the outer membrane via porin
proteins while larger molecules like vitamin,Band iron-siderophore complexes need active
transport. The periplasmic solute-binding proteas Hhwo roles in transport as judged by the
properties of SBP knock-out mutants. Binding proteiutants of thés. coli maltose transporter
were still able to transport maltose, although vgthatly increased K(100-200uM as compared
to 1-2uM in the wild type (Treptow & Shuman 1985 and Merit al. 1995). This suggests that
the binding proteins are responsible for high-raif§i transport which is the characteristic of this
kind of transporters. Secondly, the solute bingingtein activates ATP hydrolysis by transmitting
a signal through the transmembrane permease sabamit thus triggers transport (Davidson &
Chen 2004 and Merinet al. 1995).
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Figure 1.10: Model for maltose transport by the maltose ABC s$paorter(a) The loaded maltose-binding
protein (MBP) in its closed conformation interactsth the permease, simultaneously inducing ATP
hydrolysis and starting transpofb) Presumed transition state of ATP hydrolysis. TH&8RMs still tightly
bound with the permease but in an open conformat@rAfter ATP hydrolysis the solute is translocated
and the transporter returns to its original confation. The MBP activates the ATPase activity byging
the two NBDs in close proximity, so that a completeleotide binding site at the dimer interface ftam
(according to Chest al. 2001).

1.10.3 Amino acid ABC transporters in pseudomonads

Pseudomonads genome encodes many ABC transpoftesfunctional assignment of most of
them is still based on sequence similarity alombe Pseudomonas putida KT2440 genome codes
for 117 ABC transporters which is 32.1% fractiontafal transporters, in contrast coli encodes
only 74 ABC transporters, accounts for 20% total ansporters
(http://lwww.membranetransport.org/). According teit functional roles they can be divided into
5 groups i) amino acids, peptide and amine trariepmrii) anion transporters, iii) cation and iron
transporters, iv) carbohydrate, alcohol and orgawid transporters, v) putative ABC transporters
with unknown function. InP. putida 20 different systems are assigned as amino aciC AB
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transporters, some of them with specificity for teyse, proline/glycine betain, branched-chain
amino acids, basic amino acids and aromatic antiasaHowever, most of them are putative and
general amino acid transporters without definectifipey.

1.11 Aims and objectives of this study

The major aims of this study were-

* A better understanding of the control of acidic monacid metabolism iR. putida KT2440
at the genetic and biochemical level.

» Characterization of the functional role of the A&ufvo-component system.
* Functional characterization of the acidic aminaa®BC transporter AatIMQP.

» Structural and functional studies of the Glu/Aspdang protein AatJ.
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2. Materials
2.1 Microorganisms and plasmids
Stock of microorganisms were prepared in steril4flycerol. Routinely used stocks were stored

at -20°C whereas, longer used stocks were storé&8D&€.

Strain or Genotype/origin/ sequence Reference
plasmid

P. putida strains

KT2440 mt-2, hsdR1 (f m") (Bagdasariaet al. 1982)
KTaauR aauR derivative of KT2440 (Sonawane A., 2003c)
KTaauS aauS derivative of KT2440 (Sonawane A., 2003c)
KTaatP aatP" derivative of KT2440 This work
KTaatJ aatJ derivative of KT2440 This work

E. coli strains

Topl10 F, mcrA, A(mrr-hsdRMS-mcrBC), (Invitrogen)
®80lacZAM15, AlacX74, deoR, recAl,
araD139,A(ara-leu)7687,galU, galK, rpsL,

endAl, nupG
BL21 F, ompT, hsdS (" mg"), gal, dcm (Amersham biosciences)
HB101 supE44,hsdS20 (" mg’), recAl3, ara-14, (Amersham Biosciences)
proA21,acY1, galK2, rpsL20
Plasmids
puUC19 Cloning vectoramp'
pK18 Cloning vectorkan (Pridmore, 1987)
pTrcHisA Expression vector, pBR32#i, lacl9, ptrc, lacO, (Invitrogen)
amp’
pPpFLAG-ATS Expression vectoompA, ptac, lacl, amp' (Sigma)

2.2 Antibiotics

Antibiotics were prepared as stock solutions, fitteerilized and stored at -ZD.

Antibiotics Stock (mg/ml) Final concentration @g/ml)
Ampicillin 100 100
Kanamycin 40 40
Tetracycline 10 25
Chloramphenicol 100 50
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2.3 Oligonucleotide Primers
Oligonucleotide primers were synthesized commdyciay MWG BioTech, Ebersberg, Germany.

The sequencing of vectors were also performed by®/BibTech.

2.3.1 Primers used for protein over-expression

Primer names Sequence Restriction site
aauRFor 5'-CGCggatccATGAACCAAGCGCCTCTTAC-3' BamHI
aauRRev 5-CCGgaattcTCAGGCGAGGCCGTATTTTTTC-3' EcoRl
aauSFor 5-CGCggatccATGCGGCGCAAAGTGATCG-3' BamHlI
aauSRev 5'-CCGgaattcTCATGGATGCTCTGCCGATTCG-3' EcoRl
aatJFor 5'-CGCaagcttGAGGAGCTCACCGGCACCCT-3' Hindlll
aatJRev 5'-CCCgaattcTCAGGACTTCTTCTCGTCCGCAG- EcoRl
3

2.3.2 Primers used for Knockout of P. putida KT2440 genes

Primer names Sequence Restriction site
PP1068_For 5-CGCggatccTCGGGCASTCCACCCT-3' BamHlI
PP1068_Rev 5'-CCCaagcttTACACGGTCGAGCAGCGCCA-3' Hind
PP1071_For 5'-CGCggatccTCGCATGABTCCAGCTGGC-3' BamHI
PP1071_Rev 5-CCCaagcttGTCAACACGTTCTTGCCGGCC-3' dHin
pK18_ For 5-CAATTTCACACAGGAAACAGCTATGACC-3' -
PP1068_361 5-CTTGGTGGCTTCCGCCTCGCT-3' -
PP1071_414 5-GTCTTTGTATGCCGGCTGACCGT-3' -

2.3.3 Primers used for amplification of promoters
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Primer names

Sequence Restriction site

PromFor_PP1071 5'-CCCggatccCGCATCGAGCCTTTCCGGTTGESC BamHI
PromRev_PP10715-CCCaggcttCTCCGGGGTTCGCCAGGCCGAAT-3' Hindlll

PromRev_117
PromRev_136
PromRev_157
PromRev_202
PromFor_2453
PromRev_2453

5'-GCTCGTTCGGTTATCCGAACGCATGGGC-3 -
5'-CGCATGGGCTGCCAACCTATCCCGG-3 -
5'-CCGGTATCGCTTGCGGTAACTATGCAGTGC-3' -
5'-ACGTAGTGAGCTTTGCTCTTTGCCTGGAGAG-3' -
5'-ACCAACTATGTTAACAGGACCGTTGTTTG-3' -
5'-CGACAATGTGTGATGTTGCACCGA-3 -

2.3.4 Primers used for site directed mutagenesis @fatJ

Primer names

Sequence

R71A For
R71A_Rev

S86A For
S86A_Rev
T87A_For
T87A_Rev
T88A_For

T88A_ Rev
R93A_For
R93A_Rev
R174A_For
R174A_Rev
S86A/T87A_For
S86A/T87A_Rev
T87A/T88A_For
T87A/T88A_Rev

5'-GGTCACCTCGCAAACGCTATTCCGCTGGTGCAG -3
5'-CTGCACCAGCGGAATECGGTTTGCGAGGTGACC -3
5'-ACCTGGAGTGTGGGCCACCACCAACAAC -3'
S-GTTGTTGGTGGTGGBGECCACACTCCAGGT -3'
5'-CTGGAGTGTGGCTCGCCACCAACAACGTC -3
5'-GACGTTGTTGGTGGGGAGCCACACTCCAG -3
5'-GAGTGTGGCTCCACGCCAACAACGTCGAG -3
5'-CTCGACGTTGTTGGGGTGGAGCCACACTC -3
5'-ACCAACAACGTCGAGCCCAGCAACAGGTTGGCTTC -3
5'-GAAGCCAACCTGTTGCTGGCCTCGACGTTGTTGGT -3'
5'-GCTCGAAAGCGGGCCGCCGTGGCCTT -3
5'-GAAGGCCACGGCGCGCCGCTTTCGAGC -3
5'-ACCTGGAGTGTGGGCCGCCACCAACAACGTC -3
5-GACGTTGTTGGTGGEGEGCGCCACACTCCAGGT -3
5'-TGGAGTGTGGCTCGCCGCCAACAACGTCGAG -3
5'-CTCGACGTTGTTGGGGCGGAGCCACACTCCA -3
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2.4 DNA and protein ladders

Name Company name
MassRulel"" DNA (ladder low range) Fermentas SM0388, St.Leon-R
MassRulel™ DNA (ladder high range) Fermentas SM0393, St.Leon-Rot

GeneRule!™ DNA (100 bp ladder)
O’GeneRule™ DNA (100 bp ladder)
PageRule?™ (protein ladder)

Roti-Mark 10-150 (SDS-PAGE mearker)

Dalton Mark VII

Fermentas SM0241, St.Leon-Rot
Fermentas SM1148, St.Leon-Rot
Fermentas SM0661, St.Leon-Rot

Roth Life scie850.1, Karlsruhe
Sigma (SDS7), Steinheim

2.5 Enzymes

Enzyme name

Company name

Taqg-Polymerase
PfuTurbo-Polymerase
Restriction enzymes

Alkaline phosphatase (CIP)
T4-DNA ligase

T4- Polynuceotide kinase (PNK)
DNase |

Dpnl

Enterokinase Tag-off

Fermentas, St.Leon-Rot
Stratagene Heidelburg
Roche Boehringer, Mannheim
Fermentas St.Leon-Rot
Fermentas St.Leon-Rot
Stratagene Heidglbur
Fermentas, St.Leon-Rot
Fermentas, St.Leon-Rot
Novagen, Darmstadt

2.6 Radioactive labeled chemicals

Chemical name

Company name

[y-P¥] ATP
[**C(U)] L-Aspartic acid
[**C(U)] L-Glutamic acid

Hartmann Analytic, Braunschweig
Hartmann Analytic, Braunschge
Hartmann Analytic, Braunschge
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2.7 Kits

Kit name

Company name

Bacterial genomic DNA isolation kit

Sigma, SteinneiGermany

Bichniconinic acid protein estimation (BCA) kitPierce, Rockford, IL, USA

Plasmid isolation Mini Genelut¥
QIAquick PCR purification kit
QIAquick Gel Extraction kit
Tag-off ™ Enterokinase kit
Gel-shift assay kit

Sigma, Steinheim, Germany

Qiagen GmbH, HildeGermany
Qiagen GmbH, Hilden, @&®&ny
Novagen, Darmstadt, Germany
Molecular Probes, Leiden, Nddrels

2.8 Chemicals

Chemical name

Company name

Acrylamide, Bis acrylamide (30:0.8)
Acrylamide, Bis acrylamide (19:1)
Agarose

Agar

Amino acids (Analytical grade)
Ammoniumpersulfate

ATP (Adenosine 5' triphosphate)
ADP (Adenosine 5' diphosphate)
a-ketoglutarate

Bromophenol Blue
[3-Mercaptoethanol

Bovine serum albumin (BSA)
Coomassie Brillant blue
Dithiothreitol (DTT)

Ethedium bromide

EDTA

D (+) Glucose

Glycerol

Glycine

Imidazole

HEPES

L-AHA (L-aspartic acid 3-hydroxymate)

Roth, Karlsruhe
Roth, Karlsruhe
Sigma, Steinheim
Fluka, Buchs
Sigma, Fluka and ther
Merck, Dermstadt
Sigma-Aldrich, Steiim
Sigma-Aldrich, Steim
Sigma, St Louis MO
Sigma-Aldrich, Steinheim
Merck, Dermstadt
Roth, Karlsruhe
Serva, Heidelburg
Roth, Karlsruhe
Roth, Karlsruhe
Sigma-Aldrich, Steinheim
Merck, Dermstadt
Sigma-Aldrich, Seelze
Sigma-Aldrich, Seelze
Fluka, Buchs
Fluka, Buchs
Sigma, St ioMO
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Chemical name

Company name

Luria-Broth

N,N,N",N -Tetramethylendiamine (TEMED)
NADH (B-nicotinamide adenine dinucleotide)
O-phthalaldehyde

Piperazine

Phosphoenol pyruvate (PEP)
Q-Sepharosé Fast flow

Sephacryl S-100

Saturated phenol

Sodium dodecylsulphate

Serva Blue G

Salmon sperm DNA

Sucrose

Tris-base

Urea

Xylene cyanol FF

Invitrogen
Roth, Katke
Fluka
Serva, Heidelburg
Fluka, Buchs
Sigma, St Louis MO
GE Healthcare Biosciences, Uppsala
GE Healthcare Biosciences, Uppsala
Roth, Karlsruhe
Merck, Dermstadt
Serva, Heidelburg
Sigma-Aldrich, Buchs
Roth, Karlsruhe
Roth, Karlsruhe
Roth, Karlsruhe
Sigma-Aldrich, Steinheim

2.9 Instruments

Apparatus Model

Manufacturer

Autoclave 2540ELV, 5075ELV
Analytical Balance R160P

Agarose gel
electrophoresis B2

Columns Glass columns (manual

packing)
His-Trap™ FF

Monod (anion exchange)
SuperdeX” 200 (Gel filtration)

Microspin™ PSR-300

LichroSpher® 60RP Select B

Centrifuges

Minifuge RF

Easy cast’ models B1A and

Biofuge pico, Biofuge fresco

Tuttnauer Systec, Wedbeng
Sartorius Research, France

Owl Scientific inc, Portsmouth, NH

Pharmacia Biotech, Uppsala, Sweden

GE healthcare, Uppsala, Sweden
Pharmacia Biotech, Uppsala, Swede
Pharmacia Biotech, Uppsalae8en
GE healthcare, Uppsala, Sweden
Phenomenex, USA

Heraeuan&l, Germany

Heraeus Sepatech, Hanau, Germany
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Apparatus Model Manufacturer
J2-21 Beckman, USA
CD-polarimeter J-810 JASCO, UK
DNA Sequencing Unit Sequi-Gen® Bio-Rad, Hercules, USA
Electroporator 2510 Eppendorf, Hamburg, Germany

Freezers

FPLC

Fraction collector
Gel documentation
Heating block
HPLC

Incubator
Incubator shaker

Laminar hood
Microplate reader
Micropipettes

Phosphor Imager

Phosphor Screens
Peristaltic pump
PAGE units

pH meter

Power supplies

-20, -80 (Environ ScH

AKTA prime
Waters 650 SE

LKB Frac-100

P91W, P91E
Thermostat 5320
D-7500

Bacterial growth incubator
CH4103

HERA safe

EIB08

0.5-@l, 1-10pl, 20-20Qul, 100-

1000pl
STORMwith ImageQuarit
Image analysis software

20x25 cm and 35x43 cm
(Kodak)
P1

Mini gels and large gels

340

S200 and EPS 3501 XL, E865

Leibherr, Comfort Forma

Amersham Biosciences, Sweden
Waters Milford, USA

Pharmacia BioteStveden
Mitsubishi, Japan
Eppendorf, Hamburg

Hitachi, Japan

Heraeus, Hanau, Germany
Infors, Bottmingen, Germany

Heraeus, Hanau, germany
Biotech instrument inc. USA
Gilson, France

Molecular DynamicsSunnyvale, CA,
USA

Amersham Biosciences, Sweden

Pharmacia Fine Chemicals, Swede
Bio-Rad, HeesulUSA

Mettler Toledo, Giessen

Bio-Ra4,lConsort Sigma
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2.10 Other disposable materials

Apparatus Manufacturer

Membrane filter (0.21M) Schleicher & Schull, Dassel
Membrane filter (0.4pM) Schleicher & Schull, Dassel
Millex®-GS (0.22uM) Mililipore, Bedford, USA
Microplates (96 well) Greiner GmbH, Frickenhausen
DispoEquilibrium DIALYZER Havard Apparatus, MA, USA

2.11 Computer programs and internet links

Programs Links/company

Clustal W multiple alignment  http://www.ebi.ac.uk/dls/clustalw/

NOMAD alignment http://www.expasy.org/tools/nomadah

BLAST http://www.expasy.org/tools/blast/

Protein secondary structure http://npsa-pbil.ibcp.fr/cgi-

prediction tool bin/npsa_automat.pl?page=npsa_gor4.html

Protein modeling server http://swissmodel.expagy.o

EasyPred3D modeling server http://www.fundp.asdienhces/biologie/urbm/bioinfo/esypred/
Aligner, complementer, http://www.justbio.com/aligner/index.php

Oligocalculator
Pseudomonas spp. Genome  http://cmr.tigr.org/tigr-scripts/ CMR/CmrHomePage.cg
database

Promoter prediction tool http://www.softberry.com
(BPROM)
RCSB protein data bank http://www.pdb.org/pdb/stdb?p=search/index.html

QuickChange primer design http://lwww.stratagene/sdmdesigner/default.aspx
PromScan Promoter scanning http://www.promscamuklnet/RpoN/data.html

Fasta-Genome similarity http://www.ebi.ac.uk/fasta33/genomes.htmi
search

PyMol Viewer DeLano Scientific LLC, California USA

DS visualizer 1.7 Accelrys Cambridge, UK

HyperChem Hypercube, Inc.

Sigmaplot 8.0 Jandel Scientific

ProCite 5.0.3 Thomson ISI ResearchSof, Berkeldy,(TSA
Windows XP Microsoft

Microsoft Office 2003 Microsoft
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3. Methods

3.1 Safety

All bacterial inoculations and cultures were pernied in safety hood under complete sterilized
conditions. Media and solutions required for baateperations were autoclaved or filter sterilized
before use. Bacterial waste was decontaminatedubyclaving for 30 min at 121°C. Ethidium
bromide containing waste was stored in specialaioats labeled (carcinogenic) and processed
properly before disposed off. Radioactive chemicatse used only under S1 security lab by
monitoring dose exposure and waste disposal inlddbeontainers. Harmful chemicals were
restrictedly used in fume hood. Safety gloves, sgasand apron were used in harmful and

sterilized conditions.

3.2 Bacterial culture

3.2.1Cultivation

Pseudomonas putida KT2440 and their mutants were grown in LB brothbg BRL) or M9
minimal medium (Sambrooé&t al, 1989) or LB agar plates at 30°Escherichia coli strains were
grown on LB broth or LB agar at 37°C. The antilmetampicillin (100ug/ml), Kannamycin (40
ug/ml), carbenicilline (10@ug/ml) were used for mutant selection and growtplasmid harboring
mutant strains. To examine the growth and transpodifferent amino acids . putida, cells
were first grown on M9 medium supplemented with 20 mM ammonium chloridendrogen
source and 22 mM glucose as carbon source for 4,5cbHected by centrifugation at 4500 rpm,
washed two times with M9 salt solution and thelfiscevere resuspended into M9 medium
containing; i) 5 mM amino acids as sole sourceasbon and nitrogen or ii) 5 mM amino acid as
nitrogen source and 22 mM glucose as carbon souwBeeterial growth was monitored by
measuring the optical density of culture at 595atmegular time interval.

3.2.2 Storage

A loop-full of culture was streaked on LB plate andubated overnight at required temperature.
These plates were stored at 4°C for 3 weeks farl@egise. For longer storage, a single colony
from streaked bacterial petri-dish was inoculatéith &% ml LB medium and grown overnight. This
culture was mixed with 40% glycerol (v/v) in (1:83tio and stored at -80°C. The culture was

revived normally by inoculating 104 frozen culture into 5 ml growth medium.
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3.3 Preparation and transformation of competent cells

3.3.1 Preparation of E. coli competent cells

A single colony ofE. coli cells was grown in 5 ml LB medium overnight at G&Rith 200 rpm
shaking. 0.5 ml of this culture was re-inoculateithws0 ml fresh LB medium and grown until
ODsgs reached up to 0.5-0.6. The cells were transferoestdrile 50 ml polypropylene tube and
recovered by centrifugation at 4000 rpm for 10 rain4°C. The medium was decanted off and
traces of medium was drained out by inverting tii@es on sterile paper towel for 1 min. Pellet
were resuspended in 20 ml of ice-cold GgGl1 M) by gentle vortexing and incubated at 4°C fo
96 min. The cells were harvested at 4000 rpm fomif®at 4°C and resuspended in 5 ml of 0.1 M
cold CaC}. These cells were directly used for transformatiostored at -80°C by addition of 1 ml

87% glycerol and dispensed as l0@aliquots.

3.3.2 Transformation of E. coli competent host cells

Frozen competent cells were thawed quickly andest@t 4°C just before transformation. dl0
ligated mixture or 25 ng vector was directly added 00ul competent cells and incubated in ice
for 30 min. Heat shock was given for 1 min at 42%@ chilled in ice for 5 min. 400 LB medium
(without antibiotics) was added to transformed <@lhd incubated at 37°C for 1 hr at 150 rpm
shaking. The transformed cells were plated out Bragar plates containing appropriate antibiotics
and incubated at 37°C.

3.3.3 Preparation of electro-competent. putida KT2440 cells

A single colony from fresh plate &f. putida KT2440 was grown overnight in 5 ml LB medium at
30°C with 200 rpm shaking. 0.5 ml culture of ovghtigrown cells was re-inoculated in 50 ml LB
medium and grown until the QR reached to 0.5-0.6. The cells were stored on ic8®min and
transferred to 50 ml sterile polypropylene tubemrvhsted at 4000 rpm for 10 min at 4°C. Cell
pellets were washed two times with ice-cold 10%)(\glycerol and finally resuspended in 5 ml

ice-cold 10% glycerol. The. putida electro-competent cells were made fresh before use

3.3.4 Electroporation of competentP. putida KT2440 cells
The vector DNA (200 to 400 ng) was added to freghgpared 10Ql electro-competent cells in

1.5 ml eppendorf tube and stored on ice for 5 milme DNA/cell mixture was loaded on chilled
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electroporation cuvette (2 mm), without introduceugy air bubble and tapped to insure that cells
sit at the bottom. Moisture from outside of cugettas dried by paper towel and placed in cuvette
holder. A pulse of electricity at 2500 volt wasideted to the cells for 5 milli second and followed
by immediate addition of 40@ LB medium to the cuvette. Electroporated cellseveansferred to
1.5 ml polypropylene tube and grown at 30°C forr3The transformed cells were plated out on

LB agar plates containing appropriate antibiotid arcubated at 30°C.

3.4 Growth of P. putida KT2440 and mutants

3.4.1 Amino acids utilization study

Cells were first grown on M9medium supplemented with 20 mM ammonium chlorigi@irogen
source and 22 mM glucose as carbon source fordg,ballected by centrifugation at 4500 rpm, 10
min at 4°C and washed two times with M9 salt soiuithen the cells were resuspended into M9
medium containing i) 5 mM amino acids as sole sewifccarbon and nitrogen or ii) 5 mM amino
acid as nitrogen source and 22 mM glucose as catwarce. 1 ml culture was taken out at specific
time interval and centrifuged to collect the cellee supernatant and cells were stored at -80°C for

amino acid quantification by HPLC analysis.

3.4.2Amino acids uptake assay
The rate of Glu and Asp uptake were measured bgkduter assay method (Hoset al. 2001).
Single colonies from LB agar plates Bf putida KT2440, KTaat) and KTaatP were grown
overnight in 500 ml M9 medium supplemented withr@® NH,CI, 22 mM glucose and 4@gy/ml
kannamycin in mutants. Cells were harvested at 4p00for 10 min at 4°C and washed two times
with M9 salt solution, resuspended in 50 ml M9 salution and stored at@ (storage time should
not exceed than 2 hrs). The cells were starve®@minutes at 3C by gentle agitation at 150
rpm. The assay was initiated by addition ofil@ (200 mci/mMol), *C labeled L-glutamate and L-
aspartate (Hartmann Analytic GmbH, Germany) to pDOulture, 100ul aliquots were taken out
from culture at specific time intervals and added®O0ul stop solution containing M9 salt solution
with 50 mM same unlabelled amino adid.competition experiments unlabelled amino aciésewn
added before 2 minutes of labeled amino acid amditiThe cultures were filtered through
nitrocellulose membrane (0.4fn pore size), washed two times with 50&top solution and dried
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at room temperature for 12 hrs, immersed in 6 nmtdlation cocktail and were counted on
Beckman Coulté! LS6500 (USA) scintillation counter.

3.5 Survival of cells in amino acids

For survival studies of. putida and their mutants in amino acids; cells were growarnight in
M9" medium, washed with M9 salt solution and resuspdnid M9 medium containing amino
acids as sole source of carbon and nitrogen. Ty count of cells was determined by serial
dilution technique until 3-4 weeks. The protocolinef, 100ul culture was diluted serially up to
10° to 10 then, 10Qul of this culture was plated out in LB agar platetly or without antibiotics).
These experiments were done in triplicate. Theeplatere incubated at 30°C for 24 hrs for growth

and colonies were counted manually.

3.6 Enzyme assays
Bacterial cell pellet were suspended in respeaiveyme assay buffer and sonicated (4 x 15 sec)
for cell lysis in ice bath. The lysates were cdaged at 14000 rpm for 10 min at 4°C and clear

supernatant were used for enzymatic estimations.

3.6.1Glutaminase/asparaginase assay
Asparaginase activity was measured by L-asparttt @bydroxamate (L-AHA) based assay. This
assay relies on the reaction of hydroxylamine abedt from L-AHA with 8-hydroxyquinoline at
high pH. The resulting green oxindol dye has arogii®n coefficient of about 1.75 x M cm™
at 705 nm, which can be detected with high serifsitiv

One unit of asparaginase activity is the amourdrafyme that catalyses the hydrolysis of 1
umol substrate in 1 min at 25°C. gDenzyme solution was added to 30of buffered 1 mM L-
AHA and incubated for 60 min at room temperaturee Teaction was stopped by addition of 240

ul of stop solution. The absorption was measuregb&tnm in a microplate-reader.
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HO OH
NH—OH
OM + H)0O —» o/)\(\“/OH + HyN—OH
HoN - © o
NH»>
L-Aspartate R-hydroxymate (L-AHA) L-Aspartate Hydroxylamine
OH
N
X
HO
N =
X O orNalOy4
+ HyNOH > OH
=
8-Hydroxyquinolene
0]
N
Green oxindol dye
Reagents Concentrations
Substrate colution 1 mM AHA in 50 mM MOPS (pH=7.0)
NapCOs 1 M in ddHO
Chromogen 1% (w/v) hydroxyquinoline in DMSO
Oxidant 1% (w/v) NalQin ddH0
Stop solution 8 ml Na2CO3+1 ml chromogen+200
oxidant

3.6.2 Glutamate synthase (GOGAT) assay

Glutamate-synthase activity was measured accorirtge protocol defined by Meister (Meister
1985 and Meerst al. 1970). The activity by this method is measuredhlmnbasis of decrease in
the NADPH absorption. NADPH has an absorption doeffit at 6220 L-métcm™ at 340 nm.

NH, 0 o} o) o) o)
_ ) ) GOGAT .
o o +o0 0 \ > |HO OH
.
O +
NHs NADPH+H™ NADP NH,
L-Glutamine 2-Oxoglutarate L-Glutamate 2
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Reagents Concentrations

L-Glutamine 10 mM dissolved in 100 mM Tris-HCI, pH8
NADPH 0.35 mM in ddHO (Freshly prepared)
a-Ketoglutarate 5 mM in ddH20, neutralize with NaQ@MH1N)

260 ul L-GIn, 10 ul NADPH and 10ul a-Ketoglutarate was added to each well in the mitenot
plate and finally 2Qul enzyme solutions were added to the wells to stertreaction. Blank was
prepared with ddbD instead of enzyme solution. Decrease in abscsbaas recorded at every
3 min at 340 nm in micro-plate reader. One unit GA@idizes 1M NADPH in 1 min under

above defined conditions.

3.6.3 Glutamate dehydrogenase assay

Activity of glutamate dehydrogenase was measurethbyprotocol of (Sonawang al. 2003a).
This is a continuous spectrophotometric assay, doase the consumption of NADPH by the
enzyme which converis-ketoglutarate to L-glutamate in the presence eérmoyme NADPH and

ammonium ions

o 0

o (0]
OM{H\G + NH3 4 NADPH 4H _GPH _ HOWOH + naoP”
© NH2
2-Oxoglutarate L-Glutamate
Reagents Concentrations
Assay buffer 0.1 mM Imidazole, pH=7.3
a-ketoglutarate 0.2 M in ddH20, neutralize with Na(HLN)
Ammonium acetate 13 Min dgB
NADPH 10 mg/ml in ddEO
ADP 0.1 M in ddHO

249 ul assay buffer was added in each well of microepldllowed by addition of 2Qul o-
ketoglutarate, 51 Ammonium acetate, 8l NADPH and 3ul ADP. The reactions were started by
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addition of 20ul enzyme solutions, the decrease in absorptionmeassured at 340 nm for 5 min.
Blank was prepared in the same way but insteachpyree solution water was used. One unit of
GDH oxidizes 1uM of NADPH per min under described conditions.

3.6.4 Glutamine synthetase assay
Activity of enzyme GS was measured by the protafo{Gawronski & Benson 2004). This end
point assay is based on the detection of inorgghasphate released from hydrolysis of ATP by

GS in presence of L-glutamate and ammonium ions.

ﬁ T) NH; 0
+ GIn synthetase /J\/\Hk )
HO OH 4+ NHg 4 ATP > o7 oy + ADP 4 Pi
NH2 NH»>
L-Glutamate Glutamine
Reagents Concentrations
Assay buffer 0.1 M MOPS, pH=7.5, 50 mM Mg(250 mM L-Glutamate, 50 mM

NH,Cl and 10mM ATP (freshly made) final pH adjusted1b.
Phosphate standard 20 mM potassium phosphateidibakiH,O

Solution A 12% (w/v) ascorbic acid in 1 N HCI

Solution B 2% (w/v) ammonium molybdate tetrahydrate in ¢@H

Solution € Mixture 2:1 (solution A + solution B)

Solution D 2% (w/v) sodium citrate tribasic dehydra 2% (v/v) acetic acid in ddB

*Solutions were stable at 4°C for 1 week, #solutiarere mixed freshly just before use and storéden

20 ul enzyme solutions were pipetted in micro-plate #rreaction was started by addition of 50
ul assay buffer at room temperature for 10 min. fideetion was terminated by addition of 190

of solution C. The low pH of solution C, terminatdg reaction. Exactly 5 min later, 150
solution D was added to stop the color developmEm. reaction mix was allowed to equilibrate at
RT for 15 min. The absorbance was measured at 6bbra plate reader. Standard phosphate (O-
20 mM) was also prepared and treated same as samjple blank was made by addition of 20

ddH,O instead of enzyme solution.
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3.6.5Aspartase assay
Aspartase was measured by the protocol defined\bjigms & Lartigue 1969). This enzyme can
hydrolyze L-aspartate into fumarate. The increasebsorbance was measured at 240 nm as

fumarate has extension coefficient 2530 L-flooh™ at 240 nm.

0 o]
HO HO +
NOH Aspartase . NOH + NHg
o] NH, o]
Aspartate Fumarate
Reagents Concentrations
Tris-HCI 150 mM ris-HCI, pH=8.5
MgCl, 60 mM in ddHO
EDTA 3 mM in ddHO (add 0.1N NaOH to dissolve)

Aspartic acid 500 mM

Assay buffer Mix 50 ml Tris-HCI buffer with 5 ml Mg0O,, 5 ml EDTA and 15
ml L-aspartate, ddy© was added to make up to 100 ml.

The assay buffer was equilibrated at 30°C. 1ic€nzyme solutions were added to the g0@ssay
buffer in 1 ml cuvette. The change in OD was reedrdt 240 nm on spectrophotometer (Ultrospec
3000, Amersham Biosciences). Blank was also prepartéh water. One unit aspartase converts 1

uM of L-aspartate to fumarate per minute at 30°C.

3.7 Protein estimation (BCA method)

Total protein in bacterial pellets/purified proteuas estimated by using Bicinchoninic acid assay
kit (Pierce, USA). The standard BSA was also pregpan the same buffer in which, bacterial
pellets lysed or protein solution present. Thishmdtcombines well known reduction of Cuo
Cu’ by protein in an alkaline medium and make tetréatenCU complex. One Clis chelated by

2 molecules of BCA which produces purple colorethptex (BCA-CU) have strong absorbance
at 562 nm. This method is sensitive tiliglof protein.
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Reaction 1:
HO'

. 2
Protein + Cu * Cu+

Reaction 2:

cu+2BCA

BCA-Cu " complex

Reagents Concentrations

Reagent A Sodium carbonate, sodium bicarbonatéintconinic
acid and sodium tartrate in 0.1 M NaOH

Reagent B 4% (w/v) cupric sulfate in dgbi

Working solution 50 part of reagent A + 1 part ehgent B

BSA standard 1 mg/ml (freshly prepared)

The standard BSA was pipetted in micro-plate iplitate along with samples, the volume of each
well was kept equally by addition of buffer or dg 200ul freshly prepared working solution
was added to the micro-plate by multi-channel pgretThe plate was incubated at 37°C for 30
min, cooled at RT for 5 min and absorbance was oredsat 560 nm. Blank was prepared with
ddH,0.

3.8 Amino acid estimation by HPLC

Amino acid (Glu, GIn, Asp and Asn) were measuredibing O-pthalaldehyde (OPA) pre-column
derivatization method as described by (Sumtsii. 2002). The method is based on alkylation of —
SH groups prior to OPA derivatization of amino acidnd separation by reverse phase
chromatography. The derivatized amino acids ultatyatan be detected by fluorescence detector
with excitation at 330 nm and emission at 450 nime HPLC system (Merck-Hitachi, Darmstadt)
consisted of L-7100 pump, AS-2000A auto-samplehifSazdu RF-551 Fluorescence detector, D-
7500 integrator and L-7612 solvent degasser.
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Reagents Concentrations

Sodium borate buffer 0.5 M, pH=10.5

Ethanol 80% (v/v) HPLC grade

OPA reagent (Freshly prepared) 10 mg/ml, in methdmvate buffer (1:9) +
0.01% R3-mercaptoethanol

Buffer A 25 mM sodium acetate, pH 6.8

Buffer B methanol

3.8.1 Pre-column derivatization by OPA

The samples collected as described in section1(3.400 uL supernatant were used to assay
residual amino acid levels, whereas the cell pellete used to measure intracellular amino acid
concentrations. The pellet were suspended in 2080p4 ethanol and incubated at i0Gor 10
min. After centrifugation at 14,000 rpm, 100 pl $d@s were derivatized by addition of P
sodium borate buffer and freshly prepared O-ptHalayde reagent (2al). The samples were
incubated at 2& for 10 min and finally the volume was adjusted. tml with water (these samples

can be stored for 1 week at -20), standard amino acids were treated in the saaye w

3.8.2HPLC analysis
Dilution of each derivatized sample (1:50) were madith mobile phase (95% A + 5% B),
centrifuged briefly and 4@l was injected to equilibrated LichroSphBréORP Select B, reverse

phase analytical column (Bn particle size, 4 mm diameter and 250 mm long).

Time (min) Solvent A (%) Solvent B (%)
0.0 95 5

5.0 95 5

20.0 75 25

25.0 0 100
27.0 0 100
29.0 95 5

32.0 95 5

The temperature of column was maintained 8€4@mino acids were eluted at constant flow rate

of 1.0 ml/min with the gradient as described beiowhe table.
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3.9 Isolation of bacterial DNA

3.9.11Isolation of genomic DNA Sigma (Geneluté' bacterial genomic DNA Kkit)

Genomic DNA fromP. putida cells was isolated by using Geneflttdacterial genomic DNA Kkit.
The cells were grown overnight in 5 ml appropriaedium at 3aC, 1.5 ml culture was transferred
to microfuge tube and cells were collected at 10@00 for 1 min. Pellet were suspended in 80
lysis solution T, 2Qul RNAse A was added, vortexed and stored at R fornin. 20ul proteinase

K was added, mixed and incubated ai®%r 30 min. Subsequently, 2Q0lysis solution C was
added, vortexed and incubated for another 10 m&b&t. Absolute ethanol (200l) was added to
the bacterial lysate, votexed briefly and loadedhi® binding column (prepared according to kit
instructions). Column was centrifuged at 10000 fpml min, washed with 5001 Wash Solution

1 and followed by washing with 50Ql Wash Solution Concentrate. Column was dried by
centrifugation at 12000 rpm for 3 min. Finally 2(@Dsterile ddHO was added to the column and
centrifuged at 10000 rpm for 1 min to elute DNA.

3.9.2Isolation of plasmid DNA Sigma (Genelut&”" miniprep kit)

Plasmid DNA fromE. coli cells was isolated by using genelute miniprepHite cells were grown
overnight in 5 ml LB medium with antibiotics at 7 2 ml culture was transferred to microfuge
tube and cells were collected at 10000 rpm for h.nRellet were suspended in 2Q0
Resuspension Solution containing RNAse A, vortei@dnix and 200ul Lysis Solution was
added. The mixture was mixed by inverting and titeetwas allowed to stand for 5 min to clear
the solution. 35Ql Neutralize Solution (S3) was added, inverted #xes to mix and centrifuged
at 14000 rpm for 10 min. Clear supernatant wasddad column (prepared according to manual
instruction), spinned at 12000 rpm for 1 min amaMlthrough was discarded. The column was
washed with 75Ql wash solution and spinned 2 min to dry. The pidsBNA was eluted with
100 pl ddH,O. The purity and quantification were performedusyng absorbance at,&Aog in

spectrophotometer.

3.9.3 Phenol-chloroform extraction
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Equal volume of Roti-Phenol/chloroform loesung (at/as added in DNA solution and mixed by
vortexing. The mixture was centrifuged for 5 min1&000 rpm. The clear aqueous phase was
transferred to new tube and 1/20 volume of 5 M Na@t added, followed by addition of two
volumes of absolute ethanol. Mixed by vortexing amcubated at € for 10 min. Precipitated
DNA was collected at 14000 rpm for 10 min &€ 4washed with 50 of 70% (v/v) ethanol and
again centrifuged. Pellet were dried in SpeedVatdissolved in desired volume of TE or dgH

3.9.4 DNA quantification and purity estimation

The purity and quantification of DNA were performleg using absorbance estimation ag/and
Ago in spectrophotometer. @l of genomic/plasmid DNA was added to 50-100ddH,O and
loaded on quartz cuvette. The absorbance at 260wam used for calculation of DNA
concentration and the ratio&/A,gowas calculated to judge the purity of DNA samples.

DNA concentrationfg/ml) = (Aseo) X (dilution factor) x (5qug DNA/mI)/(1 ODygp unit)

The ratio of Ag/Argobetween 1.65 to 1.85 corresponds for pure DNA.

3.10DNA analysis

3.10.1Agarose gel electrophoresis (Maniatist al., 1982)

DNA molecules can be separated on the basis of amme charge by using agarose gel
electrophoresis. DNA molecules are negatively cbdrgnd move from cathode to anode in
electric field which is the basis of electrophosestarticular pore size matrix of agarose gel &lus
to separate the DNA molecules according to theae,sas the electrophoretic mobility of DNA
fragments is inversely related to their length. vga gels have a large range of separation, but

relatively low resolving power.

Reagents Concentrations

TAE (50X), per liter 242 g Tris-HCI, acetic acid.2l, 0.5 M EDTA (100 ml), pH=8.0
Agarose solution 0.5t0 2% (w/v) in 1X TAE

Ethidium bromide 10 mg/ml (stock)

Gel loading dye solution 0.25% bromophenol blue + 0.25% (w/v) xylene cydfelin ddHO
(6X) + 30% (v/v)glycerol in ddbD

Electrode buffer 1X TAE
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By varying the concentration of agarose, fragmeft®NA from about 200 to 50,000 bp can be
separated using this technique. Bands of DNA in gl be easily detected by staining with
ethidium bromide which inter-chelate with DNA arnddresces under UV light.

Agarose powder according to requirement was weigmetimixed with 50 ml of 1X TAE
for mini gel and 100 ml 1X TAE for large size g&loiled for a while to dissolve agarose in a
microwave oven, cooled for 10 min and 54ilGethidium bromide solution (10 mg/ml) was added.
Gel solution was poured in casting cassette fixéth ¥0.5-1 mm) comb, allowed for 20 min to
solidify. Electrode buffer was filled in unit acectng to requirement and 30 DNA solution (>50
ng) with 2l loading dye were loaded on wells along with seddknown markers. The gel was
subjected to run at 80V-120V until the front dyaagked before 1 cm of the end and visualized in
UV transilluminator at 365 nm. Photographs wereetaky using Kodak DC-120, CCD camera

and documentation system.

3.10.2DNA extraction from agarose gels, Qiagen (QIAquiclGel extraction kit)

DNA bands stained with ethedium bromide were extisem agarose gel and gel slices were
weighed in 2 ml microfuge tube. Buffer QG (3 timeshe gel weight) was added to the tube and
incubated at 5T for 10 min, in between 2-3 times mixed by vortexiTo increase the yield, one
volume iso-propanol was added and mixed well. Tdma@e was loaded on QIAquick column and
centrifuged for 1 min at 10000 rpm, flow throughsaiscarded. Column was washed with 0.75 ml
Buffer PE and dried for 1 min at 10000 rpm. DNA vedsted by using 501 ddH,O to the column

and centrifugation at 10000 rpm for 1 min.

3.10.3Sequencing (urea:polyacrylamide) gel electrophoresiof DNA
Urea containing polyacrylamide gels are commonkduor manual sequencing of DNA. 8-10%
urea acrylamide gels were used for sequencing <#080bp long DNA in our experiments. Bio-
Rad DNA sequencing gel unit was used for DNA sequmen

21 x 40 cm Glass plates were washed thoroughlygustergent under tap water, ringed by
distilled water for at least 3 times and fitteccassette with 0.4 mm thick spacers. Small glade pla

was siliconised by using (Sigmacoat) solution jostore assembling. 100 ml gel solution was
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prepared and poured according to instructions giwemanual supplied with Sequi-Gen® GT

System of Bio-Rad sequencing unit.

Reagents Concentrations

10X Tris-Borate-EDTA 108 g Tris base, 55 g boric acid, 9.3 g EDTA, pél 8.
(TBE) buffer (1 It)

Polyacrylamide solution 19 % acrylamide, 1 % bigksnide

8% Urea : acrylamide 80 ml polyacrylamide solution, 480 g urea (ultragur
(1) 100 ml of 10X TBE, water up to 1 It (stored 3€%
APS 10% (wiv)

DNA Loading buffer 91,6 % formamide, 17 mM EDTA @D

0.05 % bromophenolblue and 0.05% xylenecyanol

Composition of sequencing gel

Reagents Amount
8% Urea : Polyacrylamide 100 ml
10% APS 750l
TEMED 75ul

After polymerization the gel plates were fittedtire unit and 0.5X TBE was filled over in upper
and lower chambers. The gel was tempered & 5§ pre-run at 2200 volt, 60 W for 30 min. The
samples were loaded and continue to run at 18a6,\&% W until the dye front crossed 2/3 part of
the gel length. The gel was cooled at RT for 30, irensferred to Whatman paper sheet, covered
with Saran wrap and dried under vacuum a€8®r 2 h. The dried gel was exposed to phosphor

screen for 7 days and analyzed by phosphor imager.

3.10.4Preparation of sequencing ladders

Chemical cleavage by base modification approaclkedasn Maxam-Gilbert sequencing method,
was modified by Bencinet al in (1984). This is a rapid method for chemical DN&guencing
which is commonly used as ladder for foot-printirggactions or for sequencing of short DNA
oligonucleotides. Around 200000 cpi labeled DNA probe was taken into 2 tubes alortg Wi

Hg salmon sperm DNA, one tube was labeled as G+deladnd another A+C ladder. In G+A tube
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1 ul formic acid was added and incubated atC37or 30 min followed by addition of 150l
piperidine and stored on ice. In another A+C tuhd &f 30% NaOH was added and incubated at
90°C for 15 min. 15Qul piperidine was added and stored on ice.

Reagents Concentrations

Na/H Formate 1 M formic acid, pH 2 (NaOH used fbr gdjustment)
Piperidine 1:10 (v/v) diluted solution in dd@

NaOH 30% (w/v) in ddBO

Ethanol 70% (v/v) in ddkO

Salmon sperm DNA 1 pg/ul in ddH,0O

SDS 1% (w/v) in ddBEO

The cleavage reaction was carried out by incubdiith tubes at 9G for 30 min. 15Qul of 70%
ethanol was added with Tube A+C. The tubes wetedfiwith 1 ml butanol, vortexed and
centrifuged to collect pellet. Pellet were washegdalldition of 150ul of 1% SDS and 1 ml
butanol, centrifuged for 5 min and dried in speedvaried pellets were suspended ipISDNA

loading buffer. Ladders were stored at @@ not loaded immediately.

3.11 Protein Analysis

3.11.1Native polyacrylamide gel electrophoresis (Native-RGE)

Native PAGE is a widely used method for proteinlgsia in natural state. Proteins are folded into
its 3D structure which can be only maintained unasural conditions. This method is frequently
applied in the analysis of DNA-protein interactigmptein-protein interaction and protein-ligand

interaction studies.

Reagents Concentrations

4X Tris-glycine buffer 100 mM Tris-HCI (pH 8,6) aBd0 mM Glycine
Acrylamide solution 30 % acrylamide, 0.8 % bisaanglde

APS 10% (wi/v)

Running buffer 25 mM Tris-HCI (pH 8,6) and 200 mMyGne

5X Sample buffer 50 mM Tris-HCI (pH 6.8), 0.01% Wvbromophenol

blue, 25% (v/v) glycerol

46



3. Methods

Composition of Native gel (6%)

Reagents Amount (10 ml)
4X Tris-glycine buffer 2.5 ml
Acrylamide solution 2.0ml

Water 5.4 ml

APS 0.1 ml

TEMED 0.008 ml

Glass plates were cleaned by detergent, washeoluloly under tap water and ringed with milli-Q
water. Plates were dried and wiped with ethanokl $&lution was poured in between 2 glass
plates separated by 1 mm spacers and comb wagenhdszfore polymerization. 201 samples
were mixed with ul of sample buffer and loaded in the wells by misyoinge. Gel was run at 20
Volt/cm for 30 min and analyzed accordingly by c@ssie staining or by autoradiography if,

radioactivity is used.

3.11.2 SDS-Polyacrylamide gel electrophoresis

Proteins can be separated on the basis of theis fopsusing denaturing polyacrylamide gel

electrophoresis. Sodium dodecyl sulphate (SDS)amionic detergent that binds with protein

molecules and denature it by disrupting non-coualaeractions. One SDS molecule binds with

every two amino acids therefore; the complex of St the denatured protein carries a large net
negative charge and migrates towards the anode. vElexity of migration of SDS-protein

complexes is inversely proportional to the masthefprotein.

Reagents Concentrations

Acrylamide solution 30 % acrylamide, 0.8 % bisaanylde
Resolving buffer 1.5 M Tris-HCI, pH 8.8

Stacking buffer 0.5 M Tris-HCI, pH 6.8

APS 10% (wi/v)

Loading buffer 0.1 M Tris-HCI (pH 6.8), 2% (w/v) )3 %

mercaptoethanol, 0.01% (w/v) bromophenol
blue, 10% (v/v) glycerol
10 X running buffer 250 mM Tris, 1.9 M glycine, 1@t/v) SDS
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Composition of SDS gel

Reagents 15% Resolving gel solution 4.5% Stacking gel solution
(10 ml) (5 ml)

Acrylamide 4,000ul 650 pl

solution

Resolving buffer 250Ql -

Stacking buffer - 1250l

SDS; 10 % (w/v) 10Qu 50 ul

Water 335Qul 3050ul

APS;10 % (w/v) 5Qu 25ul

TEMED 25ul 10 pl

Resolution gel was prepared and poured in betwagas? plates separated by 1-2 mm spacers.
After polymerization stacking gel was poured abmasolution gel and comb was inserted before
polymerization.

Protein solution was prepared by mixing 1:1 (v/adia of loading buffer 9% for 3 min.
For protein analysis of bacterial cells; 1 ml ctdtpellet was suspended in 200of 50 mM Tris-
HCI buffer, pH 7.6. The resulting suspension wasediwith 50ul loading buffer and incubated at
95C for 3 min. Samples were centrifuged at 14000 rffam 5 min before loading. The
electrophoresis unit was filled with running buffend comb was removed. Equal amount of
samples were then loaded into the wells with a orgyringe. Separation of the proteins was
carried out at the 50 V for 30 min. Once proteingeeed into the separation gel the current was set
at 200 V and allowed to run for additional 45 nfimally, the proteins in the gel were visualized

by staining with Coomassie blue.

3.11.3 Coomassie staining

Reagents Concentrations

Staining solution 45% (v/v) methanol, 10% (v/v) tcacid, 0.1% (w/v)
Coomassie Brilliant Blue

Destaining solution 45% (v/v) methanol, 10% (v/agac acid
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After electrophoresis, the separating gel was inseebin the staining solution for 20 min by gentle
shaking at RT. Gel was de-stained after rinsinghwviater for 1-2 h with destaining solution.
During de-staining the destaining solution was ¢ea@h?2 times. The de-stained gel was dried in

vacuum dryer.

3.12 Polymerase chain reaction
Polymerase chain reaction (PCR) is an effectivéftwaamplifying specific regions of DNA strand
which may be a single gene, just a part of gen@ won-coding sequence. The reaction involves
denaturation of template DNA, annealing of prim&rsts complementary regions and extension
for synthesis of new DNA strand. This reaction ctetely relies on temperature control by using
an automated thermal cycler. Thermo stable DNA melase Tag polymerase) fronThermus
aquaticus is used to increase efficiency of PCR. This enzyme high 5-3" processivity but lack
of 3'-5° exonuclease activity. There are many otierices to use DNA polymerases which have
efficient stability at high temperature and 3 -%Xomeuclease activity (proofreading activity).
PfuTurbo DNA polymerase (Stratagene) can amplify complerogeic targets up to 10 kb and
vector targets up to 19 kb in length with high fige PCR is now days used in many DNA
protocols like gene amplification, mutagenesisgénprinting, automated sequencing and several
diagnostic purposes.

The reaction setup was made in @Ototal reaction volume containing 1Xaq buffer,
dNTP mix for new strand synthesis, forward and rezg@rimers, template DNA, DNA polymerase

enzyme and the volume was maintained up tol%y using PCR grade water.

Reagents Amount

10X DNA polymerase buffer bl

2 mM dNTPs mix Sl

Forward primer 3l (50 pico mole)
Reverse primer I (50 pico mole)
Template DNA 50-200 ng

Taq polymeras@&uTurbo polymerase 1l (2.5U)

PCR water Upto 5Ql
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The denaturation temperature was®%or all DNA samples but the timing was differeas
genomic DNA the very first denaturation time wadeatst 4-5 min but for plasmid DNA it was
only 30 sec. The annealing temperature and GC obofeprimers were matched and calculated
before designing. The annealing temperature inesyglas set at 6 less than primer Tm and
annealing time was normally 30-40 sec. Polymeras®ity of Taq orPfuTurbo is maximum at
72C, so it was extension temperature in all reactioftse time of extension was adjusted
according to length of amplifying DNA as describedDNA polymerase manual. Sometimes

MgCl, concentration was optimized when amplification \pasr.

Cycles Denaturation Annealing Extension
Denaturatuion 3-5 min at 95
Cycles 25-30 1 minat % | 30-40 sec at 45-65 | 30-60 sec at 7€
Last cycle 5-8 min at 7€

Negative control reaction without template DNA walso made. 5-1@l amplified sample was
analyzed by agarose gel electrophoresis. DNA mawkearloaded along with samples to verify the

size of amplified fragment. Gels were stained mddtim bromide to visualize DNA bands.

3.13 DNA digestion with restriction enzymes

Restriction endonucleases are enzymes that cleaxggs-phosphate backbone of double stranded
DNA at specific sequences leaving phosphate grau oend and hydroxyl group on 3" end.
These enzymes can either cut DNA at the same poimbth strands to produce blunt ends or cut
asymmetrically which produces cohesive ends. Oiteofinestriction enzyme can digesjg of A-
DNA in 1 h at 37C. For restriction digestion of vector or cloned Sftagments, reaction mixture
(20 - 50ul volume) containing 0.1 to fig DNA, 20 to 30 U restriction enzyme and 1/10 voduot

10X reaction buffer were incubated at G7for 3-5 h. The restriction enzymes were purchased
from Roche Diagnostics, Germany. Double digestignréstriction enzymes was performed
according to buffer range selection as defined wcHe catalogue for optimum activity of

restriction enzymes. Digested DNA was purified ey @xtraction or direct purification Kits.
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3.14 Dephosphorylation of 5 -phosphate group

Alkaline phosphatase catalyzes removal of 5 -phatgptgroups from DNA and RNA. Calf
intestinal phosphatase (CIP) treated vectors aedete by T4-DNA-ligase enzyme to prevent the
self ligation. One unit of CIP is defined as theoaimt of enzyme that hydrolyzesp M of p-
nitrophenylphosphate or p-nitrophenol in 1 min @C3 dephosphorylation reaction was carried
out in 1X reaction buffer containing Oy to 1ug DNA fragment or digested vector. 2-3 units of
CIP were added and incubated aiG#r 30 min.

3.15 DNA ligation

T4-DNA ligase catalyzes the formation of a phospésigr bond between juxtaposed 5 -phosphate
and 3'-hydroxyl termini in duplex DNA or RNA. Ligah reaction was performed in 1X T4-DNA
ligase buffer containing 50 ng vector DNA and 2@0DNA fragment. 2U of T4-DNA ligase was
added and the reaction mixture was incubated & &% 1 h. Ligase was heat inactivated a5

for 10 min, before transformation of recombinanttee toE. coli cells.

3.16 Gene replacement
Gene targeting by homologous recombination is @gertool that permits modification of cellular
genes in a precise and predominant fashion. Tagg&mockout of genes involves first designing
and construction of an appropriate targeting veatomwhich the gene of interest have been
disrupted with a positive selectable marker. Theosd step involves introduction of targeting
vector into the bacterial culture followed by séil@c of those cells in which internal selectable
marker has become integrated into the genome oétiac

pK18 vector was used for targeted gene knockous isha small (2.6 kb) multi-copy vector
(Pridmore, 1987). The vector contain pUC lagzbmplementation peptide, Kannamycin resistance
gene, pUC18 and pUC19 cloning sites. The plasmdlthair derivatives allow simple and rapid

transfer of inserts from one replicon to another.
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Figure 3.1Map of pK18 plasmidlacZ and Knf genes are represented by arrow showing the direofi
transcription.

3.16.1Replacement of gen@atP

In order to knock out ABC transporter genes PP1@é8°), a 261 bp internal fragment of the gene
(147-408 bp relative to translation start sitenirB. putida KT2440 genomic DNA was amplified
using primers PP1068_For and PP1068 Rev. The aetpfitagment was cloned in pK18 vector
to generate pKl&atP vector, which was electroporated inB putida KT2440 followed by
kannamycin resistant clone selection named agalT mutants. Integration of denaturaatP in
mutants was confirmed by using primer pK18_For ifgte=d for vector region) and another primer
PP1068_361 (designed for geamP), which produced 289 bp fragment.

3.16.2Replacement of gen@atJ

Gene PP1071aétJ) was inactivated by using same strategy a 28uhtiepnal fragment (189 bp to
473 bp) was amplified by using the primers PP106t ard PP1071_Rev. The amplified fragment
was ligated with pK18 vector to produce pkaagl. This vector was electroporated irRoputida
KT2440 cells ultimately the mutants produced weeened as K@at). The vector pK18 is a
suicidal vector hence can not multiply insieputida mutants and integrate to the chromosome of
P. putida KT2440 by means of homologues recombination. hatiign of denatured gene fragment
was verified by using primers, pK18 For and PP1@74, which gave 304 bp amplified fragment.
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3.17 Expression and purification of recombinant proteirs

3.17.1Expression and purification of AauR

The gene encoding AauR (PP1066Pirnputida KT2440 was completely amplified by PCR using
specific primers aauRFor and aauRRev by using PGgram (95C initial denaturation for 4 min,
95C denaturation for 1 min, 82 annealing for 40 sec, T2 extension for 1 min and final
extension at 7Z extension for 8 min until 25 cycles.). The aniplif gene was ligated with
pTrcHis-A expression vector (Invitrogen) to generahe vector pT@auR. The sequenced
recombinant vector was finally transformed ifdocoli BL21. 6XHis-AauR was over expressed

from E. coli BL21 containing pTraauR.

BamH |
Xho l/Ava |
Bgl Il

Pst |

Kpn |
EcoR |
BsiB |
Hind NI

Nhe |

ATG 6xHis XPress™ EK MCS

Epitope

pTrcHis

A,B,C
4.4 kb

Sph1
His B:

Figure 3.2 Plasmid vector pTrcHis, Amip ori pBR322,trc promoter,lacl? 6x His-tag at N-terminal

position (Invitrogen).

Single colony was grown overnight with 20 ml LB Arap37C, added to 1 liter LB Amp medium

and grown at 3T with 200 rpm agitation until OBy reaches 0.8 to 0.9. The expression was

induced by addition of 1 mM IPTG and grown additithy for 6 hrs at 200 rpm in 3. Cells were

harvested at 5000 rpm for 10 min a€4washed with 100 ml cold His-tag protein bindimgfer

(20 mM HEPES, pH 7.5 with 500 mM NaCl and 100 mMdazole) and resuspended with 20 ml
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of the same buffer. The cell pellets were disrdgig sonication for 10 min with 15 s pulse, 15 s
pause at 80 cycles (Bandelin Sonoplus) cooled enfatlowed by centrifugation at 20,000 rpm for
30 min. The supernatant was loaded on equilibratedNTA column (HisTrap“-FF, GE
Healthcare Biosciences) and protein was eluted lvitrar gradient of imidazole (100-500 mM).
AauR fractions were pooled together and purified dsl filtration using Superdex 206
(Amersham Biosciences) analytical column, underesdmffer conditions. The purity was also
judged by 12% SDS-PAGE. Finally protein AauR wesdyded against buffer (50 mM HEPES,
pH 7.5 and 500 mM NacCl), concentrated by centriconcentrator (10kD MWCO, Millipore Inc),
mixed with 10% (v/v) glycerol and stored a€4

3.17.2Expression and purification of AauS

The gene PP1067 &% putida KT2440 was amplified from 1023-1905 bases (retatovtranslation
start site) by omitting trans-membrane domain, §RPusing specific primers aauSFor and
aauSRev by using PCR program (@5nitial denaturation for 4 min, 95 denaturation for 1 min,
60 C annealing for 40 sec, T2extension for 1 min and final extension at2xtension for 8 min
until 25 cycles). The amplified gene was ligatethwaTrcHis-A expression vector (Invitrogen) to
generate the vector pTaauS The sequenced recombinant vector was finally foanged intoE.
coli BL21. 6XHis-AauS was over expressed frdf coli BL21 containing pTraauS. Single
colony was grown overnight with 20 ml LB Amp at @7 added to 1 liter LB Amp medium and
grown at 37C with 200 rpm agitation until OBgy reaches 0.8 to 0.9. The expression was induced
by addition of 1 mM IPTG and grown additionally ®ih at 200 rpm at 3. Cells were harvested
at 5000 rpm for 10 min at @, washed with 100 ml cold His-tag protein bindimgffer (50 mM
Tris-HCI, pH 7.5 with 500 mM NaCl and 70 mM imiddepand resuspended with 20 ml of the
same buffer.

The cell pellets were disrupted by sonication,dwkd by centrifugation at 20,000 rpm for 30
min. The supernatant was loaded on equilibratet ™ column and bound AauS was eluted with
linear gradient of imidazole (100-500 mM). AauS iputwvas also judged by 12% SDS-PAGE.
Finally protein AauS was dialysed against buffed (M Tris-HCI, pH 7.5 containing 500 mM
NaCl) and concentrated by centricon concentratd¥ 1v/v) glycerol was added and stored at -
20C.
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3.18 Site directed mutagenesis

In vitro site-directed mutagenesis is an invaluable tecligsed for carrying out vector
manipulation for studying protein structure-funatioelationships. QuickChange site directed
mutagenesis protocol can be applied in any plasmitor for deletion, insertion of single or
multiple amino acids. This is a simple and foupgpeocedure, which generate mutants with high
efficiency.

The QuikChange site-directed mutagenesis methogerdormed using high fidelity
PfuTurbo® DNA polymerase PfuTurbo DNA polymerase replicates both plasmid strands. The
basic procedure utilizes a supercoiled double-dednDNA (dsDNA) vector with an insert of
interest and two synthetic oligonucleotide primeassntaining the desired mutation. The
oligonucleotide primers, each complementary to sgpatrands of the vector, are extended during
temperature cycling biPfuTurbo DNA polymerase. Incorporation of the oligonucleetigrimers
generates a mutated plasmid. Following temperatyoiing, the product is treated wifbpn |
endonuclease which is specific for methylated agmibmethylated DNA and is used to digest the
parental DNA template at the (target sequence: B6&TC-3"). The nicked parental vector is
digested by bacterial endonucleases leaving intagiated vector. Vector DNA isolated from

almost allE. coli strains is dam methylated and therefore suscepblidgn | digestion.

P i

Gene in plasmid with target Denature plasmid DNA Using the nonstrand-displacing action Methylated parental DNA is

site (V) for mutation and anneal the primer of PfuTurbo DNA polymerase, extend digested by Dpnl, leaving
carrying the desired and incorporate the mutagenic primers  mutated strand intact.
mutation resulting in nicked circular strand

Figure 3.30verview of the QuikChange® site-directed mutagenegchanism.

3.18.1Expression vector construction and Site directed magenesis inaatJ

Mutation of pFLAGaatJ template was performed in 50 PCR reaction mix containing 50 ng

template DNA, 150 ng forward primer and 150 ng regeorimer, 20uM dNTP mix and 2.5U
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PfuTurbo DNA polymerase in 1¥fuTurbo buffer. The PCR reaction was performed asC95
initial denaturation for 30 sec, @ denaturation for 30 sec, ®8annealing for 1 min and
extension for 8 min until 16 cycles. ubDpn | buffer and 10U oDpn | was added to PCR mixture
and incubated at 32 for 1h. The control reaction was prepared in saag by omitting only
PfuTurbo DNA polymerase. The resultant PCR mixture (@pP was used to transforr&. coli

Topl10. Sequenced and verified vectors were finald for expression 8. coli BL21 cell.

3.18.20ver-expression and purification of AatJ and mutatel variants of AatJ

The gene PP1071 (72-918 bp excluding signal seg)dnom P. putida KT2440 genome was
amplified by PCR using primerBP1071_For and PP1071_Rev. The amplified fragmest
ligated with pFLAG-ATS vector to produce pFLA&J recombinant vector. The sequenced

pFLAGaatJ vector was used as template for site directed geutsis

RBS ; ATG ,OmpA ; FLAG MCS STOP
| |

amp’

lacl N-Terminal
pFLAG-MAC
pFLAG-ATS

' pBR322 origin

f1 origin

Figure 3.4 Map of expression vector pFLAG-ATS. It containin &nd pBR322 origin of replication,
AmpR, tac promoterlacl repressor an@mpA signal peptide fronE. coli. The vector is specific for
periplasmic protein expression in gram-negativdadyaclike inE. coli BL21.

The active site residues of glutamate binding pmofeat] were replaced to alanine to probe their

role in substrate binding. Arginine 71, S86, T8838TR93, R174 and double mutation of residues

S86-T87, T87-T88, R71-R174 to alanine were produmedising set of primers as described in
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section 2.3.4 (see materials). The mutated devestiof vector pFLAGat) were finally
transformed intd. coli BL21 cells for expression

E. coli cells with recombinant vectors were grown on érlitB Amp medium at 3T until the
optical density Ags reaches to 0.8 to 1. Expression was induced bytiaddf 1 mM IPTG and
additionally grown for 6 hrs at 3Z. The cells were harvested at 5000 rpm for 15 atidC.
Periplasmic fraction was separated according toopod described by Harms et al, (Hareisal.
1991). In brief the cell pellets were resuspende@00 ml ice cold spheroblast buffer (100 mM
Tris-HCI, pH 7.8 with 0.5 M sucrose and 0.5 mM EDTa#nd incubated for 20 min at@ The
cells were pelleted and resuspended in 20 ml i¢e walliQ water, incubated for 30 minutes at
4'C, followed by centrifugation at 18,000 rpm for 3fin at 4C. Supernatant containing
periplasmic fraction were separated by Q- sephdfoaeion exchanger column (GE Healthcare
Biosciences) equilibrated with 50 mMis-HCI, pH 7.8 and eluted by linear gradient ®GGD mM
of NaCl. The factions containing AatJ were pooled togethed gurified by gel filtration
(Sephacryl-S100) high resolution preparative colui¥x700 mM size) equilibrated with buffer
(50 mM Tris-HCI, pH 7.8 and 100 mM NacCl). Purity pfoteins was also judged by 15% SDS-
PAGE. Pure fractions were pooled and concentratdgucentricon (10,000 MWCO). Protein
estimations were performed by BCA kit (Pierce) atated at 4.

3.19 Electro mobility shift assay (EMSA)

3.19.1Cloning of aatJ and ansB promoters

The upstream promoter region of the gene PP103BLbp8&0o -343 bp relative to transcription start
site) was originally amplified fror®. putida KT2440 genome by using primers PromFor_PP1071
and PromRev_PP1071. The amplified fragment wasedan pUC19 plasmid, sequenced and
transformed tcE. coli Topl0 cells. The vector extracted frafrcoli was digested with EcoRI and
Hindlll. Purification of DNA was performed by agagel electrohporesis and extracted by using
gel extraction kit (Quiagen). The promoter of gansB was amplified by using PromFor_PP2453
and PromRev_PP2453 the resultant fragment wasiquliify agarose gel. The amplification of
different length promoter fragment for promoteratigin experiment ogatJ; the only forward
primer PromFor_PP1071 and reverse primers PromR&y RromRev_136, PromRev_157, and

PromRev_202 (summarized in section 2.3.3) were.UBeel PCR reaction was performed as(95
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initial denaturation for 4 min, 96 denaturation for 1 min, 56 annealing for 40 sec, T2
extension for 40 sec and final extension aC7r 8 min until 35 cycles. The amplified fragnen

were purified by agarose gel.

3.19.2Labelling of 5°-DNA end with 3P

The DNA fragments were labeled witfP. The labeling reaction was carried out in$Qotal
reaction volume containing 1@ of 5X forward reaction buffer, 5 pico moles of BNragment,
25U T4-Polynucleotide kinase (Stratagene) and &f yP*>-ATP (1QuCi/ul, 110 TBg/mmol) the
reaction mixture was incubated at @7for 1 hour. The labeled fragment was purifiednfro
unincorporated/P*>>ATP by using Microspii! PSR-300 column (Amersham Biosciences). The
specific activity was counted by scintillation. egific fragment of about same size was also

labeled by using same protocol.

3.19.3Binding of promoter DNA with AauR

The DNA-AauR binding reaction was carried out asctéed by (Banerjee & Kundu 2003).
Labelled DNA probe (5 fm) was added with 10 to 1@ of AauR in HGMKE buffer (25 mM
HEPES, pH 8 with 5% (v/v) glycerol, 10 mM MgCIl20 mM KCI and 0.1 mM EDTA). The
binding mixtures were incubated at @7for 20 min and separated in 6% native PAGE.
Subsquently, the gel was dried, exposed to phosptreen (Amersham Biosciences) for 24 hrs
and scanned by phosphorimager (Molecular Dynamidsg. binding specificity of AauR protein

was also examined with unspecific DNA fragmentlod@t same size using same protocol.

3.20 DNase | foot printing of aatJ promoter

DNase | foot printing was performed as describedLight & Brantl 2006). The labeled fragment
was digested with BamH1 to delete®3- of one end and purified by phenol chloroform. diiy
reactions were performed in a final volume of 2Gontaining HGMKE buffer, 0.05 g/l salmon
sperm DNA, 50 ng labeled probe and 20 nm to 100MhaR. The reaction mixture were incubated
at 37C for 20 min and digested with 0.05U DNase | (Fertas) for 2 minutes at 3Z. Digestion
was stopped by extraction with phenol and subsdquegipitation with ethanol. The pellets were

dissolved in 4l formamide loading dye and separated on 8% urgamprylamide sequencing gel
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along with standard sequencing ladders (G+A and )OsrAduced by Maxam-Gilbert chemical
sequencing protocol as described in (section 3)10he dried gel was exposed to phosphor screen

for one week at room temperature and analyzed bggitor imager (Molecular Dynamics).

3.21 In-vitro Phosphorylation of AauS proteins

Phosphorylation of sensor kinase (AauS) was pegdimvitro according to the protocol defined
by (Rasmussed al. 2005). Phosphorylation reaction was carried ot@MNKD buffer (50 mM
Tris-HCI, pH 8 with 10% (v/v) glycerol, 5 mM Mg&l150 mM NaCl, 50 mM KCI and 1 mM
DTT). For convenience 5x TGMNKD buffer was prepaaed stored at -2G, except 1M KCl and
1M MgCl, were prepared separately and added during readtigghosphorylation reaction gV
(200 pug) of AauS was added with 2@0 1x TGMNKD buffer containing 50 mM freshly preak
cold ATP and 5ul of yP**-ATP (1QuCi/ul, 110 TBg/mmol). The reaction mixture was inculdiaae
30°C for 2 hrs. Aliquots of 1 were taken out at different time interval and mgteed in 5ul of
3x SDS/EDTA loading dye (7.5% (w/v) SDS, 90 mM EDT3Y.5 mM Tris-HCI (pH 6.8), 37.5%
(viv) glycerol and 0.3 mM DTT) and stored at -<20if not analyzed immediately. The
phosphorylated AauS was loaded on 12% SDS-PAGE geirand run at 150 volt, 20 mAmp for 1
hour at RT. The gel was dried at Gel dryer for 46 at 80C, exposed to phosphor screen for 24

hrs and analyzed by phosphor-imager.

3.22 Phosphate transfer to AauR by AauS

Phosphorylated sensor kinase (AauS) was investigatethe phosphotransferase activity to the
response regulator (AauR). 209 AauS was phosphorylated for 30 min as describheskection
3.21. Phosphorylation was performed by mixing equantity of phosphorylated AauS to AauR
in TGMNKD buffer. Stability of phospho-AauR was died by incubating the reaction mix for
different times (0-60 min) and terminating the teat by addition of SDS/EDTA loading dye.
Concentration dependent experiments for phosphsfease activity were also performed, in first
set of experiments M aauR was taken and 0.25 to 18l phosphoralated AauS was added. In
another set of experimenty™ AauS was taken with varying amount of AauR (0t@5L0 uM).

The reactions were quickly terminated by additiéorS®S/EDTA loading dye and samples were
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separated in 12% SDS-PAGE. The gel was dried, &pts phosphor screen and analyzed by
phosphor-imager.

3.23 Equilibrium micro-dialysis for protein-ligand bind ing

Equilibrium dialysis is one of the most commonlyedsmethods to examine protein-ligand
interaction at native and equilibrated state. &mdard equilibrium dialysis, there are two chambers
separated by dialysis membrane. A known conceatrand volume of ligand placed into one of
the chamber and another chamber is filled with peare The ligand is small enough to pass
through the membrane. As ligand diffuses across lon@ne some of it will bind to receptor and
some will remain free in the solution. The highke taffinity of the interaction, the higher the
concentration of ligand that will be bound at amyet Diffusion of ligand across membrane
continues until equilibrium has been reached.

At equilibrium concentration of ligands free in sbn will be equal in both chambers. In
the receptor chamber, however, the overall conagotr is higher due to the bound ligand
component. This type of assay typically performesihg equilibrium dialysis falls under the
category of saturation binding experiments. Theatr@hship between binding and ligand
concentration is then used to determine the numbleinding sites, B.x and the ligand affinity

Dialysis membrane

b)

(LI tl |

ﬂqmpmHWP””

HW"Vﬂquwl

([T
oy

I

Chamber 1 Chamber 2

Figure 3.5 (a) Schematic representation of an equilibrium dialyapparatus. Chamber 1 and 2 are

separated by dialysis membrane. At the beginniragntter 1 is filled with receptor (protein) solutiand
chamber 2 is filled with buffer and ligand. Aftdret equilibration reached, chamber 1 will represbat

sum of free and bound ligand while chamber 2 walpresent free ligandgb) Equilibrium dialysis
apparatus (Havard Apparatus, USA) is a disposabied®pul volume capacity used in experiments.
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3.24 Binding of AatJ and mutants with **C-Glu and **C-Asp

Purified AatJ was dialyzed against ligand bindindfér (50 mM HEPES, pH 7.5 and 100 mM
NaCl) followed by concentrating to 1M using Centricon concentrator (10kDa MWCO,
Millipore Inc). The binding reactions were carriedt in ligand binding buffer with 5@l of total
reaction volume containing @M AatJ or mutant protein. Ligands were used fromt0.25uM of
“C labeled L-glutamate, L-aspartate (200 mci/mMsi)competitive binding experiments 10 fold
unlabeled amino acids were used. Samples weredoadene chamber of dispo-dialyzer (Havard
Apparatus, Dispo-Equilibrium dialyzer) and anotbete was filled with buffer solution containing
ligand, allowed to equilibrate for 4 hrs at @y gentle rocking. The equilibration was monitbre
by control reaction. Equilibrated sample and buB&te solutions were added with 2 ml liquid
scintillation cocktail and counted on scintillatiasounter. The fraction of bound ligand was
estimated from the difference of both counts. As,the present case, the ligand dissociation
constants K are comparable to the concentration of the recdpt]), ligand depletion had to be

taken into account. In such cases, the concentrafithe ligand-receptor complex, [RL], is given

by

(IRI+[LI+K) — Sart{([RI+[L]+K4)* -4 [RI[L]}
[RL=00000000000000000O0O0OO0O
2
Where [R] and [L] are the total concentrations etaptor and ligand, respectively (Copeland
2000). Dissociation constants were estimated thydi the above equation to the binding data.
Binding constants K of unlabeled ligands (Asn, GIn and dicarboxylatesye estimated from

their competitive effects on Glu and Asp bindingséd on the equation

[R]-n
[RU=000000000O00
1+ KIL]- (1+ [AVK &)

Where n is the number of ligand binding sites iaril [A] is the total concentration of competing
unlabeled ligand. The respective calculations werdormed using the SigmaPlot 8.0 software

(SPSS).
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3.25 Native PAGE analysis of AatJ ligand binding

Purified AatJ and mutant proteins were dialyzedrejdigand binding buffer (50 mM HEPES, pH 7.5 and
100 mM NacCl). 1uM of AatJ and mutant protein was taken ini2®f ligand binding buffer and 0.1 to 5
uM *C labeled L-glutamate, L-aspartate (200 mci/mMa#revadded. The samples were incubated at RT
for 20 min. ful sample loading buffer was added to the samplessaparated in 6% native PAGE as
describe in section (3.11.1). The gel was drieB®E€ for 20 min, exposed to phosphor screen for

overnight and analyzed by phosphorimager.
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4. Results

4.1 Growth of P. putida KT2440 on amino acids

Many microorganisms use amino acids as alternatarces of carbon and nitrogen. Under
conditions of nitrogen starvation, amino acids referably utilized. However, the efficiency of
amino acid utilization varies widely among bactesa, for instancek. coli is unable to utilize
amino acids as sole nutrient or utilizes them podr contrast, most amino acids are excellent
growth substrates fdpP. putida KT2440, serving as the sole source of carbon aindgen or as

nitrogen source.

Pseudomonas putida KT2440
Amino amino acid amino acid + glucos

aCIdS AA p-max lag AA |J-max lag
(mAU) (mAU/h) (h) (mAU) (mAU/h) (h)

Ala B} <1 - - <1 -
Arg 83C 77 8.2 110( 97 5.2
Asn 78C 99 4.1 122( 94 3.2
Asp 82C 10t 6.2 121( 88 2.7

Cys _ <1 - - <1 -
Gin 114( 102 5.4 128( 88 3.6
Glu 115( 10C 6.8 130( 97 3.2
Gly : <1 - 105( 84 7.4
His 107¢ 82 5. 108( 90 3.

Leu ; <1 - - <1 -
Lys 510 57 9.6 102( 92 7.
Pro 104( 10€ 5. 114( 97 4.1
Ser : <1 - 113( 101 6.7

Thr ) <1 ) ) <1 )

Table 4.1: Growth characteristics of wild tyge. putida KT2440 on 5 mM amino acids as sole source of
carbon and nitrogen, or amino acids as nitrogemcgosupplemented with glucose as carbon source. Th
growth parameters shown in the table were estimiayefitting a modified logistics model (Zwieterireg

al. 1990) to thedA vs. t profiles.AA, final absorption chang@imas maximum rate of absorption change,
lag; duration of the lag phase, -; no growth dete.ct
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The growth properties of wild typ. putida KT2440 on selected amino acids are given in Table
(4.1). Some of them (Ala, Cys, Leu and Thr) werahle to support growth. Gly and Ser were

good sources of nitrogen in the presence of gluessexdditional carbon source, while Glu, Asp,

GIn, Asn, Arg, His, Pro and Lys supported rapidvgiowhen supplied as sole source of carbon
and nitrogen. Both the growth rates and final glowields were highest during growth on the

acidic amino acids (Glu, Asp) and their amides (@lsn).

4.2 Growth properties of KT aauR mutants
The ability of P. putida KT2440 to utilize acidic amino acid depends omuactionalaau system.

In order to determine the role afu two-component system, the geamR was knocked out by
introducing a frame shift mutation.

KT aauR mutants

Am'ino Amino acids Amino acids+glucose

acids AA HMmax lag AA HMmax lag
(mAU) (mAU/h) (h) (mAU) (mAU/n) (h)

Ala - <1 - - <1 -
Arg 870 87 7.9 1010 108 5.2
Asn 770 130 7.1 1160 94 3.4
Asp 560 48 10.9 770 73 7.9
Cys - <1 - - <1 -
GIn 440 29 7.0 1150 95 4.1
Glu 470 65 14 860 78 9.8
Gly - <1 - 1020 87 6.2
His 1100 85 6.5 1080 92 4.0
Leu - <1 - - <1 -
Lys 580 60 8.7 900 92 7.4
Pro 1050 87 5.0 1060 107 4.9
Ser 370 29 10 1050 86 4.9
Thr - <1 - - <1 -

Table 4.2: Growth characteristics oP. putida (KTaauR) mutants on amino acids and amino acids
supplemented with glucose. The growth parameteosvs here, were estimated by fitting a modified
logistic model (Zwieteringt al. 1990) same as Table 4.1.
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An internal region ogauR (300 bp) was amplified by inserting a single bimsdrame shifting and
cloned into the pK18. The vector carrying the de¥ecaaurR fragment was electroporated irfeo
putida KT2440, yielding mutant KdauR.

Absorption

Absorption

Time (h) Time (h)

Figure 4.1: Growth curves oP. putida KT2440 (closed symbols) and KauR mutants (open symbols) on
amino acids (triangles) and amino acids supplendemtgh glucose (circles). Cells were pre-grown
overnight on M9 medium and then transferred to M9 minimal mediwpptemented with 5 mM amino
acid as sole source of carbon and nitrogen or gki@s carbon source. Growth rates were measured by
absorption at 595 nm. Growth times change in Ags was plotted and fitted with a logistic model
(Zwieteringet al. 1990).

Then growth patterns were examined as defined fi2440. Growth of the KdauR mutant on
Glu, GIn and Asp was strongly impaired when thaséna acids were supplied as sole source of
carbon and nitrogen. KGBuR did not proliferate at all for 10-15 h after tréars In addition, the
final cell densities attained after 24 h were digantly lower than with wild-type cells. Glucose
supplied as additional source partially or fullgtaged the growth of KauR on Glu, GIn and Asp
(Fig. 4.1). By contrast NH supplied as second nitrogen source did not imptgegrowth of the

mutant, whereas Asn or Asn/glucose allowed normalvth of KTaauR. Likewise, no significant
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difference between growth rates of wild-type KT248d KTaauR were seen with most of the
other amino acids tested with the exception ofnggenvhich supported better growth of the mutant

when given as the sole source of carbon and nitroge

4.3 Growth properties of mutants KTaatJ and KTaatP

Acidic amino acids and their amides are excelleniraes of carbon and nitrogen fBr putida
KT2440 (section 4.1), indicating that these aminmls can be efficiently imported for utilization.
The dramatic effects of the geaat deletion on growth rates (Table 4.3) imply thasthystem is

indeed crucial for acidic amino acid uptake.

Amino Wild-type KT2440 KT aatP KT aatJ

acids A Wmax |ag A Mmax Iag A Wmax |ag
(mAU) | (mAu/h) | (h) | (mAU) | (mAu/h) | (h) | (mAU) | (mAu/h) (h)

Glu 816 63.9 2.9 395 42.8 9.2 - - -

GIn 716 71.7 3.5 304 23.3 6.1 - - -

Asp 485 42.2 2.3 361 39.2 3.4 347 34.1 6.

Asn 524 57.3 1.2 390 76.7 4.1 385 35.0 3.0

Table 4.3: Growth characteristics of wild typB. putida KT2440 and KBatP and KTaatJ disruptive
mutant grown on M9 medium supplemented with acaiitno acids as sole source of carbon and nitrogen.
The growth parameters were estimated by fittingaaifired logistics model ((Zwieteringt al. 1990)) to

the A vs. t profiles. A; final absorptiont; time, umax Maximum absorption change in the logarithmic
phase, lag; duration of the lag phase, -; no graetected.

Mutants of the solute binding protein geraat{) showed highly impaired growth. Growth of
KTaatJ was not detectable when Glu and GIn were sup@®&dhe sole source of carbon and
nitrogen (Fig. 4.2a and b) however, growth wasigiytretained when glucose was supplied as
additional carbon source. Growth of BatJ on Asp and Asn was faster but the lag phases were
almost doubled and cell yields were reduced by Bl 4.2c and d). Growth of strain l&atP
(lacking a functional nucleotide-binding domain) Gtu and Asp was comparably better while
growth of this mutant on Asp and Asn was normal {&ble 4.3). The growth profiles of strain
KTaatP on Glu and GIn were characterized by prolongedla@ses in (>9 h and >6h, respectively
as compared to 2.9 h and 3.5 h in the wild-typkilexcells yields were almost half of those with
wild-type KT2440. The growth properties of both amits on other amino acids were the same as

with wild type P. putida KT2440 (data not shown). Glucose and NNids carbon and nitrogen
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source also supported normal growth of the mutafktese data clearly show that the ABC
transporter encoded by operaatJMQP is essential for growth on acidic amino acids ale s

source of carbon and nitrogen.

Absorption

Absorption

T T T T T T T T
0 5 10 15 20 259 5 10 15 20 25

Time in Hrs Time in Hrs

Figure 4.2: Growth of Pseudomonas putida KT2440 (@), mutant KTaatP (o) and mutant K&atJ (v) on
amino acids. Cells were grown overnight on ‘Mfledium (see ‘Methods’) and then transferred to M9
minimal medium supplemented with 5 mM amino acidssale source of carbon and nitrogen. Growth
rates were estimated from absorption measuremé&®Sabm between 0 to 24 h. The solid lines areofiis
modified logistic model to the data (Zwieteriggal. 1990).

4.4 Amino acid utilization by KT aauR mutants

In order to examine whether the AauRS system asrals amino acid transport, we examined
the uptake of acidic amino acids and their amidewiltd-type P. putida KT2440 and the K&auR
mutant. After the transfer of cells pre-grown on*Mfledium to amino acid-containing medium,
the concentrations of the respective amino acidhenmedium were monitored as a function of

time by quantitative amino acid analysis.
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Glu Gin

Amino Acid Concentration (mM)

Amino Acid Concentration (mM)

a 5 10 156 20 0] 5 1ID 1I5 20
Time (h) Time (h)

Figure 4.3: Amino acid uptake byP. putida KT2440 (open symbols) and the BEauR mutant (closed
symbols) during growth on 5 mM amino acids (cirglasd on 22 mM glucose with amino acids (squares).
The cells were pre-grown on M#nedium (see ‘Methods’) overnight and then tramsfitto M9 minimal
medium supplemented with 5 mM amino acids as the crbon and nitrogen sources and amino acids in
combination with 22 mM glucose. High initial celkmsities (A¢9s = 0.5 to 0.6) were used for these
experiments. The concentrations of the amino a@dwining in the medium are shown as a function of
incubation time.
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As shown in Fig. 4.3, the wild-type strain consunadidof the amino acids tested within 5 to 8 h
after transfer (note that in these experimentsiriiteal cell densities were markedly higher than
those in Fig. 4.1). In the KaAuR deletion mutant, the consumption of GIn, Asp, argh Avas
moderately delayed, whereas Glu was not taken @i amntil growth of the mutant commenced
after 15 to 20 h. In the absence of glucose, théamiwcells even secreted glutamate into the

medium, as indicated by an increase of the in@ial concentration by about 30%.

4.5 Amino acid transport by mutants KT aatP and KT aatJ

In order to study acidic amino acid uptake by tree ABC transporter, the cells were grown on
Glu and Asp as the sole sources of carbon andgeitroThe transport capacity of cells for uptake
of C-labelled Glu and Asp in the logarithmic phase & measured by a quick filter assay.

The kinetics of transport bf. putida KT2440, KTaatJ and KTaatP (normalized with
respect to total cellular protein) are shown in.Bigla. In both mutants, uptake rates were reduced
to 10-20% of the wild-type values. The selectiwtyuptake was verified by adding 50-fold excess
cold amino acids which reduced uptake of the rdsmetbeled amino acids by more than 80%,
while GIn and Asn did not compete significantly.iFlkind of competitive uptake could not be
performed with the mutants due to the slower ratgptake. The uptake rates at higher amino acid
concentrations were determined by HPLC analysieravltonsumption of amino acids per ml of
medium was calculated within a time interval (h¥, shown in Fig 4.4b, the wild-type cells
consume 5 mM of amino acids (Glu/Asp) within 6-8,Htowever, uptake by KibtJ and KTaatP
mutants gradually slowed down and ceased aftes 6Tire uptake rates determined by both these
approaches were roughly equivalent with highly iirgh uptake rates of KdatJ and KTaatP

mutants.
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Figure 4.4: Kinetics of Glu and Asp uptake B putida KT2440 (), mutants KBaJ (A) and KTaatP

(v) at low and high amino acid concentratiofed.*’C labeled L-Glu and L-Asp were added at zero time t
a final concentration of §M. Aliquots were removed from cultures at 30 s véds, mixed up with stop
solution and filtered through nitrocellulose memit@aThe washed and dried filters were analyzed by
scintillation counting(b) After adding unlabeled Glu and Asp to a final camication of 5 mM at zero
time, the decrease of amino acid concentratiohemtedium was followed by HPLC analysis. Cumulative
uptake is expressed asol of amino acid consumed per ml of medium.
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4.6 Physiological analysis of KhauR mutants

AauR is ac”*-dependent response regulator of the AauR/S twageooent system. This kind of
regulator acts as an additional transcription facb RNA polymerase during transcription of
bacterial genes. As mutants defectiveaauR (KTaauR) were unable to grow on acidic amino
acids and were also defective in uptake of these@arcids, we further studied enzymes involved
in the metabolism of acidic amino acid&. putida shares many common ammonia assimilation
pathways with enteric bacteria. These involve th&/&DGAT and GDH pathways for

consumption of acidic amino acids (cf. ‘Introductidor details).

4.6.1 Expression of periplasmic glutaminase/asparaginagPGA)

PGA is an amidohydrolase that converts GIn and Asrthe respective acidic amino acids,
releasing one ammonium ion. According to their saltalar localization and kinetic properties,
there are two subgroups of asparaginases. Clagsaraginases are cytoplasmic and constitutive
enzymes, while class Il are located in the periplasspace and hydrolyze both Gin and Asn to
allow uptake of Glu and Asp. Glutamine as such oarre transported bf. putida, as PGA
mutants do not grow on GIn as the sole source rifoceand nitrogen while they grow well on Glu
(Sonawane, 2003a).

As shown in Fig. 4.5, the activity of PGA I putida KT2440 is completely under the
control of theaau system. The PGA activity in KlUuR mutants was reduced 20-50 fold in
comparison to wild-type KT2440 and was even undaetde in some cases. The highest PGA
activity was found in wild-type cells grown on Aamd Asp. In cells growing on glutamate and
glutamine PGA induction was delayed and only detetfter 10 h, while PGA activity appeared
after 2-3 h on Asp and Asn. Glucose as the carbarnce reduced PGA activity 7-10 fold due to

carbon catabolite repression.
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Figure 4.5: PGA activity of P. putida KT2440 (a) and mutant K&auR (b) on 5 mM amino acids (open
symbols) or 5 mM amino acids + 22 mM glucose (alosgmbols). & - Glu, V,v - Asp,o,m - GIn, 0,4 -
Asn, A- 10 mM NH;" + 22 mM glucose.

4.6.2 Expression of glutamate synthase (GOGAT)

Glutamate synthase (GOGAT) is one of the most itambrenzymes in ammonia assimilation by
Gram-negative bacteria. The enzyme produces two ecutds of glutamate from
2-oxoglutarate and glutamine. In our experimenig, B.6, the GOGAT activities in mutant
KTaauRwere considerably higher than in wild-type KT24401(to 0.3 U/mg protein as compared
to 0.02 to 0.1U/mg in the wild type).

4.6.3 Expression of glutamate dehydrogenase (GDH)

Glutamate dehydrogenase is usually most activegat levels of ammonia where it incorporates
into 2-oxoglutarate to yield glutamate (see ‘Introtion’). In comparison to wild-type KT2440, the
GDH activity in mutant KeauR was 10 to 20 times higher (Fig. 4.6). Whend&liR was grown
on GIn as the sole source of carbon and nitrogexjmum activities 0.3 to 0.35 U/mg of cellular

protein were observed. During growth on Riiglucose there was no difference in GDH activities
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between mutant and wild-type cells. Glucose aslaotasource did not exert significant catabolite

repression on GDH.

GOGAT

aauR- wild type

—

M9+Gle

Glu
Glu+Gle —
Gln—
Glu+Gle
Asp —
Asp+Glc —
Asn
Asn+Glc —

i

03 02 01 OmO 01 02 03
Spec. Activity (U/mg) Spec. Activity (U/mg)

Glutamate Dehydrogenase

| |
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M9+Glc— b{ %

Glu—
Glu+Glce—

Gln—
Glu+Glc—
Asp—

Asp+Glc—
Ash—

Asn+Glc—

04 03 02 01 000 01 02 03 04
Activity Activity

Figure 4.6: GOGAT and GDH activities oP. putida KT2440 and mutants KdauR during growth on
acidic amino acids. 5 mM amino acids were suppéiedsole carbon and nitrogen source (aa) or together
with or 22 mM glucose (aa+Glc). Bars representddash deviation.

4.6.4 Expression of glutamine synthetase (GS)

Glutamine synthetase is a highly regulated enzyrhelwcontrols the level of glutamine and

glutamate inside cells (see ‘Introductior). putida KT2440 and KBauR mutants did not exhibit

any significant difference in the GS activity (Eig. 4.7).

4.6.5 Expression of aspartate lyase (aspartase)

Aspartase converts aspartate into fumarate and amnamd thus feeds fumarate to the central

metabolic pathways. Mutant KiuR showed much higher aspartase activities than typé-cells

(0.2U to 1.5 U/mg of cellular protein as comparedt002-0.2 U/mg in the wild type (Fig. 4.7).

Maximum activity of aspartase was found in &lR cells growing on GIn and Asp. When

glucose was supplied as additional carbon souspgrease activity was repressed due to carbon

catabolic repression.
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Figure 4.7: Glutamine synthetase and aspartase activiti€s potida KT2440 and mutant KdauR. 5 mM
amino acids were supplied as sole source of cadmohnitrogen source (aa) or together with 22 mM
glucose (aa+Glc). Bars represent standard deviation

4.7 Determination of intracellular pools of glutamateand aspartate

In many microorganisms the intracellular pools lftgmate and aspartate are tightly controlled. In
order to determine the importance of the AauRSesydbr the metabolism of Glu and Asp, their
intracellular levels were measured in the late fdtase. The intracellular concentrations of
aspartate were same in the wild type an@#IR cells while, the glutamate level was significantly
different. In the mutant strain KBBUR, Glu accumulated in the late log phase. This éfieas
especially significant when the mutants were gromwsp or Asn as sole source of carbon and

nitrogen (cf. Fig. 4.8).
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Figure 4.8: Intracellular concentrations of glutamate and espa (expressed asnol per mg of cellular
protein) after transfer to M9 minimal medium contag 10 mM each of Glu, GIn, Asp, and Asn. The erro
bars indicate standard deviations.

4.8 Survival of mutant KT aauR under conditions of nitrogen starvation

P. putida mutants deficient in nitrogen regulation were shaw be impaired in their ability to
survive under conditions of nitrogen limitation. tdat KTaauR showed the same kind of survival
pattern when incubated for several days with acaiiino acids as sole source of carbon and
nitrogen. As shown in Fig. 4.9, wild-type cells @wmaintain their viability for more than 16 days,
whereas the KTaauR mutant cell count dropped stepd after 6 days less than 1 % of the cells
initially present had survived. This finding striywguggested that AauR is indispensable for the

survival of P. putida on Glu and Asp.
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Figure 4.9: Starvation survival curve (viable cell count)Rfputida KT2440 (triangles) and cellsTaauR
mutants (spheres). Filled signs show survival utaghate and blank in aspartate. The experiment was
performed as described in section 3.5.

4.9 Expression and purification of variants AatJ and AatJ

The Aat ABC transporter d?. putida is the product of four genes (PP1068-PP1071). G&1668
codes for the ATP-binding cytosolic domain (Aatffgnes PP1069-PP1070 encode the membrane-
spanning permease domains (AatM and AatQ), and PP#&€@codes for the periplasmic solute-
binding protein (AatJ). All these proteins are mmeoic except the nucleotide binding domain
AatP which is dimeric. The role of AatJMQP in thetake of acidic amino acids was determined
by amino acid uptake assay in mutants of AatJ aaiP Ac.f. section 4.5). The binding properties
of AatJ for acidic amino acids and other dicarbatg$ were determined after expression of AatJ in
E. coli BL21 cells and purification of the recombinant giat In addition, the site directed
mutagenesis approach was used to construct sepa@rdélmutants of AatJ with the aim to identify
residues involved in ligand binding.

The gene encoding AatJ (PP1071) is 918 bp longesponding to a 33.4 kDa protein. The
first 72 bases which encode the signal peptideefquort into the periplasm were deleted when
cloning aat] in the expression plasmid pFLAG-ATS (Sigma). Thisctor contains thdac
promoter with arOmpA signal and a small flag sequence for transpbthe recombinant protein
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into the periplasmic space (cf. Fig. 3.4). The emgpressed protein was successfully exported, as
the periplasmic fraction contained large amountseobmbinant AatJ (Fig. 4.10b)he final yields
of purified AatJ were 15-20 mg/l of culture withparity of more than 95%. The expressed AatJ
was monomeric as indicated by analytic gel filoati

Mutations of theaat] gene were performed on the pFLASGE template using the
Quickchange site directed mutagenesis kit as desgtrin ‘Methods’ (section 3.18). The mutant
vectors were sequenced and individually transfornmed E. coli BL21. The expression and

purification protocol was the same for wild-typetAand all the mutants.

mAu ( a) AatJ
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P
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Figure 4.10: (a) Purification of AatJ (WT)

20— from the periplasmic fraction ofE. cali,
e expressing recombinant pFLAG:.
W= Periplasmic extracts were loaded on a
o Sepharose-Q anion-exchange column
50 — equilibrated with 50 mM Tris-HCI, pH 7.8 and
w0 — Aat] eluted with a NaCl gradienfb) Analysis of

v fractions 5-15 of step ‘a’ by 12% SDS-PAGE.

25 —

20 —
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4.10 Binding of Glu and Asp to wild-type AatJ and mutarts

For quantitative assays of amino acid binding téJAa/e chose the equilibrium dialysis technique.
When radioactively labeled ligands are availaliés approach is simple and reliable and allows
the estimation of true thermodynamic dissociationstants down to theM and nM range. The
saturation curves for Glu and Asp binding to Aa®) depicted in Fig 4.11 (a semilogarithmic plot
Is shown for clarity). As the receptor concentnati® in the same range as the dissociation constant
of the receptor/amino acid complex, ligand depfetiad to be taken into account (see ‘Methods’).
Fig. 4.11 shows that our equilibrium binding datald be satisfactorily fitted by such a model.

The calculated dissociation constants wergu®i3or Glu and 1.5-2uM for Asp.

P TR T T T T

08 bowi i B

Ol I TR IS T P T .

0.2 Aot cont st Tl o e s s

Amino acid bound (mol/mol)

0.0 M- . .
0102 05 1 2 5 10 20

Ligand concentration (M)

Figure 4.11:Binding of **C-Glu (#) and**C-Asp () to AatJ. Binding curves of fractional saturati@nol
ligand bound/mol monomeric proteiw the logarithm of total ligand concentration arewhoSolid lines
represent best fits of the model equation empldged method). Mean values + standard deviatiohreet
experiments are shown.
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4.11 Competitive ligand binding

Since the amides GIn and Asn were not availab&erediolabeled form, a competition method was
applied to determine their binding characteristicsthis approach, the reduction in binding of
labeled ligand in the presence of a large exceamlabeled amino acid is used to estimate the
dissociation constant of the competing unlabelgdnd. The dissociation constants calculated in
this way from data obtained with various combinasicof labeled and unlabeled ligands are
summarized in Table 4.4. In general, the valuesined by direct binding and competition
experiments, respectively, are in good agreemecgpxfor aspartate, where the competition data
indicate somewhat higher dissociation constants tha direct assay. While the affinity of AatJ
towards asparagine is comparable to that obserutd Asp, glutamine and the dicarboxylates
fumarate and succinate were very weak ligands eibociation constants too high to be estimated

with certainty.

Compound Kg (umol/L) Estimated from
L-Glutamate 0.3+0.1 ED
0.4 CGIu
0.3 CAsp
L-Aspartate 15+0.2 ED
7 CGIu
9 CAsp
L-Glutamine >100 Cau
80 CAsp
L-Asparagine 18 Cou
15 Casp
Succinate > 100 Cau
> 100 CAsp
Fumarate >100 Colu
>100 CAsp

Table 4.4: Calculated dissociation constantgd€ AatJ ligand complexes. ED; determined by eqtiilim
dialysis with **C labeled ligand. €, estimated from inhibitory effect on Glu bindinGasp- estimated
from inhibitory effect on Asp binding.
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The binding of**C-Glu and*‘C-Asp were also determined by semi-quantitativehmetusing
native-PAGE. 1uM of AatJ was incubated with various concentratiohsadio-labeled Glu and
Asp, and then analyzed by native PAGE, followedabyoradiography. Competitive binding was
studied by adding 5QM cold amino acids to the samples (Fig. 4.12). Bigdbf Glu to AatJ was
already seen after incubation with il ligand, while binding of detectable amounts't@-Asp
required ligand concentrations aboveM, which indicates a 5-10 times lower affinity AatJ

toward Asp.

Cold amino acids (50uM) Cold amino acids (50uM)
— — — — — — Glu GIn Asp Asn — — — — — — Glu Asp GIn Asn

“C-Glu(M) 0 01 02 05 1 50 50 50 50 5.0 UCAsp (UM) 0 1 2 5 10 15 10 10 10 10

‘“M‘U‘ ' ki

Figure 4.12: Binding of glutamate and aspartate to AatJ (WT)MLpurified AatJ was incubated witfiC-
Glu (0.1-5puM) or *C-Asp (1-15uM) in 50 mM HEPES buffer, pH 7.8 containing 100 miN&ClI.
Competitive binding was performed by adding ®® cold amino acids together with 8 labeled Glu or
10 uM labeled Asp. Ligand binding was detected by adargraphy following 5% native PAGE.

4.12 Homology modeling of AatJ
Homology modeling of proteins is a modemasilico approach where protein templates of known
structure are used to model structures of an unknpmetein. This approach is especially useful
when the crystallization of a protein is difficullowever, the models generated by homology
modeling should be validated by experimental apghea like site directed mutagenesis.
According to its functional characteristics and wstce homology, AatJ belongs to the solute-
binding protein family 3. This protein family inades some proteins of known crystal structure like
GInH of E. coli, Pebla protein o€Campylobacter jejuni, HisJ and the arginine/ornithine/lysine-
binding protein (LAOBP) oE. coli andSalmonella typhimurium.

In order to construct a homology model of the Aftiamate complex, we selected the

closed conformation of th&. coli glutamine binding protein GinH (PDB entry 1wdn) the
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template. In a first step, the Swiss Model sefBahwedeet al. 2003) was utilized to model the
closed form of unligandedatJ. Then the ligand (Glu) was inserted into thedet roughly at the
position where GIn resides in GInH, followed by @& d@s molecular dynamics simulation of the
resulting complex, using the Amber99 force fieldo(ell et al. 1995) as implemented in the
HyperChem software package (Hypercube, Inc.). m@uthe simulation, an ensemble of ligand
conformations remained relatively stable over s@vprcoseconds. One of these structures was
selected and energy-minimized with Amber99 to yigdd final model. The environment of the
bound glutamate in this modeled structure is shimwiFig. 4.13. Clearly, the overall binding mode
of the ligand is similar to those seen in the expental structures, i.e. R93 and T88 (possibly S85
as well) interact with thex-carboxylate anda-ammonium group of the bound amino acid.
Interestingly, in the modeled structure trearboxylate of the ligand is positioned between tw
further arginine residues, R71 and R174, with Rétupying the more favorable position. This

result is obviously consistent with the observesfgnence of AatJ for acidic amino acids.

a
f |
F “Q? TI38
f’;ﬁ:w‘a -

Vs

®
LY

Figure 4.13: Stereo view of the modeled amino acid binding sitéatJ. Bound glutamate is shown in
ball-and-stick representation. The numbering ofgheno acid residues excludes the signal peptidbeof
AatJ precursor which has a length of 24 residugsedicted by PrediSi (Hilleat al. 2004). The figure was
prepared using the DS Visualizerl.7 software (Aysgl
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4.13 Validation of AatJ model by site directed mutagensis of active site residues

The validity of the homology model was checked expentally by constructing AatJ mutants
with amino acid exchanges in sequence positiondigiesl to be crucial for ligand binding (i.e.
R71, R93, R174, S86, T87, and T88). The far-UV @Bcsra of all variants were closely similar to
that of wild-type AatJ, suggesting that the mutpndteins folded normally (see Fig. 4.15).
Binding of **C-Glu and’'C-Asp to these Aat variants was then examined $erai-quantitative
fashion by 6% native polyacrylamide gel electrogses. Fig. 4.14 shows that the results of these
experiments are entirely consistent with the homplmodel. Only variant AatJ(R174A) retained
the ability to bind both Glu and Asp, while AatJ{® still bound Glu, although with lower
efficiency. In fact, according to our model, T87edmot directly interact with the ligand, although
it connects S86 and T88 which both bind to dhammonium group of the amino acid. All other
AatJ variants, including several double mutantd, bt exhibit significant Glu or Asp binding in

the assay employed.

14C-Glu (5 pm) 14C-Asp (10 pM)

Figure 4.14:Binding of glutamate and aspartate with AatJ andamts. 5uM *'C- Glu and 1QuM **C-Asp
was used to analyze binding. Lane 1-10; 1-AatJ(WZFAatJ(R71A), 3-AatJ(S86A), 4-AatJ(T87A), 5-
AatJ(T88A), 6-AatJ(R93A), 7-Aat)(S86A,T87A), 8-AGE87A,T88A), 9-AatJ(R71A,R174A) and 10-
AatJ(R174A). The figure represents autoradiogrdi@?e Native PAGE.

82



4. Results

80

— Aat)
— AatJ R56A
60 - — AatJ S71A
— AatJ T72A
— AatJ T73A
Aat] R78A
— AatJ R159A
Aat) STIATT2A
— Aat) T72A/T73A
Aat) R56A/R159A

40 -

20 A

CD [mdeqg]

-20 4

-40

T T T
200 220 240 260

Wave length (nm)
Figure 4.15:Far-UV CD spectra of AatJ (WT) and mutant proteins.

4.14 Expression and purification of the AauR protein

In order to demonstrate direct binding of the resgoregulator AauR to the promoter region of the
aat operon, we over-expressed AauR as an N-termiahis tagged protein, using the plasmid
pTrc-His-aauR. This vector contains thaclq gene to prevent the unspecific expression otdbe
promoter. First, the conditions for maximum yiefdunctional and soluble His-tagged AauR were
optimized. The most appropriate conditions for @ioproduction were, induction by 1 mM IPTG,
a growth temperature of 37 °C and total expressimes not exceeding 6 h. Longer expression
times increasingly led to the formation of inclusidodies. Expression and purification of
recombinant AauR was achieved in four steps, iyexgession of protein i&. coli BL21 cells
and cell lysis to release His-tagged AauR, ii) fication of the fusion protein by RiNTA
chromatography, iii) digestion with enterokinase reamove the N-terminal tag and, iv) final
purification of AauR by gel filtration chromatogtapon a Superdex-20Y analytical column (GE
Healthcare Biosciences). The 4.0 kDa tag introdumethe vector could be selectively removed by

enterokinase (Novagen) which cleaves the fusioteprat the sequence D-D-D-DiK
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Figure 4.16: Purification of the His-AauR proteirfa) A crude protein lysate was loaded on d-NTA

chelating agarose column equilibrated with 50 mMPHE, pH 7.5 containing 500 mM NaCl and 100 mM

imidazole. The column was eluted with linear imiol@zgradient.(b) The fractions 2-7 from step ‘a’
analyzed by 15% SDS-PAGE) Enterokinase digestion of His-AauR, lane 1ughundigested His-AauR,
lane 2-5; 25pg His-AauR after incubation with 120 mU, 60 mU, 80J and 20 mU enterokinase
respectively. Digestion was carried out for 15 lRthmM Tris-HCI, pH 7.5, containing 2 mM CaGind
50 mM NaCl at 10 °C.
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The liberated peptide was conveniently separateah fhe protein by the following gel filtration
step. As judged by SDS PAGE the resulting prepamatias at least 98% pure. The yield of His-
AauR after NI-NTA affinity chromatography was 5-6 mg/l of culeuwnhile the final yield after gel
filtration was 3.5 - 4 mg per liter of culture. Thpurified protein was stored in
50 mM HEPES, pH 7.5, containing 500 mM NaCl and 1§%cerol at -20 °C. The calculated
mass of the 6xHis-AauR monomer was 52.7 kDa (Fit6l) with a pl of 5.6. As AauR is rich in
hydrophobic residues, high salt strengths (>0.5vW)e needed for proper solubilization. In its

native state the protein is a dimer (105 kD) adiomed by gel filtration.

4.15 Expression and purification of sensor kinase AauS

The soluble cytoplasmic domain of AauS was expesseng the same vector and the same
protocol employed for expression of AauR. In breefartial sequence ahuS (base pairs 1023 -
1905 relative to the translation start site) waplfied using primers AauS_For and AauS_Rev.
The amplified fragment was cloned in pTrcHis-A.

mAu | (a)
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11234 5‘6 7‘8‘9 1C|11]12|13|14|15|1€|17
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Figure 4.17: (a)Purification of 6xHis-AauS expressed from vectorgdausS in E. coli BL21. The cell
lysate was loaded on NNTA chelating agarose equilibrated with 50 mM THEI, pH 7.5 containing 500
mM NaCl and 100 mM imidazole. Bound His-AauS waged with linear imidazole gradient.
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Figure 4.17: (b)Fractions 1-7 from step ‘a’ analyzed by 15% SDS/acalylamide gel electrophoresis.

The expression and purification methodology uses suailar to that described for His-AauR. The
His-tagged AauS was expressed Hn coli BL21 cells and purified by RiNTA affinity
purification. The fractions containing pure His-Aawere dialyzed against 50 mM HEPES, pH 7.5
containing 500 mM NaCl and concentrated using atr@em concentrator. The yields of 6xHis-
AauS were 2-3 mg/l of bacterial culture. The puathieved by NiNTA chromatography was
>95% as judged by SDS-PAGE (see Fig 4.17b). Théigadiand concentrated protein was stored
at -20 °C after addition of 10% (v/v) glycerol.

4.16 Cross-talk between AauS and AauR
It is well known that sensor kinase and responsgulators of two-component systems
communicate through phosphoryl transfer. The detlthe general phosphorylation mechanism
are described in ‘introduction’. Tha-vitro phosphorylation approach is a valuable tool to emam
the phosphoryl transfer reactions of two-comporstems and to identify the related protein
interactions. The Aau two-component system consisthe sensor kinase AauS and its cognate
response regulator (AauR) as shown in Fig. 4.1& dlmlity of AauS to auto-phosphorylate and
the phosphoryl transfer to AauR were studied withfi@d proteins.

Figure 4.18 shows the structure of AauS and AauBregicted from sequence alignments

with other well-known systems while Fig. 4.19 shqvestial alignments of functionally important
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regions (“boxes”). They include the conserved Hisg and aspartate residues which are involved

in phosphorylation and phosphate transfer.

Signal peptide Sensor domain Kinase domain ATPase domain
(19-33) (44-337) (409-477) (516-626)
| 1 1 1T |
T™1 T™M2 II|419 '}‘ G]l 'I: (|32
O O I I e I T e o
Receiver domain Sigma-54 activation domain DNA binding domain
(6-118) (146-368) (399-439)
| 1 |
N e == [~ =c
| |
ATPase AAA
(167-314)

Figure 4.18:Predicted domain structure of AauS and AauR baeeskquence similarity with other
available structures.

(a)

H box N- box Gl- box F- box &2- box

v v v v v
DCTB_RHI LE VAAGVIGE! NOFV (*H, 415) VLI NELQNMNEA. . NEFEl PTEI RKGLETRENISE. . ESELEREIVI
H sk_EcOL6 MATEI IEQNeEL (*H, 394) | FSNEI SNANDS. . SedeFAPEVVDR! [FEREFUTR. . RReMeRelAl
AauS_PSEPK MBTS| [IEELNeGL (*H, 419) | LVYN GQVANDA. . NeHe! DPEARKHLFEREFITE. . EHeL[EKeNTL

(b)

D- box

v
CHEY_ECOL6 [JADKELK- - - FEIMYBBF. . . | EBVKVENVEEEE. . . GYWGET (D12, D13, *D57, K109)
CHEY_SALTY [JADKELK- - - FIMYBBF. . . | EBVANVgNVEERE. . . GYWGEET (D12, D13, *D57, K109)
AauR_PSEPK [INQAPLT- - -Vl JEBD. . . VEBI RLG BeE. . . DFVEREES (E12, D13, *D56, K106)

Figure 4.19: Partial sequence alignmentsRfputida KT2440 AauS and AauR with related protei(e).
AauS_PSEPK; AauS d?. putida, DCTB_RHILE; DctB ofR. leguminosarum, HisK_ECOLSG6; histidine
kinase fromE. coli. (b) AauR_PSEPK; AauR oP. putida, CHEY_ECOLG6; CheY ofE. coli and
CHEY_SALTY; CheY of S typhimurium. Conserved histidine and aspartate residues (sfes
phosphorylation) are marked with asterisks (*).
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4.16.1In-vitro autophosphorylation of the AauS cytoplasmic domain

In bacterial two-component systems, the activatedlsgr kinases are autophosphorylated at a
histidine residue in the kinase domain or in a ss#paHpt domain (see ‘Introduction’ for details).
Alignments with other known and functionally chaszed sensor kinases suggest that the site of
phosphorylation in AausS is Hig (Fig. 4.19a).

(@ Aaus () AauR

1 2 3 4 5 6 i1 2 3 4 5 6

il p—

Figure 4.20:Phosphorylation of AauS and AauR (see ‘Methodg)Lane 1; phosphorylation after 0 min,
lane 2; after 5 min, lane 3; after 10 min, laneafter 15 min, lane 5; after 20 min and lane 6;ra3@
minutes. Samples were quenched with 3X SDS-EDTAfebufseparated by SDS-PAGE and
autoradiographed(b) Lane 1-6 represent AauR, treated like AauS forea&n of a possible auto-
phosphorylation activity.

The experiment illustrated by Fig. 4.20a shows thia@ purified AauS soluble domain
autophosphorylatas-vitro. At 37 °C, maximum levels of phosphorylation weeached after a 15
to 20 min of incubation. The phosphorylated Aau$ndim was stable at room temperature for
several hours. As expected, the response regudaiioR was unable to phosphorylate itself when
incubated withyP**-ATP under the same conditions (Fig. 4.20b).

4.16.2In vitro phosphoryl transfer from AauS to AauR
As illustrated by Fig. 4.21, phosphorylated Aaughsfers a phosphate group to AauR with high
efficiency. The intensities of the bands in FieMindicate that the phosphoryl transfer reaction

between AauS and AauR involves an 1:1 molecularaction between both proteins.
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(@ AauS (UM) () AauR (UM)
0.2 05 08 1.0 1.2 15|02 05 08 1.0 1.2 15
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<4AauR
"‘i*&“----“‘ au

R ', <4AauS

Figure 4.21:(a) Lanes 1-6; {M AauR incubated with 0.2-1/M of phosphorylated Aaugb) Lanes 1-6;
1uM phosphorylated AauS incubated with 0.2-1 AauR. The AauS protein was phosphorylated as
described in ‘Methods’ and added to AauR in TGMNKDffer. The phosphoryl transfer reaction was
terminated after 10 sec by addition of 3X SDS-EDiuffer, then the samples were separated by SDS-
PAGE and autoradiographed.

4.16.3Stability of phospho-AauR

The phosphorylated AauS successfully transferred ghosphate group to AauR, yielding a
product that was stable for 5 - 10 min (Fig. 4.ZB)e phosphoryl transfer was complete in less
than 1 min and after 5 min the signals rapidly dased, probably due the dephosphorylation of

AauR.

1 2 3 4 5 6 7 8 9 10 11 12 13

——
Tempewee o

<« AauR

L T 4 Aaus

Figure 4.22: Phosphorylation of sensor kinase AauS and phosphioaypsfer to AauR. Lane 1;
phosphorylation of AauS at time 0, lane 2; aftenif, lane 3; 10 min, lane 4; 30 min, lane 5; 40 ,nane

6; 60 min and lane 7; phosphorylation after 80 rhame 8; AauR incubated with-P*3-ATP for 60 min

in phosphorylation buffer. Lane 9; AauRu{) incubated with JuM phosphorylated AauS at time 0, lane
10; phosphoryl transfer after 1 min, lane 11; phospauR stability after 5 min, lane 12-13; phospho-
AauR stability after 10 min and 30 min.
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4.17 Binding of AauR to the promoters ofaatPMQJ and ansB

Promoter prediction tools suggest tRaputida KT2440 genes PP1068-PP1071 are expressed as &
single operon. As expected, the promoter regioP®1071 &atJ) contains thes>* binding site
TGGCACgactcATGCC (recognition bases shown in bold) located at-2¥2relative to the
transcription start site. For expression @f-dependent genes or operons another activated
transcription factor is required to change the etogromoter complex into an open one (see
‘Introduction’ for details).

As shown Fig. 4.23a, the purified AauR protein gaaeed bind to the promoter upstream
region ofaatJ as shown by the gel mobility shift assay. The inigds sequence- specific as AauR
does not interact with nonspecific DNA fragmentg.F.23a. AauR also appeared to interact with
the promoter region odnsB in a concentration dependent fashion (Fig. 4.238ipagh the shift

was smaller than observed with et promoter.

(a) AauR (M) AauR (M) (b) AauR (M)
0 10 20 30 50 100 0 10 20 30 50 100 || O 10 20 30 50 100

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6

AR DNA, bl o e I
._‘.l
Free probe p h“““ﬁl, l Huuuuu 4 |(PauRDNA
WL L A

Figure 4.23: Binding of AauR to the promoter upstream regionaaf (-84 to -343 bp relative to the
translation start siteja) Lane 1; DNA probe w/o AauR (5.0 fmol), 1lanes DHA probe + AauR (20 to
100 nmol), lane 7; unspecific DNA fragment (5.0 fmdéanes (8-12); unspecific DNA fragment + AauR
(20-100 nmol).(b) Binding of AauR to thensB promoter (-25 to -208 bp relative to the transkatstart
site), lane 1; DNA probe, lanes 2-8; probe + 20-a0®| AauR.
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4.18 Characterization of the AauR binding motif in the aat promoter

The binding region and exact binding motif of tlesponse regulator AauR was characterized by
two different approaches. First, sequential detetiof the putative promoter region gave an idea of
the approximate location of the binding site. Th@)Nase | protection assay revealed the exact

position of the DNA motif interacting with AauR.

4.18.1Sequential deletion analysis of theatJMQP promoter region

The transcription and translation start sites ia gromoter region of th@atJ operon were
predicted using an online promoter prediction {@PROM) available for prediction of bacterial
promoters in the intergenic regions (http://wwwtbefry.com). To identify the location of the
AauR binding motif, parts of the region from -83-B92 relative to the predicted transcription start

were deleted in a stepwise fashion.

-83 AT 136 157 -202 -343
E| ¢ 1 J I I 1
D ] i I 1
c | I ' : |
Bl : C— : l .
Al T  — i ) ]
DNA-AauR : E ! !
complztael:(> UUUUE HHUH E E E
E i s i
Free DNA » “ EH : I E
probe | i , . E d:
» | Wil e
12345512345%12345512345512345
1 ! \ '

Figure 4.24: Gel mobility shift assay of AauR binding aat promoter fragments. Lengths and positions
(relative to the transcription start site) of fragms A — E are depicted schematically on top. Widach
block, the leftmost lane contained 5 fM BP-labeled DNA w/o AauR while lanes 2-5 containeoelad
probe DNA + increasing amounts of AauR (2-10 nM2@BrM, 4- 30 nM, and 5- 50 nM) A: -202 to -343,
B: -157 to -343, C: -136 to -343, D: -117 to -348d E: -83 to -343. Mobility was analyzed by 6%iveat
polyacrylamide gel electrophoresis and autoradgyya
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Different fragments of theaat promoter (increasingly shortened from the -83 omjiwere
amplified from genomic DNA of. putida KT2440 using primers PromFor_PP1071 as forward
primer and PromRev_PP1071, PromRev_117, PromRey Pt8fRev_157 and PromRev_202 as
reverse primers Table 2.3.3 (see ‘Methods’). Theifipd fragments were labeled b{P and
analyzed for AauR binding by gel mobility shift ags. Again, the data suggested that the binding
of AauR to theaat operon is highly specific as an unspecific DNAgirent of about the same
length did interact with AauR. As shown by Fig24t.only fragments containing the region
between -117 and -136 were shifted by AauR indigathat this partial sequence contains the
AauR binding site.

4.18.2DNase | footprinting

Identification of the exact binding motif for AauR theaat promoter was performed by a DNase |
protection assay in the -83 to -343 region. As showFig. 4.25a, AauR selectively and efficiently
protected base pairs -119 to -137 from DNase Idfige. Obviously, this finding is consistent with
the sequential deletion data shown in Fig 4.24. Tharotected sequence
CGTTCGGATAACCGAACGA is situated at (-119 to -138&)ative to the transcription start site,
Fig. 4.25b. As expected for the binding site ofimetic o>*-dependent response regulator the
protected region contains an 2x6 nt inverted repei#lh a spacing of 4 nucleotides (i. e.
GTTCGGNNNNCCGAAC). This suggests that both parts of the bindingl&ten the same side
of the DNA double helix and can interact with thedixrturn-helix motif of AauR.
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(b)
at ct gt ggaact ct ccaggcaaagagcaaagct cact acgt ct gagccct t gccgcgcact gcat agtta
-137 v v -119

ccgcaagcgat accgggat aggt t ggcagcccat ge[Ejjjf€€eat aa@@eNX®gagcaat cgctgtttatt

cggcct ggcgaaccccggagagaggt cgagact gt caagcacgagcaat accagt ggt t t aaggt cgaca
-24 -12 Transcription start
gcagggctt G_Gcacgagt CaT_GCt ctacactt (gt agccgaat gcacccgcttcttgetgtattcgttga
Transl ation start
acgaagagt ccgccaacggct ccat aaaaaaaacaaacacgt cgaggaaaat TTG

Figure 4.25: (a) DNase | protection region by AauR a&atJ promoter upstream region. Lane 1; ladder
(G+A), lane 2; ladder (C+A), lane 3 & 4; promoteqsence ofatJ (-83 to -343) 50 ng labeled witfiP,
lane 5-9; promoter DNA with 20-100 nM AauR. Sampdédane (3-9) were digested with 0.05U DNase |
for 2 minutes at 37C and separated on an 8% urea- polyacrylamide seipgegel.(b) aat promoter DNA
sequence showing thé* binding site at -12/-24, the transcription, tratista start sites, and the protected
region at -119 to -137 (black background).
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4.19Alignment of aatJQMP and ansB operons ofPseudomonas spp.

We then searched for the presence of this consesegisence in intergenic regions of other
Pseudomonas species. The intergenic regions of #a andansB promoters were aligned by using
the online tool NOMAD (http://www.expasy.org/toaisimad.html). As shown by Fig. 4.26, the
AauR binding motif is indeed conserved in #@resB andaatJ promoters of other pseudomonads.

These promoters also contained”binding site at -12/-24 (data not shown here).

(a)

PP1071  GCGATTGCTOEICCEMIACSENISGCATGGECTG (-120 to -136)
PFL4871  GOCCATGCGOSRICCERRNICCEYNIGGCGAAGCCG (-179 to -195)
PA1342  GGGGCATGGIERICCERREICCEINeGTTTCGCOGA (-142 to -158)
PSPTO4171 ATTCGACTGCAIRI®€eCRRI®CEINeGOGT CTCCCT (-134 to -150)
PSYR3908 AACCCCTTCCAR®€e TIRRICCEINSAAT CGACCCC (-131 to -147)
PSPPH3902 ACTCCGTTGCAIRICCRRRICCEINSATTTCGCTCT (-81 to -97)
PSEEN1193 GCCATATGGUER[CEEAANJSCEINIGAGT GATGGG (-80 to -96)
(b)
PP2453  AGGAAAAGGTSIRICSSIRR] TEERAAAGACT GCAT (-151 to -167)site 1
PP2453  GOGGCATTGCAIRI®ETAAISCENNSAAATAAAGGA (-119 to -135)site 2
PA1337  GGGGCATGGUERICCEIRRI®eEYNeGTTTCGOCGA (-142 to -158)
PSEEN1951 GATGGCGTTCERICCeCIRRIeCENNOATTTGCAGGA (-130 to -146)site 1
PSEEN1951 AGGAAAAGGTEIRICCETRRRIT®ECITAAATTGAGGA (-98 to -114)site 2
(

-196 to -212)

PFL2099  ACGGTGGCGUER[CEeCAASCENAAATGCTCGTCA

Consensus .......... gTTCGGNNNNCCGAAC. . . .. ... ..

Figure 4.26: Alignment of promoter regions df) aatJQMP promoter upstream sequence different

Pseudomonas spp. PP1071;P. putida KT2440, PFL4871P. fluorescens Pf-5, PA1342;P. aeruginosa

PAOQL, PSPTO4171P. syringae DC3000, PSYR390&2. syringae pv B728a, PSPPH390P;, syringae pv

phaseolicola, PSEEN1193. entomophila L48. (b) Asparaginase llahsB) promoters of PP2453;P.

putida KT2440, PA1337;P. aeruginosa PAO1, PSEEN 1951P entomophila L48 and PFL2099p.

fluorescens Pf-5. In Pseudomonas syringae spp. periplasmic glutaminase/asparaginase is abgdm.
position of AauR binding site was determined onlthsis of promoter prediction and the presenae*bf
binding region at -12/-24.

In P. putida and P. entomophila, the AauR binding motif withiransB occurs twice (Fig. 4.26b),

whereas periplasmic glutaminase/asparaginase ribisencoded by the genome Bf syringae.
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5. Discussion

Pseudomonas putida can utilize a great variety of natural compounds nieet its energy
requirements and to synthesize new molecules. Tdtaral occurrence of. putida in the
rhizosphere is convincing evidence of the capaoftyhis organism to cope with many natural
perturbations. It quickly adapts to changing biatnd abiotic conditions in the soil such as nutrien
availability by modulating the expression of gemnesich ultimately help to cope with these
changes. The very first step in the recognitioswfh changes is the sensing of appropriate signals
by receptor-effector proteins known as two-comporsgstems. These systems may control just a
single gene, operons or sometimes large sets afsgeso called regulons that regulate global
processes. In two-component systems the membramedbsensor first recognizes soil stress
signal and transmits it to the cytoplasmic regulg@i@tein, which ultimately facilitates or inhibits
the expression of genes. The whole process fraogretion to the ultimate response is very quick
which helps bacterial cells to minimize the expesto unfavorable conditions. TH& putida
KT2440 genome encodes more than 130 sensor kimagksesponse regulators that make up at
least 50 different two-component systems. At preseiost of these putative regulatory systems
have not been associated with any defined function.

In this study, we show that a two-component syséswoded by PP1067-PP1066&{S
aauR) is required for efficient utilization d?. putida KT2440 on acidic amino acids (Glu and Asp)
and their amides (GIn and Asn). As far as thisirsti& concerned, AauS-AauR is the first two-
component system shown to participate in acidicnanaicid utilization. According to our present
results, the system has at least two targets: ntrals the expression of PGA, and thus the
hydrolysis of exogenous Asn and Gin in the peripiasspace. In addition, theau system directly
or indirectly affects the activities of key enzymef acidic amino acid metabolism, such as
aspartase and glutamate dehydrogenase. Itratpdates the expression of an ABC transporter,
AatIMQP,which is highly specific for Glu and Asp import. &Aau two- component system and
the Aat transporter appear to occur in all pseud@mds and many other bacteria where they
probably fulfill the same role as iA. putida. Detailed studies of glutamate and aspartate mgndi
suggested that Aat is a high-affinity transporitar dcidic amino acids. The active site (binding

pocket) of the Aat solute-recepor protein is degfgrfrom those other amino acid ABC transporters
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with conserved Arg as key residue. In this work fueher identified the molecular basis of

transcriptional control by the AauS-AauR system.

5.1 Acidic amino acids as sources of carbon and nitrem for P. putida

In enteric bacteria, most of the nitrogen requibgdthe cellular synthesis machinery is usually
provided by the ammonia assimilation pathway whighds mainly glutamate and some glutamine
(Magasanik 1993). The inter-conversions betweemaglate and glutamine via the GS/GOGAT
and GDH pathways are further crucial steps in ggroassimilation (Merrick & Edwards 1995 and
Reitzer 2003). Growth oE. coli on glutamate as sole carbon source only occurs sirdins
carrying mutations that increase the expressiogesfes encoding glutamate transport systems
(Kahaneet al. 1976 and Bootlet al. 1989).E. coli is also unable to utilize glutamine in normal
physiological conditions, as its GIn uptake sysismhock-sensitive and conditional (Masters &
Hong 1981). Under conditions of nitrogen starvatiorany bacteria switch to a more efficient
utilization of amino acids (Booté al. 1989). This so-called nitrogen response has beeines in
detail withE. coli (see ‘Introduction’ for details).

Unlike E. coli, pseudomonads efficiently utilize Glu, GIn andesttamino acids as sole
sources of carbon and nitrogen or in combinatioth &lternate carbon source such as glucose or
succinate. Growth oP. putida on acidic amino acids is comparable to or bettantgrowth on
ammonium as nitrogen source and glucose as cadumees (cf. section 4.1). This finding is in
agreement with previous work conducted in our latmy (Kléppner, 1999)P. putida also
utilizes most dicarboxylic acids occuring in thécarboxylic acid cycle (succinate, fumarate,
a-ketoglutarate) as carbon sources with growth ratesparable to those on glucose, whereas

gluconeogenic dicarboxylates are poor carbon ssuord. coli.

5.2 The Aau two-component system regulates Glu/Asp asslation in P. putida

In this work, the role of the. putida AauS/R two-component system in the control of iacnino
acid transport and utilization was studied in det@rowth of AauS/AauR-deficient mutants on
acidic amino acids was greatly impaired while giowt other amino acids or on NHglucose
was not affected by these mutations (cf. sectiohsadd 4.2). Supply of additional carbon sources

(glucose or succinate) partially restored growthtled mutants, while NH had no significant
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effect. This indicates that AauS/R system is destinom the regulators involved in the ammonia
assimilation system.

We further observed that AauRwutants were defective in acidic amino acid uptgkg. 4.3),
which is probably the main reason for the growthfede Sonawane, showed that in
P. putida acidic amino acids and their amides induce theesgion of certain genes among them
PP1071, the solute receptor of an ABC transporteroded by an operon adjacent dau
(Sonawane 2003b). This ABC transporter was namedta&BC (for ecidic amino acid_tansport)
by us. IndeedAat deletion mutants (KdatJ and KaatP) also exhibited defects in Glu and Asp
uptake (Fig. 4.4). The importance of tha system is further emphasized by our observatiah th
KTaauR mutants were greatly impaired in their abilitystarvive under conditions of starvation (cf.
Fig. 4.9). Similar results were reported B mutants ofP. putida (Sonawane & Rohm 2004 and
Eberlet al. 2000). On the other hand, thauR- phenotype was complemented significantly when
an intact functional copy of themuR gene was introduced in mutants (Sonawairae. 2006). Thus
the AauR/S two-component system appears to fun@sm key regulator in acidic amino acid

utilization.

5.3 AauR mutants exhibit multiple changes in amino acid metbolism

The physiological significance of the AauR/S sysiarR. putida is also confirmed by our finding,
that the activities of several key enzymes of acanino acid metabolism are markedly changed in
KTaauR mutants (see ‘Results’). The glutaminase/aspaaagiffPGA) activity is completely lost
in such mutants (Fig. 4.5b). PGA is a highly actpegiplasmic protein that converts glutamine and
asparagine into the respective dicarboxylates dgiate and aspartate). IRseudomonas
fluorescens ATCC13525 andP. putida ATCC12633, PGA enzyme is strongly induced by Gid a
Asn but repressed by glucose and dicarboylates dikecinate a result of carbon catabolite
repression (Husest al. 1999 and Sonawaret al. 2003a).P. putida mutants with inactivated PGA
failed to grow in acidic amino acids indicating @ssential role of PGA in the utilization of these
amino acids. This enzyme may also be importanost-plant interaction as good root colonizers
showed higher PGA activities (Kloppner, 1999). Bignificant role of this enzyme is to convert

the amides into their amino acids for their fagup.
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An especially interesting feature of KduR mutants was the intracellular accumulation of
glutamate in late log phase when grown in Asp an As sole source of carbon and nitrogen (Fig.
4.8). The elevated glutamate level is probably tubigher activities of GDH as shown in Figs.
4.6 and 4.7. A study by Bellion & Tan (Bellion & mal984) showed that GDH activity was
elevated in the presence of ammonium chloride @egan source ifPseudomonas sp. AM1 and
repressed when methyamine or nitrate were usedragan sources. A recent study by Syral.,
(Syn et al. 2004) showed that iR. putida PNL-MK25; GDH activity is dependent on various
carbon sources and the expression of GDH incre&s2@ folds under conditions of nutrient
limitation, which might also be the case in mutKitaauR. In fact, the GDH pathway should be
the preferred one under energy-limited conditioasanse GDH requires 20% less ATP than the
GS-GOGAT pathway.

Together with asparaginase, aspartase play armal® in maintaining the aspartate and
asparagine pools inside the cell (Sun & Setlow 19%he activity of aspartase i coli increases
several fold when the cells are grown on aspadsatsole carbon source, while addition of glucose
as carbon source decreased aspartase activitisBirfilira & Kisumi 1984). A similar repressive
effect of glucose on aspartase activity was sedm stiain KTaauR grown in Asp as sole source of
carbon and nitrogen (cf. fig 4.7). Aspartase cotsvaspartate to fumarate and feeds it into TCA,
while GDH favours the synthesis of glutamate fromx®glutarate at equilibrium (Merrick &
Edwards 1995). As a consequence of these two enagmngties, the overall level of Glu rises.
Natera and co-workers (Nateeh al. 2006) showed thaBradyrhizobium spp. can accumulates
glutamate when grown under acidic stress conditiahg explanation of elevated GDH role in
glutamate accumulation is compatible with theirdfimgs. Accumulation of Glu was observed
mainly with organisms placed under stress condtigcommonly alterations of pH) where
glutamate functions as osmo-protectant (Csatld. 1994 and McLaggaet al. 1994), However,
such kind of stress does not seem to be operat®dpatida which is normally growing in M9
medium (unchanged pH). IR. leguminosarum, the highest intracellular Glu accumulation was
observed with aspartate as the nitrogen sourced @eail. 1996). Studies by Poole an coworkers
showed that mutantsf Rhizobium leguminosarum with defects in tricarboxylic acid (TCA) cycle
enzymes exhibited greatly elevated intracellulartaghate levels and also excreted glutamate
(Walshawet al. 1997a and Hosiet al. 2001). InRhizobium spp. Glutamate excretion is thought to
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constitute an overflow pathway with the function @moving excess carbon and reducing
equivalents. Our finding that, iA. putida, significant excretion of glutamate occurred omlthe
presence of glucose (Fig. 4.3) may be rationallpethe fact that glucose degradation replenishes
the TCA cycle to create additional 2-oxoglutarat@other evidence for the existence of an
overflow pathway inP. putida KT2440 aau mutants is provided by the observation thatalR
growing on Glu (but not on NF/glucose) strongly expresses solute-binding preteissociated
with amino acid ABC transporters. Two of these (BExG, encoded by PP1140 to PP1137, and a
transporter encoded by PP4866 to PP4863) are thaaghansport branched-chain amino acids,
while the third (AapQMP, encoded by PP1298 to PB}13€ annotated as a general amino acid
transporter. As shown by (Walshaw & Poole 1996 ttansporters of the Aap and Bra types that

mediate the selective efflux of glutamateRneguminosarum.

5.4 The AauR-AausS system is ubiquitous in all pseudonmads
The genomes dPseudomonas spp. are among the largest bacterial genome sequetimdshow a
sequence similarity of more than 85%. Most pseudwds are non-pathogenic soil inhabitants
(see ‘Introduction’) whileP. aeruginosa andP. syringae are pathogens. Several two-component
systems ofPseudomonas spp. have been identified in last 15 years and comdlatith host-
parasite interactions, virulence and cellular intgg(Kivistik et al. 2006, Horaket al. 2004,
Goodmanet al. 2004 and Laskowslat al. 2004). Some two-component systems (such as Ntr and
Dct) are global regulators of nitrogen or carbontabelism while others regulate particular
phenomena inside the cells. Both Ntr and the Dstesy depend onpoN (the ¢>* transcription
factor). Growth and adaptability of pseudomona@saiso determined by** which assists in the
expression of a great variety of genes involvetheuptake and utilization of carbon and nitrogen.
As judged from genome scar®, putida KT2440 contains at least 72 genes with poterafal
binding sites (http://www.promscan.uklinux.net/Rgpidmscan.outfile.66.html).

AauR, the response regulator of #me system also containsad” interaction domain (Fig.
4.18), indicating that it regulates*-dependent operons by direct interaction. Howeirgtirect
control (pleiotropic effects) by AauR-AauS cannat buled out. All available genomes of

Pseudomonas spp. encode a single copy @bu. The alignment of AauS and AauR of different
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pseudomonads is shown in Fig. 5.2, the sequenatastinbetween the respective sensor kinases

and response regulators is more than 85-90%, witbtional domains being highly conserved.

ATP binding Solute binding
protein protein
Response Sensor
regulator kinase Permeases
1063 1064 1065 4 1066 1067 068 41069 4070 1071 1072

P. putida KT2440

1184 1185 1187 1188 1189 1190 41191 41192 1193 1194
P. entomophia L48 - IR - -

4880 4879 4878 4877 4876 4875 4874 4873 4872 4871 4870
P. fluorescens Pf-5

1334 1335 1336 1337 1338 339 41340 1341 1342 1343
P. aeruginosa PA01~__ K ] (anss K ] <

4178 4177 4176 4175 4174 44173 4172 4171 4170

P. syringae DC3000 - > (T -~ -
. 3915 3914 3913 3912 3911 43910 3909 3908 3907

P.syringae pvB728a L=~ > <" I {pmmm(aeaen @+
3909 3908 3907 3906 3905 43904 3903 3902 3901

P.syr. pv phaseolicoa{—_— > > I ({ummEhEnEn-@am-- -

IaauR aausS IIaatP aatM aatQ aat,]I

aau two-component aat ABC transporter
system

Figure 5.1 Genetic organizations of AauR/S two-component syséad AatJMQP ABC transporter in
Pseudomonas spp. The site of transcriptional control by AauR is simowpstream of thaat promoter. InP.
aeruginosa the PGA-encodingnsB gene is inserted betweaat andaau.

5.5 AauR-Aaus is a typical two-component system
Aau is a simple two-component system with AauS ass#resor kinase and AauR as the response
regulator as described in other organisms by (Sébek 2000, Foussaret al. 2001 and West &
Stock 2001). In the present work, the cross-tatkvben AauS and AauR was analyzedyitro
phosphorylation and transphosphorylation reactighstruncated His-tagged AauS (excluding
transmembrane and signal domain) was expresseifieguand phosphorylated by usingP*-
ATP. The degree of phosphorylation reached a maxinafter 30 min, and the phosphorylated
AauS was stable up to 4 h at room temperature. ¥peated, the response regulator was not
phosphorylated in the same conditions. The phogdted AauS successfully transferred the
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phosphate group to AauR vyielding a product that wible for 5 - 10 min (cf. Fig. 4.22).
Phosphorylated AauR is probably dephosphorylated pllosphatase activity in the sensor kinase,
as AauS showeth-vitro phosphatase activity (data not shown). Similaultesvere reported by
Eguchi et al, (Eguchét al. 2004) with the PhoQ sensor kinaseSafmonella typhimurium which
exhibits phosphoryl transferase as well as phoggkaactivity to modulate the function of PhoP
response regulator. Another study by Hsing anda8yii{Hsing & Silhavy 1997) showed the same
kind of regulation in the OmpR-EnvZ two-componeydgtem ofE. coli.

In some cases it was observed that the presernbe dhrget DNA increases the stability of
a phosphorylated response regulator. InEheoli OmpR-EnvZ system, the presence of specific
binding DNA during transphosphorylation increasdw tstability of phosphorylated OmpR
(Mattison & Kenney 2002 and Zhat al. 2000). On the other hand, phosphorylation carease
the DNA binding efficiency of a response regulateeveral fold in comparison to the
unphosphorylated form as described by Dehhl, (Dahl et al. 1997) with UhpB/UhpA and
Emmerichet al. (Emmerichet al. 1999) for the RegSR two-component systerBraidyr hi zobium
japonicum. As found in thesen-vitro studies, AauS also seems to mediate the funcfid@oR by
both phosphorylation and dephosphorylation. In Wask, however, we did not notice a difference
in binding efficiency of phosphorylated and unphuosylated AauR (data not shown). Likewise,
addition of ligands or possible interacting molesu{(Glu, GIn, Asp and Asn) did not significantly

affect the phosphoryl transfer (Aas@\auR) or the stability of phosphorylated AauR.

5.6 AauR-Aaus is different from the DctB-DctD two-commnent system

The fact that, succinate is still efficiently ut#id by KTaauR and KTaauS indicates thakau is
functionally distinct from th&lctBD system, which regulates dicarboxylate uptake angioodism

in various bacteria. In rhizobia, for instance, atigins in any of thelct genes result in a loss of the
ability to transport and utilize &icarboxylates (Reidt al. 1996 and Reid & Poole 1998).

Fig. 5.2, shows partial sequence alignments of A@rfoded by PP1067) and AauR
(PP1066) with orthologues from other pseudomonau$ tvo closely related paralogues in
P. putida, encoded by PP0263-PP0264 and PP1401-PP1402. Afthbegfunction of the latter
systems is unknown, they also may have role inrbd@eylate regulation. From Fig 5.2, it is clear
that the Aau systems of differeiseudomonas spp. are closely related while the sequence
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similarity with other putative dicarboxylates regtars inP. putida is less pronouncedrhis is
especially true for the DNA-binding helix-turn-hel(HTH) motifs of the response regulators

indicating that the binding sites in the targetmpoters are also different.

(a) H- Box N- Box GL- Box F- Box G2- Box

(idt / sim v v v v v
(N0 ARN G RV o) MNVS TS| AHELNQPLAANQI LVNLI GNAL DAMIL QVRDNGHG! DPEARKHL FEPFFTTKPGEHGL GLGLTL SA
PA1336  (71.3/81.8) ERAZSRNeZW.YY oNRVNE AWVARs LRRDNG}G EPRARYHL FEPFFTTKPGEHGL GLGLTL SA
VAR G I IR YA OIS TS| AHELNQPLAARQI LVNLI GNAL DAMIIL[§VRDNGHG! DEARKHL FEPFFTTKPGESGLGLGLTLSA
RSN aAIE A INVS TS| AHELNOPLAARQH LVNLI GNAL DAMIIL QVRDNGHGQYDASARKHL FEPFFTTKPGE@GL GLGLTL SA

PP0264  (41.6/56.0)

BAS| EHELNQPLAANQ WANAL DA MERDNGRGRSize AlRZHA XTRTERERENAl CE
PP1402  (38.1/54.6) NsAAMAGE NeZETT [ov{ll [N HVAESAY [BSYL[pSe EADLA \PvGEeReRelA SY

(b) D- Box Hel i x-turn-helix notif
(idt / sim A\

PP1066 (100 / 100) AG VWSDI RLPG DGLELLNRL RTGGNL SQASQEL GVAKTTLFDKVKKYGL

PA1335 (81.6/87.5) AG WSDI RLPG DGLJLLERL RERGNLIQASCBL GVAKTTLFDKVKKYGL

PF4876  (87.8/92.8) G WSDI RLPA DGLELLNRL RSGCNLJQASQEL GVAKTTL FDKVKKYGL

PSPTO4176( 86. 0/ 92. 9) AG VIISDI RLPG DG_ELLSRL RSGGNL SQASQEL GVAKTTL FDKVKKYGL

PP0263 (52.5/70.0) RYPG DGL{GLL[= €eE| KSV QL PRRIIENENVORI
PP1401 (52.2/68. 4) IRSOYRYPAYDG 8L L EL AESVRSLAEAKE! PRI DK{HRK

Figure 5.2: Partial sequence alignment of (Aau) Sensor kinaserasponse regulator in different species
of Pseudomonaga) Sensor kinase with H-box, N-box, G1 and G2 bodgsResponse regulator with D-
box; site of phosphate receiving from sensor kinaed helix-turn-helix DNA- binding motif. The
abbreviation (idt / sim) are identities/similargias calculated by Fasta3 alignment. The prefenobtated
genes are, PHR. putida, PA- P. aerugina and PSPTOP. syringae.

5.7 AatIMQP belongs to the family of polar amino acidABC transporters

Besides the solute-binding protein, the transmend@ermease subunits also play an important
role in the solute specificity and transport by ABfansporters. Broad-range solute ABC
transporters typically have larger permeases (&t transmembrane domains) than permeases
with specificity for a single substrate (5 transnbeame domains). The N-terminal segments of
permease are exposed to the periplasmic space wieralirectly interact with solutes, and also
play a role in stabilization of ligand-solute ret@pcomplex (Kerppolat al. 1991).

An analysis of the N-terminal sequence of perme#sgM (PP1069) and AatQ (PP1070)
showed distinct similarity with permeases of a sl#ss of bacterial polar amino acid transporters
first described by Walshaet al. (Walshawet al. 1997b). These transproters are widely distributed
in Gram-negative microorganisms and exhibit a bm@adje of solute specificities. The N-terminal
sequence alignment shown in Fig 5.3, indicates ¢kakin key residues of the family are well
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conserved in AatM and AatQ. These include a chargsitlue at position 30 (Arg or Lys), which
seems to be required for stabilization of the sokihce mutations at this position dramatically
impair amino acid transport (Walshaival. 1997b). Another important residue, L 53, is thdugh

play a similar role in stability of solute bindimgd transport

YR vL
NocM_At ﬂLAAVPTqTI'HFISLLI'?E‘WSVP‘-JHLMELSKNHIVS SLAYGEWIIWSTl QMELIYY (16-79)
ArtM Ec | LHT TrVASLEV i E‘TIILTLKTPVLWEILVRGHITLE‘TGTI' QIFLIYY (11-74)
HisM St  RETEVAT NI ssvree GRtvs sMEFIRF PIWLETY IFRGTERJOLLVEYS (22-85)
NocQ At s- LSRFWSLRLLGD TTAANGVISENL T TR IVEE (15-78)
HizQ 5t LSQNHVTGLIE‘EGHTTLIqG SDINILMLIIEY (7-70)
ArtQ Ec F ESAK PVANAGSALVT ILGLINENLVWLETYE (5-A8)
RatM_Fp TRLALMALS SN:LLSNLAGAWYFI' SRILVITHEYL (15-01)
RaTQ Fp T ENELY S GTATAN ELEﬂN SARTOLE THYE (23-86)

Consensus [+ S+ -0 - - (e EHTE- W04 - - Q- - - 150 - D - ZEE] HEAE

+=hydrophobic residue

Figure 5.3: Partial sequence alignment of the N-terminal segeg of AatM (PP1070) and AatQ (PP1069)
with other polar amino acid ABC transporters (Walstet al. 1997b). Functionally important residues are
indicated by ¢) and transmembrane segments by gray background.

On the basis of sequence similarities, Tam andrSsaee subdivided the group of bacterial
extracellular solute-binding proteins (SBP) intofdénilies, or clusters (Tam & Saier 1993).
According to this system, AatJ belongs to SBP elu8t which groups together amino acid and
opine-binding receptors. Blast similarity searches alignments of AatJ with other proteins of
this family showed that, at least 10 further baatesolute receptors within SBP cluster 3 have
marked selectivity for acidic amino acids (Glu ak&p). This suggestion, which originated from a
homology model of the AatJ amino acid binding sitesupported by the amino acid binding
properties of various AatJ mutants and by an amsabfsthe known SBP family 3 sequences. We
also used the Pfam database (Fehal. 2006) to perform a more extensive analysis of eege
similarities within SBP family 3 (Pfam entry SBP cb&). In the 78 sequences of the Pfam seed
alignment, residue R93 was almost fully conservégdgppearances), while R174 was conserved in
49 cases (6 sequences contained lysine at thatgpysiPosition 88 was occupied by threonine or
serine in 49 cases. In position 71, a large aliphasidue (L, I, M or V) was found in 53 of the 78
sequences. However, a distinct group of 13 protglds% of the seed sequences) contained an
arginine or lysine in position 71 (AatJ not inclddle Fig. 5.4 shows a partial alignment of the

respective sequences with AatJ while Table 5.2 samzes salient features of the proteins.
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100 170

| |
QB8NY2_PSEPK SVG F - GEAFNMLESGRA

QI 402_PSEAE SVG F - GESFMVLESGRA
QOHUAL_PSEAE SYGFI - GEAFQVLQSGRA
I 1R3_PSEAE : S| PYF - PFAFTALRNGQV
QYAGR9_STRTR : SKASYAI SNPYY - QLGSYPELAVSL

Q7S14_STRPN TSPYY - ELGSYPELI TSL
QQ8FF6_RHI LO SRPYY - ANVLQALESKRAI
QOX4F9_ACTPL AAPYM - TETFDALKI
050494_STRCO AGPYL - SACLNGLQTGAI
GCLUB_CORGL GGPYL - SSCVEALSQGNVI
P72707_SYN3 SVSYF - ADGVAKLEAGEI

FanB8 Si gn. Bs..Yy. ... l..gr.d@ ..d..

Figure 5.4: Partial sequence alignment of the putative Glu/feg@ptor sub-family identified in this
alignment.

All solute binding proteins are monomeric and magef two flexible lobes connected by a hinge.
The active site is situated between these two |owegch after ligand binding undergo a major
conformational change with the result that botheblbend inwards to trap the ligand. To date,
crystal structures of three members of SBP clu@roteins are available, i. e. GInH frdincoli
(PDB entries: 1ggg and 1wdn), HisJ fraamonella typhimurium (Lhpp) and the Arginine/lysine
binding protein from the same organism (1laf, 112lgo). The modes of ligand binding to these
proteins were compared in detail by Sun et al, (8&ual. 1998). In all known SBP family 3
structures, the carboxylate group of the bound arairid is stabilized by electrostatic interactions
with an arginine residue that is strictly consennedall family 3 proteins (in AatJ numbering,
which will be used here and in the following, itR93).

The homology model generated using GInH as the lmcf. section 4.12 and Fig. 4.13)
suggests a mode of ligand binding similar to thexen in the experimental structures, i. e. R93 and
T88 (possibly S85 as well) interact with thecarboxylate ana-ammonium group of the bound
amino acid. Interestingly, in the modeled structtive y-carboxylate of the ligand is positioned
between two further arginine residues, R71 and RWith R71 occupying the more favorable
position. This result is clearly consistent witte tbhbserved preference of AatJ for acidic amino

acids. In view of these data we predicted that ghateins listed in the Table 5.1 all act as
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extracellular glutamate and/or aspartate receptorfact, besides AatJ only two members of the
group (the GluB proteins d@orynebacterium glutamicum and Streptomyces coelicolor) have been
correctly annotated as glutamate-binding proteihgeathe function of the others is unclear (the

annotation of th&. loti mIr3796 gene product as glutamine-binding protemains arguable).

Trembl Accession| Organism Gene Annotated as
Q88NY2_PSEPK |P. putida KT2440 aatJ Periplasmic ligand-binding
Q9I1R3_PSEAE |Pseudomonas aeruginosa PA2204 Probable ligand-binding
Q91402_PSEAE | Pseudomonas aeruginosa PA1342 Probable ligand-binding
Q9HUAL_ PSEAE | Pseudomonas aeruginosa PA5082 Probable ligand-binding
Q9AGR9_STRTR | Sreptococcus thermophilus pebl Outer membrane bound
Q97S14 STRPN | Streptococcus pneumoniae SP_0609 | Probable ligand-binding
Q9X4F9_ACTPL | Actinobacillus pleuropneumoniae| apaA Antigenic protein
GLUB_CORGL | Corynebacterium glutamicum gluB Glutamate-binding protein
050494 _STRCO | Streptomyces coelicolor gluB Glutamate-binding protein
P72707_SYNS3 Synechocystis sp. PCC 6803 Sll0224 Outer membrane bound
Q98FF6_RHILO |Rhizobiumoti MIr3796 | Glutamine-binding protein
083330_TREPA | Treponema pallidum *+ |TP_0308 | Probable ligand-binding
QI9RP92_STRPN | Sreptococcus pneumoniae  * | aatB Outer membrane bound
Q99ZD7_STRP1 KStreptococcus pyogenes M1 * | SPY_1274| ligand-binding protein

Table 5.1: Proteins belongs from a new subfamily of solutadlyig protein family 3. Proteins GluB &.
glutamicum andS. coelicolor are characterized as glutamate binding proteisgerk mark *) indicate the
presence of lysine residue at position 71, restloérs have arginine at this position.

5.8 Aat is the only high-affinity glutamate transporter in P. putida

Only very few ABC transporters for glutamate uptakave been characterized in detail.
Kronemeyeret al. (Kronemeyeret al. 1995) studied a glutamate importer ©brynebacterium
glutamicum which showed close structural homology with otpetar amino acid transporters.
Another binding protein-dependent Glu/Asp ABC tiaorser GItIJKLM fromE. coli was studied
by (Linton & Higgins 1998). The sequence similadiigtween Glt and Aat d?. putida is around
70% (see Table 5.2). ThE. coli Glt system was functionally characterized by Fougloand
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coworkers (Williset al. 1975 and Schellenberg & Furlong 1977). These wamwrlestimated K
values for amino acid binding to the solute-bindprgtein (Gltl), reporting data (04M for Glu
and 1.2uM for Asp) are very similar to our Kvalues for Glu and Asp binding to AatJ. In an
another study with solute-binding protein (Pebld) am Asp/Glu-ABC transporter from
Campylobacter jgjuni (Thomaset al. 2006) Ky values of 0.uM for Asp and 0.79M for Glu were
reported.

As judged by sequence similarity, tReputida genome also encodes further transporters
for Asp and/or Glu, i. e. proton-driven (GItP) arda’-driven (GItS) glutamate/aspartate
transporters, which show 73% and 60% sequencessityiivith GItP and GItS oE. coli (cf. Table
5.2). These transporters were studiedEircoli (Jacobset al. 1995), yielding K values for Glu
between 10-2QuM (Deguchiet al. 1989 and Tolneet al. 1995a). At present time, we have no
experimental evidence indicating whether or noSGlnhd/or GItP are also expressedirputida
KT2440 under normal conditions. However, we fourtat increasing the external Na
concentration did not improve the growth of mutadfsauR, KTaatP and KTaatJ on Glu as sole
source of carbon and nitrogen (data not shown h&te} indicates that the Ralependent GItS
system does not play a major role in Glu importFoyutida KT2440. There is also no evidence
suggesting the presence of an additional low-dffitfransporter besides Aat, since high
concentrations of Glu (up to 10 mM) did not imprarewth of KTaatJ or KTaatP.

5.9 Separate systems exist for Asp and/or Asn uptake

As shown in Fig. 4.2, Aat knock-out mutants &fJ and KTaatP grow well on aspartate or
asparagine as sole source of carbon and nitrogditating the presence of an alternate aspartate
transporter inP. putida KT2440. While selective Asp transporters seemdadre in microorga-
nisms, many bacteria contain dicarboxylate imper(asually called Dct) that not only transport

dicarboxylates but also transport Asp (Janaeseh 2001).
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Uptake system E. coli K12 Ide(;tity Sim;ari ty |P.putidaKT2440 | Function

ABC transporter Gltl (505) (609)) AatJ (PP1071) Solute-binding protein

(Glu/Asp) GltJ 49 68 AatM (PP1070) Permease subunit
GlItK 52 66 AatQ (PP1069) Permease subunit
GItL 70 79 AatP (PP1068) ATP-binding domain

Glu/Asp:H symporter | GltP 62 73 GltP (PP0137) Permease

Glu:Na" symporter GlItS 50 60 GItS (PP0996) Permease

Cs-dicarboxylate/Asp:H | DctA 73 86 DctA (PP1188) Permease

symporter

Table 5.2: Similarity of different putative/established Gluamisporters ofE. coli K12 and P.putida
KT2440. The sequence similarities and identitiesaveketermined by Fasta3 alignment.

E. coli contains several Dct systems. The Dcu transponteich is only expressed in anaerobic
conditions, mediates dicarboxylate import for egemyoduction via the so-called ‘fumarate
respiration’ (Janauscét al. 2001). In aerobic conditions, many organisms aselictA system, a
binding protein-dependent transport system drivearp electrochemical proton gradient (Engelke
et al. 1989 and Jording & Puhler 1993). A study by Retichl. on Dct system oRhizobium
leguminosarum suggested that DctA is selectively induced whep As succinate was added as
carbon and nitrogen source and are highly spefoifiaspartate uptake (Regtlal. 1996).

The DctA systenof P. putida KT2440 is encoded by gene PP1188 (cf. Table 5.@)iaalso
present in many othétseudomonas species. As shown by Fig. 5B, putida DctA shows marked
homology with well-characterized DctA transport&fSE. coli and R. leguminosarum both of
which are known to transport aspartate. We, theeedigsume that growth of K&tP and KTaatJ
on Asp and Asn is mainly due to this transpor®rect experimental evidence for the involvement

of DctA is still unavailable.

5.10 The aatPMQJ operon is regulated by AauR

As already discussed above, the alternate signiarfat’ controls many genes related to nitrogen
metabolism, among theginA, ntrB/ntrC, andansB (Eberlet al. 2000 and Sonawaretal. 2003b).
The binding motif of AauR as identified by promotdeletion and DNase | foot printing
experiments (cf. section 4.18) is present at -1d9-137 region ofaat promoter related to
transcription start. The core binding site for Aa(HRTH motif) is GTTCGGNNNNCCGAAC,

with inverted repeat of 6 bases within distanceddbfases. This kind of HTH-binding motif is
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common with DNA binding motif of HTH_FIS family dfacterial transcription regulators (Tzou &
Hwang 1999). In addition, a typical -12/-24 motBafrios et al. 1999) was found in theat
promoter which is required for recruitment of thkemate sigma factos® to the initial

transcription complex.

POA830| DCTA_ECOLI ~ ------------- VKTSLFKSLYHOYLTAI 21 (€Nl L €HFY|gEl CEOM ey | 47
Q01857| DCTA_RHI LE M AAPL DAVAGSKGKKPFYSHL YV@¥L VAI I2 LL{€HFY[REL GT{OL [(ZREDAZI 60
PP2255| DCTA_PSEPK ~ ------------- M_.KWCSRSI FL®YVLGLAL[ERACEL SFEDLSL (6l [(FREBCEI (R 47

Consensus ~ seemee-ooo--- nkk----sly-QVl -ai A-A || GhfyPel g- Q KPLGDgFi KLdKM
POA830| DCTA_ECOLI | [RAPVI VT €VES| EXTGAVALLIEEE! VSl I I I VNyvQPEABMYY 107
Q01857| DCTA_RHI LE | [RAPVI [FL TIJAT] e\VSDL ERV/AGKAML)(EL TFSYILIARI | VANYVQPeAeMNI 120
PP2255| DCTA_PSEPK L§GLI v/ CAGDLKKY€R| GLKSVI MFEVLTLA VFGLYSG [eSEANI 107
Consensus i lapvi Fct Wt @ aGm dl KkVGR- g- ka-| YFe--sTI ALi | GLi - - nVWwqpGaGmNi
POA830| DCTA_ECOLI DPATEDAKAVAVYEDQ AKDQG VAR MoMIEASVI [ENFASG\IReY GAVERe-MIHR 166
Q01857| DCTA_RHI LE DPASEDPAAVATFRAK- AHEQSI VAEL TN [ETTI A =F el [NMAM 179
PP2255| DCTA_PSEPK HL DQESAADANGLAERGOHI HGATAFFVDL[IETSVI ADN Lig eSAEMNL 167
Consensus dpa- Ldaaava- - A- - - ah- qgi vaF- nd- | Pt svi GAFAdgnl LQVLI FsVLFG AL- -

POA830| DCTA_ECOLI
Q01857| DCTA_RHI LE
PP2255| DCTA_PSEPK

Consensus

POA830| DCTA_ECOLI
Q01857| DCTA_RHI LE
PP2255| DCTA_PSEPK

Consensus

POA830| DCTA_ECOLI
Q01857| DCTA_RHI LE
PP2255| DCTA_PSEPK

Consensus

POA830| DCTA_ECOLI
Q01857| DCTA_RHI LE
PP2255| DCTA_PSEPK

Consensus

POA830| DCTA_ECOLI
Q01857| DCTA_RHI LE
PP2255| DCTA_PSEPK

Consensus

L{€SKGQLI FNVI ESFSQVI [§G | NM MRLIAZREAZE? | €\/GTLV I 1 226
€EKCEQVVNFLNSL TAPVgKL VAI L MKANES CﬁF A | €\/GS| A | 239
€DSAAG SRLI NELSHVI [gRI MGM VRLA ’F A T €l ASL ALl 227

VG kg--i-n-insls-viF-i--mnrl APl GaFGAMAFTI gKYGvgsl --Lg-Li--F

| gCI L L|\MeS| AKAT[EFSI FKFI R RE=ELI SESANERVL DIM=KL[€CR 286
| USLLIRYFI WYHeAVARYNEFS| VALL Rl KIS=HLL S =G IVNYM=KAECK 299
L LICA LI eTVVRLSELKLLPLI INSEEL ! SDAVIMEQ | [SHL[€l G 287
Yi Tc-1 FV-i VLG var--Gsi--lirYirEELli VLGTsSSeaalP--m Knekl Gc-
NSYVGE. VI PTGYSFNLDJJ L| M‘*& A NSQVDI VHQ TL[I vLLL \Ale\/ 346
*VVGE. VI PTGYSFNLDJJ LIAAL (SWA G HLSWEDA LLLVANL el 359
SJIVGE.VI PTGYSFNLDGE Lyl A GTPLEMTDLLTI [BL{YSL AHel 347
- SvVALVI PTGYSFNLDG sl YI Tl AavFl AQATg- - | ---dqi t1 LI V-1 | sSKGAaG
CS{EERYL AATL GHL| e ANl NG » SEARARINE | WRKGVKELB 406
CAGH T(WAAYIRS\AYPS g | (MG (B SECARINE IV\& ENEL[® 419

€
PEesALVI IRNNIETAYPA EVELVIMIAVRVENG CRRINTI é!CWVAI BRYEKDI B 407

- Gsgfi - LAATLsaVp- - PVad alLi Lgi Dr FMse- RALTNLVGN- VATi vvAr Wekel D

HKKL DDV{EN- NRAPDGKTHELSS- - - - - - 428
TVQL GCQTGEDTSAAGLQPAE- - - - 444
LERA( DGKPGFAPTPRKQPSAHQQEF 436
---l--vL-g--9g-d-----l-sa-----

Figure 5.5: Alignment of the DctA proteins oE. coli (POA830),R. leguminosarum (Q01875) andP.
putida (PP2255). Highly conserved residues are shown wdmtélack, while sequence similarities are
highlighted by light grey background.
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5.11 Further Aau-regulated genes inP. putida

In order to identify further AauR/S-responsive gemee screened the whole putida KT 2440
genome for the sequence TNCGGNNNTCCGAAN using the Fasta-Genome similarity search
available online at http://www.ebi.ac.uk/fasta33/gmes.html. This query provided several clear
hits which are summarized in Fig. 5.6. The respeagenes and their known or putative functions
are discussed in detail below.

CGene Functi on/ Annot ati on
0000000 00000O000000000000O000O00O00O00O00O0O0OOO0DOODOOOO0O0O0a0

PP1071 G u/ Asp ABC transporter(aat)

PP0137 G u/ Asp: H" synporter (gltP)

PP1141 Branched- chai n aa transporter(bra)
PP1469 Thi ol / di sul fi de exchange protei n(dsbC)
PP2082 Phosphoenol pyruvat e synt hase(ppsA)
PP2453 d ut am nase/ aspar agi nase notif 1(ansB)
PP2453 G ut am nase/ aspar agi nase notif 2(ansB)

o0o0oo00D0OOO0O0ODOOO0OO0ODOOOO0OO0DOO0O0OOO0OO0ODOOOO0ODOOODOOOCODOOOOODOO
Consensus  ....... gTTCGGNNNNCCGAAC. . . .

Figure 5.6: Alignment of verified and putative AauR bindingesit The AauR binding motif within tHe
putida KT2440 aat gene was experimentally identified in this worl, @hers were detected by silico
genome screening (see text).

5.11.1Periplasmic glutaminase/asparaginase (PGA)

As expected, the AauR binding motif was detectethe promoter upstream region of the PGA-
encoding ansB gene (PP2453) where it seems to occur twieseudomonas glutaminase/
asparaginase (PGA), like other type Il amidohydsesa converts Gln and Asn to the respective
dicarboxylates, which are then taken up into tHks ¢eee ‘Introduction’ for details). 1&. coli, the
ansB gene product (called asparaginase Il) is only esged in anaerobic conditions and regulated
by the fnr protein (Jerlstronet al. 1989). Under anaerobiosis, tie coli enzyme is probably
required to convert asparagine to aspartate wlicturther degraded by aspartase to yield the
energy substrate fumarate. In the strictly aerabyganismP. putida, which does not use this
pathway, PGA is induced by its substrates (GIn,)Aswell as by its products (Glu, Asp) and
repressed by glucose and dicarboxylates. The megatitantof ansB of P. putida KT2440 were
defective in the utilization of GIn as sole souatecarbon and nitrogen. (Sonawagieal. 2003a).

Similar results were reported by Hiser et al, (Higsal. 1999) forP. fluorescence ATCC 13525.
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These findings suggested the role of PGA in coneersf Gln to Glu for transport, because Gln is
not transported bip. putida.

In the present work we found that BEAUR mutants are also defective in PGA activity
showing a phenotype similar to thatasfsB mutants (cf. section 4.6.1). This finding togethth
the identification of AauR-binding motifs in th@sB promoter strongly suggests that the AauR

system indeed mediates the regulatioaraB by Glu and Asp.

5.11.2Glu/Asp:H™ transporter (GItP)

Another interesting hit in the search for AauR Igdsites was the promoter upstream region of
gene PP0137 which, by homology, encodes the seppadtve Glu transporter GItP (Fig 5.7). As
already discussed above, this kind of symporteraupkl gradient as driving force for Glu import
(de Vrij et al. 1989 and Jacobet al. 1995). As shown by Fig. 5.7, GItP Bf putida KT2440 is
closely similar to the GIltPs d&. coli andB. subtilis. The function ofE. coli GItP was studied in
detail by Tolneret al. (Tolneret al. 1995b and Raunset al. 2006). The activity of GItP might
explain the fact that KdatP mutants still grow on Glu, yet with prolonged lplgase and reduced
cellular density (Fig 4.2). If GItP is indeed reapible for Glu import in these conditions, one has
to assume, however, that glutamate transport bf? @uires the AatJ solute-binding protein,
since mutant K&atJ was totally unable to grow on glutamate. As alyementioned, the Glu/Na
symporter GItS (encoded by PP0996) is also praset putida. In view of the facts that i) this
gene does not contain a AauR binding motif anthi} addition of Nadid not improve growth of

KTaatJ and KTaauR suggest that GItS @&. putida has no significant role in Glu uptake.

5.11.3Branched chain amino acid transporter (Bra)

A highly conserved AauR binding motif was also detd in the promoter of thbra operon
(PP1141-PP1137) which encodes the branched chamoaawcid transporter BraCDEFDG. The
branched chain amino acid transportePoéeruginosa was functionally characterized by Hoshino
et al. (Hoshinoet al. 1992) and by Hosie and coworkers (Hodial. 2001 and Hosiet al. 2002).

In R. leguminosarum these amino acid transporters are bidirectiondlaso export amino acids in
certain metabolic situations (Walshaw & Poole 1896 Hosieet al. 2001). Homologous genes

also exists irkE. coli and in othePseudomonas spp. with similar putative functions.
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P21345| GLTP_ECOLI | GFSLEV®JL FAMVL[EI LL[€SYLHYHSDSRDW. VVNLESEAES| LI KM VWPI VY]
P39817| GLTP_BACSU - - - MKLI ” Ll ALAVIEAVI @HFFPDFG- - - - - - - - PY,GD RENNYRAERY 49
PP0137| GLTP_PSEPK <LSLn | GLVL[EVAI ALLNHFSAEKAV\W S PAGDEFI [RL1 KM VVPI V]
Consensus --K—s A\/\Q-l-IvIG iG-l--fs----w--n-L-P-GDl FI rLI KM WPI V
P21345| GLTP_ECOLI VAI | L[el e e l SHATV 120
P39817| GLTP_BACSU TI VI e 1 LVLGLGLL AKK 109
PP0137| GLTP_PSEPK e e <KL I Al LF I S 120
Consensus S -vG AGv CdaKkl GSI G KTI I yFEV- TT-ai - | GI | LAN-f - PgaG

P21345| GLTP_ECOLI SKYQSTTEAVQSSSHG MGT R VASVAKGE S €| GLSSLPAT 180
P39817| GLTP_BACSU HELSGYT D----FKQM & I | DVIVARNDL [BA' €VAAAG GKA 165
NLI

PP0137| GLTP_PSEPK SKYQATAARYQH EHAFI EI'L FAALMRCGE eLGLSSLQAE 179
Consensus Di skyg-t---Vg---Hf--t- I|P-Nl-a---rgem_p|IFFsv FA gl ssl ---
P21345| GLTP_ECOLI VT RSI SE RY\& NFe =L LLYHFA 240
P39817| GLTP_BACSU FHEESTAQ AP L%V FLG 224
PP0137| GLTP_PSEPK QAVSE HM AP ANFe L[gL YFA 239
Consensus -r-Plv--F--- set MFKvThm M y APi G\/f AL| Avt Vanf & ssLI Pl aKLV-1 V-fa
P21345| GLTP_ECOLI | LFFALWLG CGLSVW LI RI LKBELI L& S9=S | E G 'VSI 300
P39817| GLTP_BACSU LFLI LFVLFPLYGLI FQ KYFEVLKM WBLFLI /2 STIST EKRV 284
PP0137| GLTP_PSEPK | AFFAFMVLGL FGFSVI KI MRI MKBEL| LA SS= RVI E 'KSI 299
Consensus i-ffaf-vlglVarlfg-sv----ri-kDelil AyST-SsEtVvLPr-i ekl\/EkYGaPk3|
P21345| GLTP_ECOLI P e SH LYGI EI I L GV 360
P39817| GLTP_BACSU P les VS SG 344
PP0137| GLTP_PSEPK P e SENEDGS LYGI Q_LL GV 359
Consensus Pt Gy Sf NI DGSt LYqSl aal F| AQ ygi I] s-sQl 'l vLt LnvTSKGE AgVng
P21345| GLTP_ECOLI VVLLAT[S €L DREEDVARTIA e Al ZHKFDRKK- 419
P39817| GLTP_BACSU WLLATA e DRYYDIVART] ‘CI ZKAFRQKE- 403
PP0137| GLTP_PSEPK SEVVLLATE DRl MBYARYA IAF“_GIWDAVKG 419
Consensus Sf WLLATI gsVGl PI EGI Af | AGVDRi nDIVARTal I\NanAI A- Vi a- VE- - - d- - k-
P21345| GLTP_ECOLI ~  ----- ALAYEREVLGKFDKTADQ 437

P39817| GLTP_BACSU ----- W/SANSQTESI - - - - - - - 414

PP0137| GLTP_PSEPK EQYYASLMAEKQGAVVVGETAKR 442

Consensus  ------ |-ae-q------- ta--

Figure 5.7: Alignment of GItP protein oE. coli (P21345),B. subtilis (P39817) andP. putida (PP0137).
Highly conserved residues are shown white on blatkle sequence similarities are highlighted bytig
grey background.

BraC of P. putida shows >40% sequence similarity to BraC Rf leguminosarum (see
Fig 5.8). InP. putida KT2440 grown on Glu as sole source of carbon atrdgen, expression of
bra is downregulated (Sonawane, 2003c). Moreover,eaperiments show that glutamate-grown
KTaauR excretes Glu into the medium (cf. section 4.4pbably as a consequence of metabolic
overflow as proposed fdR. leguminosarum (Hosieet al. 2001). In that case, binding of AauR to

thebra promoter should inhibit expression of the opesae(below).
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QL3M3| BraC_RHI LV
PP1141| Br aC_PSEPK
Consensus

QL3M3| BraC_RHI LV
PP1141| Br aC_PSEPK
Consensus

QL3MB| BraC_RHI LV
PP1141| Br aC_PSEPK
Consensus

QL3M3| BraC_RHI LV
PP1141| Br aC_PSEPK
Consensus

Q@L3MB| BraC_RHI LV
PP1141| Br aC_PSEPK
Consensus

QL3MB| BraC_RHI LV
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€l NEEQ K ELARB | e F SIPAS €l LRN 119
€VDEKM_EAKEY[RB oAv SST PAS ||v| 120
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forege T B B e A B R o

_________ - AG Y- ADH- K- - - - AV- HDK- - YG G- A- -

ot eogron @ VR IR o N E A g o

----------- N- GDKDFS- -
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\KFMGPEE GNDSI S eL LPKSF[ﬁ <KI SGPFV 300
LKA G

meery SIRTERR R E

Consensus - K- AGS- D - - VA- A -KG F-T--@ SFD- KGD- K- - - - - -

QL3MB| BraC_RHI LV KKVRTASTATSRRHVSFAPLYGT 381
PP1141| Br aC_PSEPK HFGKPKTEVSPQ - --------- 371
Consensus 00 memmmmmmmmmmmemmee—aa-

359

Figure 5.8: Alignment of the BraC proteins d®. leguminosarum (Q9L3M3) andP. Putida KT2440

(PP1441). Conserved residues are shown white @k bickground.

5.11.4Thiol/disulphide exchange protein (DsbC)

DsbC belongs to the thiol-disulphide reductase lfaraf proteins. It functions as a chaperon,

assisting disulphide bond formation in periplasmroteins of Gram-negative bacteria. In this

repect it plays an important role in the type Itretion pathway. The Dsb family &. coli has

been studied in detail (Soret al. 1997 and Khyse-Andersen 1984).

In pseudomonadsy ma

proteins are secreted by type Il pathway, involvatbgut 12 different Xcp proteins for functional

protein secretion (Fillowet al. 1998). Stenson and coworkers (Stenson & Weiss )26l0@wed

that the function of a toxin oBordetella pertussis was seriously impaired in DsbA and DsbC

mutants. The DipZ protein d?. aeruginosa, also a member of the Dsb family, was charactdrize

by Pageet al., (Pageet al. 1997). It encodes a disulphide reductase and @laymportant role in

the folding of c-type cytochromes. A study by Urteial. on DsbA and DsbC d?. aeruginosa
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showed that these proteins are involved in theirigldof periplasmic enzymes like alkaline
phosphatase, elastase and lipases (Usbaln 2001).

The DsbC protein oP. putida KT2440 is clearly related to DsbC Bf aeruginosa (69%
similarity) and DsbC ofE. coli (32%) with several fully conserved motifs (Fig9pb. Although
experimental data are presently unavailable, wewdate that DsbC d?. putida KT2440 may play

a role in the folding of periplasmic proteins reldto Glu uptake like PGA and AatJ.

P21892| DSBC_ECO67 -------------- MKKGEMLFTLBAAFSGHAQADD- - - - - - - - AKM3 KS- - 36
PA3737| DSBC_PSEAE ~  ------------- VRVTREL CLMSTLALIADN- - - - - - A RKTEQALQPDLPI 41
PP1469| DSBC_PSEPK MAPSGPCPPSGVPVRVT{gF ALASTHAVIAAAT DSNAGAE RKSEONLELEVPV 60
Consensus  smee---------- rvt-F-aaaalal -StfA-A-------- a-qalrk-Lg-1----p-
P21892| DSBC_ECO57 SDI QPARVAENVKTIYL TNSE- | TOBEKHI | [@€PMYDVSGT ARUNVIINMMLLKQLNALE 95
PA3737| DSBC_PSEAE DSI ASSpL el YQYQLKGe ASABEOFVVOEYL YQVKDCKIRYNL HIEINAESQAI AKAI 101
PP1469| DSBC_PSEPK ESVASSaL NeL YEYKL Qce ASAPEQFVMEEYLFQ QDCKEYNLIERTERQG AKLI 120
Consensus -siassPl -d y- V---gG VLYasaD&Xf vmGyl - g- - dgkPVN TekK- e-g-i akl i
P21892| DSBC_ECO67 K----- | ﬁP- < DRTdeYC EQVADYNAL| LIAZ=r@eel D 149
PA3737| DSBC_PSEAE NGVPA AK ] DYUTARYQ DLTE ASSROEPQ 161
PP1469| DSBC_PSEPK NG PA( PaKGE S| DUTARYA ELNRI Assreel G 180
Consensus ng- pa- EmvVYpAKkg- - K- hl TVFTDt TCpYChKLHaevp- | n- - G eVRY- AFPRCA -

P21892| DSBC_ECO67 SDAEKEMKI B AKDKNKIAFBDVVAEKSVAPASEDVDI ADHYALEVQL A SN 209

PA3737| DSBC_PSEAE SAGDKQL QAVIWSAKEPTKAMBA eKEl KSSHEKNPVDKQFQ\VE Al N 221

PP1469| DSBC_PSEPK S SGDQAL QeVL8SSDRRGEMBKMVEEEEI KAAKI@SNPVSKQFQL[EQSI al WBES 240
Amd

Consensus S- gd- ql gAVWC- - d- - - -m -G ei k-a- Q npv-kqgf gl &- - GV- GTPAI VL- -

PA3737| DSBC_PSEAE QL O AKQLAKLALEAK- - - - - - 242
PP1469| DSBC_PSEPK eQVI O RAPQVAKLALAK- - - - - - - 260
Consensus &y- - PGYQPa-g-akl al ---------

P21892| DSBC_ECO67 ETL%PKENKEFLDEI—Q(MFSG( 236
e L

Figure 5.9: Alignment of the DsbC proteins oE. coli (P21892),P. aeruginosa (PA3737) and
P. putida KT2440 (PP1469). Highly conserved residues are sh@wkite on black, while sequence
similarities are highlighted by light grey backgnal.

5.11.5Phosphoenolpyruvate synthaseRpsA)

Phosphoenolpyruvate synthase (PpsA) is a key enpymkiconeogenesis in prokaryotes, where it
revert the pyruvate kinase reaction by convertiguyate to phosphoenolpyruvate (Niersbath
al. 1992). It is especially important when lactated goyruvate are the only pecursors for
gluconeogenesis, @psA mutants ofE. coli did not grow in pyruvate and lactate as sole sauote

carbon. Over-expression peK (PEP carboxykinase) @psA in E. coli accelerated growth several
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fold when succinate or pyruvate were used as casbarce (Chaet al. 1993). InE. coli the ppsA
gene is controlled by the global regulator FruRnRaieret al. 1995 and Negret al. 1998). In
Pseudomonas FruR functions as repressor of rather than aofpdgic regulator of carbon flux
through metabolic pathways (Reizeral. 1999 and Duquet al. 2007). The control oppsA
expression irP. putida by AauR may help to provide glucose or intermexfiaif gluconeogenesis

when the cells are grown in Glu as sole sourceadian and nitrogen.

5.12 Acidic amino acid utilization by P. putida: The current picture

The results described here together with publistieé from our group allow us to outline a
consistent, although incomplete, picture of acaiino acid uptake and utilization B putida
KT2440 with emphasis on AauR as a key regulatoe AAuR/S system exerts direct effects on the
expression of a number of genes involved in amicid anport and metabolization, which are
accompanied by indirect pleiotropic effects on thetivities of other enzymes of nitrogen
metabolism. The role of AauR in genetic control hetdsms is shown in Fig. 5.10 while
important enzymes of Asp and Glu degradation anensarized in Fig. 5.11.

The acidic amino acids and their amides can passugh outer membrane porins
(Sonawane & Rohm 2004) and become available irppéngplasmic space. Here, Gln and Asn are
converted to glutamate and aspartate by PGA. Tieeaiction of Glu/Asp with the sensing domain
of AauS induces autophosphorylation at its kinasenan. The phosphorylated AauS then

transfers the phosphate to AauR which is activated controls the expression of two groups of

genes.
) It activates the transcriptioaat and gltP (Glu-Asp/H+ symporter) and inhibits
expression obra, where Aat and GItP control Glu import, while Bra€yulates
Glu export under conditions of metabolic overflow.
i) It activates the expression of enzymes directlndirectly involved in amino acid

metabolism, among them PGA which hydrolyzes GIn &sa to allow high-
affinity uptake of the hydrolysis products, DsbCigthmight be needed for proper
folding of periplasmic proteins, and pyruvate swsi (PpsA) which channels the

carbon skeleton of Asp and Glu into gluconeogenesis

114



5. Discussion

Acidic amino | AauS-AauR; two- AatPMQJ (Glu/Asp) i Bra (bidirectional): GItP; H*/Glu symporter

o o acids; Glu, Asp component system ABC transporter ABC transporter binding protein dependent
® GIn and Asn ®
Porin ;
A medium
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periplasm

cytoplasm
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dsbC

Expression off
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Figure 5.10: Proposed scheme of AauR-AauS two-component systguatation of acidic amino acid
metabolism and genetics Rseudomonas putida.

Gluconeogenesis is crucial for the synthesis of@de and intermediates of glycolysis when amino
acids are the sole sources of carbon. As showngingFl1l, pyruvate synthase (PpsA, enzyme 8)
has a key position in this process as it reveggruvate kinase reaction generating phosphoenol
pyruvate (PEP) from pyruvate. Pyruvate can be gaedrfrom Asp and Glu in a number of ways.
Both amino acids can be inter-converted by asgattansaminase (reaction 2) or desaminated to
TCA cycle intermediates (oxaloacetate;ketoglutarate or fumarate, reactions 3-5). Both

oxaloacetate and malate are then converted to pigpthe substrate of PpsA (reactions 6-7).
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Asn,GIn

®

Asp,Glu ——= Asp,Glu

PEP —=——— Pyruvate As Glu
| A : \
|
@ |® ® @ ®
Gluconeo-
genesis . o -Keto-
: / e = —= = glutarate
| —
Glucose-6- Malate ® TCA cycle
phosphat ‘\ /

Fumarate —=

Figure 5.11:Proposed scheme of acidic amino acid utilizatioR.iputida KT2440. The shown are, 1-
periplasmic glutaminase/asparaginase (PGA),aspartate transaminase, 3 — glutamate dehyunege4-
aspartate lyase (aspartase), 5 - aspartate oxiélagxaloacetate decarboxylase, 7 - malic enz@nd?EP
synthase (PpsA). For details, see text.

Of course, many details of this scheme are stéicgfative at present time. So, for instance the
involvement of GItP in glutamate uptake and itsutaon by AauR have to be substantiated by
experimental evidence. Moreover, the transportesyqor systems) for aspartate uptake should be
identified. Finally, the proposed key role of Pp&A& growth of P. putida on acidic amino acids
must be supported by experimental data. These et experiments could not be completed in
the course of the present study.
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7. Summary

7. Summary

The Gram-negative soil bacteriuPseudomonad putida is able to utilize an unusually large
number of organic compounds as sources of energybanmass, among them the acidic amino
acids glutamate (Glu) and aspartate (Asp) and #Hraides glutamine (GIn) and asparagine (Asn).
During growth ofP. putida on any of these amino acids, the expression effiaetl set of genes is
induced that allow for their utilization. As repedt previously, the Aau two-component system is
involved in this adaptation process.

In the present study we analyzed the functiona oblthe AauR-AauS system in the uptake
and metabolism of acidic amino acid Byputida KT2440. Aau-negative mutants were defective
in growth Glu and Asp as sole sources of carbonretndgen as well as in Glu and Asp uptake. In
addition, the AauR mutant failed to express pesipie glutaminase/ asparaginase (PGA), an
enzyme required for the conversion of GIn and Asrihe respective acidic amino acids. Other
enzymes involved in the assimilation of Glu and Adpo showed marked changes in activity.
AauR deletion mutants grown on Asn and Asp startedctumulate Glu in the late log phase to
levels many times higher than in the wild type aigb excreted Glu if glucose was available. The
excretion of glutamate in these conditions is pbbpanediated by Bra (a bi-directional ABC
transporter), as reported for TCA cycle mutantetber rhizobacteria. The glutamate accumulation
by aau mutants may be due to high aspartase activitieshafeed the carbon skeletons of Asp and
Asn into the TCA cycle where glutamate dehydrogerasverts it to glutamate.

Immediately upstream of thaau locus of P. putida KT2440, an operon involving genes
PP1068-PP1071 encodes an ABC transporter which amed Aat (foracidic amino acid
transporter). Aat is also upregulated whenputida is grown on acidic amino acids or their
amides. AatPMQJ is a polar amino acid transpordwriging to the solute-binding protein family
(SBP_Bac_3). The Aat system consists of four subumihere AatP is the nucleotide binding
protein, AatM and Aat Q are membrane spanning pasew and AatJ is the periplasmic solute-
binding protein. The expressed and purified sohiteling protein (AatJ) showed high binding
affinity towards Glu and Asp (4 0.4uM and 1.3uM respectively), while GIn and Asn as well as
other dicarboxylates were bound with much lowemnéif. A modeled structure of AatJ (using the
glutamine- binding protein GInH d&. coli as template) suggested a novel arrangement ofeacti

site residues which include several arginine ressd’he modeled structure was validated by site
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7. Summary

directed mutagenesis of several AatJ residues qgieetlto be in contact with the bound ligand. A
data base search suggested that AatJ and at E&sttier proteins constitute a new subfamily of
periplasmic acidic amino acid receptors.

The role of the AauRS two-component system inttaascriptional regulation cdat and
the PGA-encodin@nsB gene was analyzed by gel-shift assays. The pdrieeombinant protein
AauR was shown to bind to the promoter regionsaihlaat andansB. A DNase | footprinting
analysis revealed that the AauR binding motif cstssof a well-conserved inverted repeat of six
nucleotides GTTCGGNNNNCCGAAC). By in-silico analysis of thd>. putida KT2440 genome,
several other genes were detected that containaaR Anteraction motif in their promoters. These
genes encode a’'K&lu symporter (GItP), phosphoenolpyruvate synti@pesA), a branched-chain
amino acid transporter (Bra) and a disulphide emgbkaprotein (DsbC). Based on these data, we
give an outline of acidic amino acid uptake andahelism inP. putida and its regulation by the

AauRS two-component system.

134
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7. Zusammenfassung

Das Gram-negative Bodenbakteriufseudomonas putida ist in der Lage, eine ungewo6hnlich
groBe Zahl organischer Verbindungen als QuelleHiiergie und Biomasse zu nutzen. Unter
diesen Verbindungen sind auch die sauren Aminos&dhetamat (Glu) und Aspartat (Asp) sowie
deren Amide Glutamin (GIn) und Asparagin (Asn). W&tcP. putida auf einer dieser
Verbindungen, wird eine Gruppe von Genen induzdig, fur Aufnahme und Verwertung dieser
Aminosauren notwendig sind. Aus friheren Untersugem war bereits bekannt, dass das
Zweikomponentensystem AauRS an diesem Anpasswress beteiligt ist.

In der vorliegenden Arbeit untersuchten wir am dpal des Stammes
P. putida KT2440 die Rolle des Aau-Systems bei der Aufnalime Verstoffwechslung der sauren
Aminosauren im Einzelnemau-negative Mutanten waren unfahig, auf Glu and G#eanziger
C- und N-Quelle zu wachsen und zeigten auch mad$3efekte in der Aufnahme von Glu und
Asp. AulRerdem waren sie nicht mehr in der Lageipf@matische Glutaminase/Asparaginase
(PGA) zu exprimieren, ein Enzym das die die Hydselwon GIn und Asn zu den betreffenden
Dicarboxylaten katalysiert. Auch andere Enzyme @&s und Asp-Stoffwechsel waren in ihrer
Aktivitdt verandert. Mutanten mit inaktiviertem ARuakkumulierten beim Wachstums auf Asn
und Asp intrazellular groRe Mengen von Glutamae Dabei auftretenden Glutamatspiegel waren
um ein Vielfaches hoher als in Wildtyp-Zellen. Deegxkretion von Glutamat, die auch bei
Citratzyklus-Mutanten anderer Rhizobakterien bebtetcwurde, wird wahrscheinlich durch den
bidrektionalen ABC-Transporter Bra bewirkt. Die Antiung von Glutamat geht vermutlich auf
die in AauR-Mutanten erhohten Aspartase-Aktivitatamrick. Dieses Enzym kanalisiert das
Kohlenstoffskelett von Asp in den Citratzyklus, varo aus durch die Glutamatdehydrogenase
Glutamat gebildet werden kann.

Im Genom vorP. putida KT2440 liegt direkt nebenau ein weiteres Operon, das von den
Genen PP1068-PP1071 gebildet wird und fir einen ABfhsporter kodiert. Wir haben diesen
Transporter Aat benannt (fliacidic amino acidtransporter). Aat wird hochreguliert, werkh
putida auf sauren Aminosduren oder deren Amiden wachsts BatPMQJ-System ist ein
Transporter fur polare Aminosauren und gehort ziup@e 3 der Familie der periplasmatischen

Ligandenbindungsproteine (SBP_Bac_3). Der Aat-Tparter besteht aus vier Untereinheiten,
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7. Summary

dem Nucleotid bindenden Protein AatP, zwei die Memkdurchspannenden Permease-Einheiten
(AatM und Aat Q) sowie dem periplasmatischen Bimdegn AatJ. Rekombinant exprimiertes
und gereinigtes AatJ zeigte hohe Affinitat zu GhdwAsp (Ky= 0.4 uM bzw. 1.3uM), wahrend
GIn und Asn und andere Dicarboxylate mit viel ggerer Affinitdt gebunden werden. Eine (auf
Grundlge des Glutamin bindenden Proteins GlnH Eocoli) durch Homologiemodelling erzeugte
AatJ-Struktur legte nahe, dass sich sein Liganadehinigszentrum von dem anderer Bindeproteine
unterscheidet, wobei mehrere Argininreste malRdgebémd. Die modellierte Struktur wurde
experimentell bestéatigt, indem diverse Aminosawtere die nach dem Modell an
Wechselwirkungen mit dem Liganden beteiligt seiltteso, durch gerichtete Mutagenese verandert
wurden. Eine Suche in Sequenzdatenbanken zeigts AatJ zusammen mit mindestens 15
weiteren Proteinen eine neue Subfamilie der pesipéischen Bindeproteine bildet.

Die Beteiligung des Zweikomponentensystems AauiR&ea Regulation der Transkription
von aat undansB (dem fir PGA kodierenden Gen) wurde mit Hilfe d&43A (electrophoretic
mobility shift assay) nachgewiesen. Dabei zeigth,glass gereinigtes AauR an beide Promotoren
bindet. Die genaue Bindungsstelle wurde durch DNAgSootprints” identifiziert. Sie besteht in
einem hoch konservierten Inverted Repeat aus & @ib durch 4 bp getrennt sind
(GTTCGGNNNNCCGAAC). Bei einerin-silico Suche inP. putida KT2440-Genom wurden
zusatzliche Gene entdeckt, die ebenfalls das AauBenotiv in ihrer Promoterregion enthalten.
Zu den Produkten dieser Gene gehoren éiGH-Symporter (GItP), das Enzym
Phosphoenolpyruvat-Synthase (PpsA), ein ABC-Trartepéiir verzweigtkettige Aminosauren
(Bra) and das Disulfidaustauschprotein DsbC. Auf@rindlage dieser Ergebnisse war es
erstmals madglich, am BeispiBl putida KT2440 konkrete Vorstellungen zur Aufnahme und
Metabolisierung der sauren Aminosauren und ihreyuReion durch das AauRS Zweikomponen-

tensystem zu entwickeln.
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8. Appendix
8.1Abbreviations
8.1.1 Amino acids

Ala (A)
Arg (R)
Asn (N)
Asp (D)
Cys (C)
GIn (Q)
Glu (E)
Gly (G)
His (H)
lle (1)
Leu (L)
Lys (K)
Met (M)
Phe (F)
Pro (P)
Ser (S)
Thr (T)
Tyr (Y)
Val (V)

8.1.2 Antibiotics

Amp
Cb
Cmp
Gm
Kan
Tet

8.1.3 Enzymes

AR
ATase
CIP
GDH
GOGAT
GS
HPK
PGA
UR

uT

Alanine
Arginine
Asparagine
Aspartate
Cysteine
Glutamine
Glutamine
Glycine
Histidine

I soleucine
L eucine
Lysine

M ethionine
Phenylalanine
Proline
Serine
Threonine
Tyrosine
Valine

Ampicillin
Carbenicillin
Chloramphenicol
Gentamycin
Kanamycin
Tetracycline

Adenylylremoving
Adenylyltransferase

Calf intestinal alkalingghosphatase
Glutamatedehydrogenase
Glutamatesynthase
Glutaminesynthetase

Histidine proteinkinase
Periplasmicglutaminasedsparaginase
Uridylyl removing
Uridylyltransferase
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8.1.4 Microorganisms

A. brasilense
B. subtilis

C. glutamicum
C. Jguni

E. chrysanthemi
E. cali

P. putida (PP)
P. aeruginosa
P. syringae

P. fluorescens
R. meliloti

S aureus

R. leguminosarum
S meliloti

S typhimurium

8.1.5 Genes/Proteins

ansB
Bra
dct

aau
aauR
aausS

aat

aatP

aatJ
aatM/aatQ
dctD

gltB

HisJ

Ntr

Pebla
PPsA

8.1.6 General

Abbreviation
o-KG
A

Azospirillum brasilense
Bacillus subtilis
Corynebacterium glutamicum
Campylobacter jejuni
Erwinia chrysanthemi
Escherichia coli

Klebsiella pneumoniae
Pseudomonas aer uginosa
Pseudomonas syringae
Pseudomonas fluorescens
Rhizobium meliloti
Saphylococcus aureus
Rhizobium leguminosarum
S nor hizobium meliloti
Salmonella typhimurium

Periplasmic glutaminase/asparaginase gene
Branched chain amino acid ABC-transporter
Dicarboxylictransport system

Acidic amino acidutilization
Gene encoding response regulator AauR
Gene encoding sensor kinase AauS
Acidic amino acidtransporter
Glutamate receptor encoding gene
ATP binding protein encoding gene
Aat permeases genes
Dicarboxylate transport regulator gene
Major subunit of glutamate synthase Gene
Histidine binding protein
Nitrogenregulatory system

Periplasmic Glu/Asp binding proteirCflejuni
Phosphoenolpyruvate synthase gene

Full name
Alphaketoglutarate
Absorption
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ABC
ADP
AMP
APS
ATP

cAMP
CCR
cDNA
CIP
Da
DNA
DTT
EDTA

HPLC

HEPES
IPTG
IR

kb

kDa
L-AHA
LB

mg
min

nt
OAA

oD
ORF
PCR
PGPR
Pi

RNA
rpm
RR
SBP
SDS
TBE
TCA

Angstrom [1G°cm]

ATP binding cassette
Adeninediphosphate
Adeninemongohosphate
Ammoniumpersulfate
Adeninetriphosphate
Basepair

Cyclic adeninemongphosphate
Carboncataboliterepression
ComplementarypNA

Calf intestinalphosphatase
Dalton

DeoxynucleicAcid
Dithiothreitol
Ethylenaliamindetraceticacid
Relative centrifugal force
High Performance. iquid Chromatography
4-(2-hydroxyethyl)piperazine-lethaneulphonic
acid

I sgoropyl B-D thiogalactoside
Inverted repeats

Kilobase

Kilodalton

L -aspartic acid3-hydroxamate
Luria-Bertani medium

Molar

mili gram

Minute

Nitrogen source

Nucledide

Oxaloaceticacid

Degreecentigrade

Optical density
Openreadingframe
Polymerasechainreaction
Plant growth promotingrhizobacteria
Inorganicphosphate

| soelectrigpoint
Ribonucleicacid
Revolutionsper minute
Responseegulator
Solute binding protein
Sodiumdodecylsulfate
Tris borateEDTA buffer
Tricarboxylicacid
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TE
TEMED
Tris

UTP
uv

viv

w/v
WT

Tris-EDTA buffer

N'N'N' N'-Tetramethylendiamine
Tris(hydroxymethyl)-aminomethane
Activity unit (umol.miri®)
Uridinetriphosphate

Ultra voilet

Volt

Volume byvolume

Waltt

Weight byvolume

Wild type
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