The role of protein phosphorylation in regulation d carbon
catabolite repression inBacillus subtilis

PhD Thesis

in partial fulfilment of the requirements
for the degree “Doctor of Philosophy (PhD)”
in the Molecular Biology Program
at the Georg August University Géttingen,
Faculty of Biology

submitted by

Kalpana Singh

bornin

Haryana, India



| hereby declare that the PhD thesis entitled, “Thke of protein phosphorylation in
regulation of carbon catabolite repressioBacillus subtili§ has been written independently
and with no other sources and aids than quoted.

Kalpana Singh



Acknowledgement

Acknowledgement

This thesis has been the culmination of the rebeanrk done in the Department of General
Microbiology, University of Goéttingen, under thepsuvision of Prof. Jorg Stilke and Dr.
Boris Gorke.

To begin with, I am thankful to Prof. Jorg Stllkar fgiving me the opportunity to
carry out my dissertation in his department anchfsrconstant support and encouragement.

| wish to express my sincerest gratitude to Dr.i8@0rke for his supervision, advice,
and guidance. He gave constant encouragement g@porsun various ways. His scientific
acumen has made him as a continous source of wd@ah inspired and enriched my growth
as a student, a researcher and a scientist wéug toam indebted to him, for his faith in me
and providing the right direction whenever | neede¢lde most.

| thank my doctoral committee members, Prof. Dr.|ligang Liebl and PD Dr.
Markus Wabhl for the “outside” perspective to my wand their time.

| am thankful to the financial support by the Liehberg fellowship, and the
“Bridging funds” by GGNB.

| am grateful to Prof. Chester W. Price, Dr. DaRddner, Dr. Isabelle Martin
Verstraete, DrPeter JLewis, Dr. Simone Séror, Dr. Thorsten Mascher, Braf. Wolfgang
Schumann for the generous gifts of plasmids arainstr

My heartfelt thanks to Sabine Lentes for her tredo&is help and the much needed
assistance and support. She made it possible fdoraehieve the maximum in the shortest
time span. | am thankful to her for the time anibre$ she spent on carrying out the tedious
Lac-Z measurements.

| am thankful to all the members of this departmeho helped me in one way or the
other to carry out my work successfully. Especiéllyistina, her meticulous work habits and
her comforting presence made the lab a pleasuw®tk in. | shall forever cherish and value
her ideas and useful tips. | thank Fabian and $weanswering my endless questions when |
started my work in this Lab. Also, | thank Sebastad Claudine for being interesting peers.

| wish to further extend my thanks to other pastl gmesent members of my
workgroup. | thank Birte, who pitched in with inésting chit chat over coffee, for being a
great friend and a mental support in the lab. AmRjérn, Denise, Falk, Maria and Ricarda for
providing a fun filled lab environment, constantgheith personal and lab matters. Thanks to

Birte and Falk again for critically reading sometpaf my thesis.



Acknowledgement

| thank Nicole, Ricarda and Maria for providing @@ opportunity to supervise them. It was a
learning process for me as well, while | was slgarmy knowledge with them.

| am grateful to all my friends in Gottingen, wh@ade my stay here a memorable one.
To Bhavna as it has been a pleasure having hefraend. | can not thank her enough for all
the mental support she provided me while | wasnfathe most stressful times. She kept me
going and | am extremely thankful for that. | ardebted to Oli, who continued to be a great
friend while he was in the lab and then out of gurely know much more about “processors”,
“samplers” and “bikes” now.

| am thankful to Devan for being my home away frobome in Goéttingen. He has
been an amazing friend and support and a constantesof joy for me. Thanks for that!

| would like to thank all the people whose namesid not include here, but they
provided me with the necessary help and made giplesfor me to write this thesis.

Finally, my parents and my siblings deserve speuv&ition here. My deep and lasting
gratitude to my mama and papa for their unconditidave, faith, and support. They have
been a constant source of inspiration and this wodspecially dedicated to them. To Alka

and Sandeep for cheering me up whenever | feltdo@ being the most loving siblings.



Table of Contents

Table of Contents

LiSt Of ADDIEVIATIONS .......uiiiiiiiiiiiiieet et e e e e e e e e e ee e 1
Y 0111 =T PSS UURPPPPPPPRP 2
IR [ 01 o To 18 T £ [ o OO PPPRPUPUPPPP 5
1.1 The prokaryotic wWay Of life .........oiiiieee e e e 5
1.2 Signal transduction and regulation in bacteria...........cccceeveveeieiiiiiiiieeeeeees 5
1.2.1 Modes of phosphorylation dependent signakttaction in Bacteria ..................... 6
1.3 Sugar utilization and metabolismBnSubtilis..............eiiiiii 8
1.3.1 Carbon sources utilized By SUDLIIIS...........uuuuiiiiiiiieee 8
1.3.2 The PTS: an economical way of sugar Uptake .............ccovvvvvviiiiiiiinieeeeeeeeenn, 9
1.3.3 General pathways for the cataboliscadohydrates...............covevvvveenne. 11
1.4 Regulation of carbon metaboliSm ........coceeeiiii e 13
1.4.1 The regulatory role of PTS in CCR: linkinggauuptake and metabolism. .......... 14
R 3t I A O 0 T = o o | PRSP SPR 14
1.4.1.2 CCRIMB. SUDLIIS ....eiiiiiiiiiiiiiie e e e 15
1.4.2 Global mechanism of carbon catabolite reppasa B. subtilis........................... 17
1.4.2.1 Role of HPr(Ser-P) and CCPA ... .. e 17
1.4.2.2 Role of Crh in CCR IB. SUDLIlIS ...ttt 19
1.4.2.3 HPrK/P: The central player of CCR..ooeeeeevvviiiiiiii e 19
1.4.2.4 Interplay of protein factors (HPr, Crh, KF? and CcpA) and small molecule
effectors: a model to describe CCRBNSUBLIlIS..........oovvuiiiiiiiiii e, 20
1.5 AIM OF ThiS WOTK ...ttt ettt e e e e e e e e e e e e e e e e e e e s 22
IS A 0T o] = 11T SRR 23

2. Control of the Phosphorylation State of the RRitein of the Phosphotransferase System
in Bacillus subtilis implication of the Protein Phosphatase PrpC..cccoveeeieeiiiiiiinennnnnn. 24
3. Carbon catabolite repressiorBacillus subtilis A quantitative analysis of repression
exerted by different CarboN SOUICES .......cceeeeeeiiiie e 34

4. Analysis of thénprK operon inBacillus subtilis Evidence for a role of a gene encoded

downstream ohprK in carbon catabolite repression. ............ccccceevviiiiiiiiin 57
L B o 01T (0] o PP PP PPPPPPPPP 76
5.1 Role of PrpC in regulating the phosphorylastatus of HPr................cooovviiiiiiiniee, 76

5.2 Hierarchical nature of catabolite repressiogrexi by various carbon sources ........... 79



Table of Contents

5.3 HPr(Ser-P) levels in the cell govern the sttierod catabolite repression by various

(o= 14 o0 0 IRST0] U o 3SR 81
5.4 Modulation of the phosphorylation state of Bithe nature of the carbon source..... 84
5.5 Formation of doubly phosphorylated HPBInsubtilis...............cccoeeeiiiiiiiiiiieiinneee 36.
5.6 Activity of HPrK/P determines CCR B subtilis............c.ccoviiiiiiii e, 90
Summary and CONCIUSIONS ... ... .u ittt e e e e e et et e e e e 93
(Y] (=] =T o =T TR 94
Supplementary Material............coooiiiei oo e e e e e e e e e e e e e e e e e erenneeaeeera s 109

CUITICUIUIM VI, et 122



List of Abbreviations

List of Abbreviations

ABC
ATP
bp
CCR
DNA
DTT
ermC
El

Ell
FBP
glu
G6P
His
IPTG
KDa
LB
LFH
MIN
mM
MW
NTA
oD
ONPG
PAGE
PCR
PEP
pH
PNPP
PNPX
PP2C
PPP
PPP
p.s.i
PTS
PVDF
rpm
Ser
Spc
RNA
TCA
Tris
Wt/vol
WT

ATP binding cassette
adenosine triphosphate

base pairs

carbon catabolite repression
deoxyribonucleic acid
Dithiothreitol

Erythromycin

enzyme |

enzyme Il

fructose 1,6-bisphosphate
Glucose

glucose-6-phosphate

Histidine
Isopropylf3-D-thiogalactopyranoside
Kilodaltons

Luria Bertani

long flanking homology
Minutes

Millimolar

molecular weight

nitrilotriacetic acid

optical density
2-nitrophenylB-D-galactosidase
polyacrylamide gel electrophoresis
polymerase chain reaction
Phosphoenolpyruvate

power of hydrogen

p-nitro phenyl phosphate
p-nitro phenyl xyloside

Protein phosphatase 2C
pentose phosphate pathway
protein phosphatase P

per square inch
phosphotransferase system
polyvinylidene difluoride membrane
rotation per minute

Serine

Spectinomycin

ribonucleic acid

tricarboxylic acid
Tris(hydroxymethyl)aminomethane
weight per volume

Wwild type



Abstract 2

Abstract

Bacteria have developed sophisticated mechanisnalapt to a variety of environmental
conditions, including the availability and supplfycdsfferent carbon sources. If provided with
a mixture of nutrients, many bacteria can selebtiuélize the carbon source that allows the
most rapid growth. Simultaneously, the cells reprie functions involved in the utilization
of secondary carbon sources. The underlying phenomas called_arbon atabolite
repression (CCR). CCR is a paradigm of signal tracisoh and is achieved by different
molecular mechanisms in Gram-negative and Grantipesacteria. IrBacillus subtilis the
transcriptional regulator CcpA is the master regulaf the global CCR. In the presence of a
preferred carbon source, CcpA is activated andsbiadts DNA operator sites, the catabolite
responsive elementsrg). This leads to the repression of numerous geneshved in
metabolism and utilization of secondary carbon sesir The DNA binding activity of CcpA
is stimulated by interaction with its phosphorythteofactors, HPr(Ser-P) and Crh(Ser-P).
HPr and Crh are phosphorylated by the ATP depenudi@ntctional enzyme, the HPrK/P at
Ser-46 residue. HPrK/P is an allosteric enzyme @os$esses both kinase and phosphorylase
activity, thereby catalysing the (de)phosphorylatiof HPr and Crh. The antagonistic
activities of HPrK/P are triggered by metabolitests as fructose 1,6-bisphoaphate (FBP),
ATP and inorganic phosphate }FHPr is also a part of the phosphoenol pyruvaigeddent
phosphotransferase system (PEP:PTS). The PTSat/et/in carbohydrate uptake in many
bacteria. When participating in sugar transportr lsFfphosphorylated at histidine-15 (His-P)
residue. The two phosphorylation events (Ser-P HdisdP) are considered to be mutually
exclusive and only HPr(Ser-P) can participate inRC@ccording to the present model of
CCR in B. subtilis the metabolism of a preferred carbon source asge the intracellular
level of FBP. A high FBP concentration stimulates HPrK/P kinase activity, leading to high
amounts of intracellular HPr(Ser-P), which caus€fC

Glucose is the most preferred carbon source fanynorganisms and the current
model of CCR imB. subtilisis based on studies, which focussed on glucosleeasepressing
carbon source. In this study, CCR was studied @& gtesence of various carbon sources,
which are catabolised and taken up by differentatmaic pathways. The different carbon
sources formed a hierarchy in their ability to @a@CR. As a reporter system for CCR
expression of th@-xylosidase (XynB) was analysed. Most of the stroegressing carbon

sources were found to be PTS substrates. It coalddmonstrated that repression by each
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carbon source is mediated via the CcpA dependetitiwps, except for sorbitol. This
highlights the existence of a CcpA independent raeim of CCR okynBexpression.

For the CcpA dependent pathway of CCR, HPr was dsirated to be the relevant
corepressoiin vivo. A strain lacking the second cofactor of CcpA, @khibited similar
repression of the reporter system as the wild stpgn. Western blot analysis revealed that
the amounts of HPr, HPrK/P and CcpA do not vanhilite carbon source. This ruled out the
possibility that the differential CCR exerted bye tHifferent carbon sources is caused by
different intracellular amounts of these proteifiserefore, the phosphorylation state of HPr
in vivo was analysed. The presence of strong repressirgprcasources generated high
intracellular HPr(Ser-P) levels as compared to tWneaker repressing carbon sources.
Moreover, weaker repressing carbon sources alldaredation of large amounts of HPr(His-
P). Thus, it could be well established that théed#nt repressing potential of various carbon
sources are derived from the ability to generdterdintial intracellular levels of HPr(Ser-P).

| then addressed the question, hBwsubtiliscells may judge the quality of a given
carbon source, in terms of being a stronger or eeadpressing sugar. Since PTS carbon
sources generally exerted a strong CCR, | analybemh active PTS may affect the
intracellular generation of HPr(Ser-P). Preventing phosphorylation at histidine residue of
HPr, resulted in a complete relief from CCR by PStBstrates. This was expected because
these substrates can not be taken up in this mutlowever, the repression by non-PTS
substrates did not change as compared to a wild $yfain. This interesting observation
clearly indicated that even if HPr does not paotte in PTS, its participation in CCR can not
be increased. Hence, there is no competition betwie- and Ser- phosphorylated froms of
HPr. Thus, differences in HPr(Ser-P) amounts musjimate from the differential kinase
activity of HPrK/P. Since the activity of the HRnkse is believed to be triggered by FBP, we
determined the intracellular FBP concentrationscalls grown on the different carbon
sources. It turned out that on most sugars thadatiular FBP level is high enough to achieve
full activation of the HPrK/P kinase activity. Thugs contrast to the existing model, there
must be further factors or metabolites, which dffae HPrK/P activityn vivo.

A hint regarding this possible additional factorhigh may modulate the kinase
activity of HPrK/P could also be gathered in thierkv The relieved repression & strain
carrying adhprK polar mutation could not be restored by the ectegression ofiprK. This
suggested a possible role of the genes downstréapri§ in CCR.

HPr(Ser-P) is also known to be a target of the/T®er phosphatase, PrpC in

Mycoplasma pneumonia&hus, the possible role of this phosphatase in G@R also
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analysed inB. subtilis It could be established thaB. subtilis PrpC can indeed
dephosphorylate HPr(Ser-R) vitro. In vivo, a prpC mutation had a minor effect on the
phosphorylation state of HPr and none on CCR.

In summary, the global CCR mechanisnBinsubtilisis governed solely by HPrK/P
activity. Depending on the available carbon souacegncerted action of known and unknown
factors/metabolites leads to the modulation of HPrKctivity, which ultimately determines
the strength of CCR.
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1. Introduction

1.1 The prokaryotic way of life
For prokaryotes, adaptation is the key to surviVaky rarely live in a constant environment

and face challenges like changes in the physicdlcemical composition of their habitats,
limited nutrient supply etavioreover, in their natural habitat, bacteria havedmpete with
other microorganisms for the available resources.

Bacillus subtilisis a low G+C content, heterotrophic, Gram-positha#l bacterium
and has developed sophisticated mechanisms tcetlwell in the rough conditions of its
natural habitat. This is achieved primarily by #@mbination of an economical use of the
limited nutrient sources and intricate gene/cefjutation mechanisms (Stulke and Hillen,
2000).

Likewise, the ability to sense and migrate towapdsferred carbon and nitrogen
sources allows the bacterium to make use of neauress and to escape from unfavourable
conditions. Upon conditions of prolonged stress mmiient deprivationB. subtilisis able to
initiate the process of sporulation. During spatiola dormant, heat and stress resistant
endospores are formed that all®vsubtilisto survive unfavourable conditions. The process
of spore formation madd3. subtilis a model organism for the study of this simple

developmental process (Errington, 1993).

1.2 Signal transduction and regulation in bacteria
Signal transduction in any organism serves the ggapf mediating response to a chemical

or physical signal from its environment. The rasgitintracellular effects of this signal
sensing can be a change in gene expression, @teyain metabolism, the continued
proliferation and death of the cell or the stimigdator suppression of locomotion. Protein
modification is one of the principal mechanisms floe regulation of cellular functions in
response to extracellular stimuli in both eukargca@d prokaryotes. In this respect, protein
phosphorylation and dephosphorylation provides ¢ke# with signals that reflect rapid
changes in the cell physiology. The prominence lubgphorylation derives from various
attributes. Primarily, the high charge density, #idity to form strong salt bridges and the
propensity to form multiple hydrogen bonds rengdresphate a potent agent for altering the
chemical structure of a protein (Johnson and Bdsfa®93). In addition, phosphorylation

events are reversible and thus, unlike other covateodifications, proteins can be readily
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converted back to their native statevivo. Thus, depending on the stimulus perceived, a
protein can exist in physically and functionallgtiihguishable states.

A number of amino acid residues can accept phosp@atmmonly phosphorylated
residues include histidine, tyrosine, serine, thre® and aspartate. Chemical properties and
the intrinsic free energy of phosphorylation of #@ino acids as compared to the same
residue when they are part of a protein, also detes the cellular function of different types
of phosphorylation. For instance, the free energyhydrolysis of phosphoserines within
proteins is higher than that of free phosphosetes this mode of phosphorylation is usually
involved in induction of energetically unfavouraldenformational changes (Spraeg al,
1988). On the other hand, the free energy of phasghdines within proteins is similar to
that of free phosphohistidines, suggesting that phosphorylation is independent of the
protein of which it is a part (Stoek al, 1990)

A number of cellular processes in prokaryotes idicig control of metabolism,
carbohydrate transport, gene transcription, celldiferentiation, infective mechanisms of
pathogens, osmoregulation, chemotaxis and phowtare subjected to phosphorylation
dependent regulation (Alex and Simon, 1994; Cozzd®®3; Mann, 1994; Stockt al,
1992).

1.2.1 Modes of phosphorylation dependent signal tresduction in Bacteria
In bacteria two main modes of signal transducticevail. Firstly, the extracellular signal can

be perceived or sensed by a transmembrane prét@irgénerates an intracellular response
(Hellingwerf et al, 1998).Alternatively, the signalling molecule is transgattintracellularly
and its presence is then sensed by the cell, fpractose in the regulation &fc operon in
Escherichia coli(see section 1.4 for detailshhe lac operonis induced in the presence of
lactose in the media. Lactose is converted inthaleely into allolactose, which acts as an
inducer of thelac operon (Pardeet al, 1959). Many of these regulatory mechanisms in
prokaryotes are controlled by phosphorylation syst§Cozzone, 1988; Saier, Jr., 1993).
They include:

a) ATP dependent protein kinases/phosphatases: Tdssichl mode of phosphorylation
includes enzymes that utilize alcoholic (serine dmaonine) or phenolic groups
(tyrosine) as acceptors to generate phosphatesestenddition, basic amino acids
(histidine, lysine and arginine) can be phosphaegaoroducing phosphoramidates.
Furthermore, acyl groups can serve as acceptoparfas and glutamic acid) to

generate mixed phosphate-carboxylate acid anhygl(fdezzone, 1993). Interestingly,
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b)

most of the bacterial kinases that belong to thasscare known to be activated by
intracellular metabolites (Saier, Jr., 1993). Vasotypes of protein kinases and
phosphatases commonly encountered in prokaryotesished in Table. 1. For any
particular system, the protein kinase and protéiosphatase may be present either as
two separate proteins, or unified in a single kitional protein (Saier, Jr., 1993)he
best examples of bifunctional kinase/phosphatasetlae isocitrate dehydrogenase
kinase/phosphatase (AceK) frollh coli (Garnak and Reeves, 1979; LaPorte, 1993)
and HPr(Ser-P) kinase/phosphorylase from Firmic(@adinieret al, 1998; Poncegt

al., 2004; Reizeret al, 1998). An example of kinase and phosphatase i@esiv
residing in separate proteins is the serine threokinase RbsW iB. subtilis which
acts in conjugation with two phosphatases RbsU &idP to modulate the
phosphorylation state of the anti-sigma factor RPg&hget al, 1996).

Two-component system: This type of phosphorylatigstem responds to an external
stimulus by mediating an ATP dependent autophogditayn at a histidyl residue of
a sensor kinase. The phosphate is subsequentbfdread to an aspartate residue of a
second protein called the response regulator, wlamdwvity is modulated in a
phosphorylation dependent manner. Histidine proteiases and response regulators
have been identified in a wide range of Gram-pesitind Gram-negative species
(Fabretet al, 1999; Mascheet al, 2006). The paradigm for the two-component
system is the EnvZ/OmpR . coli. EnvZ and OmpR are the transmembrane sensor
and its cognate response regulator, respectivey, regulate the transcription of porin
genes in response to medium osmolarit§ircoli (Cai and Inouye, 2002; Yoshida

al., 2002).

Phosphotransferases: In this system, a phosphooypgs translocated via a set of
relay proteins to the final phosphate acceptoinvolves the well characterised PEP:
PTS (phosphoenolpyruvate phosphotransferase systeostmaet al, 1993). This
system is involved in the concomitant uptake andsphorylation of a number of
carbon sources. The different relay proteins recdive phosphate group at the
imidazole ring of a histidine residue on either M¥lthe N-3 position. In addition,
cystiene residues are phosphorylated in the Pt proteins (see below). This
phosphorelay gives rise to high-energy bonds, piogi the energy for the
translocation and phosphorylation of the incomiagoon source. The PTS is regarded
as a bifunctional system as besides being invoilmesligar uptake, it also performs

regulatory functions in the cell (discussed belovdetail).
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Table. 1.Protein kinases and phosphatases in prokaryotes

Kinases family Example/Organism Reference

Eukaryotic kinases homologues AfsK fr@treptomyces Matsumotocet al,
coelicolorA(3)2 1994

Ser/Thr/Tyr specific histidine  SpollAB fromB. subtilis Min et al, 1993

kinase homologues

Acek (Isocitrate dehydrogenaseE. coli LaPorte and Koshland,

kinase/phosphatase) Jr., 1982

HPrK/P Firmicutes, Gram-negative Boélet al, 2003;
bacteria Reizeret al, 1998

Phosphatases famil§y

PPP PrpA and PrpB from. coli Missiakas and Raina,
1997

PPM PrpC fronB. subtilis Obuchowsket al,
2000

Low MW PTP/Conv. PTP YopH from Guan and Dixon, 1990

Yersinia pseudotuberculosis

& PPP (Protein phosphatase P) and PPM (Protein phtaseh M) characterized by their
dependency on metal ions, inhibitor sensitivityPPHrotein tyrosine phosphatases.

1.3 Sugar utilization and metabolism inB. subtilis

1.3.1 Carbon sources utilized by. subtilis
B. subtilis like many other prokaryotes, can utilize a multeé of carbon sources including

various complex carbohydrates such as polysacasaadmposed of glucose (glycogen and
starch), hemicellulosic substrates which are comgas xylose, mannose, galactose and
arabinose monomers and polymers like xylan andirmvaplans. Uptake of a little less than
20 carbon sources has already been reporte®.f@ubtilis These complex carbohydrates
represent a major content of the plant biomdssubtilis secretes a large number of
polysaccharide degrading enzymes, suchi-asnylase, pullulanase, enfel,4-mannanase,
levanase, endoglucanase and xylanase, which allogv drganism to break down

polysaccharides into smaller entities (Deutsatteal, 2002). Glucose in general is the most
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preferred carbon source. The various carbohydratessubsequently taken up by different
transporters that catalyze uptake of the substtetieg different mechanisms.

B. subtilis employs primary and secondary active transportéasijlitators or
multiprotein complexes like ATP-binding cassettdB@ transporters and the PEP:PTS for
the uptake of carbon sources (Satal, 2002). Facilitators mediate the energy independe
uptake of substrates. Secondary active transpotttiige the energy derived from the
electrochemical potential gradient of a substammress the membrane to drive transport. The
symport or antiport of usually 'Hor Na ions provides the energy in these cases. Primary
active transporters use the hydrolysis of ATP oP R& mediate the uptake of substrates, for
e.g ABC transporter and PTS system. The PTS systeawe not yet been identified in
eukaryotes and archea. Uptake via PTS system intesda phosphate in the incoming sugatr,

thus making the carbon source directly availabtarietabolism (Fig. 1 and Fig. 2).

1.3.2 The PTS: an economical way of sugar uptake
The PTS system is a complex multienzyme uptakeesystiedicated for the concomitant

phosphorylation and transport of carbohydrates sactbe cell membrane (Postrea al,
1993). Phosphorylation incorporates a negativegehan the sugar molecule preventing its
escape from the cell.

The PTS system also provides the cell with a vegnemical way of sugar uptake.
The phosphate is derived from PEP which has abbdi7-kcal/mol of free energy of
hydrolysis and is equivalent to one ATP in termseagérgy. This allows both uptake and
phosphorylation of the sugar molecule by the experal of only one ATP equivalent
(Postmaet al, 1993). In contrast, in the case of ATP transpsest8 ATP equivalents are
required for the uptake and the subsequent phoglalion of the sugar. For this reason,
many bacteria, which rely on substrate level phosgation for the generation of ATP (e.g.
facultative anaerobic bacteria), use the PTS am#ie sugar uptake system.

The PTS in general is composed of three componems)ely energy coupling
proteins Enzyme | (EDptsl), the Histidine-containing protein (HPpt§H) and several sugar
specific Enzyme lIs (Ell). EI and HPr are cytoplasmroteins involved in the uptake of all
PTS carbohydrates iB. subtilis Ells are multidomain proteins. The domains can be
organised as several individual polypeptides omasngle fused protein (Meadoet al,
1990; Postmeet al, 1993). The phosphoryl transfer is mediated by Bl and EIIB
domains and the membrane bound EIIC (and EIID,rdsent) domain forms the sugar

translocation channeB. subtilisgenome encodes 16 sugar specific EIl complexaseWwer
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only one El-like protein and two HPr-like protei(tsPr and Crh) are present (Reizdral,
1999). Transport of sugars by PTS occurs with tb@ircomitant phosphorylation (Mead@tv
al., 1990; Postmat al, 1993).

The overall reaction catalysed by the PTS is schieally depicted in Fig. 1. El is
autophosphorylated at histidine 189 residue usibg® Ris a substrate, resulting in the
formation of pyruvate. Once phosphorylated, El ferlnomodimers and subsequently
transfers the phosphate to HPr (Dimitrataal, 2003). The phosphate from El is transferred
to histidine 15 (His-P) residue of HPr. HPr is a nmmeric protein, which in turn
phosphorylates a histidyl residue of various EIIEH#B domain then receives the phosphate
on a cysteyl (or histidyl) residue from EIIA andgsiphorylates the sugar molecule during its
translocation through the membrane spanning Ellnaio (or EIIC and EIID). The
phosphorylated carbohydrate is ultimately releastxithe cytoplasm.

Of the two HPr like proteins, exclusively HPr paipates in sugar transport. Crh
(catabolite_epression IRr) does not participate in PTS. It possessestargloe at position 15
instead of a histidine residue, and thus cannotiatedhe phosphotransfer reaction required
for PTS activity (Galinieet al, 1997).

Cell Membrane

Cytoplasm

Glycolysis g) é P~EP
— G

HPr El Pyruvate
(Histidine  (Enzyme I)
containing

protein)

Figure. 1. The glucose specific Phosphoenolpyruvalhosphotranferase system (PEP:PTS) iB.
subtilis. PEP serves as the phosphoryl donor for the phoglation cascade formed by the proteins
El, HPr, ElIA, and EIlIB. The sugar transport stepcatalysed by the membrane spanning EIIC (and
EIID, if present) domain and the required energylesived from the hydrolysis of PEP. The PTS
system dedicated for the uptake of glucosB.insubtilisis depicted, in which all domains of glucose
permease are fused to form a single polypeptideling to the arrangement, EIICBA (Postetaal,
1993; Stilke and Hillen, 2000).
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1.3.3 General pathways for the catabolism of carbgiurates

Bacteria convert the carbon sources utilized fomgn into building blocks, reducing power
and energy for maintenance and anabolism of madsctiirough a series and network of
central metabolic reactions. The core of the canmetabolic network is composed of three
main metabolic pathways: the Embden-Meyerhoff-Pssn&MP) pathway (or glycolysis),
the pentose phosphate pathway (PPP) and the wicdib acid cycle (TCA) or Krebs cycle
(Fig. 2). This central metabolic core is highly sernved in most bacterial species. Thus, many
steps in the metabolism of sugars are not spewaifig. subtilis but shared by a diversity of
prokaryotes (Steinmetz, 1993).

B. subtilis harbours all glycolytic enzymes required for thenwersion of sugar
molecules starting from glucose-6-P (G6P) to pyrevéudwig et al, 2001). G6P is
generated during PTS mediated uptake of glucose landhe metabolism of certain
disaccharides (Skarlatos and Dahl, 1998). In thd s&ep, G6P is converted to fructose-6-
phosphate (F6P). F6P is then converted into frectb$-bisphosphate (FBP) which is
subsequently split into two C-3 molecules, dihydmoteone phosphate (DHAP) and
glyceraldehyde-3-phosphate (see Fig. 2). Glycemgidie-3-P is converted to PEP by a series
of enzymes. In the final step, pyruvate is generdtem PEP leading to a net gain of two
ATP and two NADH molecules. Pyruvate then enteeskkebs cycle.

Sugars like D-fructose, D-mannitol, sorbitol, mymsitol, glucosamine and glycerol
are catalytically converted to various intermediatef glycolysis. Pentoses including
arabinose, ribose and xylose are metabolised \eap#ntose phosphate (PPP) pathway.
Gluconate is also metabolised via the PPB.asubtilislacks the Entner Doudoroff pathway,
which is utilized by various bacteria likenterococcus faecaliso catabolize gluconate
Metabolic routes required for the assimilation afigus sugars and their uptake systems are
depicted in the figure 2. Depending on the carbmuree used, the flux through this central
metabolic network is differentially distributed. Fexample, when glucose or glycerol is
utilized as the sole carbon source, the flux thioting initial steps of glycolysis is not similar.
When a carbon source that feeds into the Krebsdgclised as the sole carbon source, the
flux through the glycolytic steps is in the revewséder to generate metabolites like F6P and
G6P, the building blocks for anabolism (gluconeasges).

The various reactions in the central metabolisnBotubtilisare highly capable of
adapting to the availability of carbon sources &mdheir different concentrations. Diverse
mechanisms including allosteric control of enzymesd transcriptional regulation are

involved in achieving these regulations (Stulke &liten, 2000).
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Figure. 2. Schematic representation of the transporsystems and the metabolic routes required
for the uptake and assimilation of various carbon gurces which can be utilized byB. subtilis.
Both PTS and non-PTS transport systems are repegsdror sugars that are taken up by the PTS
system, respective Ells are depicted. Glycolytithpay is indicated in light green and pentose
phosphate pathway in dark green. The various engym®lved in metabolic pathways connecting
the assimilated carbon source and its subsequémntiato the central metabolic core are also shown.
LicH, 6-phosphd3-glucosidase; BglH, 6-phosplibglucosidase; SacA, sucrose-6-P-hydrolase; FruC,
fructokinase; GutB, glucitol dehydrogenase; Mam#annose-6-P-isomerase; MtID, mannitol-1-P-
dehydrogenase; FruB, 1-phosphofructokinase; GiiyGerol kinase; GlpD, glycerol dehydrogenase,
Pgi, glucose-6-P-isomerase; Pfk, 6-phosphofructden Fbp, fructose-1,6-bisphosphatase; Fba,
fructose-1,6-bisphosphate  aldolase; Tpi, triosesphate-isomerase; Zwf, gluconate-6-P-
dehydrogenase; GlcK, glucose kinase; GntK, glumkaase; Ara, L-arabinose isomerase; RbsK ,
ribokinase (adapted and modified from Gorke andt§her, 2007).
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1.4 Regulation of carbon metabolism
Usually bacteria differentially regulate gene esgien, such that only the genes involved in

the utilization of the available carbon sourcessaréched on. In the absence of a substrate,
the corresponding subsets of genes are repressesdmé&chanism is defined as induction and
in B. subtilis it is achieved by various regulatory mechanismsniyaat the level of
transcription of various catabolic operons (Steitan@993). Different operons are employ
different mechanisms to be induced in the preseavfcéheir respective substrates. The
regulation oflac operon inE. coliis a classical example of inducible gene expresdibelac
operon is involved in the transport and metaboligrtactose inE. coli and consists of three
structural genefacz, lacY andlacA encoding for3-galactosidase3-galactosidase permease
and(3-galactosidase transacetylase, respectively. Tkeoaps under the negative control of
the lactose repressor encoded by @ gene. In the absence of the inducer lactose, Lacl
binds to the operator sequence preceding the ogenoes and represses the expression of the
operon. When cells are grown in the presence ofosa¢c a lactose metabolite called
allolactose is generated intracellularly, which whmund to Lacl, prevents the repression of
the operon (Pardest al, 1959). Similarly, the expression of then andxyl operons, which
are involved in the metabolism and uptake of xylas®. subtilisare induced in the presence
of the substrate xylose (see chapter 3 and 5).

When exposed to a multitude of alternative nutdeoells respond in a more complex

manner. They selectively take up the carbon sotlraeprovides them with the most energy
and growth advantage. Simultaneously, they repitessvarious functions involved in the
catabolism and uptake of less preferred carboncesurThis phenomenon is commonly
referred as arbon_atabolite_epression (CCR) (Deutscher, 2008; Gorke and Sti@638).
CCR was first described iB. subtilis by Jacques Monod in 1942. Monod observed a
hierarchical utilization of various carbon sourcghkjcose being the most preferred carbon
source (Monod, 1942). He classified the carbonaasuutilized byB. subtilisin two groups,
A and B. When present in a mixture, the bacteri&eatpreferentially the substrates of group
A, which include glucose, fructose and mannitolteAfa delay of growth, the cells make use
of the group B carbon sources such as sorbitohirrmae and maltose. This biphasic growth
was termed as diauxie (Monod, 1942). Extended ssudn this phenomenon established
glucose as the preferred carbon source for margnsms.

Repression of utilization of secondary carbon sesircan be mediated via several
mechanisms. These mechanisms have been studiedtai oh both, Firmicutes such as
B. subtilisand Enterobacteriaceae suctEagoli (Deutscher2008; Gorke and Stulke, 2008).
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Even though the main regulatory mechanisms operatithese bacteria are quite different,
they mostly employ components of the PEP:PTS. Imeg#, repression of utilization of a
secondary carbon source can be achieved by thenalj mechanisms (Gorke and Stulke,
2008; Stulke and Hillen, 2000):

a) The intracellular formation of the specific imen of catabolic operons can be prevented
(inducer exclusion) in the presence of a prefecathon source.

b) The activity of the operon specific regulatory gios can be altered, leading to an anti
induction effect (induction prevention).

c) A number of catabolic operons can be regulatpdéssed by employing a global regulator

in response to the availability of the preferrethoca source.

1.4.1 The regulatory role of PTS in CCR: linking sgar uptake and metabolism.

1.4.1.1 CCR inE. coli

All phospho transfer events during PTS transpotivi#g are reversible, except for the
transfer of the phosphoryl group to the sugar md&cThus, at any given time the
phosphorylation state of PTS proteins depends erpthsence of a PTS substrate and the
metabolic state of the cell i.e. the PEP:pyruvat®r(Goérke and Stilke, 2008; Hogewtzal,
1997; Hogemaet al, 1998). The varying phosphorylation state of tAi&proteins provides
the cell with a sensory mechanism to sense theadwdly of preferred carbon sources in the
medium.

In E. coli EIIAY" is the master regulator of carbon catabolite regives In the
presence of glucose or other rapidly metabolizablestrate, EIIA" is mainly present in the
dephosphorylated form since the phosphate is édedbwards the incoming sugar.
Unphosphorylated EI& can interact with transport systems of several R®8- sugars for
e.g. lactose, maltose, mellibiose and inhibits rtteaitivity, excluding the inducer of the
respective catabolic operon from the cell (Goérkd &tilke, 2008; Saier, Jr. and Roseman,
1976). Inducer exclusion is one of the two main naetsms for catabolite repression in
E. coli. Various non PTS substrates like G6P or lactoseatso exert CCR by modulating the
PEP:pyruvate ratio by regulating the flux throudycglysis (Hogemaet al, 1997; Hogemat
al., 1998). In the presence of a rapidly metabolizabigar, PEP:pyruvate ratio decreases in
the cell. The decrease in the intracellular conegion of PEP, the phospho donor of PTS,
eventually leads to unphosphorylated EIfA

On a global level, an additional mechanism exist.icoli. In the absence of glucose,

ElIA%is phosphorylated and activates adenylate cycl@ga)(by binding to it. This leads to
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an increase in intracellular cyclic AMP (cCAMP) léseThe transcriptional activator Crp
(CAMP receptor protein) is the global regulatorG€R inE. coli and requires cAMP to be
functionally active. Thus in the presence of gle;dSrp is inactivated and various catabolic
operons under the control of Crp/cAMP can not bpressed (Fig. 3) (Gorke and Stulke,
2008; Gossett al, 2004; Martinez-Antonio and Collado-Vides, 2003).

activation of bgl operon

@ o

p His15 O /‘(@)

- glu-6-P
P~EP—»EI~P HF’f EIIA™
— p—>
ATP
cAMPiCrp ¢
a cM

activation of catabolic genes

Figure. 3. CCR inE. cali. In the presence of glucose, EftAis unphosphorylated and in this form it
interacts with transporters of secondary carbomcgsuand metabolic enzymes and inactivates them.
In the absence of glucose, EflAretains its phosphate and in this state it bimisactivates adenylate
cyclase (AC), which leads to cyclic AMP (cCAMP) slgasis. An unknown ‘factor X' is also required for
the activation of AC. High cAMP concentrations ty&g the formation of cAMP—CRP complexes,
which bind and activate the promoters of catabgdices (adapted from Gorke and Stulke, 2008).

1.4.1.2 CCR inB. subtilis
In Firmicutes likeB. subtilis,the cCAMP dependent pathway of catabolite repressdaes not

exist. In contrast, the PTS phosphocarrier prokér is the key regulator of CCR in these
organisms. Unlike in Enterobacteriaceae, HPr imkiutes can also be phosphorylated at the
Serine 46 residue in an ATP dependent reactionysath by a bifunctional enzyme called
HPrK/P (Deutscher and Saiet983; Reizeret al, 1998). However, both forms of HPr,
HPr(His-P) and HPr(Ser-P), are involved in CCR.

Inducer exclusion also exists in Firmicutes. Refiges of glycerol metabolism in the
presence of a rapidly metabolizable carbon sowaewell investigated example of inducer
exclusion regulated by HPr(His-P) . subtilis Glycerol is taken up by the facilitator
protein, GlpF and converted to glycerol-3-phospl{&®8P) in an ATP dependent manner by
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the glycerol kinase, GIpK (Pettigreet al, 1988). G3P serves as the inducer forghe-K
operon and functions by activating the operon gjeantiterminator protein irB. subtilis
called, GlpP (Darboret al, 2002; Rutberg, 1997). The glycerol kinase isvatéd by
HPr(His-P) dependent phosphorylation. Thus, in ghesence of a PTS sugar, HPr(His-P)
donates the phosphate to an incoming sugar ratler dctivating the glycerol kinase. This
prevents the intracellular generation of the indug8P and ultimately the repression of the
glpFK operon (Darbort al, 2002). Due to this reason, mutations in eithehefdeneral PTS
proteins abolish growth of the bacterium on glyter® the sole carbon source (Beijer and
Rutberg, 1992; Reizeaat al, 1984). Inducer exclusion mediated by HPr(Serd®) &lso been
reported in some organisms. llactobacillus brevisHPr(Ser-P) has been suggested to bind
the galactose/Hsymporter, GalP and inhibit galactose uptake inpitesence of glucose (Ye
and Saier, Jr., 1995). Similarly In caseiandL. lactis presence of glucose inhibits maltose
uptake at the transport step itself, thus repredseng achieved by HPr(Ser-P) (Dossoretet
al., 2000; Vianeet al, 2000).

Another interesting mode of catabolite repressi®nby antagonising the positive
activity of various operon specific regulators. §imechanism called induction prevention
exists in a variety of bacteria, e.g.BncoliandB. subtilis.One of the interesting examples of
this mode of repression is one which is mediated®B$%. Various catabolic genes require
transcriptional regulators which contain conservexfjulatory domains that can be
phosphorylated by PTS proteins (PTS regulatory diasnaPRDs) (Stilkeet al, 1998)
(Fig. 4). These regulators can act as transcripaiotiterminators or transcription activators
and are active only in the presence of specifiateds. PRDs usually contain two histidyl
residues which are phosphorylated by either HPfjisr EIIB(P) (Deutscheet al, 2006;
Gorke and Deutscher, 2007). Most PRD containingeme have two PRDs. IB. subitilis
there are four PTS controlled antiterminator prdeiegulating the transcription of several
genes. GIcT and SacY control the expression opte€&(HI)and sacBoperon, respectively
(Crutzet al, 1990; Gorke and Deutscher, 2007; Schmaletcal, 2003; Stulkeet al, 1997).
SacT and LicT control the expressionsaicPAandbglPH operon, respectively (Aymerich
and Steinmetz, 1992; Kriger and Hecker, 1995). &re#iterminator proteins have the
similar domain organisation containing PRD-1 andDFR The PRD-I can be negatively
phosphorylated by their specific Ells in the absent the cognate substrate and rendered
inactive. The PRD-II can be positively phosphomthtoy HPr(His-15). In the presence of
glucose or any other rapidly metabolizable carbouree, such antiterminators compete for

the limited pool of HPr(His-P) with EIlIAs. Thus thactivating phosphorylation by
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HPr(His-P) is limited.In vitro experiments suggest that the rate of transferhosphate is
faster towards EllAs and thus antiterminators amedered functionally inactive (Lindnet
al., 1999). The antiterminator BglG frorg. coli is also regulated by the antagonistic
phosphorylation on PRD-I and PRD-II. BgIG modulates transcriptional antitermination of
thebgl-operonand is negatively regulated by phosphorylationRIDP by its cognate Ell and
activated by phosphorylation by HPr(His-P) (Gorke &ak, 1999) (Fig. 3).

Interestingly, the PRD-II of GIcT and SacY can aktsophosphorylated by HPr, but
the activity of GIcT and SacY is not severly infheed by the phosphorylation state of
PRD-II (Bachem and Stulke, 1998; Schmalistlal, 2003; Tortosat al, 1997).

1.4.2 Global mechanism of carbon catabolite repre&s in B. subtilis

1.4.2.1 Role of HPr(Ser-P) and CcpA

As mentioned before, HPr is the key regulator délgalite repression in Firmicutes. In these
organisms HPr can be phosphorylated at serinesiéue The regulatory role of HPr(Ser-P)
in catabolite repression in Firmicutes was inigiatientified in Streptococcus pyogenes
this organism HPr(Ser-P) is involved in inducer legon of several secondary carbon
sources when the cells grow in the presence ofogki¢Deutscher and Saier, Jr., 1983). In
1994, the first report that identified HPr(Ser-B)aaglobal regulator in catabolite repression
was published. Deutscher and co-workers demondtthtd in aB. subtilisptsH1 (serine 46

to alanine replacement) mutant, a number of cai@bokzymes are only partially or not at all
repressed by glucose (Deutscheal, 1994).

Later on, a pioneering work on CCR afamylase synthesis iB. subtilisled to the
identification of another important player in CCRechanism: the DNA binding protein
called CcpA (erbon_atabolite_potein A) (Henkinet al, 1991). Global expression studies
using proteomics and transcriptomics approachesodstrated that the repression of a
number of a similar set of genes is relieved ingiesence of glucose incapAas well as in a
ptsH1mutant, implying that they both contribute to #ame repression mechanism (Loeta
al., 2005).

The CcpA protein is a member of the Lacl/GalR fgnaif transcriptional regulators.
Independent approaches identified a specific iotema between CcpA and HPr(Ser-P). Both
retardation elution experiments and nuclear magnesonance spectroscopy demonstrates
that HPr(Ser-P) specifically forms a complex witbp@ (Joneset al, 1997). Interestingly,
only the serine phosphorylated form of HPr canradewith CcpA. This phosphorylation
increases the binding affinity of CcpA for HPr ov& folds, indicating the importance of
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serine phosphorylation for the specificity and raffi of this interaction (Jonest al, 1997).
The inability of HPr(His-P) to interact with CcpAs iexplained by the crystal structure
available for the ternary complex of CcpA/HPr(Séfeke. Histidine 15 of HPr is engaged in
hydrogen bonding with an aspartate residue of Capd thus introduction of phosphate at
this residue causes steric hindrances for itsaotem with CcpA (Schumachet al, 2004).

The CcpA protein forms a dimer of two identical solbs and consists of an
N-terminal DNA binding domain and a large C-ternhiobgomerization and effector binding
domain (Jonest al, 1997; Schumachet al, 2004).

The interaction of HPr(Ser-P) with CcpA stimulatessDNA binding ability and the
complex binds to a conserved 14 nucleotide longenfiget-palindromic DNA sequence called
catabolite repressive element (Aung-Hilbriehal, 2002; Seidekt al, 2005; Weickert and
Chambiliss, 1990). These regulatamg sites occur in single or multiple copies in diéet
catabolic operons at different positions with respge the promoter. Repression by CcpA
usually requiresre sequences to be located downstream of the proraptrerlapping with
the promoter in front of the structural genes (Metal, 1997). Roughly 10% of the genome
is under the control of CcpA mediated regulatiord ahe majority of these genes are
repressed by CcpA. Most of the genes regulated &iyACencode proteins involved in
utilization of secondary carbon sources (Blenekal, 2003; Morencet al, 2001; Yoshidaet
al., 2001).

In certain casegyre sites are present upstream of the promoter re¢josuch cases
the transcription units are subjected to activathgnCcpA. The genes involved in overflow
metabolism [fta, ackA, alsSPp are induced in the presence of glucose in a GapA/
dependent manner (Lored al, 2005).Interestingly, genes lacking a functiorak site can
still be regulated by CcpA, for example, the expi@s of thegapAoperon. TheapAoperon
includes the glycolytic genegapA pgk tpi, pgm and eno encoding for glyceraldehyde-3-
phosphate dehydrogenase, phosphoglycerate kinagese t phosphate isomerase,
phosphoglycerate mutase and enolase, repectivelypstiet al, 1997; Leyva-Vazquez and
Setlow, 1994). This mode of regulation gdpA operon is achieved by a novel mechanism.
For unknown reasons, &@pA mutant contains larger amounts of HPr(Ser-P) timenwild
type inB. subtilisandE. faecalis(Leboeufet al, 2000; Ludwiget al, 2002). This increased
percentage of HPr(Ser-P) slows down the glucosakepias the substrate for PTS transport,
HPr(His-P), is not available in the required amsum the absence of glycolytic substrates
like glucose, expression of tlgapAoperon is repressed by a transcriptional represaited

CggR. On the other hand, CggR is inactivated byakd amounts of FBP, which explains
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why the activation ofgapA operon is not functional in acpA mutant strain (Doan and
Aymerich, 2003; Zorrilleet al, 2007).

1.4.2.2 Role of Crh in CCR inB. subtilis
Although most catabolite repressed genes are egliom catabolite repressiondopAand

ptsH1 mutant, the degree of relief is found to be qdiféerent for some genes and operons
for the two mutants. For example tamyE hut, cta, xyn andiol operons are only partially
relieved from glucose exerted CCR iptsH1 mutant, whereas it is completely relieved in
ccpA mutant (Deutscheet al, 1994; Galinieret al, 1997; Voskuil and Chambliss, 1996;
Zalieckaset al, 1999). Thus, a second co-repressor for CcpA shagktount for these
differences. Crh, a protein which exhibits 45 %usatge identity to HPr was found to be this
co-repressor. Similar to HPr, Crh can be phosphtedl at serine 46 residue by HPrK/P and
this phosphorylated form interacts with CcpA. Hoeevbiochemical studies indicate that
Crh(Ser-P) binds CcpA with an up to 10 fold reduaéahity as compared to HPr(Ser-P). The
reason for this low affinity has been attributedweaker interaction of one of its contact
region to CcpA (Schumachet al, 2006).

The genes, which are partially relieved iptaH1 mutant, are completely relieved in a
ptsH1 crhdouble mutant. Although thege vivo andin vitro results unequivocally establish
that Crh(Ser-P) can contribute to CCRBnsubtilis,some observations question this role of
Crh. For example, if onlgrh gene is disrupted, no effect on CCR is observediri@r et al,
1997)

1.4.2.3 HPrK/P: The central player of CCR
HPrK/P plays a key role in CCR in the Firmicutescatalyses the first step of the global

carbon catabolite repression response i.e the pbogation of HPr and Crh at their serine 46
residues. HPrK/P exhibits no similarity to eukargd@er or Thr protein kinases. In contrast,
it possesses a nucleotide binding motif called dplgor Walker A motif) present in many
ATPase or GTPase activity exhibiting proteins, patide binding proteins, ABC
transporters, proteases and chaperons. The cegatiature of HPrK/P from three organisms
Staphylococcus xylosuglycoplasma pneumoniad a truncated version fraoactobacillus
caseireveals that HPrK/P is a hexamer in the cell wihuwits folding into two distinct
structural domains. The C-terminal domain carriethikinase and phosphorylase activity,
whereas the N-terminal domain has no defined fangtyet. The C-terminal domain contains
the active site, the Walker A motif forming the gpbate binding loop (P-loop) of the
nucleotide binding site is composed of an N-termoh@main, followed by an active site
Walker A (Allen et al, 2003; Fieulaineet al, 2002; Marquezt al, 2002). One hexamer
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binds six HPr molecules on its surface. The crystialcture of the complex of the truncated
version ofL. casie revealed that binding of one HPr molecule ococues two interface
regions formed by one HPr molecule and two adjat#tK/P subunits located within one
trimer of the hexamer (Poncet al, 2004).

HPrK/P has been designated as a bifunctional enzasni¢é can carry out both the
phosphorylation and dephosphorylation of HPr(Seaf) Crh(Ser-Pin vitro. It was found
that the presence of inorganic phosphatestinulates dephosphorylation of these substrates.
Indeed, the structural analysis suggests that tfwo® motif of HPrK/P can bind not only
ATP but also Pat the same position as tBephosphate of the nucleotide (Fieulaieteal,
2001). Thus, a dephosphorylation reaction mechaimismhich inorganic phosphate carries
out a nucleophilic attack on the phosphoryl graupiPr(Ser-P) has been proposed. The result
of this dephosphorylation reaction is the genematiof pyrophosphate (PP This
phosphorylase reaction is reversible and HPrK/P wsn PPto phosphorylate HRn vitro.
Thus, HPrK/P can theoretically use both ATP andd3Pa phospho donor (Mijakovét al,
2002).

1.4.2.4 Interplay of protein factors (HPr, Crh, HPrK/P and CcpA) and small molecule
effectors: a model to describe CCR iB. subtilis

One of the consequences of carbon source utilizadimd assimilation is a change in the
metabolic state of the cell where the energy ch&fgeP/ADP ratio) and the intracellular

concentrations of various metabolites changes. Mafstthe metabolic enzymes and
transcriptional regulators involved in carbon metam are allosterically regulated and their
activity is modulated by binding of small effectarolecules (Saier, Jr., 1993). CCR in
Firmicutes and in Enterobacteriacea is also aftedig various metabolic intermediates
besides the protein factors described above.

So far catabolite repression has always been destcwith respect to glucose as the
repressing sugar. Glucose is known to generate aigbunts of intracellular HPr(Ser-P).
Approximately 60 % of the total HPr B. subtilisis phosphorylated at its serine residue and a
very little fraction is observed to be histidineogphorylated (Ludwigt al, 2002; Monedero
et al, 2001).

It has been reported that both the kinase and lbepghorylase activity dB. subtilis
HPrK/P can be allosterically regulated. A numbemetabolic intermediates were screened
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Figure. 4. Modes of catabolite repression in low G2 content Gram-positive bacteria (Gorke
and Stulke, 2008) In the presence of a rapidly metabolizable carbource like glucose, the
intracellular concentration of metabolites like FBfereases, leading to an allosteric activation of
kinase activity of HPrK/P and ultimately to the geation of HPr(Ser-P). Serine phosphorylated HPr
interacts with CcpA dimer (two HPr molecules). Taretein complex binds to the operator sequences,
cre sites and represses the transcription units bearengjtes overlapping with or downstream of their
promoter region. HPr(Ser-P) can also interact withnsporters, inhibiting the intracellular
accumulation of secondary carbon sources (illustré the part of the figure highlighted in yellow
colour). The presence of glucose leads to a ndtatgghorylation of PTS proteins including HPr(His-
P). This low level of HPr(His-P) does not allow fatient phosphorylation dependent activation of
GlpK and PRD bearing proteins like LicT B subtilis.In some Gram-positive bacteria, HPr(Ser-P)
also mediates inducer exclusion of secondary satiestby interacting with their transporter proteins
For e.g. inL. casieandL. lactis, HPr(Ser-P) is suggested to bind to M&liflapted and modified from
Gorke and Stilke, 2008).

and it was shownn vitro that FBP can stimulate the ATP dependent kinaswitgicof
HPrK/P (Jauliet al, 2000). In this context, the intracellular conecatibn of FBP, ATP and;P
vary largely depending on whether the cell utilizedavourable carbon source or nBt.
subtilis cells grown in the presence of glucose contaifolddmore FBP (from 1.4 mM to 14
mM) and PP(1.2 mM to 6 mM) than cells grown on succinate jéldovic et al, 2002). On
the other hand when cells are starved, concentradio inorganic phosphate increases
drastically as observed in the caseSteptococcus bovigipto 30 mM) (Asanuma and Hino,
2003).
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Interaction of HPr(Ser-P) and CcpA has also beawashto be affected by various
metabolites. Structural studies usBagcillus megateriun€cpA and HPr(Ser-P) demonstrated
that the presence of FBP and G6P bolster crossatien between arginine 17 in HPr(Ser-P)
and the aspartate residues 69 and 99 of the CcpaAngu This further stabilizes the closed
DNA binding conformation of CcpA and enhances thienaction of the CcpA-HPr(Ser-P)
complex with its cognate target DNA (Schumacsteal, 2007).

For B. subtilisgnt cre siteandB. megaterium xyl creite, G6P has also been shown to
allow CcpA binding tacre independent of HPr(Ser-P). However, these effeet® observed
only under non physiological conditions such as/\egh concentrations of G6P fgnt cre
and low pH forxyl cre(Miwa et al, 1997).

Based on the above observations, a general CCRamisalm has been proposed for
B. subtilisand other Firmicutes. In the presence of a rapitiyabolizable carbon source such
as glucose, an increases in FBP in cells stimuldttesHPrK/P catalyzed formation of
HPr(Ser-P), resulting in the formation of a compb®tween HPr(Ser-P) and CcpA and this
repressor complex then binds to tne sites (Fig. 4) (Goérke and Stulke, 2008).

1.5 Aim of this work

CCR can be defined as the repression of functiegsired for the utilization of secondary
carbon sources, in the presence of a preferredagdly metabolized carbon source. Glucose
is often the preferred carbon source for many asgas1 Catabolite repression mediated by
glucose has been extensively studied in the mad@nssmsE. coliandB. subtilis In E. coli,
the repressing potential of various other carbamrcas besides glucose has also been studied
and it was shown that a large number of carbohgdrat addition to glucose exert CCR. In
B. subtilismost of the available knowledge regarding CCR isvdd from experiments using
glucose as the repressing carbon source. One dirtie of this work was to systematically
study the repressing potential of various carbameas besides glucose. It was also required
to understand if the ability of a carbon sourcedase CCR is related to its uptake mechanism
and/or the catabolic pathway of a given substi&teanalyse this, carbon sources which differ
from glucose in their chemical nature and theimgptmechanisms, were used to study CCR
in B. subtilis During this work, the factors contributing to C@Rd the phosphorylation state
of HPr were analysed.

A further aim of this work was to analyse the roféPrpC in CCR. PrpC is a Ser/Thr
phosphatase and dephosphorylates HPr(Seri®) pmeumoniae
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2. Control of the Phosphorylation State of the HPrProtein of the
Phosphotransferase System inBacillus subtilis: implication of the
Protein Phosphatase PrpC

The results described in this chapter were puldishe

Singh,K.D., Halbedel,S., Gorke,B., and Stilke, 00 Control of the phosphorylation state
of the HPr protein of the phosphotransferase systeBacillus subtilis implication of the
protein phosphatase PrpMol Microbiol Biotechnoll3: 165-171.
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role of PrpC inM. pneumoniageThis paper was written by Jorg Stilke and Kalp@imgh.
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Abstract

In the Gram-positive bacteriuBacillus subtilisas well as in other Firmicutes, the HPr
protein of the phosphotransferase system (PTSiaslistinct phosphorylation sites, His-15
and Ser-46. These sites are phosphorylated by nagnke | of the PTS and by the ATP-
dependent HPr kinase/ phosphorylase, respectialya result, the phosphorylation state of
HPr reflects the nutrient supply of the cell andnigurn involved in several responses at the
levels of transport activity and expression of bate genes. Most important, HPr(Ser-P)
serves as a cofactor for the pleiotropic transiomptregulator CcpA. In addition to the
proteins that phosphorylate HPr, those that areolwed in the dephosphorylation are
important in controlling the overall HPr phosphatybn state and the resulting regulatory and
physiological outputs. In this study, we found tlmaddition to the phosphorylase activity of
the HPr kinase/ phosphorylase the serine/ thregmiotein phosphatase PrpC uses HPr(Ser-

P) as a target.

Introduction

In order to respond to changes in the environmeraatitions or in the supply of nutrients,
all living cells are capable of sensing such changed of transducing the corresponding
signals in a way that allows an adaptation of e The signal transduction processes often
involve covalent modifications of proteins thatuksither in changes of enzymatic activity
or affect the cellular gene expression programmeodg these modifications protein
phosphorylation is the most prominent one sinceaih affect the activity of a protein
drastically due to the large size of the phosphatep and its strong negative charge (Huffine
and Scholtz, 1996; Johnson and Barford, 1993; Kignaed Potts, 1996).

In bacteria, three major types of signal transduactsystems are controlled by
reversible phosphorylation. These include the temyoonent systems, the stressosome
regulatory systems involving sigma factors and -aigina factors, and the
phosphoenolpyruvate:sugar phosphotransferase syigwed regulatory systems (PTS)
(Pané-Farrét al, 2005; Postmat al, 1993; Stock, 2000; Stilket al, 1998). In each case,
phosphorylation results in the reversal of thedmadal activity of the phosphorylated protein
and thus in a signalling process.

The PTS was discovered as a sugar transport syb@ntouples the transport of a

substrate to its concomitant phosphorylation (Pastimal, 1993). The phosphate group is
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derived from phosphoenolpyruvate and is transfexiedthe two general energy-coupling
proteins Enzyme | and HPr and the A and B domairieesugar permease (I1A and 1I1B) to
the incoming sugar. IEscherichia colithe phosphorylation state of the glucose-spetific
controls the synthesis of the signalling molecidM® and the activity of a set of sugar
transporters (see Postranal, 1993 for review). In many other bacteria, HRhea than the
lIA protein is crucial for signal transduction. the low GC-branch of the Gram-positive
bacteria (i.e., the Firmicutes) and in many Gramatige bacteria (with the notable exception
of the enteric bacteria), HPr is not only phosplaigd by Enzyme | of the PTS at a histidine
residue at position 15 (His-15) but also by a maitdcontrolled kinase called HPr
kinase/phosphorylase (HPrK/P) on Ser-46 (Bxé&ll, 2003; Poncett al, 2004).

In Bacillus subtilis HPr(His-P) is present in cells grown in the alogeof preferred
carbon sources such as glucose (Ludetigl, 2002; Monederet al, 2001). This form of
HPr is involved in sugar transport by the PTS aaudl ttansfer its phosphate to glycerol kinase
and several transcriptional regulators to stimullaggr activity (Darboret al, 2002; Stilkeet
al., 1998). If glucose is present in the medium, tiKIP is activated by high intracellular
concentrations of ATP and fructose 1, 6-bisphosptaatd a large portion of HPr is present as
HPr(Ser-P) (Hansoet al, 2002; Jaultet al, 2000; Ludwiget al, 2002; Monedereet al,
2001). This form of HPr forms a complex with thanscription factor CcpA, and the complex
binds target sites (catabolite reponsive elemantshe promoter regions of genes that are
subject to catabolite regulation. Binding of the pB8eHPr(Ser-P) complex results in
transcription repression or activation of largessgtgenes and operons (Blenakeal, 2003;
Morenoet al, 2001). If the preferred carbon sources becomgitigy the activity of HPrk/P
switches and the protein acts as a phosphoryladepiosphorylate HPr(Ser-P) (Kravaeja
al., 1999; Mijakovicet al, 2002). This results in the dissociation of thgp&¢iPr(Ser-P)
complex and thus in relief of carbon cataboliterespion by CcpA.

In addition to the HPrK/PB. subtilisencodes several other serine/threonine protein
kinases and phosphatases, and many proteins asphahglated on serine or threonine
residuesn vivo (Levinéet al, 2006; Obuchowski, 2005). Three of the kinasekfaar of the
phosphatases are involved in the control of sigaof activities (Hughes and Mathee,
1998). For three other suspected serine/ thredkimases it is not even clear whether they
have a biological activity as kinases. Finally, tRe&kC serine kinase phosphorylates the
translation factor EF-G (Gaidenlat al, 2002). The largest group of the serine phosphatas
found in B. subtilisbelongs to the metallophosphatases of the PP2@yfé®buchowski,
2005). Among the PP2C phosphatases is the PrpQpatase which is encoded in an operon
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with the PrkC kinase and which was shown to dephagpate PrkC (if autophosphorylated
on a threonine residue) as well as EF-G that had Ipbophorylated by PrkC (Gaidenkb
al., 2002; Obuchowsket al, 2000). TheprpC-prkC gene couple encoding the phosphatase
and kinase is present in many bacteria among themntollicutes such ablycoplasma
genitaliumand Mycoplasma pneumoniagialbedelet al, 2006; Obuchowsket al, 2000).
Recently, we provided evidence that the PrpC phatsigle ofM. pneumoniaas capable of
dephosphorylating HPr(Ser-P) and that this enzygneviolved in controlling the intracellular
phosphorylation state of HPr (Halbed¢lal, 2006).

In this work, we studied the biochemical activityB subtilisPrpC with HPr(Ser-P)
as the substrate. We provide evidence that Prp@adved in preventing the accumulation of
HPr(Ser-P) in cells grown in the absence of glucose

Experimental procedures

Bacterial strains and growth conditions

B. subtilis strain GP278 t(pC2 AxylR:ermC amyExynP-lacd was used as wild type
reference. This strain was obtained by transfoimnatif B. subtilisQB7144 (Galinieret al,
1999) with plasmid pIW11lxylR (Krauset al, 1994). TheprpC deletion strain GP281 was
constructed by transformation of GP278 with chroomoal DNA of strain OMG401
(AprpC::aphA3 (Obuchowskiet al, 2000). TheE. coli strains BL21 (DE3) (Sambroak al.,
1989), NM522 (Gough and Murray, 1983) and Hfambrooket al, 1989) were used as
hosts for the overproduction of PrpC, HPr and HPtKiespectivelyE. coli was grown in
Luria-Bertani broth supplemented with 1Q@/ml ampicillin when necessary. For western
blotting experiment8. subtilisstrains were grown in C minimal medium (Faie¢sl, 1999)
supplemented with L-tryptophan (1@@/ml), potassium glutamate (0.8 %, g/I) and sodium

succinate (0.6 %, g/l) as single carbon source.

Protein purification

Hexa-histidine tagged recombinant PrpC, HPr and KffPrproteins were purified as
described previously using the expression vect&s685, pAG2, and pGP205, respectively
(Gaidenkoet al, 2002; Galinieret al, 1997; Hansoret al, 2002). Briefly, theE. coli
transformants were grown to an @B 0.8 and protein expression was induced by the
addition of 1 mM IPTG. Growth was continued 3 hobefore the cultures were harvested

and passed through a French pressure cell at 1800The lysates were centrifuged at 45000
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rpm for 45 min (Sorvall ultra pro, Dupont) and thepernatants were loaded on"NNTA
superflow columns (Qiagen). Proteins were elutetth \an imidazole gradient and fractions
containing the pure proteins were pooled.

Preparation of serine-phosphorylated HPr

(His)s-HPr(Ser-P) was prepared as described (Haesal, 2002). Briefly, purified (His
HPr (20uM) was mixed with 350 nM HPrK/P protein and incudshtt 37°C for 30 min in an
assay buffer containing 25 mM Tris/HCI pH 7.5, 1MrvigCl,;, 1 mM DTT, 10 mM ATP
and 20 mM fructose-1,6-bisphosphate. The reactiaa stopped by thermal inactivation of
HPrK/P at 95°C for 5 min and (HisHPr(Ser-P) was purified by passing the reactioxtune
through ultrafiltration spin columns (5 KDa exclosisize) according to the manufacturers
protocol (Sartorius).

Dephosphorylation of HPr(Ser-P) and of para-nitroptenyl phosphate (PNPP) by PrpC
invitro

For the dephosphorylation of (HigfiPr(Ser-P) by PrpC, activity assays were carrigonoth
varying amounts of purified PrpC in %0 dephosphorylation assay buffer containing 50 mM
Tris/HCI pH 7.5, 2 mM MnGCJ, 1 mM dithiothreitol (DTT) and &ig (Hisk-HPr(Ser-P) at
37°C for 40 min. The reactions were stopped byiptathe samples on ice before they were
loaded on 10% native polyacrylamide gels (Ludeigl, 2002) followed by coomassie blue
staining. Dephosphorylation assays with PNPP asbatsate were performed by adding 0.9
UM PrpC to 1 ml dephosphorylation assay buffer doimtg 25 mM PNPP instead of (His)
HPr(Ser-P). The reactions were incubated at 30f@%omin and stopped by the addition of
100pl of 0.5 M EDTA pH 8.0. The end produginitrophenol was photometrically quantified

by measuring the absorbance at 420 nm.

Western blotting

The phosphorylation state of HPr vivowas assayed by western blot analysis as foll@wvs:
subtilis strains were grown to an @3 of 0.6 and then HCI was added directly to theuralt
in order to abolish phosphatase activity of HPrikAPdecreasing the pH to 4.5. Crude cell
extracts were prepared as described (Gaudtiat, 1997) and 1ug of total cell protein was
loaded on 10% native polyacrylamide gels, allowihg separation of phosphorylated and
non-phosphorylated HPr. To distinguish HPr(His-R)nf HPr(Ser-P), a second aliquot of

each crude extract was incubated at 70°C for 10bwiare gel electrophoresis. Proteins were
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blotted to a PVDF membrane and HPr species werectbet using polyclonal rabbit
antibodies directed againdt subtilisHPr (Monedereet al, 2001).

Results and Discussion

HPr(Ser-P) is a target for PrpC

In a previous work, we have shown that the PrpCsphatase oM. pneumoniaecan
dephosphorylate HPr(Ser-P) (Halbeedelal, 2006). We considered therefore the possibility
that theB. subtilisphosphatase might also be capable of using HRRas a substrate. To
test this idea, we purified the His-tagdgédsubtilisHPr and HPrK/P and phosphorylated HPr
at Ser-46 on a preparative scale. MoreoverBth&ubtilisPrpC phosphatase was purified. The
purified HPr(Ser-P) was used in a dephosphorylatgsay to detect PrpC phosphatase
activity. As shown in Fig. 5, HPr(Ser-P) migratesai faster than non-phosphorylated HPr
on a native polyacrylamide gel. The addition of ®@rgesulted in a disappearance of the
phosphorylated form of HPr whereas we observedcaanaulation of non-phosphorylated
HPr. As can be seen in Fig. 5, small amounts ofCPnere sufficient to cause complete
dephosphorylation. These findings indicate thatCPrp capable of using HPr(Ser-P) as a

substraten vitro.
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Figure. 5. Dephosphorylation of HPr(Ser-P) by PrpQn vitro. Increasing amounts of purified PrpC
were incubated with 1@M of HPr(Ser-P in dephosphorylation assay buffeB&C for 40 min and
phosphorylated and non-phosphorylated forms of wite separated on a 10% native polyacrylamide
gel (lanes 3-8). 8ig of purified HPr and HPr(Ser-P) were loaded ireldnand lane 2 respectively as
controls
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Wild-type  AprpC

0 - <« HPr

Wild-type AprpC

¥ & 70°C, 10min

<— HPr

<— HPr(Ser-P) + HPr(His~P)

Figure. 6. Deletion ofprpC increases the amount of HPr(Ser-Pjn vivo. The wild type strain
GP278 and therpC mutant GP281 were grown in minimal medium supplaewmith succinate as a
single carbon source. a Comparison of the amodrsliolar HPr in the wild type strain and thgpC
mutant. Total cell protein (fg) of the wild type strain GP278 and ttwgpC mutant GP281 was loaded
onto 15% denaturing SDS polyacrylamide gel follovigdelctroblotting onto PVDF membrane. HPr
was then detected using polyclonal rabbit antiseagainstB. subtilisHPr. b Determination of the
HPr phosphorylation pattern. Protein extracts vesgarated on a 10% native polyacrylamide gel and
HPr was detected by western blotting. Prior to llegdan aliquot of each cell extract was incubated
70°C for 10 min to cause the loss of the histidioeded phosphoryl-group leaving HPr(Ser-P) as
single phosphorylated form (lanes 2 and 4).

PrpC affects the HPr phosphorylation statan vivo

In B. subtilisgrowing in glucose, a large part of HPr is phospladed on Ser-46 by HPrK/P.
In contrast, only a small fraction of HPr(Ser-P)pgeesent in minimal medium without
glucose, due to the low kinase and predominant gdtmylase activities of HPrkK/P under
these conditions (Ludwigt al, 2002; Monedercet al, 2001). Since PrpC is capable of
dephosphorylating HPr(Ser-Rh vitro we asked whether it might also be involved in
controlling the HPr phosphorylation statevivo and thus contribute to the low amount of
HPr(Ser-P) observed in glucose-free minimal medilimaddress this question, we grew the
B. subtiliswild type strain GP278 and its isogempgpC mutant GP281 in CSE minimal
medium and prepared protein extracts for the arsabfshe HPr amounts and thevivo HPr
phosphorylation pattern. The results of this experit are shown in Fig. 6. In both strains,
comparable amounts of HPr were present (Fig. 6ajth Bohosphorylated and non-

phosphorylated HPr were detected in the wild tytpeirs (Fig. 6b).
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The molecular nature of the phosphorylation carilyedse revealed by heating the cell
extracts: histidyl-phosphate is heat-labile, whereseryl-phosphate is heat-stable. We
observed that the phosphorylation of HPr disapgkeapon heating of an aliquot of the cell
extract. This indicates that HPr in the wild types had been phosphorylated predominantly
on His-15. This finding is in good agreement witte\pous studies (Ludwigt al, 2002;
Monedercet al, 2001). A different result was obtained with teegenigorpC mutant GP281.

In this strain, a larger portion of HPr was presarnthe phosphorylated form (Fig. 6b). Upon
heating, a small but significant fraction of hetide phosphorylation was detected
demonstrating that HPr(Ser-P) is present in thisamueven in glucose-free CSE medium. A
guantitative analysis revealed that about 10% af &€ phosphorylated on Ser-46 in the wild
type strain whereas 30% of HPr(Ser-P) were detantéte prpC mutant GP281. Thus, PrpC
is involved in the control of thie vivo HPr phosphorylation state and is required for detep

dephosphorylation of HPr in cells grown in the adageof glucose.

Inhibition of PrpC activity by inorganic phosphate

Previously, theB. subtilisPrpC activity was shown to be inhibited Byglycerolphosphate
and some divalent cations such as*Cand ZA* (Obuchowskiet al, 2000). In M.
pneumoniagPrpC is also subject to inhibition by inorganiwpphate (Halbedet al., 2006).
We tested therefore the responseBofsubtilis PrpC activity to the presence of increasing
concentrations of inorganic phosphatg.(Rs shown in Fig. 8, complete dephosphorylation
of HPr(Ser-P) was observed in the absence of anggttate. In contrast, the presence of 0.5
mM P was sufficient to cause a partial inhibition op@ractivity, and this inhibition was
even more pronounced at highec@ncentrations.

To get a quantitative impression of the inhibitafPrpC by P we studied the activity
of PrpC using the synthetic substragaitrophenyl phosphate (PNPP). They Kand Vhax
values have been reported previously (Obuchowskil, 2000). In the presence of, Fhe
PrpC activity was strongly inhibited in a compettimanner (K110 £ 10 uM) (Fig. 7). As
found for the other kinetic parameters (Halbeeteal, 2006; Obuchowsket al, 2000), the
enzymes fromM. pneumoniaeandB. subtilisare similar also with respect to inhibition by
phosphate.

It is interesting to note that the intracellulaancentration of Pis high under the
conditions that were used to observe PrpC-dependd#pt(Ser-P) dephosphorylation
(Mijakovic et al, 2002). The results presented in Fig. 6b sugdpdtthe inhibitory effect of

P, observedn vitro is counteracteadh vivo, possibly by other metabolites. This idea is indjo
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agreement with our observation that PrpC is ontypimor player in the control of the HPr

phosphorylation state (see Fig. 6b).
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Figure. 7. Inhibition of PrpC phosphatase activity towards PNPP by inorganic phosphate.
Dephosphorylation of para-nitrophenyl phosphateRPNby PrpC (0.1M) in the presence
of increasing concentrations of inorganic phosph@ate-15 mM] was investigated. The rate
of para-nitrophenol formation is plotted again& Ehconcentration.
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Figure. 8. Inhibition of PrpC phosphatase activity towards its natural target HPr(Ser-P) by
inorganic phosphate. Dephosphorylation of HPr(Ser-P) by PrpC (0.9 pM)swsiudied in the
presence of different ;Pconcentrations (lanes 3-8). Subsequently, phogtited and non-
phosphorylated forms of HPr were separated on a d@fwe polyacrylamide gel. Purified HPr and

HPr(Ser-P) (ug) were loaded as controls in lanes 1 and 2, réspbc

PrpC-catalyzed HPr(Ser-P) dephosphorylation in searh of a function

As shown in this work, PrpC contributes in keepiihg cellular level of HPr(Ser-P) low in a
glucose-free medium. This might ensure that no 5&f) is available for CcpA-dependent
gene regulation in the absence of glucose. Ifwasld be true, one would expect to detect
some “constitutive repression” of genes subjeataxon catabolite repression in a glucose-
free medium in grpC mutant strain. To test this assumption we usedptbenoter of the
xynPBoperon encodin@-xyloside permease arfiixylosidase, which is about hundred-fold

repressed in the presence of glucose (Galetiad, 1999). However, the expression levels in
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glucose-free medium were similar for the wild tyged theprpC mutant (data not shown)
suggesting that PrpC is not involved in carbon lwaliee repression. This seems to be
surprising, but one has to keep in mind that ooly amounts of HPr(Ser-P) are present in the
absence of PrpC. This concentration may not becsert to form a stable complex with
CcpA. Moreover, the formation of the HPr(Ser-P)-8gmmplex and binding of the complex
to the DNA target sites is simulated by fructosgdisphosphate (Seidat al, 2005).
However, the intracellular concentration of thistam®lite is low in cells grown in the
absence of glucose (Mijakovat al, 2002). Thus, no CcpA-dependent catabolite refmess
might be possible even though low amounts of HR+E5ere detectable in tipepC mutant.
The formation of HPr(Ser-P) has a second effeathvis not directly related to its
activity as a cofactor in carbon catabolite repoessHPr(Ser-P) is a very poor target for
Enzyme | of the PTS and is therefore not availdbltesugar transport (Deutschet al,
1984). This results in impaired PTS sugar transipartarge portion of HPr is phosphorylated
on Ser-46 (Ludwiget al, 2002). Thus, a complete dephosphorylation of jdiatly achieved
by the activities of HPrK/P and PrpC may ensure dhailability of free HPr for PTS
phosphate transfer to all sugar permeases and Imesykte a precaution allowing a rapid

adaptation to an improving nutrient supply.

Conclusion

Our data suggest that PrpC is capable of dephogiptiog HPr(Ser-P). However, this
activity seems to be of limited relevance in livioglls of B. subtilis and HPr(Ser-P) may be
just a minor substrate for Prp@ vivo. While the physiological role of PrpC-dependent
HPr(Ser-P) dephosphorylation B subtilisremains to be uncovered, it may be important in
organisms in which the HPrK/P does not exhibit pihasylase activity, as shown fdu.
pneumoniagHalbedelet al, 2006). With the discovery of HPrK/P in many leaiet, among
them proteobacteria and spirochaetes, PrpC isteactate candidate to study the control of

the HPr phosphorylation state in those bacteria.
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3. Carbon catabolite repression inBacillus subtilis: A quantitative analysis
of repression exerted by different carbon sources

The results described in this chapter were puldishe

Singh,K.D., Schmalisch,M.H., Stilke,J., and GorkéZ®08) Carbon Catabolite Repression
in Bacillus subtilis: A Quantitative Analysis of Reession Exerted by Different Carbon
SourcesJ Bacteriol.DOI: 10.1128/JB.00848-08

Author contributions

This study was designed by Kalpana Singh, Jorcg&tmd Boris Gorke. All experiments
were performed by Kalpana Singh. Matthias Schmalprformed the experiment for the
estimation of intracellular FBP levels and stattéd project during his Ph.D. work. This

paper was written by Boris Gorke.
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Abstract

In many bacteria glucose is the preferred carbamcgoand represses the utilization of
secondary substrates. Bacillus subtilis this carbon catabolite repression (CCR) is addev
by the global transcription regulator CcpA, whosg\aty is triggered by the availability of its
phosphorylated cofactors HPr(Ser46-P) and Crh(SBy®hosphorylation of these proteins
is catalyzed by the metabolite-controlled HPr kenasPrK/P. Recent studies focused on
glucose as repressing substrate. Here, we shownthay carbohydrates cause CCR. The
substrates form a hierarchy in their ability to xepression via the CcpA-mediated CCR
pathway. Of the two co-factors, HPr is sufficieat Eomplete CCR. In contrast, Crh cannot
substitute for HPr on substrates that cause a gtr@pression. Determination of the
phosphorylation state of HRr vivo revealed a correlation between the strength aksson
and the degree of phosphorylation of HPr at Ser-8dgars transported by the
phosphotransferase system (PTS) cause the stronggstession. However, the
phosphorylation state of HPr at its His-15 residnd PTS transport activity have no impact
on the global CCR mechanism, which is a major iffiee to the mechanism operative in
Escherichia coli Our data suggest that the hierarchy in CCR edehy the different
substrates is exclusively determined by the agtoitHPrK/P.

Introduction

As for any organism, nutrient supply is of primepwntance for bacteria. In their natural
habitats, bacteria often encounter a mixture dedght carbon sources that can potentially be
used. Therefore, mechanisms have evolved in macigitiea that enable the selective uptake
and metabolism of those carbon sources that ahewrtost rapid growth and that promise the
best success in the competition with other bactarifangi. For many heterotrophic bacteria,
glucose is the preferred source of carbon. In tlesgnce of glucose, the genes required for
the utilization of secondary carbon sources areexpressed and pre-existing enzymes are
often inactivated to prevent the waste of resourths phenomenon is referred to as carbon
catabolite repression (CCR, for reviews see (D&ats@008; Gorke and Stulke, 2008).

CCR has been extensively studied in the model bactacillus subtilis and
Escherichia coli Although the physiological outcome is very simildne global mechanisms
underlying CCR are completely different in thesectbaa. In E. coli and other enteric

bacteria, the EII&" domain of the glucose transporter is the centratessing unit in CCR.
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This protein is part of the phosphoenolpyruvate RP&arbohydrate phosphotransferase
system (PTS), which is responsible for the uptakd aoncomitant phosphorylation of
numerous carbohydrates in many bacteria (Deutsehat, 2006). In this system, the two
general phosphotransferases, Enzyme | (EI) andlimstprotein (HPr), transfer phosphoryl-
groups from PEP to the various sugar transportensied Enzymes Il (Ells). In the absence
of glucose, the EIIR" domain is preferentially phosphorylated. In thign, EIIA® activates
the adenylate cyclase, which leads to an increadbd intracellular cAMP concentration.
Binding of CAMP activates the transcription acttraCRP (CAMP receptor protein), which is
in turn required for the expression of numerouosdary catabolic genes. In the presence of
glucose, ENA"Y is predominantly un-phosphorylated and thereformbie to activate
adenylate cyclase. In addition, un-phosphorylatéé B inhibits transporters of secondary
carbon sources by direct interaction. This opeqmecsic mechanism, which has been termed
inducer exclusion, contributes to the repressionatébolic genes in the presence of glucose.
In some cases, e.g. the coli lac operon, inducer exclusion might even be the deisi
mechanism for CCR (Gorke and Stulke, 2008).

A different mechanism of CCR is operative in thea@+positive soil bacteriuri.
subtilis and other Firmicutes. Here, the global mechaninCGR is mediated by the
pleiotropic transcription factor CcpA (for reviewsee (Fujitaet al, 2007; Warner and
Lolkema, 2003). In the presence of glucose, Ccpasses several hundred catabolic genes
and activates the transcription of some genes efflow metabolism (Blencket al, 2003;
Lulko et al, 2007; Morencet al, 2001; Yoshidat al, 2001). The ability of CcpA to bind its
target sites, the catabolite responsive elemend, (s in turn controlled by the presence of its
cofactors, HPr(Ser-P) and Crh(Ser-P) (Galingr al, 1999; Schumacheet al, 2004;
Schumacheet al, 2006). Unlike HPr irE. coli, theB. subtilishomolog contains a regulatory
phosphorylation site, Ser-46, in addition to His-dhich is phosphorylated during phosphate
transfer to the transported sugar. Crh is homolsgmu HPr, but it lacks His-15 and is
therefore unable to participate in sugar transpGelinier et al, 1997). In the presence of
glucose, HPr, and presumably also Crh, are phogfated by the bi-functional HPr kinase/
phosphorylase (HPrK/P) on Ser-46, whereas thisisikess phosphorylated in cells growing
in the absence of sugars (Ludvagal, 2002; Monederet al, 2001). Dephosphorylation of
HPr(Ser-P) is catalyzed by the phosphorylase agtofiHPrK/P (Mijakovicet al, 2002) and,
to some extent, by the protein phosphatase Prp@li%t al, 2007).In vitro experiments
suggested that the two antagonistic activities BfKkdP are regulated by metabolites. High

fructose 1,6-bisphosphate (FBP) and ATP ord@RAcentrations stimulate the kinase activity,
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whereas the phosphorylase activity prevails whenRhconcentration is high (Jaudt al,
2000; Ramstronet al, 2003; Reizeet al, 1998). Only HPr(Ser-P), but none of the other HPr
forms, is able to productively interact with CcpAdato exert CCR (Reizeet al, 1996;
Schumacheet al, 2004).In vitro experiments suggested that in addition to its noléhe
activation of HPrK kinase, FBP enhances DNA bindifighe CcpA/HPr(Ser-P) complex by
directly binding to CcpA (Schumachet al, 2007; Seidekt al, 2005). The role of Crh in
CCR is still unclear.

Traditionally, studies dealing with CCR have beeoauked on the repression exerted
by glucose. Therefore, the terms carbon catab@jeession and glucose repression are often
used synonymously. However, for the Gram-negatagtdyiumE. coli it was shown that a
large number of carbohydrates in addition to glecegert CCR (Bettenbroadt al, 2007;
Hogemaet al, 1998). Much less is known iB. subtilis So far, CCR exerted by carbon
sources different from glucose has not been sysieatig studied. In this work, we analyzed
CcpA-mediated CCR exerted by a variety of carbamaes inB. subtilis As a model for this
study, we chose theynPBoperon, which encodespaxyloside transporter ang-xylosidase.
These functions allow the uptake and degradatids-oflosides to xylose (Fig. 9), (Galinier
et al, 1999; Lindneret al, 1994). Xylose is subsequently converted to xygeibé-P by
enzymes encoded in tkkglAB operon located downstream of thenPBoperon (Fig. 9). Both
operons are repressed by the XylIR protein, whigiddito operator sites present in the
respective promoter regions and prevents trangmnijitiation (Dahlet al, 1994; Galinieet
al., 1999). Binding of xylose releases XyIR from ifgecator sitesB. subtilisis not able to
grow on xylose due to the lack of a xylose-spe@&cmease (Lindneat al, 1994; Schmiedel
and Hillen, 1996a; Schmiedel and Hillen, 1996b)widweer, xylose can be slowly taken up by
the AraE protein, which is sufficient for inductiai xynPB and xylAB expression (Krispin
and Allmansberger, 1998). In the presence of gkeicbsth operons are strongly repressed.
Downstream of their promotersre sites are present, which are bound by the HPr&ser4
P/CcpA complex thereby preventing transcriptioniation (Galinieret al, 1999; Krauset
al., 1994).

In this study, we show that a variety of carbohyesaepressesynPB transcription
via the CcpA-mediated CCR pathway, but each to feerdnt degree. In general, most
substrates transported by the PTS caused a steprgssion, whereas CCR by non-PTS
substrates was weaker. The Crh protein was conpldisgpensable for repression exerted by
all of these substrates, whereas HPr was essémtitthe strong CCR caused by sugars like
glucose, fructose and mannitol. Analysis of the HRosphorylation statan vivo revealed
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that the strength of repression exerted by a pdaticubstrate correlates well with the amount
of HPr(Ser-P) in the cell. However, in contras&tocoli, transport activity of the PTS has no
direct role for the global CCR mechanism. Our datggest that iB. subtilisthe strength of
CcpA-mediated CCR is determined exclusively by thetabolite-controlled activity of
HPrK/P.
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XynP CM

interior

XynB XylA XylB
xylosides ﬂ» xylose L» xylulose L» xylulose-5-P

glucose-6-P —m—nr0onuy
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; CcpA —T
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Figure. 9. Utilization of 3-xylan in B. subtilis. Xylan can be degraded by an extracellular xylatase
B-xylosides, whichare subsequently taken up by fh&yloside transporter XynP encoded in
the bi-cistronicxynPBoperon. The3-xylosidase, XynB conver{3-xylosides to xylose, which
is further converted to xylulose-5-P by the funecencoded in the adjacetlAB operon.
Xylulose-5-P finally enters the pentose phosphathway (PPP). TheynPB and xylAB
operons are repressed by binding of the Xyl repire@éylR) to operator sites in the absence
of the inducer xylose. Both operons are subjegiabal CCR, which is mediated by binding
of CcpA to cre sites downstream of the promoters. In addition,cgbe-6-phosphate
contributes to CCR by acting as an anti-induceddgR.

Materials and Methods

Bacterial strains and growth conditions

The B. subtilis strains used in this study are listed in Tablél'2e presence of thptsH1
mutation was verified by sequencing of chromosoBidlA of the relevant strain€. coli
DH5a (Sambrook and Russell, 2001) was used for plagmnighagation.B. subtilis was
grown in CSE minimal medium supplemented with arogtic requirements (at 50 mg)|
(Martin-Verstraeteet al, 1995). If necessary, xylose was added at a coratem of 0.2%
(w/v). Potentially repressing carbon sources weseduat a concentration of 0.5% (w/).
coli was grown in LB medium and transformants were ctetk on plates containing

ampicillin (100 pg mf).
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LB and SP plates were prepared by the additiorvaf I Bacto agar (Difco) to the medium.
For the determination of growth rates, pre-cultunese grown overnight in CE minimal
medium supplemented with auxotrophic requiremeats50 mg 1) and a single carbon
source at a concentration of 0.5 % (w/v). The oslse inoculated in the same medium to an
ODeoo of 0.1 and the bacteria were incubated at 37°ZDatr.p.m. and the turbidity at 600 nm
was recorded periodically. The growth ratgsWere determined from the exponential phases
of the growth curves using the formyla= logb-logB / (log2)x (At), whereAt is the time
interval in min, b the OBy of the culture at the end, and B the &yt the beginning of this

time interval.

DNA manipulation

Transformation ofE. coli and plasmid DNA extraction was performed usingndsad
procedures (Sambrook and Russell, 2001). Restni@mzymes and DNA polymerases were
used as recommended by the manufacturers. Chronab$2RA of B. subtiliswas isolated
using the DNeasy Tissue Kit (Quiagen) accordingthie supplier's protocol. Plasmid
pIW11xyIR used for inactivation of theg/IR gene has been described previously (Ketua.,
1994). Plasmid pGP811 used for the disruptiorptst is a derivative of plasmid pHT181
(Lereclus and Arantes, 1992) carrying the 591 bpREdfragment ofptsl inserted in its
unique EcoRI site. Plasmid pGP650 carries hipeK-G158A allele under control of the
constitutive degQ36 promoter. ThehprK allele was amplified using primers SK11
(GGCGGATCCGTGGCAAAGGTTCGCACAAAAGA) and KS12
(AAAAAGCTTGGTTCTATCGCTTCATTCATTTAACGC) and plasmid pGP407 (Hanson
et al, 2002) as template. Subsequently, the PCR fragnmast digested witlBamH and
Hindlll and inserted between the same sites of plagGiB380 (Herzbergt al, 2007).

Transformation and enzyme assays

B. subtiliswas transformed with plasmids and chromosomal Rd¥éording to the two-step
protocol (Kunst and Rapoport, 1995). Transformamtse selected on SP plates containing
spectinomycin (100 pg m), kanamycin (5 pg rif), or erythromycin plus lincomycin (2 and
25 pug mt', respectively). For enzyme assays cells were Btulein exponential growth
phase at an Odg, of 0.6 - 0.83-Galactosidase arfétxylosidaseactivities were determined in
cell extracts using-nitrophenyl galactopyranoside apehitrophenyl xyloside as substrates,
respectively (Lindneet al, 1994; Sambrook and Russell, 2001).
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Western blot analysis

For Western blot analyses, crude cell extracts weparated by SDS PAGE and transferred
to a polyvinylidene difluoride membrane (PVDF, Bedj by electroblotting. The proteins
were detected with rabbit polyclonal antisera mhiagainst CcpA, HPr, or HPrK/P Bhcillus
megateriumor B. subtilis(Hansonet al, 2002; Kisteret al, 1996; Moneder@t al, 2001).
The antibodies were visualized by using anti-ralyf@-AP secondary antibodies (Chemikon
International, Temecula, U.S.A.) and the CDP* didecsystem (Roche Diagnostics).

Analysis of the phosphorylation state of HPiin vivo

HPr phosphorylation was assayiedvivo by Western blot analysis as follows. Bacteria were
grown in CSE in the presence of the indicated cadmurces to an Qfy of 0.6. Cells were
disrupted using a French press, and crude extrveete prepared as described previously
(Ludwig et al, 2002). Proteins (Pg, respectively) were separated on non-denaturi®g 1
polyacrylamide gels. On these gels, phosphoryld##t migrates faster than the non-
phosphorylated protein. HPr(His-P) was dephosphtedl by incubation of the crude extract
for 10 min at 70°C. After electrophoresis, the pnas were blotted to a PVDF membrane.
The different forms of HPr were detected using laoties directed again&. subtilis HPr
(Monedercet al, 2001).

Determination of fructose 1,6-bisphosphate concerdtions

Protein-free cell extracts for the determination 8P concentrations iB. subtilis were
prepared as described previously with few modiitcet (Mijakovic et al, 2002). Briefly,
cells of theB. subtiliswild type strain 168 were grown in 50 ml CSE medlitn the presence
of the indicated carbon sources. For each growthdition at least three independent
experiments were carried out. Cultures were haedelsy centrifugation at room temperature
for 5 min at 10,000g and pellets were subsequémtien in liquid nitrogen. The pellets were
resuspended in 0.6 M of cold perchloric acid anolseguently incubated on ice for 20 min.
The precipitated proteins and cell debris were rexddoy centrifugation (4°C, 5 min, 13,000
rpm). The pH in the supernatant was adjusted toniti4 a solution of cold 0.6 M KOH in
100 mM Tris-HCI (pH 7.4). The precipitated KCJ@as removed by centrifugation. The FBP
concentrations were determined in the supernatentiescribed previously (Mijakovet al,
2002).
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Table. 2.B. subtilisstrains used in this study.

Strain Genotype Sourc@&
168 trpC2 Laboratory stock
GP270  trpC2 xyIR:ermC pIW11xylR - 168
GP278  trpC2 xyIR:ermC amyE::(xynP-lacZ cat) Singhet al, 2007
GP279  trpC2 xylR:ermC crh:spc amyE::(xynP-lacZ QB7097 - GP278
cat)
GP284  trpC2 xyIR:ermC ptsH1 pIW11xyIR - QB5223
GP287  trpC2 xylR:ermC ptsH1 crhspc pIW1llxylR -~ QB7101
GP289  trpC2 xyIR:ermC hprK:aphA3 QB7160- GP270
GP297  trpC2 xylR:ermC crh:spc QB7097 -~ GP270
GP853  trpC2 xylR:ermC ccpAspc QB5407 -~ GP270

GP858  trpC2 4hprK::aphA3
GP864  trpC24ptsl::ermC
QB5223 trpC2 ptsH1

QB7160- 168
pGP811- 168
Martin-Verstraeteet al,
1995

Faireset al, 1999

l. Martin-Verstraete

QB5407 trpC2 ccpA:spc

QB7097 trpC2 crh:spc

QB7101 trpC2 ptsH1 crlispc

QB7144 trpC2 amyE::(xynP-lacZ cat)

QB7160 trpC2 amyE(levD-lacZ cat) hprkaphA3

l. Martin-Verstraete
Galinieret al, 1999
Martin-Verstraetet al,
1999

& Arrows indicate construction by transformation.

Results

CCR of B-xylosidase exerted by different carbon sources.

CCR has mainly been studied using glucose as pgesarbon source. To explore whether

other carbon sources also exert CCR, we chosgytiieBoperon as a model system. For this

purpose, we measured the activity of fhaylosidase XynB as a convenient reporter for

regulatory events taking place at theynPBpromoter (see below). First, we tested the wild-

type strain 168 in CSE minimal medium containingcsiate as carbon source. In the absence
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of xylose, only 14 units o-xylosidase activity were detectable, whereas engresence of
xylose a higH3-xylosidase activity of 945 units was measured (@& column 1), reflecting
the repression of theyn operon by the XyIR protein. Next, we added otrebon sources in
addition to succinate and repeated the measurenyitsse as inducer for XyIR was also
included. In all cases, the XynB activities werduged in comparison to the culture grown on
succinate (Table 3, column 1). Succinate is knawoaiuse no CCR iB. subtilis(Blenckeet

al., 2003; Galinieret al, 1999). Glucose caused the strongest reductiokyaB activity
(135-fold), which is in agreement with previous algGalinieret al, 1999). The sugars
salicin, glycerol, mannitol and fructose also causspression, but to a weaker extent (12- to
18-fold). Gluconate, sucrose and sorbitol repres¥suB activity eight-fold. Ribose,
arabinose and maltose had only a two-fold effectcdnclusion, the substrates formed a

hierarchy in their ability to exert CCR.

Table. 3 Catabolite repression di-xylosidase by different carbon sources in various

mutants. The values are the average of at least timdependent experiments. Standard

deviations are shown in parentheses.

Enzyme activity in units/mg of protein

Carbon 168 GP270  GP297 GP284  GP287 GP289  GP853
sourc@  wild-type  AxylR AxyIR, AxyIR, AxyIR, AxyIR, AxyIR,
Acrh ptsH1 Acrh, AdhprK AccpA
ptsH1
-(CSE)  945(281) 1585(560) 2748 (540) 2590 (304) 2397A)21 2287 (218) 2142 (384)
Ribose 497 (138) 939 (164) 1360 (169) 971 (263) 1346 (151) n.g° 1780 (454)
Arabinose 414 (136) 600 (153) 876 (35) 713 (100) 1498 (323) 2571(70) 1437 (228)
Maltose 437 (127) 489 (32) 488 (105) 710 (81) 2226 (206) 22008) 2078 (632)
Gluconate 116 (11) 201 (31) 378 (64) 244 (46)  1220(179) 1(E®) 1628 (554)
Sucrose 126 (20) 205 (12) 203 (13) 309 (88)  2770(136) 2@MR) 2858 (123)
Salicin 54 (6) 175 (19) 167 (4) 202 (37) 2850 (180) 274&)6 2049 (83)
Sorbitol 114 (20) 121 (29) 130 (52) 113 (19) 732 (66) 748 (6 734 (51)
Glycerol 82 (15) 96 (20) 87 (6) 135(17) 2164 (110) 12730§16 1138 (127)
Mannitol 72 (13) 79 (21) 78 (18) 606 (190) 2080 (395) 16B80) 1265 (454)
Fructose 60 (9) 63 (5) 63 (7) 231 (75) 2045 (206) 1638 (32)1889 (147)
Glucose 73) 44 (10) 60 (21) 173 (56) 2077 (500) 1679 4211570 (153)

%added to CSE mediurfiXylose was added to induggnPBexpression°= no growth
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units/mg protein
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Figure. 10. Various carbohydrates repress thexynPB operon via the global CCR pathway.
Shown are thg3-xylosidase activities in thelxylR Acrh mutant GP297 (light grey bars), in which
CCR exclusively relies on the activities of HPrK/E¢pA and HPr. To demonstrate that fBe
xylosidase activities reflect transcription frometkynPB promoter, the isogenic strain GP279 was
used, which carries in additionxgnP’-lacZfusion on the chromosome. TRegalactosidase activities
produced in this strain are shown for comparisarkdrey bars). The repression factors relative to
the activities determined in pure CSE medium (,fpaee depicted at the right.

To rule out that enzyme activity rather than sysihef XynB was affected by the various
carbon sources in these and the following experimjewe also performed similar
experiments with isogenic strains carrying a trapsonal xynP’-lacZ fusion on the
chromosome. TheB-galactosidase activities in these strains comdlatvell with the
corresponding(-xylosidase activities (Fig. 10 and data not show&pmewhat lower
repression factors were obtained in the LacZ assayscomparison to the XynB
measurements, making the latter the more senstdmeto measure CCR. In conclusion, the
observed differences of XynB activities in thisdstueflect regulatory events taking place at

thexynPBpromoter.

The XyIR repressor protein contributes to CCR ofxynPB expression exclusively in the
presence of glucose

As for many other systems, thx¢nPB operon underlies an operon-specific mechanism of
CCR in addition to the general CCR pathway via Ccple XyIR repressor also contributes
to glucose repression of its target genes ([Eahdl, 1995; Krauset al, 1994). Uptake of
glucose generates glucose-6-phosphate, which bindyIR and counteracts binding of the
inducer xylose (Fig. 9). In principle, the repressiof XynB activity by the other
carbohydrates may also result from the combineies of both mechanisms of CCR. To
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analyze this possible interference, we repeatedeaperiments with a\xylR mutant. As
expected, thexylR mutation caused complete de-repressionxysfPB expression, i.e. high
XynB activities were already detectable in the abseof the inducer xylose (Table 3, column
2). With respect to the available carbon sourdes, @anzyme activities followed a similar
order as in the xylose-induced wild-type strain€a3, compare columns 1 and 2). In most
cases, the activities were slightly higher in #be/IR mutant, which can be explained by
incomplete de-repression in the wild-type stram.cbntrast, there was a 6-fold relief from
repression when the cells grew on glucose, whitleats the extra-repression exerted by
glucose-6-P. In conclusion, XyIR only contributeSGCR ofxynPBexpression when glucose
is utilized and is not relevant for CCR elicitedthg other carbon sources.

In the AxylR mutant, CCR of B-xylosidase completely depends on the general patawof
CCR

In the AxyIR mutant, the substrates still formed a hierarcharder in their ability to cause
repression. We wanted to determine whether thigroigl caused exclusively by the global
CCR mechanism or whether additional mechanismstdrenvolved. If only global CCR is
involved, an interruption of the general CCR pathws expected to completely relieve
repression. To test this possibility, we ug®gIR strains, which additionally lacked HprK/P
or CcpA or its cofactors Crh and HPr. In the lattiase, acrh ptsH1mutant was used, which
encodes an HPr mutant with a non-phosphorylatdal@re rather than a serine at position
46. The HPr-Ser46Ala protein is unable to partitgpa CcpA-mediated CCR but retains its
function in PTS sugar uptake (Deutscleeral, 1994). All strains produced similar high
xylosidase activities regardless of the carbon smuwith the notable exception of sorbitol
(Table 3, columns 5-7). On sorbitol a 3-fold regres was still detectable. On all other
carbon sources, the elimination of the global ratguk of CCR caused a complete relief from
CCR. Hence, global CCR is responsible for the nidiaal order of repression caused by the

different substrates in théxylR mutant.

The amounts of HPrK, CcpA and HPr are not affectedoy the carbon source

It is possible that the differences in repressgarted by the different substrates are caused
by varying amounts of HPrK or CcpA or its co-fastam the cell. To address this possibility,
we determined the amounts of these proteins irs gglbwn on the various carbon sources.
Protein extracts were separated by SDS polyacrdargel electrophoresis and subjected to

Western blot analyses using specific antisera. Gnigll differences in the amounts of the
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three proteins were detectable (Fig. 11). We aldengpted to detect the Crh protein.
However, although our antiserum readily detectedfipd Crh protein, no signals were
obtained in cell extracts (data not shown). Thisesbation is in agreement with our previous
data suggesting that Crh is present in the cetuch lower amounts than HPr (Goréeal,
2004). In conclusion, the cellular amounts of thabgl CCR regulators HPrK/P, CcpA and

HPr are not affected by the carbon source.
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Figure. 11. The amounts of HPrK/P, CcpA and HPr arenot affected by the utilized carbon
source.Wild-type strain 168 was grown to exponential phas€éSE medium containing the indicated
carbon sources and crude extracts were preparethe®é protein extracts (i, 5ug and g were
loaded on 12.5% SDS-PAA gels for the detection BfkdP, CcpA and HPr, respectively. After gel
electrophoresis proteins were blotted to a PVDF brame and the proteins of interest were detected
using specific antisera, respectively.

HPr and Crh are not interchangeable in CcpA-mediatd CCR

In the AxylR mutant, only global CCR is operativexynPBrepression. Hence, the degree of
repression exerted by the individual substratesilshbe reflected by the total number of
HPr(Ser-P)/CcpA and Crh(Ser-P)/CcpA complexes cdemien DNA-binding. So far, it is
unclear to which extent each of these complexasa#gtcontributes to CCR via CcpA under
a certain condition. Hence, it is possible that ¢b# selectively prefers or relies on one of
these complexes depending on the carbon sourceddiess this question, we compared
AxyIR Acrh- and AxyIR ptsHX:mutants in which either one of the co-factors @spA is
missing. The XynB activities in thédxyIR Acrh mutant were very similar to those detected in
the AxyIR mutant (Table 3, compare columns 2 and 3; Fig. Tgrefore, Crh is dispensable
for CCR exerted by the different carbon sourcesri@Qisly, HPr can completely compensate
for the loss of Crh. A different result was obtalnesing thedxylR ptsHImutant In this case,

a 3- to 4-fold relief from repression was obserwéten the cells grew on glucose or fructose.
On mannitol, thg3-xylosidase activities were even 8-fold higher ([€ab, compare column 4

with columns 2 and 3). These sugars exert the gésirrepression in the wild type and in the
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AxylIR mutant. In contrast, repression by all other galbst was not significantly affected by
the ptsH1 mutation. These data indicate that Crh is unablesubstitute for HPr in the

presence of substrates that exert a strong CCReeslétPr is essential for CCR.

The extent to which a substrate causes repressiororeelates with the amount of
HPr(Ser-P) in the cell

The phosphorylation of HPr by the HPr kinase i®g &tep in the signaling pathway of CCR
in B. subtilis It is well established that significant amountH&r(Ser-P) are present during
growth on glucose, whereas little HPr(Ser-P) isdible in the absence of a sugar, i.e. in
CSE minimal medium or LB (Ludwigt al, 2002; Monederaet al, 2001). However, the
phosphorylation state of HPr has so far not be¢erchned during growth in the presence of
sugars other than glucose. In order to explore kdrahe strength of CCR exerted by a given
substrate correlates with the amount of HPr(SemP}he cell, we determined the HPr
phosphorylation staten vivo. To this end, we prepared extracts from cells gram the
various carbohydrates and subjected them to noatdeng polyacrylamide gel
electrophoresis, which allows the separation of ribe-phosphorylated and phosphorylated
forms of HPr. HPr was subsequently detected by ¥Yedilot analysis (Fig. 12).

As reported previously (Ludwigt al, 2002), HPr was present in three different fornem
the cells grew in CSE medium: non-phosphorylatedgls phosphorylated and doubly
phosphorylated (Fig. 12, lane 1). HPr can be phogtéted by the El of the PTS on His-15
and by HPrK/P on Ser-46. To discriminate betweeih borms, aliquots of the extracts were
incubated at 70°C before loading on the gel. Hgatauses loss of phospho-histidine but not
of phospho-serine bonds. As a result, the doubbsphorylated HPr is converted to HPr(Ser-
P) and HPr(His-P) is converted to non-phosphorglai®r (Fig. 12, even numbered lanes).
From the quantification of the band intensitiesbimth lanes and their comparison, it was
possible to calculate the relative amount of eacimfof HPr (Table 4). In CSE medium, only
13% of total HPr were phosphorylated at Ser-46 B¥tdwere doubly phosphorylated. The
majority of HPr molecules were non-phosphorylatedpbosphorylated at His-15. Very
similar results were obtained when the cells grewtlee weakly repressing sugars ribose,
gluconate, arabinose or maltose. The level of HErEg slightly increased up to 32% on
gluconate, which is the most strongly repressingssate among these carbohydrates (Fig.
12, top panel; Table 4). In all cases, HPr(His-R) doubly phosphorylated HPr were the

predominant forms.
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A very different result was obtained, when the <gjtew on sugars that cause a stronger
CCR, i.e. sorbitol, sucrose, salicin, mannitolctnse and glucose. In these cases, almost no
doubly phosphorylated HPr was detectable and hgafithe extracts had almost no effect on
the phosphorylation pattern (Fig. 12, lanes 11ai@ 15-24). Hence, there was no detectable
HPr(His-P) present in the cells. In contrast, 50676f all HPr molecules were phosphorylated
at Ser-46 (Fig. 12, bottom panel; Table 4, rows2kE-The only other detectable form was
non-phosphorylated HPr. As an exception, glycerehdved different from all other
substrates: In contrast to the other strongly iepng substrates, it generated a somewhat
lower level of HPr(Ser-P), i.e. 46%. Moreover, nephosphorylated HPr could be detected.
In contrast, doubly phosphorylated HPr was a predam form in this case (Fig. 12, lanes
13, 14).

In conclusion, sugars that exert strong (i.e. astle0-fold, Fig. 10) repression pBf
xylosidase activity also generate a high level dr¢$er-P) in the cell, whereas in the
presence of weakly repressing substrates the anobut®r(Ser-P) is significantly lower. In
addition, the data suggest that the absence aflinistphosphorylated HPr is a common

feature of substrates that generate a strong CCR.

His-15-dependent phosphorylation of HPr has no impa on CcpA-mediated CCR.
Interestingly,most of the carbohydrates that generated a straDig @re substrates of the
PTS. Glucose, fructose, mannitol, salicin and sse@re all taken up by specific Ells, which
rely on HPr(His-P)-dependent phosphorylation fas thnction. Hence, utilization of all these
substrates drains away the phosphoryl-groups bdanHis-15 of HPr. Accordingly, no
HPr(His-P) can be detected when the cells growhesd substrates (Fig. 12 and Table 4). On
the weakly repressing substrates ribose, arabiravgk gluconate, which are non-PTS
substrates, a considerable fraction of HPr is phoagpated at its His-15 residue by Enzyme |
(Table 4). Hence, it is conceivable that in thesses EI and HPrK compete for the
phosphorylation of HPr and that CCR is weak, beedtisdependent phosphorylation limits
the HPr(Ser-P) amount in the cell and thereby CCR.

To test this possibility, we used dptsl mutant in which HPr cannot get
phosphorylated at His-15. If histidine phosphotglatof HPr limits CCR, one would expect
an increased CCR by non-PTS substrates in thismutbowever, there was virtually no
difference in CCR by non-PTS substrates betweeit® mutant and the wild-type strain
(Fig. 13). In contrast, on PTS-sugars (and glygeanlalmost complete relief from CCR was

observed in thedptsl mutant. This was expected, because uptake andbatista of these
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substrates are not possible in tatsl mutant. Hence, the cells actually use succinate fo
growth, which exerts no CCR. To support these datalso investigated a mutant strain
coding for an HPr-His1l5Ala variant. This strain dited B-xylosidase activities almost
identical with those determined in thptsl mutant (our unpublished data). In conclusion, the
phosphorylation state of HPr at its histidine rasidhas no direct impact on CcpA-mediated
CCR. Therefore, solely different HPrK activitiespaar to account for the different CCR
levels exerted by the various substrates.
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Figure. 12. Determination of the phosphorylation state of HPr n the presence of different
carbon sources.Wild-type strain 168vas grown on CSE medium supplemented with the @telct
carbohydrates. Protein extracts were prepared epdrated on native 12% PAA gels (top panels).
HPr was subsequently detected by Western blottiwg-lumbered lanes). To discriminate between
HPr(Ser-P) and HPr(His-P) an aliquot of each ceillaet was heated (70°C, 10 min) prior to loading
(even-numbered lanes). This causes loss of theppbdsstidine bonds. The lysis buffer used affected
the reliability of the Bradford assay for determiaa of protein concentrations. To account for the
differences in the protein estimation and sampsslilog, 2pug of each protein extract (according to
Bradford-assay) were separated in parallel by SBG® and total HPr was detected by Western blot
analysis (bottom panels).
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Table. 4. Comparison of catabolite repression by differaristrates, the relative amounts of

the different HPr forms and the intracellular FB&nhecentration. Standard deviations are

shown in parentheses.

Carbon Fold- Relative amount of HPr form [%6] Fructose-| Growth rate
sourc@ | repres- 1,6-bis-P | p[h™
sior? [mM]
HPr HPr HPr HPr
(Ser-P)  (His-P) (Ser-
P)(His-
P)
- (CSE) - 13 (3) 40 (14) 42 (19) 5(2) 1.8 (0[5p.29 (0.03)
Ribose 2 27 (1) 37 (6) 25 (9) 11 (4 6.5 (0.19.76 (0.07)
Arabinose 3 21 (1) 29 (9) 13 (10) 37(1 8.1 (0.5).98 (0.06)
Maltose 6 13 (1) 47 (4) 25 (6) 15(1 10.7 (0.89.85 (0.01)
Gluconate 7 32 (10) 29 (4) 9(2) 30 (9 12.3 (3.6).94 (0.09)
Sucrose 14 66 0 33 1 11.5 (1{90.85 (0.02)
Salicin 17 50 (9) 50 (9) 0 9.4 (2.1)0.91 (0.04)
Sorbitol 21 66 (6) 32 (7) 2(1) 4.4 (2/1)0.83 (0.03)
Glycerol 32 46 (3) 12 (6) 0 42 (4) 4.3 (1/6)0.94 (0.11)
Mannitol 35 70 (6) 0 30 (6) 0 4.4 (0.5)0.86 (0.03)
Fructose 44 60 (2) 0 40 (3) 0 13.3 (310D.94 (0.07)
Glucose 46 58 (6) 0 35 (10) 7(7) 14.1 (1.30.95 (0.07)

%added to CSE medium; for growth rate determinatiGEsmedium plus a single carbon

source was usedin the AxyIR Acrh mutant.‘mean values of at least two independent

experiments are presented except for sucrose, wastperformed once.
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Figure. 13. Catabolite repression oB-xylosidase in a mutant lacking EI of the PTSStrain GP864
(dptsl) was grown in CSE medium supplemented with thdcatdd carbohydrates and tifge
xylosidase activities were determined (dark grelmms). The corresponding activities in the wild-
type strain 168 are shown for comparison (lighygrelumns).

Activity of HPrK/P determines the level of CcpA-exeted CCR in Bacillus subtilis

Finally, we wanted to confirm that a low HPr kinasaivity is responsible for the weak CCR
exerted by substrates like ribose, arabinose, ghteoor maltose. To this end, we used a
strain, which expresses the mutdngrK-G158A allele rather than wild-typaprK. The
G158A exchange is located in the nucleotide bindaker A motif of HPrK and abolishes
phosphorylase activitin vitro (Hansonet al, 2002). As a result, HPrK-G158A behaves as a
constitutive kinase, triggering the slow phosphatigin of HPr. In order to see whether this is
indeed the casm vivo, we introduced a plasmid carryitgrK G158A into a mutant strain
lacking the wild-type gene. A transformant carrythg empty expression plasmid served as a
control. These transformants as well as the wifgk tgtrain were grown in CSE and CSE +
glucose and the phosphorylation state of HPr wdsraned (Fig. 14). As expected, no
HPr(Ser-P) was detectable in tABprK mutant (Fig. 14, lanes 3,ahd 9, 10). In the strain
expressing thaprK G158A allele, the fraction of HPr(Ser-P) increage88%when the cells
grew in CSE, whereas only 13% HPr(Ser-P) were tabex in the wild-type (Fig. 14,
compare lanes 1, 2 and 5, 6). In the presenceusbge 43%HPr(Ser-P) were detectable in
the mutant expressing tliprk G158A allele (Fig. 14, lanes 7, 8 and 11, 12). Wild-type
strain produced 58% HPr(Ser-P) under these comndgitidFig. 14, lanes 7 and 8). In
conclusion, the HprK G158A mutant triggers the giasylation of HPr at its Ser residue
even in the absence of a repressing sugar. To Bether this increased fraction of HPr(Ser-

P) also correlates with a stronger CCR, we detexdhitne3-xylosidase activities in these
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strains (Table 5). In thédhprK mutant carrying the empty expression plasmid, \regh (3-
xylosidase activities were detectable, ignPB expression was relieved from CCR. In
contrast, the strain expressing thprK-G158A allele produced only low activities in the
range of 60 to 170 units. As an exception represbiyglucose was somewhat stronger (21
units), which can be ascribed to the extra-repoesby glucose-6-P via XylR. In conclusion,
the data show that the HPrK-G158A variant phosgateg HPr under all conditions and
thereby triggers strong CCR on all substrates. Toidirms that the different levels of CCR
exerted by the various carbon sources (Fig. 103\salesult from different activities of

HPrK/P.

Table. 5. Catabolite repression by the mutant HPrK/P-G158#tgin lacking phosphorylase

activity. The values are the average of at leastitbdependent experiments.

Enzyme activity in units/mg of protein

Carbon source 168 GP858+pGP380 GP858+pGP650
wild-type dhprK AhprK + hprK-
G158A
- 945 (281) 2077 (323) 178 (10)
Ribose 497 (138) n. §. 115 (30)
Arabinose 414 (136) 1175 (50) 138 (27)
Maltose 437 (127) 1265 (82) 142 (17)
Sucrose 126 (20) 1232 (145) 124 (66)
Gluconate 116 (11) 822 (97) 63 (6)
Sorbitol 114 (20) 990 (52) 90 (22)
Glycerol 82 (15) n. d. 70 (15)
Mannitol 72 (13) 1592 (460) 60 (8)
Fructose 60 (9) 1364 (355) 64 (8)
Salicin 54 (6) 981 (168) 46 (27)
Glucose 73 870 (11) 21 (4)

added to CSE mediurfixylose was added to induggnPBexpression°= no growth
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Figure. 14. The mutant HPrK/P-G158A protein phosphoylates HPr at Ser-46 even in the
absence of a sugarStrain GP858 4hprK) carrying either plasmid pGP650 encoding thEK-
G158A allele (lanes 5, 6, 11, 12) or the emptymldglanes 3, 4, 9, 10) was grown in CSE or CSE +
glucose. Crude extracts of these strains were cigjeto non-denaturating PAGE and the
phosphorylation state of HPr was determined asritbestfor Fig. 12. For comparison, the wild-type
strain 168 is also shown (lanes 1, 2, 7, 8).

The intracellular FBP concentration and the strengh of CCR exerted by a given
carbohydrate do not strictly correlate

FBP has been identified as a key metabolite moidiglabhe activity of HPrK. To see, if there
is a correlation between the intracellular FBP emi@ation and the level of CCR exerted by a
given substrate, we determined the FBP concentia{ibable 4). In cells grown in pure CSE
medium, only 1.8 mM FBP was detectable, wherea$-Be concentration increased to 14.1
mM in the presence of glucose. These results aperfect agreement with a previous study
(Mijakovic et al, 2002). High FBP concentrations in the range 4f-913.3 mM FBP were
also detectable in cells grown on the stronglyesging sugars fructose, salicin and sucrose.
However, there was no strict correlation for thenaening substrates, e.g. the utilization of
ribose, arabinose and maltose generated ratheB@g§hconcentrations (6.5 — 10.7 mM FBP),
whereas CCR exerted by these substrates was weeasinfrast, the FBP concentrations were
lower (4.3 - 4.4 mM) on mannitol, glycerol and stoh which all exert a strong CCR. In
conclusion, the different levels of repression &aby the different carbohydrates cannot be

explained by the different intracellular FBP levalene.

Discussion

In this work, we show that in addition to glucosarm other carbohydrates cause carbon
catabolite repression B. subtilis These substrates form a hierarchical order im tapacity

to exert repression, suggesting that they trigherformation of active CcpA complexes to
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different degrees (Table 3, Fig. 10). Our data stiwat the different carbon sources modulate
the activities rather than the amounts of the pmeteesponsible for CCR. In fact, the data
suggest a correlation between the ability of a sutga cause repression and the
phosphorylation state of HPr at its Ser-46 resifftig. 12). We could not observe any
interference of the phosphorylation state of HPitsatHis-15 residue with CcpA-mediated
CCR of thexynPBoperon, which served as a model system in thidystQur data suggest
that at least in this case HPrK/P activity is tb&edactor that accounts for the differences in
repression by the various substrates. Howevehatlsl be emphasized that in other gene
systems additional CcpA-independent mechanismsGR €xist, which rely on HPr(His-P)-
dependent phosphorylation (for a review see: (GarieeDeutscher, 2007)).

The substrates form a hierarchy in their capaaotgxert repression. The general CCR
pathway determines this hierarchy, since the alesariceither HprK/P or CcpA or its
cofactors resulted in complete de-repression orswddstrates. Intriguingly, there is a good
correlation between the hierarchy in repressiois {tlork) and the hierarchy of carbon source
utilization reported by Monod based on diauxic glowxperiments (Monod, 1942). Monod
classified the carbon sources utilizedBysubtilisin two groups, A and B: When present in a
mixture, the bacteria first utilize the substravéggroup A, which include glucose, fructose,
mannitol and sucrose. Subsequently the cells makeofi the group B carbohydrates e.g.
sorbitol, arabinose or maltose. Based on our obhserv that group A sugars exert strong
CCR, whereas repression by group B sugars is weakpears reasonable that the diauxic
growth behavior observed by Monod is caused by Cemdliated CCR. However, as an
inconsistency we observed a strong repressiotyPBby sorbitol, which was assigned by
Monod to group B. Interestingly, disruption of tBepA-mediated CCR did not completely
relieve xynPBfrom repression when the cells grew on sorbit@b(€ 3). In contrast, other
CcpA-controlled catabolic genes likecG were completely de-repressedacpA and hprK
mutants grown on sorbitol (data not shown). Theefetrong repression by sorbitol appears
to be specific for thexynPB operon, which might explain the discrepancy to btba
observations.

The Crh protein was completely dispensable for C&Rrted by the different
substrates. A different result was obtained fptstH1 mutant, in which the Crh protein is the
only potential effector for CcpA. In this case,rh&vas a significant relief from CCR exerted
by glucose, fructose and mannitol, but not from Ce&kerted by the other sugars. In a
previous study it was shown that iptsH1 mutant synthesis of gluconate kinase and glucitol

dehydrogenase is relieved from repression by gkicasd mannitol but not by glycerol
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(Deutscheret al, 1994). Collectively, these observations suggest Crh cannot substitute
for HPr when the cells grow on substrates thateaugery strong CCR via CcpA. This might
be reflected by the up to 100-fold lower syntheate of Crh and its 10-fold lower affinity for
CcpA, when compared with HPr (Gorke al, 2004). Alternatively, Crh might play a more
specific role in CCR, when the cells use weakeragging substrates. Recent work suggested
that Crh might be more important for CCR during trensition to stationary phase (Inacio
and de Sa-Nogueira, 2007). In conclusion, HPr rathen Crh is the relevant effector for
CcpAin vivo, at least during the exponential growth phase.

According to the current model of the global CCRchamism inB. subtilis repression
is brought about by the HPrK-catalyzed phosphagmadf HPr at its Ser-46 residue. Indeed,
during growth on weakly repressing carbon sourcely @ minor fraction of HPr was
phosphorylated at Ser-46, whereas the majorityf iHolecules were phosphorylated at this
site on strongly repressing substrates. This gledrbws that the cell modulates the strength
of CCR by dynamically triggering the HPrK/P-depemiddde)phosphorylation of HPr.
Interestingly, large amounts of HPr(His-P) and asably phosphorylated HPr were formed,
when the cells grew on weakly repressing substrates formation of significant amounts of
doubly phosphorylated HHn vivo is surprising. Previous vitro studies suggested that
HPr(His-P) is a poor substrate for HPr kinase (Be#t al, 1998). Moreover, a Ser46Asp
exchange in HPr, which mimics phosphorylation as tkite, was shown to block EI-
dependent phosphorylation vitro (Reizeret al, 1989). These effects were explained by a
diminished affinity for the second phosphoryl grodglivering protein. Obviously, thi
vitro data do not adequately reflect the situatiomiva

Most of the strongly repressing substrates arespramted by the PTS (glucose,
fructose, mannitol, salicin and sucrose) and ageefbore expected to dephosphorylate HPr at
its His-15 residue, which is in agreement with tnding that no HPr(His-P) was detectable
in these cases. On the other hand, these obserwatsed the possibility that CCR is strong
because dephosphorylation of HPr at His-15 makestbtein susceptible for HPr kinase—
catalyzed phosphorylation, i.e. that EI and HPrkmpete for phosphorylation of HPr.
However, our experiments using mutants lacking Eteanot in favor of this scenario (Fig.
13). Hence, the phosphorylation state of HPr aHits15 residue is irrelevant for CcpA-
mediated CCR iB. subtilis This is very different t&. coli, where the absence of El leads to
permanent repression of secondary catabolic gdhestriaet al, 1993). InE. coli, many
substrates, which are taken up by the PTS cause, G6€&fuse their transport not only de-

phosphorylates the general PTS proteins El and biRralso the EIIX protein (Postmat
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al., 1993). In contrast, PTS transport activity hasdivect effect on CCR iB. subtilis Our
data using the constitutive HPrK-G158A allele (Flg. and Table 5) demonstrate that low
HPr kinase activity limits CCR by weakly repressiongrbon sources. Hence, different
HPrK/P activities account for the different repieadevels exerted by the various substrates.
What are the molecular mechanisms that adjustdtrétst of HPrK/P to the available carbon
source? The cells exhibited comparable growth ratethe different carbon sources except
for succinate and ribose, on which growth was $icgmtly slower (Table 4, last column).
Therefore, it appears unlikely that the growth ftads a direct effect on HprK/P activity and
therefore CCR. It is well known that the two antaigtic activities of HPrK/P are regulated
by the concentrations of FBP, ATP and Pi. The e¢ntrle of FBP for activity of the HPr
kinase has been unequivocally prowervivo andin vitro. In vivo, any mutation that prevents
the formation of FBP results in a complete relreii CCR via CcpA, e.g. there is no CCR by
glucose in mutants lacking the glycolytic enzymdsicgse-6-phosphate isomerase or
phosphofructokinase (Nihashi and Fujita, 198).vitro, HPr kinase activity is barely
detectable below 1 mM FBP. With higher FBP conadidns HPr kinase activity sharply
increases and reaches a plateau at about 5 mMJBIRdt al, 2000; Reizeet al, 1998). In
our experiments we detected a low FBP concentratfoh8 mM in the absence of a sugar
(i.e. in CSE-medium), whereas in the presence @fvirious sugars, FBP concentrations in
the range of 4.3 — 14.1 mM were detected. Thergtdtrsugars generated FBP levels, which
are theoretically sufficient for a high HPr kinagetivity. This suggests that the different
levels of repression exerted by the different chyoates cannot be explained by the
different intracellular FBP concentrations alonehefiefore, in addition to FBP other
metabolites might account for the substrate-depgrdiferences of HPrK/P activity. Indeed,
for Streptococcus bovisan inverse correlation between HPr(Ser-P) foromatnd the Pi
concentration was observedvivo (Asanuma and Hino, 2003). In addition, other melitds
like ATP, acetyl-phosphate and glyceraldehyde 3sphate were shown to modulate the
activity of B. subtilisHPrK/Pin vitro (Ramstrénmet al, 2003).

Hierarchical regulation is a wide-spread phenomeiiobacteria have the choice
between different substrates. If only few subsgratan be used, sophisticated regulatory
networks with multiple transcription factors allothe consecutive expression of the
respective enzymes. This was observed for the eholiche electron acceptors f&r coli
respiration (Unden and Bongaerts, 1997). Howeweliyidual regulators for the repression of
genes that are lower in the hierarchy cannot belmrmg if the bacteria have to choose

between a plethora of substrates. AccordinglyEincoli and B. subtilis the hierarchy of



Chapter 3 56

carbon sources in catabolite repression is estadidy a single signal, i.e. the control of the

phosphorylation state of EIffS and HPr, respectively ((Hogena al, 1998), this work).
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4. Analysis of thehprK operon in Bacillus subtilis: Evidence for a role of a
gene encoded downstream d¢fprK in carbon catabolite repression.

Author contributions:
This study was designed and interpreted by Kali@ngh, Boris Gorke and Jorg Stulke. All
experiments were performed by Kalpana Singh.
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Abstract

HPr Kinase/phosphorylase (HPrK/P) is an ATP depenh@er/ Thr kinase and controls the
phosphorylation state of the phospho-carrier pnotéPr at its Ser-46 residue Bacillus
subtilisand other Gram-positive bacteria. Under conditimingood carbon supply HPr(Ser-P)
is formed and activates the global repressor protecpA by direct interaction. The
CcpA/HPr(Ser-P) complex represses numerous catalgagnes, a regulatory mechanism
known as catabolite repression. In addition tordgke in CCR, HPr is also part of the
phosphotransferase system, which catalyzes thekeupgih a variety of sugars. HPrK/P is
encoded by the first gene of a penta-cistronic @peHere, we analysed the putative
functions of the genes of thgrK operon. Initially, we observed that a polgarK mutation
can not be complemented by the ectopic expressiohpK. In this mutant, CCR was
drastically relieved, but exclusively on PTS sudiigts. In agreement, there was also a lower
amount of HPr(Ser-P) present in the cell. On ot@@bohydrates, CCR was indistinguishable
from the wild-type. Deletion analysis revealed thdtence ofgt, the second gene of the
operon, resulted in a slight relief from CCR redesd of the carbon source. Absence of the
other genes downstream lgbrK had no effect on HPrK/P activity. Since tigé mutant and
the mutant ectopically expressihgrK exhibited different CCR phenotypes, we concludg th
over-expression of one of the genes downstreanpid{ interferes with HPrK/P activity.

Introduction

Phosphorylation plays an important role in medgtaignal transduction and regulation in
bacteria (Hunter, 2000). A large number of phygalal processes in bacteria are regulated
by Ser/Thr kinases (Deutscher and Saier, Jr., 2008)metabolite-controlled bifunctional
HPr kinase/phosphorylase (HPrK/P) is one of the baslied Ser/Thr kinases in bacteria
(Galinier et al, 1998; Ponceet al, 2004). HPrK/P triggers carbon catabolite repoessi
(CCR) inBacillus subtilisand other Firmicutes. CCR is a regulatory mecmam@mployed by
bacteria in order to utilize the available nutrgeemt an economical way. In its natural habitat,
B. subtilisoften encounters a mixture of different carbonreesi that can potentially be used.
In this caseB. subtilis selectively utilizes the carbon source that pesntiite most rapid
growth. For B. subtilis glucose is the preferred carbon source (Monod,219Buring
utilization of glucose, the genes required for thidization of secondary substrates are not
expressed. This phenomenon is referred to as CORé@&nd Stilke, 2008).
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HPrK/P catalyses both, the phosphorylation and dgpimorylation of the histidine-containing
protein (HPr) and of its homologue Crhafabolite_epression IRr) at a serine residue (Ser-
46) (Galinieret al, 1998; Kravanjat al, 1999). This phosphorylation triggers the intaact
of HPr and Crh with the global transcriptional riegor protein CcpA (atabolite_ontrol
protein A) (Schumacheet al, 2004; Schumachest al, 2006; Seidelet al, 2005). The
resulting HPr(Ser-P)/CcpA and Crh(Ser-P)/CcpA caxres bind to operator sites on the
DNA called cre (catabolite_epression lements) (Weickert and Chambliss, 1990). In most
cases, there sites are located in promoter regions. Bindinghaf CcpA complex usually
abolishes promoter activity and thereby represseg gxpressiorin vivo, HPr is the relevant
co-factor for CcpA, whereas Crh appears to be dsgigle (Singlet al, 2008).

In vitro experiments demonstrated that the activities ofKAP are allosterically
controlled by metabolites. The kinase activityBofsubtilisHPrK/P is stimulated by fructose
1,6-bisphosphate (FBP), whereas the phosphoryletsaty prevails in the presence of high
inorganic phosphate (Pi) concentrations (Jaukl, 2000). Fromn vitro experiments using
Enterococcus faecalisIPrK/P, it was concluded that undarvivo conditions kinase activity
might dominate when the concentrations of ATP aB& Fre high in the cell, whereas the
dephosphorylation should be prevalent when the exanation of Pi increases (Kravarga
al., 1999)

HPr, the substrate of HPrK/P, is also a part of pi@sphoenolpyruvate (PEP):
carbohydrate phosphotransferase system (PTS). T&asPan important carbohydrate uptake
system in many bacteria. In this system, the gémpd@sphotransferases ElI and HPr transfer
phosphoryl groups derived from PEP to the variougasspecific Enzyme Il (Ell)
transporters, which phosphorylate their substrdtesg the uptake step. In this case, HPr is
phosphorylated at histidine-15 (His-15). The HPmbéog Crh lacks His-15 and is therefore
unable to participate in sugar transport (Galieieal, 1997). A recent analysis demonstrated
that PTS-sugar transport, i.e. (de)phosphorylatibriPr at His-15 does not interfer vivo
with the CcpA-mediated pathway of CCR, i.e with gploorylation of HPr at Ser-46 (Singh
al., 2008).

In B. subtilis,genehprK encoding the HPr kinase/phosphorylase, is thedese of a
penta-cistronic operon, which is conserved in mdfgmicutes (Boélet al, 2003).
Downstream ohprK, the genefgt, yvoD, yvoE andyvoF are present (Fig. 15) (Reizer al.,
1998; Deutscher, 2006). The second gene of theoopkgt, codes for the prolipoprotein
diacylglyceryl transferase, which catalyzes thetfreaction of lipomodification of bacterial

lipoproteins (Leskel&t al, 1999). The lipid on lipoproteins is covalentlyumal to a cysteyl
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residue and anchors the protein molecules to ther aurface of the cell membrane. The
genesyvoD andyvoE code for an uncharacterized hydrophobic proteshapyrophosphate,
respectively. Sequence comparison indicates thetE encodesa homologue of the
phosphoglycolate phosphatasetofcoli. Phosphoglycolate phosphatasdsircoliis involved
in the dissimilation of the intracellular 2-phosghaolate formed in the DNA repair of 3'-
phosphoglycolate ends (Teresiaal, 2003). During the initial characterization of ghetein
encoded bwvoE, it was mistakenly assumed to be the HPr(Ser-P) phtegghéGalinieret
al., 1998). Later it was established that dephosphtioyl of HPr(Ser-P) is also catalyzed by
HPrK/P, demonstrating that it is a bifunctional yme (Kravanjaet al, 1999). However,
recent work suggested that YvoE might play yet la@otole in regulating the HPr(Ser-P)
level in the cell. It was demonstrated vitro that the dephosphorylation of HPr(Ser-P) by
HPrK/P requires Pi as a substrate and generatepipysphate (PPi) as product (Mijakoeic
al., 2002). PPi can also act as phosphate donor éoptilosphorylation of HPr by HPrK/P, at
leastin vitro. Therefore, it was suggested tivatvivo the intracellular PPi level could affect
the phosphorylation of HPr at Ser-46. However, iswdemonstrated that YvoE has
pyrophosphatase activity suggesting that this praemoves the pyrophosphate generated by
the phosphorylase activity of HPrK/P (Mijakovet al, 2002). YvoOE is not present in all
Firmicutes, e.g.Staphylococcus aureuand S. epidermislack the corresponding gene.
However, these bacteria encode several YvVoE hormekgvhich potentally could substitute
for YVOE. The last gene of tHgrK operon inB. subtilisis yvoF.The C-terminal half of the
corresponding protein shares homology with acetgferases, including chloramphenicol
acetyltransferase, serine acetyltranferase anddlaotoside acetyltransferase (Reieeml,
1998). The function of this gene is unknown.

In this work, we analysed the putative roles ofgleaes encoded downstreamhpfkK
for the activity and function of HPrK/P. Initiallywe observed that a polaprK mutation
cannot be complemented by the expressionpoK from an ectopic locus. In this case, CCR
triggered by a subset of carbohydrates, i.e. salloannitol, fructose and glucose could not be
restored. In contrast, other carbohydrates, eugoglate, glycerol or sorbitol exerted CCR in
this strain indistinguishable from the wild-type. detailed deletion analysis revealed that
mutation oflgt affects CCR, i.e. absence of this gene resultea stight relief from CCR
regardless of the carbon source. Absence of ther gdgnes downstream lgprK had no effect
on HPrK/P activity. Since thdgt mutant and the mutant expressihgrK ectopically
exhibited different CCR phenotypes, we concludé theer-expression of one of the genes

downstream ohprK interferes with HPrK/P activity.
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Figure. 15.Schematic representation of thénprK operon of B. subtilis. The protein product of each
gene of thehprK operon is indicated by an arrow. The putative taatar is depicted by a lollipop
(Reizeret al, 1998). Numbers in parentheses indicate the leofgdach open reading frame in base
pairs (ORF). The operon is drawn to scale.

Materials and Methods

Bacterial strains and growth conditions

The B. subtilisstrains used in this study are listed in TableE6coli DH50 was used for
plasmid propagation (Sambrook and Russel, 2081)coli was grown in Luria-Bertani
medium and transformants were selected on platetioing ampicillin (100ug mf). B.
subtilis was grown inCSE medium which is C minimal medium supplementéith \& g/l
potassium succinate and 8 g/l potassium glutamisli@rtih-Verstraeteet al, 1995) and
auxotrophic requirements (at 50 m).ICarbon sources were used at a concentratiorb&$ 0

(w/v). LB and SP plates were prepared by additioh7og Bacto agar/l (Difco).

DNA manipulation

Transformation ofE. coli and plasmid extraction was performed using stahgancedures
(Sambrook and Russel, 2001). Restriction enzymek [ANA polymerases were used as
recommended by the manufacturers. Plasmid pGP634caastructed by inserting a DNA
fragment encompassingprK and 700 bp of its upstream region,into the unigaeR- and
Sad- sites of plasmid pAC6 (Stulket al, 1997).Theinsert was amplified using primer SK3

and SK4 See table 7 for the list of oligonucleotides usethis study.

Construction of strains and characterization of pheotypes

Strains carrying deletion of the various geneshefhiprK operon were generated using the
Long Flanking homology PCR protocol as describedvipusly (Wach, 1996). Briefly,
cassettes carrying the kanamycin resistance gereeameplified from plasmid pDG780 using

primers kan cassette fwd and kan cassette rev ¢@QuEfteuryet al, 1995). Next DNA
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fragments of ~1000 bp were amplified carrying tequences upstream and downstream of
the region to be deleted, respectively. See Tabltar the oligonucleotides used for this
purpose. The joining of the two fragments to thsistance cassette was performed in a
second PCR as described previously (Jomretaal, 2006). The resulting PCR products were
used to transformB. subtilisstrainsGP270 #AxylR) The integrity of the regions flanking the
integrated resistance cassettes was verified byeseing PCR products of ~1000 bp, which
were obtained by PCR using chromosomal DNA of thgpective mutants. The resulting
strains were GP85(4xyIR, [4lgt, 4yvoD, AyvoE, AyvoH), GP852 ¢xyIR, AyvoE), GP859
(4xyIR,[4yvoE,4yvoH) and GP8614xyIR,[4lgt, 4yvoD,AyvoE, yvol).

Strain GP290 carrying thieprK gene ectopically integrated in tleenyE locus was
constructed by transformation of strain GP2ZRy(R) with plasmid pGP634, which was
linearized bySad digestion. Plasmid pGP634 allows integration loé hprK gene into the
amyE locus by a double crossing over. On this plasriel ¢loned insert is flanked by
sequences corresponding to #myE5’ andamyE3’ regions TheamyElocus codes for non-
essential a-amylase and can be used for integration of fore@NA. A successful
recombination disrupts thamyE gene, which was confirmed by an iodine/starch test
amylase activity. For this purpose strain GP290 grasvn on SP medium supplemented with
hydrolyzed starch (10 g/ I). Starch degradation deigcted by sublimating iodine onto the

plates.

Table. 6 B. subtilisstrains used in this study

Strain Genotype Sourcé

168 trpC2 Laboratory stock

GP270 trpC2 xylIR::ermC Singhet al, 2008

GP289  trpC2 xylR::ermC4dhprK::aphA3 Singhet al, 2008

GP290 trpC2 xylIR::ermC4hprK::aphA3 amyE:: hprK cat pGP634- GP289

GP851 trpC2 xyIR::ermC4 Igt-yvoF::aphA3 LFH PCR product -
GP270

GP852 trpC2 xylIR::ermC4 yvoE::aphA3 LFH PCR product -
GP270

GP859 trpC2 xylIR::ermC4yvoE-yvoF::aphA3 LFH PCR product -
GP270

GP861 trpC2 xyIR::ermC4yvoD-yvoF::aphA3 LFH PCR product -
GP270

@Arrows indicate construction by transformation
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Table. 7. List of oligonucleotides used in this study

Oligonucleotide$
SK3

Sequence(5'-3%
5'GGCGAATICGTGTAACAATTTTGATCAGTCCG

SK4 5'GGCGAGCTTATTCTTCTTGTTCACCGTCTT

RNA probe

SK13 5’ACGCTTATTAATACGAATGAATTA

SK14 CTAATACGACTCACTATAGGGAGACATTTTCTCAAGCATAAA

LFH Oligonucleotides

kan cassette fwd
kan cassette rev
kan check fwd

kan check rev

CAGCGAACCATTTGAGGTGATAGG

CGATACAAATTCCTCGTAGGCGCTCGG
CATCCGCAACTGTCCATACTCTG
CTGCCTCCTCATCCTCTTCATCC

Deletion of Igt-yvoF

SK19; up fwd

SK20; up rev

SK21;down rev
SK22; down fwd

5’ GTGGCAAAGGTTCGCACAAAAGACGT

CCTATCACCTCAAATGGTTCGCTG AACGCCAACTCCTATTCTTCTTG

CTGAGCAAATACGACAATATTCATGCTTTT
CGAGCGCCTACGAGGAATTTGTATCG
CATCAGCGGACTTTTTTTGTTAAAATT

Deletion of yvoE

SK23; up fwd
SK24; up rev
SK25; down fwd

SK26; down rev

ATGAAGAAGATCTTTCTGGCCGGTC
CCTATCACCTCAAATGGTTCGCTG TCATATTGCTTCCTTTCCAACCGC
CGAGCGCCTACGAGGAATTTGTATCG
GTGAGAAAAACAGATCGTCATCCGGTCTCG

ATGGGAAGATGTTGGTGAGGATGCG

Deletion of yvoD-yvoF

SK38; up fwd
SK39; up rev

ATGAATGAAGCGATAGAACCACTCAATCCGATAGCAT

CCTATCACCTCAAATGGTTCGCTG GTCTACTCCGCGTACCGCTCCTTCG
AGTATC

%up rev= Reverse primer for the amplification of tlegion upstream of the gene to be
deleted. Same applies for down fwd and down rew fithgment amplified is downstream of

the gene to be deleted.

P Restriction sites are underlined; Sequences congsleary to the resistance cassette for LFH

PCR are marked in bold; sequence in italics indi#ie T7 promoter region.

Transformation and enzyme assays
B. subtilis was transformed using the two step protocol (Kussti Rapoport, 1995).
Transformants were selected on SP plates contaksingmycin (5ug mI*) or erythromycin

plus lincomycin (2ug mitand 25ug ml* respectively). Cells were harvested in exponential
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growth phase at an QB of 0.6-0.8.3-xylosidase activities were measured in cell exgrac

using p-nitrophenyl xyloside as substrate (Lindgteal, 1994).

Western blot analysis

For western blot analysis crude cell extracts veepared and were separated by either SDS
or native PAGE, depending on the experimental reguents and transferred to a
polyvinylidene difluoride membrane (PVDF, BioRadhe proteins were detected with rabbit
polyclonal antisera against HPr, RocG, HPrKBofsubtilis or B. megateriunrespectively
(Commichauet al, 2008; Hansoret al, 2002; Monederet al, 2001). The purified strep-
tagged RocG was kindly provided by Fabian CommicHdue antibodies were visualized by
using anti-rabbit IgG-AP secondary antibodies (Rrgay Madison, and U.S.A) and the CDP
star detection system (Roche Diagnostics).

Phosphorylation state of HPrin vivo

HPr phosphorylation was assayed by Western bldysisaas follows Cells were grown in
CSE minimal medium supplemented with 0.5% glucasart O.D of 0.6 followed by an
addition of 12M HCI to adjust the pH of culture4d. Cells were disrupted using a French
press, and crude extracts were prepared as desdréddere (Ludwiget al, 2002). Proteins
were loaded on a 10% native polyacrylamide (PAA), gdlowing the separation of
phosphorylated forms of protein from the non-phasplated ones. To distinguish the
HPr(His-P) from HPr(Ser-P), we took advantage eflileat instability of the phospho-amide
bond. An aliquot of each crude extract was incubate70°C for 10 min before separation on
PAA gel. After electrophoresis, the proteins welatbd to a PVDF membrane. The different
forms of HPr were detected using antibodies dictegainsB. subtilisHPr (Monedereet al,
2001).

Northern analysis

RNA was prepared by the modified ‘mechanical disorp protocol’ described previously
(Ludwig et al, 2001). Briefly, 20 ml of cells were harvestedited exponential phase. After
mechanical cell disruption, the frozen powder wasnediately re-suspended in 3 ml lysis
buffer [4 M guanidine isothiocyanate, 0.025M sadiuacetate, pH 5.3, 0.5%N-
laurylsarcosine (wt/vol)]. Subsequently, total RMAs extracted using the RNeasy Mini kit
according to the manufacturers protocol (Qiagenrn@ay). Digoxigenin-labelled RNA

probes directed against thgoE transcript were obtained by vitro transcription using T7
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RNA polymerase (Roche Diagnostics) and a DNA-fraginaes template, which was obtained
by PCR using primers SK13 and SK14. The reversegriSK14 contained a T7 RNA
polymerase recognition sequentevitro RNA labelling, hybridization and signal detection
were carried out according to the instructionshefinanufacturer (DIG RNA labelling kit and
detection chemicals; Roche Diagnostics). Total RM#s separated on a 0.8% agarose gel
followed by transfer to a nylon membrane. The aekiisignals were detected after
hybridisation with the RNA probe directed agaiysbE

Results

Construction of a strain, which expressebprK ectopically from theamyE locus

We wanted to determine whether a deletion oftheK gene can be complemented by the
ectopic expression diprK from a locusn trans For this purpose, we constructed a mutant in
which hprK was expressed from an ectopic location under ¢éiméra@l of its native promoter
while the native copy of the gene was absent. Toeae this, thehprK gene including 700
base pairs upstream was inserted intoatmgElocus on the chromosome. At the same time,
209 codons of the endogendywK gene were deleted and replaced by a kanamyciettass
To confirm, thathprK was indeed expressed from its ectopic locatiothie mutant (strain
GP290), we performed a Western blot analysis uammtgerum directed against HPrk/P. A
set of three independent experiments suggestedithdar amounts of HPrK/P is present in

GP290, which expresses therK from the ectopic locus and the corresponding tyijok
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Figure. 16. Western blot to confirm the expressionf the ectopichprK gene in strain GP290The
strains carrying the mutations as indicated atwepe grown in CSE minimal medium supplemented
with 0.5% glucose and were harvested in the |dgait phase (OB, 0.6-0.8). In each case, g of
total cell protein were separated on a 10% SDS-BAakand blotted onto PVDF membrane. HPrK/P
was detected using antibodies raised against HPI¥@Fsignal was detected in strain GP289 (lane2),
confirming the absence of HPrK/P
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strain GP270 (Fig. 16., compare lanes 1 and 3).HRoK/P was detectable in the un-
complementedihprK mutant GP289 (Fig. 16, lane 2). In conclusion,db®pichprK gene is

properly expressed.

The ectopic expression ofiprK does not restore CCR in thénprK::aphA3 mutant

In strains lacking a functional HPrK/P, gene expi@s is completely relieved from CCR, i.e.
the repressive effect of preferred carbon soureceshe expression of secondary catabolic
genes is abolished (Galiniet al, 1998; Hansort al, 2002; Martin-Verstraetet al, 1999;
Reizeret al, 1998; Singhet al, 2008). To check if the ectopically expressed HPrks
functionally active, we determined the carbon caliéd repression3-xylosidase (XynB)
activity by different carbon sources. We have prasly shown that activity of XynB is a
perfect reporter for the CcpA-mediated pathway GRC(Singhet al, 2008). However, this
requires deletion of theylR repressor gene, which encodes the dedicated atébd&pendent
regulator ofxynBexpression. IixylR mutants, the expressionxfnBexclusively relies on the
activity of CcpA. Therefore, thaylR gene was deleted in all strains used throughdst th
study. ThedxylR single mutant served as the “wild-type” controthese experiments.

As can be seen from the data presentddalite. 8, the wild-type strain produced high
XynB activities in CSE-medium, i.e. when succinatdich exerts no CCR, was the single
carbon source. The presence of an additional cgdsate reduced the XynB activity (Table
8, column 1). Glucose, fructose and mannitol hagl gtitongest repressing effect, whereas
repression by other carbon sources was weakegpasted recently (Singét al, 2008). In
the AhprK mutant high XynB activities were detected in a@bes, reflecting the release from
CCR (Table 8, column 2; Singtt al, 2008).

In the PhprK amyE::hprK mutant, which expresselprK ectopically, CCR was
perfectly restored when the cells grew on arabinosstose, gluconate, glycerol or sorbitol
(Table 8, compare columns 1 and 3). SurprisinglyRGvas not restored to wild-type levels
in the presence of salicin, mannitol, fructose loicgse. In these cases, a 5- to 14-fold relief
from CCR was still detectable. In conclusion CCRXghB activity was not restored on those
substrates, which exert the strongest repressitheiwild-type strain.

It could be possible that reduced CCR oleskin the fhprK amyE::hprK mutant is
confined to thexyn operon only. To address this possibility, we iniggged CCR offocG
expression. TheocG gene codes for the enzyme glutamate dehydrogeRas&; (Belitsky

and Sonenshein, 1998). The expressiomo& is induced by arginine and strongly repressed.
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Table. 8. Catabolite repression df-xylosidase by different carbon sources in various
mutants. Standard deviations are shown in pareegheszcept for the measurements done

once.
[B-xylosidase activity in units/mg of protein
Carbon GP270 GP289 GP290
sourcé wild-type AhprK AhprK, amyE: hprK
- 1585(560) 2287218) 2317(112)
Arabinose 600(153) 1257(70) 680(96)
Maltose 489(32) 2023(408) 665(77)
Gluconate 201(31) 1163(170) 286(35)
Glycerol 96(14) 1273(160) 98(4)
Sorbitol 121(29) 748(61) 186(2)
Salicin 175(14) 2743(667) 838
Mannitol 83(17) 1689(269) 958
Fructose 66(6) 1638(32) 340(44)
Glucose 44(10) 1679(421) 610(270)

%added to CSE medium (0.5%).

in the presence of preferred carbon sources sudjluasse. This glucose-mediated CCR
depends on CcpA (Belitskat al, 2004). To study CCR of thecG gene, the various mutant

strains were grown in arginine-containing CSE-medin the absence or presence of glucose.

The cells were harvested and after separation efpitotein extracts by SDS-PAGE, a

Western blot analysis using antibodies directednatjdRocG was performed. As expected

from previous data (Commichaat al, 2007), RocG was readily detectable in the wildety

strain, but its synthesis was strongly repressezh wgmdition of glucose (Fig. 17, compare

lanes 1 and 2). The repression by glucose was shleali in thedhprK mutant (Fig 17,

compare lanes 3 and 4). The same result was obtémneghe UhprK amyE: hpr{ mutant,

which expresselprK from theamyElocus. This demonstrates that the weak CCR byogkic
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observed in this mutant is not restrictedxymB but does also apply to other genes such as

rocG.
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Figure. 17. Western blot analysis to determine CCRf RocG synthesis in various mutantsl5 pg

total cell protein were separated on a 10% SDS-BAaland blotted onto a PVYDF membrane. The
specific signal was detected using antibodies dasgminst purified. subtilisRocG (Commichaet

al., 2008). Strains were grown in CSE minimal mediwpmemented with 0.5% arginine (R) in the
absence or presence of 0.5% w/v glucose (G). Bdriitrep tagged RocG loaded in various amounts
(5- 30 ng) served as control.
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Figure. 18. Determination of the phosphorylation state of HPr i strains GP270 and GP290.
Cells were grown in CSE + glucose and harvestédgatrithmic phase as described before (Siegh
al., 2008). Lug of total cell protein, each was separated on % bative PAA gel and HPr was
detected by immuno-blotting in a western blot asiagly To discriminate between HPr(Ser-P) and
HPr(His-P), an aliquot of each cell extract wastéeat 70 °C prior to loading (even numbered lanes)
Histidine phosphorylation is heat labile and thios two singly phosphorylated forms of HPr can be
easily distinguished.
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Formation of HPr(Ser-P) is impaired in the mutant expressinghprK from an ectopic site
HPrK/P triggers CCR by phosphorylating the coregwes of CcpA (HPr and Crh). One
possible explanation for the weak CCR by certanhaaydrates in thedhprK amyE: hpr
mutant could be that the ectopically expressed HPIK less active as a kinase as compared
to its counterpart in the wild-typstrain. In order to check this possibility, the pplborylation
state of HPr was assayed. For this purpose, cate grown in CSE + glucose and protein
extracts were separated on a native PAA-gel foltblwg Western blotting using antiserum
directed against HPr (See Materials and Methods&indghet al, 2008 for details on the
procedure). In agreement with a recent publica{eimgh et al, 2008), 56 % of the HPr
molecules were phosphorylated at Ser-46 (Fig. b&pare lane 1 and 2). In contrast, the
[4hprK amyE: hprK mutant, which expresselprK ectopically, produced only 34 %
HPr(Ser-P) (Fig. 18, compare lanes 3, 4 with lahe®). This observation clearly establishes
that a lower amount of HPr(Ser-P) is produced ia fhprK amyE: hprK mutant in

comparison to the wild-type, explaining the weak@R.

Is there a polar effect of thehprK::aphA3 mutation on genedocated downstream in the
hprK operon?
Strain GP290 harbours therK gene in themyElocus while most of the nativgrK gene is
deleted and replaced by taphA3kanamycin cassette (Fig. 19b) (Martin-Verstraetel,
1999). The DNA fragment used to replace tigK gene contains thephA3 gene under
control of its own promoter, which reads into tlaeng direction as the authentic promoter of
the hprK operon. In principle, it is conceivable that thisangement generates polar effects
on the expression of the genes located downstredhehprK operon. This could account for
the observed relief of CCR in strain GP290, prodideat one of the genes downstream of
hprK has a role in CCR. In principle, two different sagos can be imagined:
1. The presence of thephA3promoter might generate a second transcript intiadcto
the transcript started at the authemprK promoter (Fig.19b). This could elevate the
expression level of the genes encoded downstredoprit
2. The insertion of th@phA3cassette yields naked stretches of mRNA, whichnate
covered by ribosomes, e.g. the 3’ sequence ohth& gene following theaphA3
resistance gene is not translatable. Non-transiaiAls are often rapidly degraded by
RNases or may be subject to the formation of seamynstructures that may block the
translation of genes. Hence, this scenario wouldice expression of the downstream

genes.
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In order to explore whether the presence ofahleA3cassette affected the transcription of the
genes encoded downstreamhpirK, we performed a Northern analysis. The variousirsr
were grown in CSE-medium supplemented with glucaiseé total RNA was isolated from
cells grown to exponential phase and subsequeagigrated on a denaturating agarose gel
and blotted onto a nylon membrane. TranscripthehprK operon were detected using an
RNA probe directed againgvoE RNA. As expected, a single prominent signal ofza of
~4kb was detectable in the wild-type strain GPZH@.(20, lane 1). This confirms, that the
genes of thehprK operon are co-transcribed as a penta-cistronic MRNM a single
promoter located upstream oiprK (Fig. 19a). A transcript of similar length was also
detectable in strains GP289 and GP290 carryinghfh&::aphA3 cassette (Fig.20, lanes 2
and 3). However, in these strains an additionaisgept of ~4.8 kb was also detectable.
These results are in agreement with the scenarsoribed in Fig. 19b, i.e. thaphA3
promoter as well as the authertijgrk promoter contributes both to transcription of tie@es
downstream of thephA3 cassette. These results demonstrate that the dgrgsF are
properly transcribed in thieprK::aphA3 mutant, although the overall transcript level appe
to be somewhat higher in comparison to the wildetgprain GP270. In conclusion, the results
are in favour with a stronger transcription of gemgt-yvoF in the strains carrying the

hprK::aphA3cassette, although an aberrant translation oétgeses cannot be excluded.
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Figure. 19.Possible effects of théprK::aphA3 allele on the expression of the genes downstream
of hprK. (a) The length of the expected transcript in wjlde strain GP270 originating from the
native promoter. (b) Due to the insertion of #phA3cassette, the length of the transcript originating
from native promoter would increase by approximat800 bp in strain GP290. An additional
transcript is expected in strain GP290, originafnogn the promoter of thephA3cassette.
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Figure. 20. Northern blot analysis of thehprK operon. Cells were grown in CSE minimal medium
supplemented by 0.5 % of glucose. Total RNA wasusgpd by electrophoresis on a 0.8% agarose gel
and then blotted onto nylon membrane followed biriadjzation with a riboprobe specific fgwoE
MRNA. The specific signals detected by thaE riboprobe are marked by an arrowigsof total
RNA were loaded in each lane

Deletion analysis of thenprK operon reveals that genégt is required for an undisturbed
CCR

Our data raised the possibility that the disturbi€eR observed in thedhprK amyE: hprK
strain, which expressesprK ectopically, results from an altered expressiorelleof the
gene(s) downstream of thgrK::aphA3 cassette. This suggests, that one or more of these
genes i.elgt, yvoD, yvoE or yvoF might have a role in CCR. In order to identify sbe
gene(s), we constructed several deletion mutaoksnige one or more of these genes. In these
mutants, the corresponding genes were replacedhbyaphA3 (kanamycin) resistance
cassette, whereas the authefprK gene remained intact. These constructions resutted
strains GP851A(gt, AyvoD, AyvoE, AyvoF), GP859 AyvoE, yvolf and GP861 AyvoD,
AyvoE,AyvoR). Since a previous study suggested a role of YMOECR (Mijakovicet al,
2002), we also constructeddyvoE single mutant (strain GP852). Subsequently, thanst
were grown on different carbon sources and [eylosidase (XynB)activities were
determined (Table. 9). The strains GP852, GP859GIA861 produced XynB activities very

similar to the wild-type (Table. 9, compare coluhnwith columns 3-5). Therefore, the
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absence of genesyvoD, AyvoE andAyvoF has no effect on CCR of XynB activity. In
contrast, in strain GP851 lacking all four gelggsyvoD, yvoEandyvoF, a two- to three-fold
relief from CCR was detectable, regardless of thgban source included in the growth
medium (Table 9, compare columns 1 and 2). The difilgrence between strains GP851 and
GP861 is the additional lack of getgt in GP851. Hence, genigt is required for an
undisturbed CCR, at least in a situation in whioh three genes followingt are also absent.
Moreover, it can be concluded that the absencbeoptyro-phosphatase YvoE has no impact

on CCR, at least under the experimental conditisesl in his work.

Table. 9. Catabolite repression di-xylosidase by different carbon sources in various

mutants. Standard deviations are shown in pareeghescept for the measurements done

once.
B-xylosidase activity in units/mg of protein
Carbon GP270 GP851 GP852 GP859 GP861
Sourcé wild-type Algt-yvoF AyvoE AyvoE-yvoF AyvoD-yvoF
Arabinose 600(153) 1292(13) 598(20) 660 684
Maltose 489(32) 1153(669) 570 n.d n.d
Gluconate 243(76) 454(128) 324(70) n.d n.d
Sorbitol 121(29) 238(40) 126 n.d n.d
Glycerol 96(14) 104(10) 81(3) n.d n.d
Mannitol 83(17) 523 93 94 90
Fructose 66(6) 75(8) 74(22) n.d n.d
Glucose 44(10) 140(70) 65(22) 40(13) 48(26)

%added to CSE medium (0.5%), n.d = Not determined
Discussion

HPrK/P plays a key role for CCR B. subitilis It triggers the phosphorylation of HPr at Ser-
46 in response to the metabolic state in the el (Ser-P) serves as co-factor for the global
transcriptional regulator CcpA, which repressesdary catabolic genes in the presence of
preferred substrates. HPrK/P is encoded by thedese of a penta-cistronic operon. Little is
known about the functions of the four genes costabed withhprK. In this study, we
provide evidence that at least one of these gengistralso play a direct or indirect role in
CCR.
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Initially, we observed that a deletion of the autieehprK gene could not be complemented
by hprK expression from an ectopic locus. The respectivgant exhibited a partial relief
from CCR, when grown on glucose, fructose, manmtdalicin. Interestingly, CCR by other
carbon sources was not affected. Since the ndipr& gene was replaced by @aphA3
antibiotic resistance cassette reading into theeg@ownstream, we speculated that a polar
effect was responsible for the aberrant CCR in #fi®in. Indeed, Northern analysis
demonstrated the presence of two transcripts: @areed from the authenticprK promoter
and another one initiated from the foreign promaqgteeceding the antibiotic resistance
cassette. As a result, the amounts oflgjteyvoF transcript present in this mutant are higher
than in the wild-type strain. These observatiornggsst that a higher expression level of one
or more of the genes downstream of the resistamssette was responsible for the partial loss
of CCR.

To learn more about the putative roleshef proteins encoded in thgrK operon, we
constructed mutants lacking one or more of the ggmesent downstream baprK in the
same operon. These experiments yielded severghissi

First, it turned out that the absencg\aiE had no effect on CCR. GegeoEencodes a
protein exhibiting pyro-phosphatase activityvitro (Mijakovic et al, 2002). HPrK/P uses P
as substrate for the dephosphorylation of HPr(Searid thereby produces P& product. It
was proposed that the so-generated pyro-phospédtgdrolyzed by YvoE. Furthermore it
was shown thatn vitro PR can substitute for ATP as substrate for the HPakalgzed
phosphorylation of HPr. In addition, Was reported to inhibit the kinase activity and to
stimulate the phosphorylase activity of HPrlfPvitro (Fieulaineet al, 2002; Mijakovicet
al., 2002). In this respect, woE mutation should generate, if there is any effécalh a
higher cellular level of BRand perhaps less. Hhese conditions would stimulate the kinase
activity of HPrK/P and thereby generate a stron@&R. The absence of any effect of an
yvoE mutation on CCR, as shown in this work, is maydoe hydrolysis of PPi by other
possible phosphatases, which can also utilizeliRBiYVvoE.

Second, our results let us conclude jvaiD and yvoF have no essential function for
CCR. The deletion of these genes had no detectdfdlet on CCR (Table 9). The putative
functions of these genes remain obscure.

Finally, the data suggested that a funelidgt gene might be necessary for an
undisturbed CCR: No effect on CCR could be detentestrains lacking the last three genes
of the hprK operon. However, whelgt was additionally deleted, a partial relief from EC

could be detected. We cannot rule out yet, thaidiition tolgt one of the three downstream
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genes must be also absent to yield the observeabphee. Future studies usindg single
mutant should address this point and clarify whetlleasence ofgt is sufficient for the
observed relief from CCR. In any case, the datacshstnate that presence of gelgeé is
required for CCR, at least in the observed mutaatk@round. Gendgt encodes the
prolipoprotein diacylglycerol transferase that bates the first step in the lipomodification of
bacterial lipoproteins (Leskekt al, 1999). This modification anchors peripheral meanke
proteins to the outer surface of the cytoplasmionbm@ane. There are three groups of
lipoproteins known in Gram-positive bacteria. Thesdude the substrate-binding domains of
ABC transporters, proteins necessary for adhesionarious surfaces and proteins with
enzymatic activity e.gp-lactamases (Leskekt al, 1999 and references therein).Bncoli

Igt is an essential gene. B subtilisanlgt mutant is viable but disturbed in protein secretio
and spore germination (Igarashi al, 2004; Leskeléet al, 1999).In respect of all these
findings, it is difficult to imagine howugt could affect CCR. None of the transporters invdlve
in the uptake of the carbohydrates tested in thudys is known to be a lipoprotein. Most
likely, the Igt mutation affects CCR indirectly by the modificatioof the membrane
composition and cell surface.

The phenotypes of thigt-yvoF mutant and the mutant expressing the ectapid
copy were dissimilar. Thellgt-yvoF mutant exhibited a partial relief from CCR (~2-4e¢
fold) on all carbon sources. In contrast, in theopically complementetiprK mutant there
was a much stronger relief from CCR, i.e. 5-14-fdbit only on a certain subset on
carbohydrates: All these substrates, i.e. gludogetose, mannitol and salicin are transported
by the PTS. On Non-PTS-substrates, CCR was unaffe@tiese different phenotypes make
it rather unlikely that a diminished synthesis ehgdgt-yvoFis responsible for this selective
relief from CCR. In contrast and in agreement wille Northern blot data, it appears
conclusive that this phenotype is caused by theeased expression of genkeg-yvoF,
present downstream of therK::aphA3cassette.

How can the selective relief from CCR in #wetopically complementedaprK mutant be
explained? We made the observation that the leélRy(Ser-P), the active co-factor for
CcpA, is significantly lower in this mutant in coamson to the wild-type. Hence, it is
obvious, that the (de)phosphorylation step of HPHPrK/P is affected. Theoretically, it is
conceivable that the over-expression of YvoE migiftect CCR. YvoE removes
pyrophosphate, which is also a substrate of HPmade. This could lower HPrK kinase
activity in the cell. However, such a mechanismuitidbe operative independent of the

carbon source utilized by the bacteria, which makesexplanation unlikely. An alternative
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explanation might take into account that all cagashtes, on which CCR was impaired, are
substrates of the PTS. Hence, it is conceivabletthasport of these substrates is negatively
affected, which would result in lower amounts ofFEBwvhich is required for the allosteric
activation of HPr kinase. Indeed, the ectopicallymplementedhprK mutant grows
significantly slower on these PTS substrates in gamson to the wild-type, which is in
support with this idea (our unpublished observajoRuture transport studies may clarify this

point.
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5. Discussion

5.1 Role of PrpC in regulating the phosphorylatiorstatus of HPr

So far, HPrK/P and El were the only enzymes knowbet involved in the (de)phosphorylation
of HPr in Gram-positive bacteria. However, certanguments suggest that there might be a
need inB. subtilis for an additional protein that acts antagonisiyced the kinase activity of
HPrK/P.In vitro studies suggest that the ATP dependent kinasétgatf B. subtilisHPrK/P

is allosterically activated by FBP. In the presentel0 mM FBP and 5 mM ATP, it can
completely phosphorylate HPr in an 85 molar ex¢éasltet al, 2000).B. subtiliscells grown

in the presence of glucose contain 14 mM FBP. Hewne30-40% of the total HPr remains
unphosphorylated. The majority is phosphorylate8et46 (Monederet al, 2001; Singhet
al., 2008). The other substrate for HPrK/P, ATP, Has heen foundn vivo, to be within the
range ofin vitro experiments performed. During the uptake of glecby L. lactis the
concentration of ATP is about 8 mM (Nevet al, 1999). Hence, there is a contradiction
between than vivo and thein vitro data. Having HPr completely phosphorylated atngeri
residue is not advantageous for the cell. It woulibit further PTS-mediated uptake of
glucose because no histidine phosphorylated HRvadable for phospho transfer (Monedero
et al, 2001). Thus, there should be a mechanism to eehimit phosphorylation of HPr at its
serine residue even in the presence of the mot&rped carbon source which is glucose.

There are several possibilities that could expilagin vivo patternof HPr(Ser-P) in the
presence of glucose: a) The intracellular ratitHBrK/P to the HPr molecules is much lower
in comparison to the protein concentrations useih vitro experiments. Therefore, only 60-
70% of HPr can be phosphorylated at Ser-46. Thssipdity appears to be less likely because
artificially increased intracellular amounts of P protein did not alter the phosphorylation
pattern of HPr, when the cells grew on glucose &gmplementary material, Fig. 23) b) A so
far unidentified phosphatase may counteract thecefbf phosphorylation achieved by
HPrK/P.

Recently, Halbedekt al demonstrated that iNl. pneumoniad’rpC dephosphorylates
Ser-46 phosphorylated HPM. pneumoniaeis classified as a Gram-positive bacterium
belonging to the genuMollicutes which possesses the smallest genome among laacteri
Interestingly, HPrK/P and PrpC are among the fegulaory proteins whictM. pneumoniae
retained (Himmelreichet al, 1996). This prompted me to analyse the role qiCPin

regulating the phosphorylation state of HPr B subtilis Indeed, in anin vitro
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dephosphorylation reaction, PrpC could dephosphteyber-46 phosphorylated HPr (Siregh
al., 2007).

PrpC of B. subtilisbelongs to the PPM family of phosphatases and kn# ion
dependent Ser/Thr phosphatase (Obuchoeskl, 2000). The members of PPM family are
widely distributed and are represented by protdéiasphatase 2C from humamsabidopsis
thaliana and bovine pyruvate dehyrogenase phosphatase kiaryetes (Daset al, 1996;
Meyer et al, 1994; Vassylyev and Symersky, 2007). In prokagpimost of the available
knowledge regarding the distribution of PPM phosabas comes from protein sequence and
conserved catalytic domain similarity searchesy@néubset of these phosphatases have been
investigated experimentally (Skt al, 1998). In bacteria, PPMs have been most intelysive
studied inB. subtilis They include SpollE, RsbU, RsbX and PrpC. Allssgroteins exhibit
divalent metal ion stimulated protein phosphatageity in vitro (Adler et al, 1997; Duncan
et al, 1995; Yanget al, 1996). SpollE is involved in a signal transduct@ascade that targets
a sigma factorgfinvolved in activating the transcription of streesponse proteins (Duncah
al., 1995). RsbX and RsbU, constitute portions oftayay that regulates the activity of sigma
B. PrpC was shown to dephosphorylate elongatiotofd@ and PrkC, a membrane linked
protein kinase, on their threonine residudinsubtilis(Gaidenkoet al, 2002; Obuchowsket
al., 2000). PPM phosphatases can use a broad speztnpimosphorylated substrates including
the artificial substratp-nitro phenyl phosphate (pNPP).

The biochemical properties of PrpC made it a sietatandidate for testing the
possibility of being the phosphatase, acting agahms HPrK/P kinase. Dephosphorylation of
HPr(Ser-P)n vitro is indeed catalysed by PrpC as shown for the m®fieomB. subtilisand
M. pneumoniaeThis reaction was inhibited by FHalbedelet al, 2006; Singhet al, 2007)
Dephosphorylation of HPr(Ser-P) By subtilisPrpC could be completely inhibited by 10 mM
phosphate (Singhkt al, 2007).In the presence of a rapidly metabolizable cartmmrce like
glucose, intracellular phosphate levels are muaetccompared to the cells grown on a poor
carbon source (Masoet al, 1981; Thompson and Torchia, 1984). During theakgtof a
rapidly metabolizable carbon source such as glubgde lactis the concentration of;Rre
about 5 mM. In contrast, in the absence of a rgpmetabolizable carbon source, the
concentration of RBncreases to about 50 mM (Newatsal, 1999). However, no difference was
observed in the phosphorylation pattern of HPr udpgoC mutant as compared to wild type
cells, grown in the presence of glucose (see soppiéary material, Fig. 24). Thus it appears
unlikely, that PrpC affect thi vivo phosphorylation state of the HPr, at least inghesence
of good carbon source like glucose. This obsermagovery different from the situation M.
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pneumoniagwhere aprpC mutation drastically increases the intracellul&r¢ber-P), in the
presence of glucose and glycerol.Nn pneumoniaevild type cells, HPr(Ser-P) is present in
considerable amounts in the presence of glycemigiucose (Halbeddt al, 2006).

Interestingly, when the cells were grown in thespreee of succinate (CSE medium)
as the sole carbon source, #ipC strain exhibited an increased phosphorylation Bf Es
compared to the wild type strain (30 % increaséhansignal intensity). Succinate is a poor
carbon source, and generates only 13% of HPr(Sean-B)e wild type cells (Singlet al,
2008). Succinate does not allow exertion of CCRhef reporter system used in this study
(xynB. In aAprpC mutant the HPr(Ser-P) levels increased to 16%etatal HPr. However,
these increased HPr(Ser-P) levels did not leadtramger repression afynB Probably a
minor increase in HPr(Ser-P) prpC mutant does not lead to formation of the complétha w
CcpA, which is sufficient to repress the expressibthe reporter system used here. This is in
agreement with our finding that atleast 20% ofaoéllular HPr(Ser-P) is required to exert 3
fold repression (Singhat al, 2008). In this respect, it would be interestiognalyze the CCR
of the catabolic operons that are repressed ipribgence of succinate. For e.g, the expression
of the citM, which encodes the Mgitrate transporter, is known to be repressed $EC
medium (Warneet al, 2000). In previous studies, PrpC has been imjglican controlling a
number of stationary phase processes (Gaidehkb, 2002). In terms of the metabolic state
of the cell, stationary phase is associated withrient limitation and an increasing
intracellular phosphate concentration. This is ood) agreement with the idea that PrpC
functions under conditions poor carbon supply.

Crh, an HPr paralog iB. subtilishas been implicated in catabolite repression ofeso
catabolic operons, when cells are grown in suceimatwhen cells enter stationary phase
(Inacio and de Sa-Nogueira, 2007; Wareeal, 2003). Crh can be phosphorylated at Ser-46
residue and thus it is tempting to speculate thggCPmay be involved in the
(de)phosphorylation of Crh, especially when Crhedfpefunctions are required.

Generically, HPrK/Pfrom M. pneumoniaéhas the kinase activity as its preferential
mode of action. In comparison, HprK/P frdgn subtilisrequires 300-fold molar excess of
ATP and stimulation by FBP to act as a kinase uontigrwise similar conditions. Therefore,
the requirement for an alternate phosphatase doelld property of the organisms bearing
HPrK/Ps with low HPr(Ser-P) dephosphorylation atgivThus, PrpC inM. pneumoniae,
may be more important in effecting the phosphoigtastate of HPr(Ser-P) and regulating the
carbon metabolism, in contrast to the Prp@irsubtilis Interestingly, the residues involved
in phosphate binding, as suggested by the crystattare of human PP2C proteins, are
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perfectly conserved iM. pneumoniaeand B. subtilisPrpC proteins (Halbedet al, 2006,
Obuchowskiet al, 2000). Thus, the differences in acting as a phatase on HPr(Ser-it)
vivo, from these two organisms might reside in the Isutlifferences in the structure of HPr
proteins.

Moreover, as evident from the findings from thisrkyd®rpC can not be the answer to

the presence of unphosphorylated HPBirsubtilisunder conditions of good carbon supply.

5.2 Hierarchical nature of catabolite repression earted by various carbon sources

Much effort has been devoted to understand the amesims underlying catabolite repression
in B. subtilis Various regulatory mechanisms have been eluddamong which global
repression achieved by CcpA is the most importane dsee introduction). The
rearrangements in CcpA secondary structure, indbgddPr(Ser-P) and Crh(Ser-P) binding,
are a prerequisite for adapting the DNA binding foomation and consequently for
transcription regulation. Intensive mutagenesiglist) and in particular, the determination of
the structure of the CcpA/HPr(Ser-&k ternary complex, have contributed considerably to
the understanding of CcpA function in CCR in Gragosipive bacteria (Kraust al, 1998;
Kraus and Hillen, 1997; Kuster-Schoekal, 1999; Schumachet al, 2004). In this work, a
systematic analysis of the global catabolite repogspathway is presented in which a variety
of different of carbon sources were compared. Usstnemically different sugars provides the
opportunity to evaluate every step involved in raédg catabolite repression, including
uptake and metabolism of different carbon sourltek. coli, the transport of a carbohydrate
via the PTS is sufficient to elicit CCR (Deutsch@Q06). In contrast, irB. subtilis,
metabolism of a repressing sugar has been foubd tequired for CCR (Nihashi and Fuijita,
1984).

Repression of the expression of thenPB operon provides an efficient reporter
system for this study. TheynPBoperon encodes for the xyloside transporter (XyariR)[3-
xylosidase (XynB). The metabolism of xylosides gabes xylose, which is the inducer for
the expression of theynPBoperon (Lindneket al, 1994; Galinieret al, 1997).3-xylosidase
activity can be measured in a colorimetric enzymasssay. The promoter region of this
operon bears two cis-acting elements: an operaterrscognised by an operon specific
repressor, XylR and ere sequence, separated by ~ 200bp (see FigX¥lgse, as an inducer
for this system, releases XylR from its operat¢e.sKyIR is also known to act as an anti
inducer in the presence of high intracellular caoricion of G6P (Dahét al, 1995). Thus, in
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a mutant strain lacking a functional XyIR, only aablite repression via Ccpéte is
operative (Kraut al, 1994). Moreover, use of a XylR mutant avoids ddéition of xylose

in the media. The presence of only a single site, further simplifies the situation. The
Regulation ofxynPB operonvia CcpA is strongly regulated and the expression lan
repressed by as much as 36 folds in the presergleadse (Singlet al, 2008). Additionally,

as demonstrated in this work, a number of additioagbon sources also repressedxyrePB
expression, making it an optimal reporter systemtaolic operons likéol andgnt are not
repressed in the presence of carbon sources bksegiand arabinose, thus limiting the use of
sugars, categorized here as poor carbon sources,dindied (Nihashi and Fujita, 1984).

The carbon sources used in this study include leesx@gucose and fructose), pentoses
(arabinose and ribose), sugar alcohols (glycerdlsambitol), oligoB-glucosides (salicin) and
disaccharides (sucrose and maltose) and sugar @tidonate). They comprise both, PTS
and non PTS carbon sources (see Fig. 2). The warmawbon sources repressegnB
expression, to different degrees. In general, glacand fructose (36- and 25-folds
respectively) are the strongest repressing carfloamcss, followed by mannitol, sorbitol,
glycerol, salicin, sucrose and gluconate (20- fol@s). The weakest repression was exerted
by maltose, arabinose and ribose (2- to 3-foldg) répression occurs when only succinate is
included in the media (CSE medium). Additionallye tabsence of CcpA or of its known co-
repressor, HPr and Crh, completely abolished theessing potential of almost every carbon
source. This demonstrated that repression by va&mawubon sources is solely dependent on
the CcpA mediated CCR pathway. Interestingly, tres@nce of sorbitol elicited a residual 3-
4 fold repression in théccpA background. A deviating behavior for sorbitol, Hasen
observed before. The expression of ¢it&B operon inB. subtilis encoding for the enzyme
glutamate synthase, is induced in the presencerbitsl. This induction is independent of
CcpA and is impeded in an ElI mutant, which can aatept phosphate from PEPtq|
H189A). InB. subtilis,sorbitol uptake is mediated by a Sorbitdl&ymporter (GutA) and is
independent of the PTS activifZhalumeatet al, 1978). A possible phospho transfer event
from EIl to a potential activator @fltAB operon was suggested to explain this observation
(Schmalisch, 2004). However, in an El mutant stra{gnB activity in the presence of
sorbitol is not altered. Obviously, no mechanismapal to that observed for the induction of
gltAB operon by sorbitol prevails facynPB operon. Indeed, this sorbitol induced, CcpA
independent repression mechanism seems to be ispémif the xynPB operon as the

repression of the RocG was completely relievedao@mutant (Singlet al, 2008). It could
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also be established in this work that sorbitol exé#ris residual repression at the level of the

transcription of the operon.

Repressing carbon sources + xylose
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Figure. 21. Organisation and regulation of thexynPB operon in B. subtilis. The operon is under
control of dual regulation. In the absence of th@ucer xylose, the operon specific repressor XyIR
binds to the XylIR target site, present 3bp dowmastr®f the transcription start site (+1). A 14

site recognised by CcpA is present downstreameXyiR target site. In the presence of a repressing
carbon source, the CcpA/co-repressor complex imddrand represses the expression of the operon
by binding to thecre site. In addition, G6P acts as an anti-inducebiogling to XylR and thereby
opposing the inducing effect of xylose. This ledadsan additional repression in the presence of
glucose.

CcpA

I I

5.3 HPr(Ser-P) levels in the cell govern the stretly of CcpA-medited catabolite
repression by various carbon sources

The hierarchical nature of repression observedhengresence of different carbon sources
suggested that the repressor complex, CcpA/cosspras formed to different extents. Since
the intracellular levels of CcpA as well as ofétsfactors remain constant, irrespective of the
carbon source used (this work), it is conceivalblat tthe extent of repressor complexes
formed inside the cell is a function of phosphaiigla of HPr and Crh. Previous
investigations established that HPr(Ser-P) and ®hP) do not act synergistically in
allowing the binding of CcpA to theynPBcre site (Galinieet al, 1999). Infactjn vivo, HPr
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seems to efficiently take over the function of lgesn co-repressor, in @h mutant strain.
Similar observations have been made for other odtabenes subjected to CcpA regulated
repression (Inaciet al, 2003; Martin-Verstraetet al, 1999). This clearly indicates that the
CcpA mediated repression is not an additive fumctibthe two co-repressors.

On the other hand, in a strain which expressgsdsbil allele, coding for an HPr
variant with non phosphorylatable alanine rathanth serine, a clearly different picture was
observed. In such a mutant, the repression wasvesli 3-8 fold in the presence of glucose,
fructose and mannitol, but remained similar to édwype strain in the presence of other
carbon sources. These carbon sources exert thegestorepression. The HPrS46A variant is
competent in PTS mediated sugar uptake (Deutssthed, 1994; Reizeet al, 1989; Ye and
Saier, Jr., 1996). Thus, impaired uptake of gluc@rsetose and mannitol can not explain the
weaker repression in this strain. Similarly, saliand sucrose, which are also PTS substrates,
when present in the media could elicit repressionlar to the wild type strain (this work).

An alternative explanation can be envisioned a®va. In the presence of sorbitol
and glycerol, Crh is capable of exerting 20 folgression. It has been shown that as
compared to HPr, Crh is synthesized in 100-folddowmounts in the presence of glucose
(Gorkeet al, 2004). Apparently, this low concentration of ep@ co-repressor is sufficient
to carry out a 20-fold repression of thenPBoperon. For achieving a stronger repression a
higher concentration of co-repressor would be meguiFurthermore, it was shown for tBe
subtilis CcpA/Crh(Ser-P) complex that its binding to tire sitein vitro is not stimulated by
metabolites like FBP and G6P (Schumachkeral, 2007; Seidelet al, 2005). Thus the
repression observed inpdsH1mutant strain is independent of the allosterimstation of the
CcpA/Crh(Ser-P) complex by metabolites. Taken tfogetthese findings suggest that a
higher concentration of co-repressor and the a@tastactivation of the CcpA complex by
metabolites are required to achieve very strongessgon.

Collectively, these findings clearly establish ttieg role of Crh in CCR only becomes
prevalent in the absence of HPr. In addition, numeB. subtilisoperons are completely
relieved from CCR in gtsH1 mutant, suggesting that theire site might not be recognised
by CcpA/Crh(Ser-P) (Deutschet al, 1994). In summaryHPr is the more relevant co-
repressor of CcpA. Generh has been only detected Bacilli. The genomes of all other
Gram-positive bacteria lack@h gene. Thus, HPr(Ser-P) seems to be sufficient tdiate
CCR in Gram-positive organisms, independently ofethbr they possess Crh or not
(Deutscheret al, 2006). Althoughcrh can partially complement the function of HPr, the

primary function might be unrelated to CCR. Fortamge, it was demonstrated that
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unphosphorylated Crh can inhibit the enzymatic véagtiof glyceraldehyde-3-phosphate
dehydrogenase (GapA) (Pompetaal, 2007).

Most of the stronger repressing carbon sources Vimrad to be PTS substrates.
Presence of a PTS substrate stimulates the tratieariof HPr, leading to a 3 fold increased
amount in the cell as judged from the Lac-Z fusiata (Gorkeet al, 2004; Stilkeet al,
1997). Moreover, western blot analysis suggesteulasi amounts of HPr regardless of the
carbon source used (Singit al, 2008). Therefore, the differences in repression reot
caused by different amounts of HPr present in #ie 8ince, HPr can not bind CcpA unless
its serine 46 residue is phosphorylated (Jated, 1997),the intracellular HPr(Ser-P) rather
than total HPr should decide the extent of repoessndeed, large amounts of HPr(Ser-P) are
formed in the presence of strongly repressing cadmurces such as glucose. In contrast,
negligible amounts of HPr(Ser-P) are present wiedis grew on CSE medium with succinate
(Ludwig et al, 2002; Monederet al, 2001). High amounts of intracellular HPr(Ser-Byid
also be observed in the presence of other straegiessing carbon sources such as fructose,
sorbitol, glycerol, salicin, mannitol and sucrobethe presence of these carbon sources, 50-
70% of all HPr molecules are phosphorylated ansemesidue. When the cells were grown on
sugars that cause weaker repression, the HPr(SamBynts varied from 13- 32%, being
lowest in the presence of succinate (CSE mediurd)haghest in the presence of gluconate
(see Fig. 22). An analogous situation exist&ircoli, for which several carbon sources are
suggested to cause CCR. This has been attributéietability of these carbon sources to
affect the phosphorylation state of the master legguof CCR, EIIA" (Bettenbrocket al,
2007; Hogemaet al, 1998).In E. coli, a correlation between the growth rate, the
PEP/pyruvate ratio and the amount of dephospheqI&ilA® was demonstrated. Carbon
sources, which support fast growth, regardlessetrigoa substrate of the PTS, exert CCR.
The fast growth on carbon sources reflects a higikx through glycolysis which is
accompanied by a low PEP/pyruvate ratio in the délls can cause EI to be present in
the unphosphorylated state, because the concentrafi phosphate donor of the PTS,
decreases in the cell (Hogemtzal, 1997; Hogemat al, 1998). Owing to this, even pentoses
such as arabinose can exert CCReincoli (Bettenbrocket al, 2007). On the other hand,
arabinose also supports fast growth Bof subtilis cells, (1=0.98) but, exerts only 2 fold
repression of the XynB activity. In general Bnsubtilisthere is no strict correlation between
the growth and the strength of repression exelig@ given carbon source. Except for ribose
and succinate on which growth was significantlyna&q all other carbon sources allowed fast
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growth of B. subtilis(specific growth ratey) of 0.83-0.98). In conclusion, HPr(Ser-P) levels

in the cell can determine the hierarchy of theespion exerted by various carbon sources.

5.4 Modulation of the phosphorylation state of HPiby the nature of the carbon source

In this work, the repressing potential of variowsbon sources is evaluated by using the
xynPBoperon as the reporter system. Using this systeorr@lation between the extent of
the CcpA-mediated repression of tlkgnPB operon and the intracellular HPr(Ser-P) is
demonstrated (see Table. 4, chapter 3). Interdgtingt only the HPr(Ser-P) levels varied
depending on the carbon source, but also the H&4Phievels showed variation. Most of the
stronger repressing carbon sources are PTS sudsstiidtese substrates generated 50-70 % of
intracellular HPr(Ser-P). Moreover, HPr(His-P) isdetectable on these substrates and 40-
50% of total HP1in vivo is present in the unphosphorylated form. It hasnbeeported that
glucose growrs. salivariuscells also contain only a small amount of HPr(R)stThevenot

et al, 1995). Presence of a PTS substrate drains dvealp from the general PTS proteins,
partly explaining the detection of unphosphorylatedm of HPr and low amounts of
HPr(His-P). This low amount of HPr(His-P) seemsbw sufficient to allow the continued
growth on a given PTS substrate.

Another interesting role of HPr(Ser-P) is in autpdation of various catabolic
operons. InB. subtilis glpFK operon is repressed in the presence of glucosetwaia
independent mechanisms: an antiterminator-deperégutation and a Ccpére mediated
repression. In the presence of constitutively &ctlycerol kinase, the expressionghpFK
operon is always high, irrespective of the presewicéhe substrate glycerol in the media
(Darbonet al, 2002). Presence of glucose in such a situatiodiates 3- to 4-fold CcpA
dependent repression. Surprisingly, a similar l@fekpression could also be observed when
glycerol was included in media (Darb@t al, 2002). The repression was lost ircgpA
mutant, suggesting that glycerol can to some extmilates its own uptake, via HPr(Ser-P).
Similarly, gutAB operon encoding for glucitol permease and glucitehydrogenase, is
induced in the presence of sorbitol (Chalumetal, 1978). Deleting the negative regulatory
cre site increased the induced levels of sorbitol debgenase (Ye and Wong, 1994). These
observations point to an autoregulatory mechanismwadohydrate utilization in which the
rate of carbohydrate uptake and metabolism is adajat the metabolic state of the cell, i.e

the intracellular concentration of glycolytic imteediates.



Discussion

Table. 10.The cre sequences present in the regulatory region obwuarcatabolic operons

dedicated for the metabolism of the carbon souusesd in this study.

Gene/operon Function cre sequence§ Position# Reference*
Half site | Half site
SISEINSN B TGWAARCGYTWNCA 1,2,3
123456 7 891011121314

xynPB cre Xylose metabolism TGAAAGCGCTTTTA D 4
rbs cre Ribose metabolism TGTAAACGGTTACA @) 5
araAcre  Arabinose metabolism TGGAAACGGTTACA D 6
araE cre  Arabinose metabolism TGAAAGCGTTTTAT D 6
gntRup cre  Gluconate metabolism TGAAAGTGTTGCAT ) 7
gntRdown cre  Gluconate metabolism TGAAAGCGGTACCA D 7
bglPH cre  Aryl-p—glucoside metabolism TGAAAGCGTTGACA o) 8
gutB cre Sorbitol metabolism TGTATGCACTTACA D 9
glpFK cre Glycerol metabolism TGACACCGCTTTCA O 10
mtlA cre Mannitol metabolism TGTAAGCGTTTTAA 0] 11
milID cre Mannitol metabolism TGTGAACGAAACGA D 11
lev cre Fructose metabolism TGAAAACGCTTaaCA U 12

.8-W=AorT,R=AorG, Y=C or T, N=any base

# - Position indicate the relative locationavé site with respect to the transcription start site
or the promoter. D, O, U indicates localization the downstream, overlapping, and
upstream of the promoter/transcription start $tiepression viare site requiresre site to be
present downstream or overlapping with the promoégion. This allows repression of
transcription by blocking the initiation of trangitron or preventing the transcription
elongation by a roadblock mechanism. For levangseon, thecre site is localised upstream
of the promoter. However in this case, it overlajfith the binding site for the activator of the
operon, LevR, thus mediating repression.

*- 1 (Weickert and Chambliss, 1990), 2 (Kim and @ibsiss, 1997), 3 (Martin-Verstraess
al., 1995), 4 (Galinieet al, 1999) , 5 (Strauch, 1995) , 6 (Inaeibal, 2003), 7 (Miwaet al,
1997), 8 (Krugeret al, 1996) , 9 (Ye and Wong, 1994), 10 (Darbenal, 2002), 11
(Watanabeet al, 2003), 12 (Galinieet al, 1999).

- The dyad is indicated by an arrow.

However, any catabolic operon must resist a cormpbelf repression, so that the
respective catabolic genes are turned on when regtjuin B. subtilis CcpA mediated
repression can be avoided by lacking a potemtialsite. This is the case for thEsGHI
operon which encodes for Efland the general PTS components HPr and El (Sttlia,
1997). This explains the exceptional position afcglse as a repressing sugar. It is plausible
that autoregulation of glucose uptake is mediatetbwering the HPr(His-P) amounts in the

cell to the extent that is sufficient to supporpica growth, but prevents deleterious
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accumulation and uptake. This is evident by aniexareport where the uptake rate for
glucose was diminished in v&. subtiliscellsin comparison to thstrain bearing thetsH1
mutation, at high concentration of substrate (Y& Saier, Jr., 1996).

However, all of the catabolic operons directly sab¢d to CcpA dependent catabolite
repression, harbours a potentiad site. The CcpA dimer interacts with 7 bp of thebpikre
site (as shown in Table. 10) and makes 25 phosmloatacts (Schumachet al, 2004). As
shown in Table. 1Gsre sites not only show sequence deviations from tmseasus sequence
but also degeneracy in their location. The predseking of the Helix turn Helix (HTH)
motif of CcpA can differ, depending on tbee sequence. However, despite of this different
docking, key base and phosphate contacts can lserpesl (Schumachest al, 2004).
Therefore, CcpA is flexible enough to bind halésitwvith altered sequences. Considering this,
it is possible that there site of a particular catabolic operon respondsngfly to the
CcpA/HPr(Ser-P) complex formed in the presence sftranger repressing carbon source.
However, it is not strongly repressed by the HRrHf®eamounts generated by the presence of
the cognate substrate of the operon. This ideausk®tl above may explain how the self

repression is avoided but hierarachy of repressiomaintained by different carbon sources.

5.5 Formation of doubly phosphorylated HPr inB. subtilis

In the presence of weakly repressing carbon solikeesuccinate, ribose, maltose, arabinose,
gluconate and glycerol, a considerable amount of($#?-P)(His-P) was detectable. The
peculiarity of this observation resides in theduling facts: a) IrB. subtilisand other Gram-
positive bacteria both phosphorylation events arssiclered to be mutually exclusive b) The
presence of HPr(Ser-P)(His-P), is almost alwaysm@panied by the presence of considerable
amounts of histidine phosphorylated HPr excepgfgcerol (see Fig. 22).

Doubly phosphorylated HPr can be a result of eighersphorylation of HPr(Ser-P) by
El or phosphorylation of HPr(His-P) by HPrK/P. Fdr subtilisHPr, a negative charge at
serine 46, renders it a poor substrate for El gag¢al phosphorylatiom vitro (Ky= 8-10 fold
higher than that of wild type HPr) (Reizetral, 1992). Serine 46 of HPr faces the glutamate-
84 side chain of El, as observed in the structfitbeE. coli HPr-EI complex (Garrettt al,
1999). Thus, phosphorylation at Ser-46 is beliet@desult in a repulsion between the
negatively charged carboxylate of Glu-84 and phasplgroup of Ser-P causing a disturbance
in the interaction of the two proteins (Garretial, 1999). This glutamate is also present in El
of B. subtilis(Kunstet al., 1997).
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Doubly phosphorylated HPr is also presentlinpneumonia@nd oralStreptococc{Halbedel
and Stulke, 2005; Thevenet al, 1995). However, itM. pneumoniadél, Glu-84 is replaced
with a threonine, explaining the formation of HRn($)(His-P) in this organism (Halbedel,
2006). Similarly, inS. salivariusEl requires an acidic pH to accept HPr(Ser-P) sisletrate
in vitro. At acidic conditions, the negative charge of @{uis neutralized to overcome the
electrostatic repulsion of the serine phosphorglai®r (Casaboet al, 2006). Interestingly,
B. subtilis EI was also shown to utilize HPr(Ser-P) as subestrat slightly alkaline pH
(Casaboret al, 2006). HoweverBacilli unlike Streptococcimaintain an intracellular pH near
neutrality (Breeuweet al, 1996). Thus, it is reasonable to assume thBt subtilisHPr(Ser-
P)(His-P) is not a result of El activity on HPr(S& This assumption is further supported by
the fact that irB. subtilisonly a low level of intracellular HPr(Ser-P) wasgent, when the
doubly phosphorylated form was also detected. Téteaily, doubly phosphorylated HPr can
be considered a result of El dependent phosphaglatf HPr(Ser-P) when HPr(Ser-P)(His-
P) and HPr(Ser-P) forms are present together incélle For instance, irs. mutansthe
concentration of doubly phosphorylated HPr concantiy increases with the HPr(Ser-P)
concentration.

The alternative possibility that HPr(Ser-P)(HisiB)formedin vivo as a result of
HPrK/P activity on HPr(His-P), is also not in agresnt with the availablen vitro data. The
phosphorylation ofB. subtilis HPr by HPrK/P is shown to be inhibited when HPrswa
preincubated with PEP and EI. Additionally, HPrig¥#hibited a 10 times highenkKfor HPr
allele with a glutamate at position 15 rather thahistidine (Reizeet al, 1998). Since, the
occurrence of HPr(Ser-P)(His-P) parallels the preseof HPr(His-P) in the cell, it appears
conceivable that HPrK/P phosphorylates HPr(Hish?xontrast to thén vitro observations,
it seems that there are conditioms vivo which stimulate the formation of doubly
phosphorylated HPr by HPrK/P. As mentioned befdieyble phosphorylation of HPr was
prevalent in the presence of histidine phosphaglatiPr, irrespective of the presence of
unphosphorylated HPr. This suggests that HPrK/P spatifically utilize HPr(His-P) as a
substrate. Thus, it can be proposed that in theepme of large amounts of intracellular
HPr(His-P), HPrK/P can display an altered spedificbwards its substrate. This seems to be
an interesting mode of regulation to limit the H&(-P) amounts in the cell. In agreement
with this idea, whem. subtiliscells grows in the presence of 0.1% glucose (agpaned to
0.5%, which was used in this work), doubly phosplated HPr start appearing.
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Figure. 22. The phosphorylation state of HPr in thepresence of different carbon sourcesThe
predominant forms of HPr are highlighted by a greelour. Most of the weakly repressing carbon
sources are non-PTS carbon sources, except foosealin the presence of such carbon sources, the
phosphate received by HPr via El and PEP, is retaion HPr, resulting into high intracellular
HPr(His-P). Low HPrK/P activity in the presencetioése carbon sources, results in lower HPr(Ser-P)
in the cells. Moreover, HPrK/P probably exhibits atered substrate specificity in the presence of
high intracellular HPr(His-P) and can generate dpuythosphorylated form. In the presence of
strongly repressing carbon sources, HPr(Ser-Peiptedominant form. The remaining HPr is present
in unphosphorylated form. Since strongly repressiathon sources are mostly PTS substrates, the
phosphate from the HPr(His-P) is directed towahgdsibhcoming carbon source. Glucose is shown as
an example for strongly repressing carbon source.

On the other hand, the amount of unphosphorylatder Hemained similar
(Schmalisch, 2004). Obviously, the presence of wetoconcentration in the medium
increases the phosphorylation of HPr at its hisédiesidue.

In M. pneumoniaeand oral Streptococcidoubly phosphorylated HPr is detected in
the presence of a rapidly metabolized PTS sugae.irglucose. It is possible that doubly
phosphorylated HPr transfers phosphate towardsBhe (Halbedel and Stilke, 2005;
Thevenotet al, 1995). For instance, i8. thermophiluslactose is taken up by the Lactose/H
symporter LacS. The rate of Lactose uptake is itédbthree-fold when IIA-like domain of
LacS is phosphorylated by HPr(His-P) at a regujahistidine residue. The rate of reversible
phosphorylation of LacS was found to be the sargarttess whether HPr(His-P) or HPr(Ser-
P)(His-P) is used as phosphate donor (Coethal, 2005). However, iB. subtilis role of
HPr(Ser-P)(His-P) in participating in PTS transplunictions appears less likely. The HPr
S46D variant fronB. subtilis which mimics the negative charge of phosphomytaat serine



Discussion 89

46 (S46D), shows a markedly reduced rates of PTgarsuptake when expressed in a
heterologous systens( aureuy (Reizeret al, 1989). Moreover, the doubly phosphorylated
form was only detected in the presence of non—RIiG&rs in this work except for maltose.

5.6 Activity of HPrK/P determines CCR in B. subtilis

It was suggested that EI can compete with the kisasivity of HPrK/P leading to a reduced
level of HPr(Ser-P). This was explained by the camnmteracting surface employed by HPr
to bind HPrK/P and EI (Fieulainet al, 2002; Reizeet al, 1989). The presence of weakly
repressing carbon sources generated low levelsitadcellular HPr(Ser-P) in the cell and
considerable amount of HPr(His-P). This suggestatl the PEP dependent phosphorylation
of HPr limits the HPr(Ser-P) amounts in the celltirese carbon sources. An EI mutant
however, did not show any increased CCR. In theerat®s of EI, neither HPr is
phosphorylated at His-15 nor is it occupied bytklis avoiding any competition for HPrK/P.
This leads to the conclusion that the phosphogmatit His-15 of HPr does not negatively
regulate the phosphorylation at Ser-46 achievediByK/P. Thus, the HPr(Ser-P) levels in
the cell are exclusively determined by HPrK/P kenastivity. Moreover, results from this
work and previously published reports support iiés. In the presence of HPrK/P variants,
which lost their phosphorylase activity, and actsoastitutive kinase, a permanent state of
repression was observed (Monedetal, 2001; Singtet al, 2008). The constitutive kinase
HPrK/P generates high amounts of intracellular BBr{P) even in the absence of a
repressing carbon source (Monedetal, 2001; Singtet al, 2008).

Most of the strongly repressing carbon sourcesata&bolized via glycolysis (see Fig.
2). It was also demonstrated that glucose drdstitast its repressing potential on tla
operon, when the flux of glucose utilization isedired towards PPP, rather than glycolysis
(Nihashi and Fujita, 1984). Interestingly, the Ugtaf maltose, which is also a glycolytic
sugar, did not lead to very strong repression. l¢dite repression studies using maltose as a
potential sugar, considered it a weakly metaboliz@tbon source (Nihashi and Fujita, 1984).
This is also supported by observations in this wwhere large amounts of HPr(His-P) and
less HPr(Ser-P) were observed in the presence ttbsea Maltose is a PTS sugar and
probably a low flux of PTS towards the maltose gpepermease, limits uptake of maltose.
This may lead to lower levels of HPr(Ser-P) becaosty low amounts of glycolytic

intermediates including FBP are formed.
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In vitro, HPrK/P exhibits kinase activity above 1 mM FBRlanaximum activity at 5 mM
FBP concentrations (Jauéit al, 2000). Here, we showed that 1.8 mM FBP is present
intracellulary in the absence of a repressing sulgathe presence of various other sugars,
FBP concentrations in the range of 4.3-14.1 mM weetected. Therefore all sugars
generated FBP levels, which are theoretically sigffit for a high kinase activity. The
guestion that still holds is how the kinase agyivaf HPrK/P is modulated by the different
carbon sources. Various possibilities could expldie differential kinase activities of
HPrK/P. For instance, there might be an alternadilasteric activator of kinase activity. The
role of FBP as a regulator of CCR has been denaisstivery coherently iB. subtilis Any
mutation that prevents the formation of FBPvivo results in a complete relief of CCR
(Nihashi and Fujita, 1984). Moreover, witro studies using several other intermediates of
glycolysis for e.g G6P, fructose-6-P, 2-P-glycerated of PPP such as gluconate-6-P,
excluded the role of these metabolite in stimutatime kinase activity of HPrK/P (Reizet

al., 1998). The role of G6P in CCR has been implatgdesviously. Besides FBP, G6P has
been suggested to modulate the CcpA/HPr(Ser-P) leaniBSiedelet al, 2005; Schumacher
et al, 2007). In this respect the intracellular amowit&6P were estimated in wt cells in the
presence of various carbon sources. Glucose gedehaghest levels of intracellular G6P,
however there was no strict correlation betweensthength of repression and G6P levels, in
the presence of other carbon sources (see tableslipplementary material).

As an activator of HPrK/P kinase activity, FBPreedo play the most important role
in B. subtilis It is also possible that the effect of FBP on KPris similar under all
conditions, but unknown signal antagonises theceftd FBP. As shown for thé. caseli
HPrK/P, the phosphate from the ATP binds at thedpland the base moiety of ATP
interacts with Trp-237 of HPrK/P. This interactistabilizes the kinase conformation
(Chaptalet al, 2007) Inorganic Pi, the substrate for the HPr@&liated dephosphorylation,
occupies the position of tHe&- andy- phosphate of ATP in the P-loop bf caseiHPrK/P
(Fieulaineet al, 2001). This explains why, B an inhibitor os the kinase reaction. In coritras
to most bifunctional enzymes, such as aspartokihbeenoserine dehydrogenase | (Jullegn
al., 1988) or 6-phosphofructo-2-kinase/fructose-2 gphosphatase (Yargg al, 2001), which
possess two distinct active sites, the activitieldrK/P are catalysed by the same site. Thus,
the two conformations are probably in an ATiPr&ulated equilibrium. This concept of
equilibrium shift activation of antagonistic acties has been also observed Eorcoli CheY
(Dyer and Dahlquist, 2006)n vitro, the FBP dependent stimulation of the ATP dependen

kinase activity is more obvious at ATP concentraidower than 0.4 mM. As mentioned
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before, the maximum kinase activity can be achiesleglady at 5 mM FBP concentrations.
Interestingly, the phosphorylation achieved by HiPri the presence of 0.5 mM ATP and 5
mM FBP can be totally inhibited by the presenc®.6fmM R (Lavergneet al, 2002). Thus,

it is conceivable that relative changes in theaicetlular ratio of ATP and;Pnay affect the
kinase conformation. Similarly, f&. bovisan inverse relationship between the HPr(Ser-P)
formation and the Pi concentration was observea@ifdsa and Hino, 2003).

An alternate mechanism, which could explain the l8RrK/P kinase activity in the
presence of weakly repressing carbon sources, niighthe binding of HPrk/P by an
unknown inhibitor in a non competitive manner. lpgort of this, a relief from CCR was
observed, when HPrK/P was expressed ectopicallgrefbre, one possibility is that a protein
encoded downstream bprK in the same operon, opposes HPrK/P activity.

It was suggested that the N-terminal domain of HPyKvhose function is unknown
can interact with phosphorylated metabolites. Hamveuhe truncated.. casie HPrK/P
missing the first 127 amino acids exhibited botlzyematic activities and responded to all
known effectors in the same way as the wild typeysre (Fieulaineet al, 2001). Thus, FBP,
ATP and Pi binding sites reside in the C-terminaindin. The N-terminal domain, which
protrudes from the core hexamer exhibits similatayUDP-N-acetylmuramoyl-alanylp-
glutamate:mesediaminopimelate ligase (MurE) &. coli (Poncetet al, 2004) MurE is an
amide bond ligase involved in cell wall synthesssn{th, 2006). This resemblance between
the N-terminal domain of HPrK/P and the UDP intérag site of Murg, suggested that the
N-terminal part of HPrK/P may interact with phospHated metabolites. Moreover, it has
been demonstratad vitro that a number of metabolic intermediates can ihtiie HPrk/P
kinase activity including acetyl phosphate and gigtdehyde phosphate (Ramstr@inal,
2003). Acetyl phosphate has been postulated to rbendicator of glucose starvation.
Synthesis of acetyl phosphate was found to be sapg$or glucose starved cells6f coli to
survive glucose starvation (Nystrom, 1994). In tl@spect, it would be very interesting for
the future studies to test the effect of an N-teaty truncated version of HPrK/P on CCR

and on the phosphorylation pattern of HiPvivo.
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Summary and Conclusions

CCR is one of the most thoroughly investigated aignansduction system in bacteria. It
allows the bacteria to adapt to changes in thelabiy and supply of different carbon
sources. In general, CCR is defined as the setectiNization of a preferred carbon source
which represses the functions for the utilizatioh secondary carbon sources. At the
molecular level, CCR is achieved by the global scaiptional regulator CcpA, iB. subtilis
CcpA forms a repressor complex with serine phosgated HPr and Crh proteins in the
presence of a preferred carbon source like glucbbes repressor complex binds to the
operator sites on the DNA callede sites and thereby repressing a number of catabethies
and operons involved in utilization of secondaryrboa sources. The regulatory
phosphorylation of HPr and Crh is achieved by arifional enzyme HPrK/P.

In this work, the repressing potential of vario@bon sources besides glucose was
analysed. A number of carbon sources could exgrA@uediated catabolite repression of the
reporter system. Moreover, the substrates formeliesarchy in their ability to exert
repression. The different levels of repression larious carbon sources indicated the
formation of the CcpA/co-repressor complex to dédfe extents. CcpA and HPr levels were
found to be similar in the cell, irrespective oéthature of the carbon source used. Thus, the
phosphorylation pattern of the co-repressor waslysed. As a prerequisite for this
experiment, it could be established that HPr artdamnb is the relevant co-repressor of CcpA.
Thus, the focus was on analysing the level of HE in the cell. The presence of strong
repressing carbon sources generated high intréaelPr(Ser-P) as compared to the poor
repressing carbon sources. Thus, it could be wstlibéished that the different repressing
potential of various carbon sources is derived frtme ability to generate different
intracellular levels of HPr(Ser-P).

In the presence of poor repressing carbon soubessges low intracellular HPr(Ser-
P), considerable amounts of histidine phosphorgl&tBr were also present. HPr is also a part
of the sugar PTS. The PTS is involved in the contaorh uptake and phosphorylation of
various carbon sources. As a part of PTS, HPr asplhorylated at its His-15 residue and
receives phosphate from PEP via El. Phosphorylattdmstidine residue might decrease the
available HPr as a substrate for HPrK/P. Thereftie, possibility that the presence of
HPr(His-P) negatively regulates the phosphorylabbiPr by HPrK/P was addressed. In an
El mutant, HPr(His-P) is not formed. However, tlepression potential of the non-PTS

carbon sources remained unchanged in the EI mufdns. clearly established that the
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phosphorylation of HPr at Ser-46 is exclusivelyedetined by HPrK/P activity and not by the
PTS. Thus, in the presence of weaker repressingpoasources, low HPr(Ser-P) levels are
generated owing to the low kinase activity of HFRKThis hypothesis was confirmed by
using an HPrK/P variant, which lost its phosphasglactivity. Such a variant exhibited a low
but constitutive kinase activity and allowed regres even in the absence of a repressing
carbon source.

Modulation of the HPrK/P activity is suggested te hchieved by an allosteric
regulation by metabolites like FBP and Pherefore, we determined the FBP concentration
vivo. It turned out that on most sugars the intracatlHBP level is high enough to achieve
theoretically a complete activation of the HPrK/iRdse activity. Therefore, further factors
should exist that regulate HPrK/P activityvivo.

To probe into the possibility that HPr(Ser-P) levean be affected by an enzyme
other than HPrK/P, the role of PrpC was analysepiCPa Ser/Thr phosphatase, has shown to
dephosphorylate HPr(Ser-P) . pneumoniae B. subtilis PrpC could dephosphorylate
HPr(Ser-P)n vitro, but its absence or presence had no effect on iG@RO.

Taken together, this work coherently demonstratescentral role of HPrK/P in CCR
in B. subtilis Moreover, the hierarchy of repression exerted/idayous carbon sources could
be well explained with the levels of HPr(Ser-P) gyated in the cell. This work further
highlights the fundamental differences in the madra of catabolite repression in the two
model organism&. coli andB. subtilis PTS transport activity is the decisive factorboth
global and operon-specific CCR kh coli. In the absence of HPr(His-P) i coli, EIIA is
rendered unphosphorylated and exerts strong c@abepression. In contrast, the global
CCR mechanism iB. subtilisis not directly affected by the PTS activity.
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Supplementary material

Oligonucleotides

Table. 11.0ligonucleotides

Name Sequence 3 * Description
SK1 CGTCAGGCCRTGGTTCAACAGAAAGTG Cloning ofB. subtilis crhin pDG148
GAAGT (fwd) (Stu)
SK2 CGTCAGGCCTTAAACTTCTTCTTGAACG Cloning ofB. subtilis crhin pDG148
TAAG (rev) (Stu)
SK3 GGCGAATTCGTGTAACAATTTTGATCAG  Cloning ofB. subtilis hprKwith 700
TCCG bp upstream of the start codon ( to
include the putative promoter region)
(fwd) (EcoR)
SK4 GGCGAGCTTATTCTTCTTGTTCACCGTC Cloning ofB. subtilis hprK(rev)
TT (Sad)
SK5 GTAAACTACGTGCCTGAACG Amplification oB. subtilis prpC
SK6 CCGCCGCCTATGACGCG Amplification d@. subtilis prpC
SK7 TGTTTTGGACTGAGACACTG Amplification of regulatgiregion
upstream oB. subtilis xynP
SK8 CTTGTGGACAAAGCCAATCAGA Amplification ofB. subtilis prkC
SK9 ATTCATCTTTCGGATACTCAATG Amplification ofB. subtilis prkC
SK10 ACGTAATCACCGACAAGAGGGGTA Amplification oB. subtilis prkC
SK11 GGCGGATCGTGGCAAAGGTTCGCACAA Cloning ofB. subtilis hprKin
AAGA pGP380 (fwd) BamH)
SK12 CGTCCCCGGGTATTCTTCTTGTTCACCG Cloning ofB. subtilis hprK(rev)
TCTT (Xmd)
SK13 ACGCTTATTAATACGAATGAATTA Amplification of B. subtilis yvoE
(fwd) for RNA probe
SK14 CTAATACGACTCACTATAGGGAGACATT  Amplification of B. subtilis yvoEfor
TTCTCAAGCATAAA RNA probe
SK15 GGCGGATCATGAGTGACAAACAAGTA Cloning of B. subtilis yvoEin
ACGACG pHCMCO5 (fwd) BamH)
SK16 CGTCCCCGGGBTACTTCACTCCAACGATT Cloning of B. subtilis yvoEin
TGTAA pHCMCOS5 (rev) Kmd)
SK17 GGCGGATCOGAATGAAGCGATAGAACC Cloning ofB. subtilis Igt-yvoHn
ACTC pHCMCO5 (fwd) BamH)
SK18 CGTCTCTAGATATTCAGCGGACTTTTTC Cloning ofB. subtilis Igt-yvoRn
AATC pHCMCO5 (rev) Kba)
SK19 GTGGCAAAGGTTCGCACAAAAGACGT Knockout dB. subtilislgt-yvoF with

LFH-PCR (up fwd). Complementary
to hprK
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Name Sequence 3 37 Description
SK20 CCTATCACCTCAAATGGTTCGCTG AAC Knockout ofB. subtilis Igt-yvoFwith
GCCAACTCCTATTCTTCTTG LFH-PCR (up rev). Sequence in
bold is complementary to the forward
primer of kanamycin cassette
SK21 CTGAGCAAATACGACAATATTCATGCTT  Knockout of B. subtilis Igt-yvoF
TT with LFH-PCR (down rev)
SK22 CGAGCGCCTACGAGGAATTTGTATCG Knockout of B. subtilis Igt-yvoF
CATCAGCGGACTTTTTTTGTTAAAATT with LFH-PCR (down fwd)
Sequence in bold is complementary
to the reverse primer of kanamycin
cassette
SK23 ATGAAGAAGATCTTTCTGGCCGGTC Knockout oB. subtilis yvoBwith
LFH-PCR (upfwd). Complementary
toyvoD
SK24 CCTATCACCTCAAATGGTTCGCTG TCA Knockout of B. subtilis yvoBwith
TATTGCTTCCTTTCCAACCGC LFH-PCR (up rev). Complementary
to yvoE.Sequence in bold is
complementary to the forward primer
of kanamycin cassette
SK25 CGAGCGCCTACGAGGAATTTGTATCG Knockout of B. subtilis yvoBEwith
GTGAGAAAAACAGATCGTCATCCGGTCT LFH-PCR (down fwd). Sequence in
CG bold is complementary to the reverse
primer of kanamycin cassette
SK26 ATGGGAAGATGTTGGTGAGGATGCG Knockout @. subtilis yvoBwith
LFH-PCR (down rev)
SK27 GGCCTCGAGTTCTTTCAATTCATGACC  Cloning of the region (-279 to +86,
GGGCTTGCC transcription start site as +1)
upstream ofxynPgene in pDG148
(Avd)
SK28 GGCGGATCCTCTTATCCCCCTTCCATCC Cloning of the region (-279-+86,
ATATT transcription start site as +1)
upstream ofxynPgene in pDG148
(BamH)
SK29 GGCGGATCCAAGCAAAATCTCCAGACG Cloning of the region (-279 to+380,
CATATCCAACT transcription start site as +1)
upstream ofxynPgene in pDG148
(BamH)
SK30 CGTCAGGCCATGAGCAATATTACGATC  Cloning ofB. subtilis ccpAn
TACGATGTAGCG pDG148 (fwd) Gtu)
SK31 CGTCAGGCCTTTCTTATGACTTGGTTGA Cloning ofB. subtilis ccpAn
CTTTCTAAGC pDG148 (rev) $tu)
SK32 GGCGGATCBTGGTTCAACAGAAAGTGG Cloning ofB. subtilis crhin pGP380
AAGTTCG (fwd) (BamH)
SK33 GGCCTGCAGTAAACTTCTTCTTGAACG  Cloning ofB. subtilis crhin pGP380
TAAGCAGCC (rev) Pst)
SK34 GGCGGATCABTGAGCAATATTACGATCT  Cloning ofB. subtilis ccpAn

ACGATGTA

pGP380 (fwd) BamH)
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Name Sequence 3 37 Description
SK35 GGCCGTCGACTTTCTTATGACTTGGTTG Cloning ofB. subtilis ccpAn
ACTTTCTAAGC pGP380 (rev)%al)
SK36 GCCTCGTATGTTTCAACCATTTGTTCCAG Sequencing of inserts cloned in
G pHCMCO05
SK37 GGCCTGCABACTTCTTCTTGAACGTAA  Cloning ofB. subtilis crhin pGP382
GCAGCC (rev) (Pst)
SK38 ATGAATGAAGCGATAGAACCACTCAATC Knockout ofB. subtilis yvoD-yvoF
CGATAGCAT with LFH-PCR (up fwd)
SK39 CCTATCACCTCAAATGGTTCGCTG GTC Knockout ofB. subtilis yvoD-yvoF
TACTCCGCGTACCGCTCCTTCGAGTATC with LFH-PCR. Sequence in bold is
complementary to the forward primer
of kanamycin cassette (up rev)
SK40 TCTCAATGATCCGTATGGCTATAAAAAC Sequencing oB. subtilis yvoF
AG
SK41 AATCGTATTGATTGTTTTGGCTGTGGCAG Sequencing oB. subtilis yvoD
C
SK42 CGTCAGGCCGTGGCAAAGGTTCGCACA Cloning ofB. subtilis hprKin
AAAGACGTA pDG148 (fwd) 6tu)
SK43 CGTCAGGCCTTATTCTTCTTGTTCACCG Cloning ofB. subtilis hprKin
TCTTCAATGAC pDG148 (rev) §td)
SK44 GTTCTACATCCAGAACAACCTCTG Sequencing of insedsned in
pDG148
SK45 GCAACCGTTTTTTCGGAAGGAAATG Sequencing of insedloned in
pDG148
SK46 GCCAAGCTTGTTAAAAGGAG AATGATA  Cloning ofB. subtilis ptsHn pdr79.
AAAATGGCACAA Sequence in bold is the native
ribosome binding site qftsH (fwd)
(HindIlI)
SK47 GGCGTCGAC Cloning of B. subtilis ptsHn pdr79
TTACTCGCCGAGTCCTTCGCTTTT. (rev) Sal)
SK48 CCGGGATCAGATGAGTGTTAGTGAATC Cloning ofB. subtilis yvcdn
ACATGATATTCA pSG1729 (fwd) BamH)
SK49 CCGGAATTATATTTCCGGCTTCTCTTTT  Cloning ofB. subtilis yvcdn
CAATGTC pSG1729 (rev)EcoR)
SK50 CCGGGATCAGATGGGACAAAAGCCGA  Cloning ofB. subtilis yvcKn
AAATCGCAATCTTT pSG1729 (fwd) BamH)
SK51 CCGGAATTA CATTCTTTCAGTAAATCAA Cloning ofB. subtilis yvcKin
CAAGAAGAGAGGCC pSG1729 (rev)EcoR)
SK52 CCGGGTACBTGGTTCAACAGAAAGTGG Cloning ofB. subtilis crhin
AAGTTC PMUTIN-cMyc (fwd) (Kpnl)
SK53 CCGATCGARAGATCTTCTTCGCTAAT Cloning of B. subtilis crhin

AAGTTTTTGTTC GCCAACTTCTTCTTGA
ACGTAAGCAGCC

PMUTIN-cMyc: Sequence in bold is
c-Myc tag. Introduces myc tag C-
terminally (rev)
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Name Sequence 3 * Description
SK54 ATTTTATTCCTGGACGCGAA Sequencing & subtilis yvcJ
SK55 GCTGAATGTAAGAGGAAAGGTT Sequencing &. subtilis yvcK
SK56 AACCTTTCCTCTTACATTCAGCAC Sequencing Bf subtilis yvcK
SK57 GCCAAGCTTTAAAGA AAAGGGGAGATC  Cloning ofB. subtilis crhin pdr79.
TTATGGTTCAAC Sequence in bold ist the native
ribosome binding site afrh (fwd)
(HindIlr)
SK58 GGCGTCGAC Cloning of B. subtilis crhin pdr79
CTAAACTTCTTCTTGAACGTAAGC (rev) Sal)
SK59 GGCGAGCTBATGAAAATTGCTTTGATC  Cloning ofB. subtilis mgsAn
GCGCATG pGP172 (fwd) $ad)
SK60 GGCGGATCTTATACATTCGGCTCTTCTC Cloning ofB. subtilis mgsAn
CCCGAAGAA pGP172 (rev)BamH)
SK61 GGCGTCGACQTATTCAGCGGACTTTTTCA Cloning ofB. subtilis hprKoperon in
ATCTTTC pGP380 (rev) $al)
SK62 CAGGAATTCTCATGTTTGACAGCTTATC  Amplification of cat cassette from
ATCGGCA pBGM35 EcoR)
SK63 GGCGAATTATATAAAAGCCAGTCATTA  Amplification of cat cassette from
GGCCTA pBGM35 EcoR)
KS12 AAAAAGCTTGGTTCTATCGCTTCATTCAT Cloning ofB. subtilis hprKin
TTAACGC pGP380 dindlll)
puUC GTAAAACGACGGCCAGTG Sequencing of inserts cloned in
fwd pGP380
puC GGAAACAGCTATGACCATG Sequencing of inserts cloned in
rev pGP380
NR1 CCTTTGTCAAAAAAGTAAATCAAAAG Amplification of B. subtilis xyIR
BG94 CTACAAGGTGTGGCATAATG Sequencing of insertsrodal in
pDG148
Kan fwd CAGCGAACCATTTGAGGTGATAGG Amplification of kan cassette from
pDG780
Kan rev CGATACAAATTCCTCGTAGGCGCTCGG  amplification of kan cassette from
pDG780
Kan CATCCGCAACTGTCCATACTCTG Sequencing of kan cassattelified
checkfwd from pDG780

Kan check CTGCCTCCTCATCCTCTTCATCC

rev

Sequencing of kan cassattplified
from pDG780

# restriction sites are underlined, introduced nioet or special sequences are bold,
promoters are italic
" LFH-PCR: long flanking homology PCR
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Plasmids

Table. 12.Plasmids used in this work

Plasmid Resistance Description Reference
pAC6 Ampicillin/ TranscriptionalacZ fusion Stilkeet al, 1997
Chloramphenicol
pAC7 Ampicillin/ TranslationalacZ fusion Weinrauclet al, 1991
Kanamycin
pAG2 Ampicillin Overproduction of His-tagged HPr liBeer et al, 1997
pDG148 Ampicillin/ Overexpression under the control of Joseptet al, 2001
Kanamycin Pspacpromoter
pDG780 Amplicillin/ Amplification of kanamycin cassette Guerout-Fleatl,
Kanamycin 1995
pdr79 Ampicillin/ Integration of a target protein amyE Panet al, 2001
Spectinomycin  locus under the control &fspagromoter
pdr90 Ampicillin/ Integration of a target protein amyE Srivatsaret al, 2008
Spectinomycin  locus under the control éthyper-spac
promoter
pdr110 Ampicillin/ Integration of a target protein amyE Rokopet al, 2004
Spectinomycin  locus under the control &fspank
promoter
pdrill Ampicillin/ Integration of a target protein amyE Rokopet al, 2004
Spectinomycin  locus under the control &fhyper-spank
promoter
pE5635 Ampicillin Overproduction of His-tagged PrpC Gaidenkaeet al, 2002
pGP205 Ampicillin Overproduction of His-tagged H#P Hansoret al, 2002
pGP211 Ampicillin Disruption ohprK Hansoret al, 2002
pGP380 Ampicillin/ Overproduction of N-terminal Strep Herzberget al, 2007
Erythromycin tagged target protein
pGP811 Ampicillin/ Disruption ofptsl Schmalisch, 2004
Erythromycin
pHCMCO05 Ampicillin/ Overexpression under the control of Nguyenet al, 2005
Chloramphenicol Pspagromoter
pIWlixylR Ampicillin/ Inactivation ofxylRgene Kraugt al, 1994
Ermthromycin
PMUTIN-  Ampicillin/ Construction of C-terminally c-Myc Kaltwassetret al, 2002
cMyc Erythromycin tagged target protein.
PMUTIN-  Ampicillin/ Construction of C-terminally HA tagged Kaltwassetet al, 2002
HA Erythromycin target protein
PMUTIN-  Ampicillin/ Construction of C-terminally FLAG Kaltwassetet al, 2002
FLAG Erythromycin tagged target protein
pSG1729 Ampicillin/ Production of N-terminagfpmutlfusion  Lewis and Marston,

Spectinomycin

with the target protein under control of

Pxyl. Integrates immyElocus

1999



Supplementary Material 114

Plasmid Resistance Description Reference

pSG1151 Ampicillin/ Production of C terminaifpmutlfusion  Lewis and Marston,
Chloramphenicol with the target protein. Allows integration1999
in the native locus

pSG1187 Ampicillin/ Production of C-terminalfp fusion with ~ Feucht and Lewis, 2001
Chloramphenicol the target protein under control. Allows
integration in the native locus and the
expression of the fusion protein driven by
natural promoter

pSG1164 Ampicillin/ Production of C terminaifpmutlfusion  Lewis and Marston,
Chloramphenicol with the target protein. Allows integration1999
in the native locus and the expression of
the downstream genes under the control
of Pxyl.

pSG1170 Ampicillin/ Production of C terminaifpmutlfusion  Lewis and Marston,
Chloramphenicol with the target protein. Allows integration1999
in the native locus and the expression of
the downstream genes under the control
of Pspagromoter

pSG1154  Ampicillin/ Production of C-terminadgfpmutlfusion  Lewis and Marston,
Spectinomycin  with the target protein under control of 1999
Pxyl. Integrates immyElocus

Table. 13.Plasmids constructed in this work

Plasmid  Construction Description Reference
pGP633 pDG14&tu PCR-Prodcrh orf, SK1+SK25tu

pGP634  pAC@coR + Sad PCR-ProdhprKorf + 700bp upstream of
the orf, SK3+SK4£coR+Sad.

pGP636 pHCMCO05/ PCR-ProdyvoEorf, SK15+SK16/
BamH+Xmd BamH+Xmd

pGP637  pHCMCO05/ PCR-Prodgt-yvoF genes, SK17+SK18/
BamH+Xmd BamH+Xbal

pGP638 pDG148/ PCR-ProdkynP(-279 to +86),
Ava+BamH SK27+SK28 /Avad+BamH

pGP639 pDG148/ PCR-ProdkynP (-279 to +380),
Ava+BamH SK27+SK29Avd+BamH

pGP640 pDG148/Stul PCR-PradpAorf, SK30+SK315tu

pGP641  pGP380/ PCR-Proccrh orf, SK32+SK33/
BamH+Pstl BamH+Pst

pGP642 pGP380/ PCR-ProchprK of, SK11+KS12/

BamH+Hindlll BamH+Hindlll
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Plasmid  Construction Description Reference
pGP643  pGP380/ PCR-ProdccpA aof, SK34+SK35/

BamH+Sal BamH+Sal
pGP644  pDG14&tu PCR-ProchprK orf, SK42+SK43/Stu
pGP645 pDG148td PCR-ProchprK G158A SK42+SK43/
Stu, pGP407 as a template to amplify the
PCR product
pGP646  pdr79/ PCR-ProdotsH orf, SK46+SK47/
Hindlll+ Sal Hindlll+ Sal, linearization of the plasmid
via Scd
pGP647  pdr79/ PCR-Proccrh orf, SK57+SK58/
Hindlll+ Sal Hindlll+ Sal, linearization of the plasmid
via Scd
pGP648 pSG1729/ PCR-ProdyvcJorf, SK48+SK49/
BamH+EcoR BamH+EcoRl, linearization of the
plasmid viaScd
pGP649  pSG1729/ PCR-ProdyvcK orf, SK50+SK51/
BamH+EcoR BamH+EcoRI, linearization of the
plasmid viaScd
pGP650 pGP380/ PCR-ProchprKG158A, SK11+KS12/ Singhet al, 2008
BamH-+Hindlll BamH+Hindlll, pGP407 used as a
template for the amplification of the insert
Strains

Table. 14.Strains used in this work

Strain

Genotype

Reference

Escherichia coli

F-lon ompT rBmB hsdS g&lts857Tnd1l Sam7in5 Sambrooket al, 1989
lacUV5- T7 genel)

recAl endAl gyrA96 thi hsdRKfmK+relAl supE44  Sambrooket al, 1989
®80AlacZAM15 A(lacZY AargF)U169

SupE thi-1A(lac-proAB A(mcrB-hsdSNb (rc-my) [F* Gough and Murray, 1983
proABlaclZAM15]

Bacillus subtilis

BL21
(DE3)

DH5a

NM522

168
GP202
GP505
GS4
GS5
MZ303

trpC2 Laboratory collection
trpC2 hprK:spc Hansoret al, 2002

trpC2 ptsHH15A amyE:(lacZ cat) Schmalisch, 2004

trpC2 yved (+369)pX2 (cat) Boris Gdrke; unpublished
trpC2 yvcK (+367):pX2 (cat) Boris Gdrke; unpublished

trpC2 AptsH:cat

Arnaudet al, 1996
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Strain Genotype Reference

OMG401 trpC2 AprpC::aphA3 Madecet al, 2002

OMG302 trpC2 AprkC::aphA3 Madecet al, 2002

PB703 trpC2 AprpC amyE (ctc-lacZ cat) Gaidenkoet al, 2002

QB5223 trpC2 ptsH1 Martin-Verstraeteet al.,
1995

QB5407 trpC2 ccpA:Tn917spc Faireset al, 1999

QB7096 trpC2 crhi:aphA3 Presecan-Siedet al, 1999

QB7097 trpC2 crhi:spc Martin-Verstraete;
unpublished

QB7101 trpC2 ptsH1 critspc Martin-Verstraete;
unpublished

QB7102 trpC2 ptsH1 criraphA3 Presecan-Siedel al, 1999

QB7108 trpC2 ptsH1 crlraphA3, amyE:(Pspac crh cat) Galinieret al, 1997

QB7144 trpC2 amyE:xynP-lacZ Galinieret al, 1999

QB7160 trpC2 AhprK::aphA3 amyE(PAB levD-lacZCnT) g/lgagrgn-VerStraet@t al,

Table. 15.Strains constructed in this work

Strain Genotype Constructién Reference
GP270 trpC2 xyIR:ermC pIW1lxyIR - Singhet al, 2008
WT168

GP271 trpC2 xyIR:ermC crh:aphA3 QB7096 - GP270

GP272 trpC2AprpC amyE(ctc-lacZ pGP211- PB703
cat) hprK:spc

GP273 trpC2 AprpC amyE (pAC7 pAC7 - PB703
aphA3)

GP274 trpC2 AprpC amyE(xynP-lacz  QB7144 - GP273

cat)
GP275 trpC2 AprpC amyE (xynP-lacZz  plW1lxyIR -
cat) xylR:ermC GP274

GP276 trpC2 AprpC amyE(xynP-lacz  QB7096 - GP275
cat) xylR:ermCcrh::aphA3

GP277 trpC2 AprpC amyE (xynP-lacz  pGP211- GP275
cat) xylR::ermC hprkspc

GP278 trpC2 amyE (xynP-lacZ cat) pIW1ixyIR - Singhet al, 2007
xyIR:ermC QB7144

GP279 trpC2 amyE (xynP-lacZ cat) QB7096 - GP278 Singhet al, 2008
xyIR:ermC crh:aphA3
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Strain Genotype Constructién Reference
GP280 trpC2 amyE (xynP-lacZ cat) pGP211-. GP278

xyIR:ermChprK::spc
GP281 trpC2 amyE: (xynP-lacZ cat) OMG 401 - Singhet al, 2007
xyIR:ermCAprpC::aphA3 GP278
GP282 trpC2 amyE (xynP-lacZ cat) OMG 302 -
xyIR:ermCAprkC::aphA3 GP278
GP283 trpC2 hprK::spc amyE (hprK pGP634- GP202
cat)
GP284 trpC2 ptsH1 xylRermC pIW1lxyIR - Singhet al, 2008
QB5223
GP285 trpC2 amyE: (xynP-lacZ cat) pGP211- GP281
xyIR:ermCAprpC::aphA3
hprK::spc
GP286 trpC2 amyE (xynP-lacZ cat) pGP211- GP282
xylR:ermCAprkC::aphA3
hprK::spc
GP287 trpC2 ptsH1 crlispc xylRermC  pIW1ixyIR - Singhet al, 2008
GP7101
GP288 trpC2 hprK:spc amyE (PhprK pIW1ixyIR -
hprK cat) xylR.ermC GP283
GP289 trpC2 xylR:ermCAhprK::aphA3  QB7160- GP270 Singhet al, 2008
GP290 trpC2 xylR:ermCAhprK::aphA3 pGP634- GP289
amyE:(PhprK hprK cat)
GP291 trpC2 ptsH1 critaphA3 pGP646- GP293
amyE:(Pspac-ptsH spc)
GP292 trpC xylR:ermC amyE(xynP- QB7097 - GP278
lacZ cat) crh:spc
GP293 trpC2 ptsH1 critaphA3, pIW1lxyIR -
. xylR::ermC QB7102
GP294 trpC2 xyIR:ermC ptsH1 pGP647- GP293
crh::phA3 amyE( Pspac -crh
spc)
GP295 trpC2 ptsH1 critaphA3 pGP647- QB7102
amyE:(Pspac-crh spc)
GP296 trpC2 AptsH:cat amyE (Pspac - pGP646- MZ303
ptsH spc)
GP297 trpC2 xylIR:ermC crh:spc QB7097 - GP270 Singhet al, 2008
GP298 trpC2 xylR:ermC amyE(lacZ pAC6 - GP270
cat)
GP299 trpC2 xylR:ermC ptsH-H15A pIWIIxyIR —
amyE:(lacZ cat) GP505
GP851 trpC2 xylR:ermCAlgt- LFH PCR product
yvoF:aphA3 - GP270
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Strain Genotype Constructién Reference
GP852 trpC2 xyIR:ermCAyvoE:aphA3 LFH PCR product
- GP270
GP853 trpC2 xylR:ermCccpA:Tn917 QB5407 - GP270 Singhet al, 2008
spc
GP854 trpC2 yvcK (+367):pX2 (cat) pSG1729- GS5
amyE:(Pxyl-GFP spc)
GP855 trpC2 hprK::spc amyE (hrpK GP851- GP 288
cat) xylR:ermCAlgt-
yvoF:aphA3
GP856 trpC2 hprK:spc xylRermC pGP211-. GP270
GP857 trpC2 hprK:spexylR:ermCAIgt-  GP 851- GP 856
yvoE:aphA3
GP858 trpC2 AhprK::aphA3 QB7160- Wt168 Singhet al, 2008
GP859 trpC2xyIR:ermCAyvoE- LFH PCR product
yvoF:aphA3 - GP270
GP860 trpC2 crh:aphA3 QB7096 - Wt168
“Genotype identical
to QB7096”
GP861 trpC2 xyIR :ermCAyvoD- LFH PCR product
yvoF:aphA3 - GP270
GP862 trpC2 amyE (Pspac-ptsH spc)  pGP646- Wt 168
GP863 trpC2 xylR:ermC amyE(Pspac- pGP646- GP270
ptsH spc)
GP864 trpC2 Aptsl::ermC pGP811- Wt168  Singhet al, 2008
GP865 trpC2 crh:aphA3Aptsk:ermC pGP811- QB7096
GP866 trpC2, yvcd (+369)pX2 (cat) pGP648- GS4
amyE:(Pxyl-yvcJ-GFP spc)
GP867 trpC2 yvcK (+367):pX2 (cat) pGP649- GS5

amyE:(Pxyl.-yvcK-GFP spc)

& Arrows indicate construction by transformation.
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Figure. 23. The level of unphosphorylated HPr and Rr(Ser-P) in a strain expressindhprk from

a multicopy vector (pGP642) is similar to the wildtype strain. Cells were grown in CSE + glucose
and harvested at logarithmic phase as describentdbébinghet al, 2007). 2ug of total cell protein,
each was separated on a 12% native PAA gel andvMd®detected by immuno-blotting in a western
blot analysis. To discriminate between HPr(Ser+R) dPr(His-P), an aliquot of each cell extract was
heated at 70 °C prior to loading (even numbereddparHistidine phosphorylation is heat labile and
thus the two singly phosphorylated forms of HPr baneasily distinguished. ldhprK strain with
empty plasmid (pGP380), no HPr(Ser-P) is detectade(1 and 2). Introducing thiegprK on a
multicopy plasmid (pGP642) restored the “wild tygfosphorylation pattern of HPr (compare lane3,
4 and lane 5, 6).

¢ (QC'\
> Q(L\ %\DQ
\*\'\6 C‘)QQ/ Q%/\Q
10', 70°C: oy - £ T &
1 2 3 4 5 6
- - SASUUU
HPr~P — — - - -

Figure. 24. Determination of the phosphorylation state of HPr n AprpC and 4dhprK mutants.
Cells were grown in CSE + glucose and harvestédgatithmic phase as described before (Siegh
al., 2007). Lug of total cell protein, each was separated on % bative PAA gel and HPr was
detected by immuno-blotting in a western blot asialyln dhprK strain, none of the phosphorylated
form of HPr (Ser-P or His-15) was detected. In trig, 48% of the HPr was phosphorylated at serine
residuerest being the unphosphorylated form. Similar phosgation pattern of HPr was detected in
PB703 dprpC) strain, where 52% of the HPr(Ser-P) was detected.
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Table. 16. Catabolite repression ofynP-lacZfusion in the presence of glucose 4prpC
mutant. The values are the average of at least ihdependent experiments. Standard

deviations are shown in parentheses.

[B-galactosidase activity in units/mg of protein

Carbon GP278 GP280 GP275
sourcé AxyIR, AxyIR, AhprK, AxyIR,
amyE::xynP-lacZ amyE::xynP-lacZ AprpC, amyE::xynP-
lacZ
- 740(41) 1110(282) 498(175)
Glucose 31(3) 1941(674) 20(2)

%added to CSE medium (0.5%)

Intracellular Glucose-6-P (G6P) concentration

Protein-free cell extracts for the G6P concentretio B. subtiliswere prepared as described
earlier with few modifications (Mijakoviet al, 2002). Briefly, cells of thd. subtiliswild
type strain 168 were grown in 50 ml of CSE mediunthie presence of the indicated carbon
sources (0.5%, wi/v). For each growth conditiongast three independent experiments were
carried out. Cultures were harvested by centrifogaft room temperature for 5 minutes at
10,000 g followed by freezing the pellet in liguidrogen. Pellets were resuspended in 0.6 M
of cold perchloric acid and subsequently kept @far 20 minutes. The precipitated proteins
and cell debris were removed by centrifugation (48@ninutes, 13,000 rpm). The pH in the
supernatant was subsequently adjusted to 7.4 wablwgion of cold 0.6 M KOH in 0.5 M
glycyl glycine buffer (pH 7.4). The precipitated K& was removed by centrifugation.
Aliquots of the final supernatants were used to suea the amounts of G6P in a direct
photometric assay. For intracellular G6P estimatreaction mixtures of 1ml were prepared,
which contained 600 pul of cell extract and 100 mi\ylgcyl-glycine buffer (pH 7.4), 0.3 mM
of NADP, 5 mM of MgC} and 3.3 units of Glucose-6-phosphate dehydrogeiaseincrease

in absorbance at 340 nm was measured as indidatioe ADPH formation.
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Table. 17. Intracellular amounts of G6P in wild type 168 groin the presence of different

carbon sources. The G6P concentrations were ctddutsy correlating the obtained values to

a standard calibration curve (data not shown).

Carbon source G6P (mM) *
Glucose 0.88 (0.09)
Salicin 0.34 (0.01)
Mannitol —
Fructose 0.43 (0.10)
Sorbitol —
Glycerol 0.27 (0.10)
Gluconate 0.21 (0.01)
Arabinose 0.36 (0.13)
Maltose 0.65 (0.06)
Ribose —
CSE —

%added to CSE medium (0.5%); =

given in parentheses.

Below detection limit, * = The standard deioas are
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