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Abstract

Carbon catabolite repression (CCR) in bacteria is a global response to
the availability of preferred carbohydrates in the growth medium. Bacterial
metabolism accomplishes a great number of tasks in parallel and feedback
loops exist to coregulate these tasks. Specifically, bacteria couple the uptake
of carbohydrates with the uptake of important molecules such as nitrogen,
phosphorous and sulfur such that a lack of these molecules will significantly
reduce active transport of carbohydrates. They also ne gatively regulate
transcription and translation of genes encoding enzymes involved in the
metabolism of carbohydrates either not present in the culture media or less
preferable to those that are present. Bacteria also negatively regulate,
through phosphorylation or allosteric inhibition of activity, enzymes
involved in the metabolism of carbohydrates either absent or less preferable
to those that are present. And they must simultaneously activate or increase
the expression of enzymes involved in the metabolism of carbohydrates that
are either present in the medium or preferable to those present.

These metabolic regulatory circuits are well documented in the Gram-
negative bacteria Escherichia coli. cAMP and cAMP receptor protein (Crp)

produce the major mechanism of CCR in E. coli. But the absence, in the
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Gram positive Bacillus subtilis, of cAMP and Crp alludes to the vast
differences in the details of the CCR mechanisms of the two bacteria. In B.
subtilis the HPr kinase/phosphatase (HPrK/P), histidine phosphocarrier
protein (HPr), and catabolite control protein A (CcpA) are central
components of a very different mechanism of CCR. Therefore we expected
that the structures of close relatives of these B. subrilis proteins would
provide some insight on the mechanistic details of CCR in B. subtilis as well
as elucidate novel structural features. To that end the X-ray crystal structure
of the HPrK/P from the Gram positve bacterium Mpycoplasma pneumoniae
was determined to 2.5 A resolution. In addition, initial efforts to define the
structure of CcpA bound to its corepressor, phospho-HPr, which has been
phosphorylated on residue Ser46, and DNA has yielded data quality crystals.
The structural analysis of HPrK/P has implicated residues that are involved
in catalysis and identified the ATP binding site. we report the structure of
the Gram positive Mycoplasma pneumoniae HPrK/P and an attempt to
define the structure of a CcpA:P-Ser46-HPr:DNA complex from the Gram
positive Bacillus megaterium. This work represents a significant advance
towards the goal of a structure-function understanding of CCR in Gram

positive bacteria.



Chapter I

Introduction

Introduction

Glucose is the preferred carbon source for organisms from Man to
yeast to bacteria. It follows then, that these organisms possess elaborate
mechanisms to recognize and utilize their favorite carbohydrate. The naive
expectation might be that mechanisms common to so many organisms might
also be similar in detail, yet this is probably not true in any strict sense.
Mechanistic differences are not well understood though, as researchers who
study human glucose metabolism have only recently begun to compare their
system with other simpler systems in the hope of further insi ght (Rutter et
al., 2000).

However, two major mechanistic themes have been identified for
regulation of glucose metabolism: glucose or a glycolytic product acts
directly to effect metabolic change (e. g. inhibition of enzyme); or may
regulate transcription or translation of metabolic enzymes (e.g. repressor-
ligand binding). Single cell organisms use both themes concurrently, in
contrast to multi-cellular organisms. In mammals only one theme is

involved in any given cell (Rutter e al., 2000). In the Beta cells of the islets
-



of langerhans of the mammalian pancreas, for example, glucose sets off a
signaling cascade, which leads to transcription of insulin, a hormone that
triggers glucose uptake (Rutter ez al., 2000). In yeast, however, glucose is
recognized by a G-protein coupled receptor transiently activating cAMP
production leading to protein kinase A (PKA) activation. PKA then activates
a phosphorylation cascade resulting in a switch from a non-fermentative
metabolism to the fermentation of glucose to the bacteriocide ethanol
(Versele er al., 2001).
Bacteria

Many bacteria also have elaborate mechanisms for regulation of
glucose metabolism, which is intimately related to carbon metabolism.
Although the full range of carbon sources utilized by a given bacterial
species is highly individualized, sugars and related carbohydrates are major
sources of energy and carbon for most well studied bacteria. However, many
bacteria have distinct preferences for some carbon sources. As Monod
discovered for E. coli and B. subtilis, glucose is consumed exclusively
before lactose in a culture that contains both sugars.' This phenomenon,

called diauxie, also occurs in many other species of bacteria.

" Monod J 1942 Recherches sur la croissance des cultures bacteriennes. PhD thesis as
cited in (Stulke, J. and W. Hillen (2000). “Regulation of carbon catabolism in Bacillus
species.” Annu Rev Microbiol 54: 849-80; and Deutscher, J., A. Galinier, et al.. (2002).

4



Diauxie is merely the outward manifestation of a complex metabolic
regulatory scheme called carbon catablite repression (CCR). The ‘glucose
effect’, a term that subsumes the phenomena of diauxie, and hints at the
importance of glucose, also hides the true complexity of CCR:

“Early analyses of the glucose effect led to the postulate that it
occurs whenever growth conditions are such that degradation
(catabolism) exceeds biosynthesis (anabolism). This postulate
in turn led to a second notion, namely, that it was the
accumulation of one or more cytoplasmic catabolites , derived
from the repressing carbohydrate, that gave rise to the glucose
effect. This concept, now known to be in error in some
instances, but not in others, caused the term ‘catabolite
repression’ to be coined.” The glucose effect in E. coli and
other bacteria consists of at least four kinetically and
mechanistically distinguishable, but physiologically related,
phenomena termed permanent repression, transient
repression, inducer exclusion, and inducer expulsion.
Permanent repression and transient repression refer to long and
short-lived forms of repression that occur in response to glucose
addition to the growth medium of a microorganism.” (Saier et
al., 1995)

In the following discussion we will use the terms CCR and ¢ glucose effect’

interchangeably.

Carbohydrate uptake and metabolism. Bacillus subtilis and its closest relatives: from
genes to cells. A. L. Sonenshein, J. A. Hoch and R. Losick. Washington, D. C., ASM
Press: 129-150. :




Carbon Catabolite Repression

As the title of this dissertation suggests we are primarily interested in
CCR of a specific family of Gram positive bacteria but it is necessary to first
discuss CCR in E. coli for several reasons. Historically, diauxie or biphasic
growth, in E. coli represents one of the earliest examples of CCR in bacteria.
Perhaps because of this, CCR in E. coli has been one of the most studied
metabolic systems of bacteria in general. Consequently, the high level of
understanding of CCR in E. coli lends itself to comparison with B. subtilis
and other Gram positive bacteria. Also this research, in E. coli, specifically
with regard to lactose repression and its use in protein expression, forms the
basis for protein overproduction methods and therefore provides a good
reference point for most biochemists. As we will show, the overall effects of
CCR are similar in both families of bacteria but the mechanistic details, of at
least the major mechanism of CCR, are quite different (Fig. 1-1). It is this
difference in detail that has motivated our work.
E. coli

Continued study of diauxie in E. coli led to the first level of
understanding of CCR. Aboud et al.. showed that expression of the genes of
the /ac operon was repressed by the lactose repressor (Lacl) in the presence

of lactose. Furthermore, beta-galactosidase mRNA, encoded in lacZ, did not



appear until glucose disappeared from culture media containing both glucose
and lactose (Aboud ez al., 1970). Lacl, encoded by lacl (also part of the lac
operon), possesses a helix-turn-helix DNA binding motif and was shown to
bind to a pseudo-palindromic site in the lac operator in the absence of the
inducer lactose thereby repressing transcription of the lac operon (Nick et
al., 1985). The bound Lac repressor may interfere with the binding of RNA
polymerase to DNA due to overlapping binding sites (Schlax et al., 1995)
Lacl has also been shown to interrupt ongoing transcription (Deuschle et al.,
1986) or keep the polymerase from escaping the promoter (Lee, J. ef al.,
1991). But in the presence of lactose, Lacl binds the inducer and releases its
grip on the lactose operator de&epressing transcription (Matthews et al.,
1998).

Lacl was the founding member of what is now a large family of DNA
binding proteins known as the Lacl/GalR family (Weickert et al., 1992)
(Fig. 1-2). The first crystal structure of a protein in this family, PurR
(Schumacher et al., 1994), showed how these proteins likely bind DNA and
how binding of inducer leads to conformational changes, which must
unfavorably realign the DNA binding N-terminal domains and lower the
proteins affinity for its operator site (Schumacher et al., 1995). Lacl

provides a good example of how transcription may be regulated by the



presence or absence of small molecule effectors (i.e. inducers). However, the
activated transcriptional state is not necessarily equal to de-repression or the
presence of inducer, as in PurR. That is, the presence of lactose will lead to
an increase in transcription of the lac operon only if the medium does not
contain glucose.

In order to achieve activation the global activator, catabolite repressor
protein (Crp, encoded by crp), bound to cyclic AMP (cAMP), in complex
(cAMP:Crp) binds to an operator site upstream of the start site and interacts
with RNA polymerase in such a way that it is transcriptionaly competent
(Nick et al., 1985). A portion of Crp was also shown to interact with the C-
terminal domain of RNA polymerase, possibly recruiting it to the operator
and upregulating transcription of the lac operon (Savery et al., 2002).
Subsequently, a large number of genes were identified that contained
cAMP:Crp binding sites giving the appearance of generality to the
mechanism of cAMP:Crp activation.

Early work on the lac operon indicated that the glucose effect arose
from fluctuations in the level of cAMP produced by adenylate cyclase.
Adenylate cyclase is activated by the histidine phosphorylated form of
EIIA®* (crr), the cytoplasmic subunit of EII#*, and a soluble component of

the sugar phosphotransferase system (PTS) (Fig. 1-3). The PTS transfers



phosphates from phosphenolpyruvate (PEP) to incoming PTS sugars through
the intermediaries of histidine phosphoproteins HPr, Enzyme I (EI) and
sugar specific Enzymes IIABC (Ells), where EIIBCs form a membrane
bound complex and EIlAs are cytoplasmic (Saier et al., 2002). Glucose
specific EITA (EIIA®°) is histidine phosphorylated in the absence of glucose
due to the fact that no glucose is transported to receive the phosphate. The
interaction of EITA®“ with adenylate cyclase begins the signal cascade to
activate transcription at lac, if lactose was present to de-repress Lacl.

The cAMP:Crp complex can repress or activate transcription
depending on where in the operator the Crp site is located; if its upstream of
the —35 site it may act as an activator but if its downstream or within the
gene it may act as a repressor (Kolb et al., 1993). This allows for a more
general response to the absence of glucose or low energy state; in some
cases genes need to be repressed, but activated in others depending upon
their ultimate role in CCR. Crp binds DNA with low affinity but upon
binding of cAMP the complex (cAMP:Crp) binds with high affinity to a 22
base pair palindromic DNA sequence (Stormo et al., 1989) as a dimer.
Crystal structures of cAMP:Crp bound to DNA show that the DNA is
sharply bent around the dimer, which may be one mechanism of

transcriptional regulation (Parkinson et al., 1996). Usually, when



c¢AMP:Crp activates transcription its binding site is either close to RNApol
and interacting with the polymerase or further upstream interacting with
other proteins in a complex activation mechanism. For example, in genes
that are regulated by the cytidine repressor (CytR , Lacl/GalR family
member) cAMP:Crp increases the binding affinity of CytR 100-1000 fold in
vitro repressing a number of genes involved in nucleoside and
deoxynucleoside uptake and metabolism (Pedersen ez al., 1991). And in
some cases CAMP:Crp may have operator-binding sites overlapping the site
of another regulatory protein so that regulation is acheived by the number of
active DNA binding proteins and may allow for coregulation (Kolb er al.,
1993).

The elucidation of the opposing effects of cAMP and lactose on the
regulation of the lac operon has led many to assume, probably correctly, the
existence of similar control features throughout E. coli. But, as the above
quote suggests, CCR is more complex; the exclusion of inducers and the
expulsion of cAMP from the inside of the cell also play important roles in E.
coli CCR. In fact glucose not only inhibits production of cAMP it promotes
its expulsion (Saier et al., 1975). Also, EIIA®® inhibits uptake of lactose
through its interaction with lactose permease (LacY), and this phenomenon

is called inducer exclusion. EIIA®* is special in that it is an allosteric
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activator in both its phosphorylated and unphosphorylated states. When
glucose is not available EIIA®* is phosphorylated and acts to reverse the
glucose effect (e.g. activates adenylate cyclase); and when glucose is
available EITA® is unphosphorylated and acts to repress transcription of
enzymes of non-glucose metabolism (Fig 1-1; A&B).

-As previously noted, inducer exclusion is a major component of the
glucose effect. It is tied to the PTS through the allosteric interactions of
unphosphorylated EIIA#° with other, non-PTS, carbon-source permeases
specific for maltose (MalK), lactose (LacY), melibiose (MelB) and raffinose
(RafB). EIIA® interacts with a consensus binding sequence found in these
permeases between the central loop connecting transmembrane helices 6 and
7 in LacY. This interaction inhibits uptake of their respective carbohydrates
(Titgemeyer et al., 1994). Recent work suggests that it is the ratio of PEP to
pyruvate, a telltale sign of energy level, which determines the
phosphorylation state of EIIA®® (Hogema ez al., 1998). In fact the locus
ptsG, which encodes the PTS glucose transporter EIIBCE®, is upregulated by
cAMP:Crp and its increased expression may be the origin of diauxie (rather
than the reduction of cAMP levels and concomitant removal of the global
activator cAMP:Crp). The increased production of EIIBC® also leads to a

reduction in phosphorylated EIIA®* by providing a phosphate acceptor sink
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(Fig. 1-1B). Lactose is excluded from the cell if EIIAZ® shuts down lactose
permease (LacY) making it impossible for RNApol to transcribe through
bound lactose repressor (Lacl) (Kimata et al., 1997). This explains the
preference for PTS sugars over non-PTS sugars but not the preference for
glucose over other PTS sugars, the reasons for which remain to be
discovered.

The regulation of glycerol metabolism reveals a slj ghtly different
method of inducer exclusion. Glycerol enters the cell by facilitated diffusion
mediated by GIpF. In order to enter the glycolytic pathway, however,
glycerol must be phosphorylated by glycerol kinase (GlpK) to produce
glycerol-3-phosphate. GlpK is allosterically inhibited by the glycolytic
intermediate FBP and unphosphorylated EI[A¢* (Fig 1-1; A&B). FBP
inhibits formation of the active tetramer (Pettigrew et al., 1996) while
EITA®* interacts with a helix far from the active site (Hurley et al., 1993)
possibly effecting long range conformational changes that lead to inhibition
of the kinase.

In many instances cAMP:Crp provides a global activation signal in
response to phosphorylated EITA®® (production of cAMP) while individual
repressors (e.g. Lacl) or activators (e.g. PhoB see below) control the

transcriptional response to inducers. But E. coli also uses antitermination as

12



a means o control transcription. Genes controlled by antitermination have a
specific upstream RNA sequence recognized by antiterminator proteins that
will adopt a conformation that releases RNApol unless the antiterminator
binds.

The bgl operon in E. coli, which encodes genes involved in uptake
and assimilation of B-glucosidic sugars, is controlled by the antiterminator
BglG. BglG is a member of the PTS regulation domain (PRD; composed of
two subdomains 1&2) (van Tilbeurgh et al., 2001a) family of proteins whose
activity is regulated by phosphorylation of their PRD domains by members
of the PTS (Gorke et al., 1999). The first two gene products of the operon,
BglG and EII*, are sufficient for its antitermination (Gorke et al., 1999).
When EIIB* is phosphorylated, due to low glycolytic flux or the absence of
B-glucosidic sugars, this phosphate is transfered to the negative regulation
domain of BglG and it is unable to antiterminate leaving the bgl operon
untranscribed. But phosphorylated-His15-HPr (p-his15-HPr) can transfer its
phosphate to the activation domain of BglG, which then undergoes a
conformational change allowing it to bind to two p-independent
antiterminators in the operon thus allowing transcription of bg/ (van

Tilbeurgh et al., 2001a).
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Interestingly, it seems that nitrogen metabolism is tied to carbon
metabolism through the PTS. Apparently rpoN, the operon which encodes
an alternate sigma factor, o™, required for transcription of genes necessary
for nitrogen fixation, also encodes two genes homologous to EIlAs and to
HPr of the PTS, called EIIA™ and NPr respectively ( Fig. 1-4) (Powell et al.,
1995). Powell et al.. showed that EIIA™ could be phosphorylated by HPr
and that NPr could be phosphorylated by EI, thus establishing a mechanism
by which nitrogen assimilation is linked to carbon uptake.

Similarly, two other important cellular components, sulfur and
phosphate are coordinately regulated with carbon. Adenylate cyclase is
responsive to sulfur deprivation suggesting a pathway for regulation linkage
(Quan et al., 2002) and the phosphate starvation inducible gene E (psiFE) is
under the control of PhoB (a response re gulator sensitive to the histidine
kinase PhoR) and cAMP:Crp (Kim, S. K. et al., 2000). The promoter of psiE
contains two Pho boxes, one upstream and one at the —35 site where a
cAMP:Crp binding site overlaps the PhoB site. cAMP:Crp represses
transcription of psiE in low glucose conditions presumably because it
overlaps the RNApol binding site. However, in low phosphate conditions,
when PhoB is phosphorylated and DNA binding competent, psiFE is

transcribed. Apparently gene products for growth under phosphate
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starvation are important enough that they need to be transcribed even at low
energy levels.

Not only are the activities of carbohydrate transporters regulated but
their expression and type are also regulated in response to glucose levels.
Upon passing cultures of E. coli from high to low glucose concentrations
there are changes in the overall transporter profile; at high glucose

gle :

concentrations (mM) EII*¢ is the principal transporter while at lower glucose
concentrations (optimal at uM glucose) the galactose transporter (and
periplasmic binding protein), which also transports glucose, (MglA) high
affinity transporter predominates (Ferenci, 1996). This occurs through
endoinduction where intracellular concentrations of galactose and
maltotriose, manufactured during glucose famine, activate expression of the
genes of the mgl (MglA) and mal/lamB (outer membrane porin, LamB)
regulons, which are required for high affinity transport (Manch ez al., 1999).
cAMP also plays a role in induction of high affinity transport, however crp
mutants do not induce mgl or mal under limiting glucose (0.1 — 300uM
glucose), suggesting endoinduction is the dominant regulatory scheme for
the switch to high affinity glucose transport.

The mechanisms of the glucose effect in E. coli, described above, are

all mediated by cAMP:Crp. That s, CAMP:Crp is somehow involved in
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making the glucose effect palpable for these processes. But there is at least
one subsystem of CCR, namely the fru regulon, mostly unaffected by the
noted disruptions, and therefore presumed to occur outside of CAMP:Crp
and PTS regulation.

The fru operon encodes an alternative PTS system called the fructose
specific PTS, which allows E. coli with a deleted HPr gene (ptsH), to
perform gluconeogenesis if fructose, but no other PTS su gar, 1s in the
medium. The fru operon has an EIIBC™ and a protein DTP homologous to
both HPr and EIIAs capable of being phosphorylated by EI of the PTS (Saier
et al., 1996). The similarities between the two phosphoryl transfer systems
and the fact that no other sugars have their own PTS may indicate that
fructose is a special sugar and that it may be a primordial PTS; possibly this
is why glucose is epimerized to fructose in the glycolytic pathway. Yet the
Jfru operon also encodes a Lacl/GalR family member, catabolite
repressor/activator (Cra; formerly FruR), which has been shown to be
important for regulating transcription of general metabolic enzymes; positive
regulation of PEP synthase (ppsA), PEP carboxykinase (pckA), and
cytochrome d oxidase (cyd) et al.; negative regulation of fructose and
mannitol catabolic enzymes (fruBKA and mtlADR), HPr and Enzyme I of the

PTS (ptsHI) (Ryu et al., 1995), as well as enzymes of glycolysis (edd eda).
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Some of these operons (e.g. ppsA) are only regulated by this mechanism as
they have no cAMP:Crp binding sites in their operators and are therefore not
regulated by the cCAMP levels in the cell. The si gnificance of metabolic
genes regulated by Cra and its indifference to cAMP suggests the existence
of a cAMP independent control circuit for carbon metabolism, which would

affect glycolytic flux (Saier ez al., 1996).

B. subtilis

The work presented in the body of this dissertation involves a dual
activity enzyme, HPr Kinase/Phosphatase (HPrK/P) from Mycoplasma
pneumoniae. Mycoplasma pneumoniae belongs to a class of bacteria called
the low guanine-cytosine (G+C), Gram positive bacteria. However, little
work has been done to elucidate the mechanisms of CCR in most of these
organisms. Rather, low G+C Gram positive bacteria are assumed to have
CCR mechanisms similar in kind to B. subtilis due to their overall
relatedness as well as extensive homologies between orthologous proteins.
In contrast to the dearth of information available for M. pneumoniae a great
deal of information exists bearing on the CCR mechanisms of B. subtilis. In
fact, unlike E. coli and other Gram-negative enteric bacteria, B. subtilis have

neither a Crp polypeptide (Kunst et al., 1997) nor does addition of cAMP
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lead to metabolic changes (Nihashi et al., 1984). So, although E. coli and B.
subtilis have many similarities, B. subtilis, and presumably the other low
G+C Gram positive bacteria, lack the major mechanism of transcriptional

control found in E. coli.

Similarity to E. coli

Transport phenomena in B. subtilis are intimately tied to CCR through
transcriptional control of expression of permeases. Generally permeases in
both E. coli and B. subtilis fall into four classes (Fig. 1-5): 1) channels (e.g.
GIpF), 2) Major Facilitator Superfamily of secondary transporters ~15 of
which are thought to uptake sugars through sugar-proton symport, 3) ATP
Binding Cassette (ABC) family of primary transporters, ~10 of which are
thought to transport sugars (e.g. MglA in E. coli ), which use ATP to pump
against a gradient, and finally 4) the group translocators of which there are
~17 (4 families: glucose, fructose, lactose, mannose) that transport PTS
sugars. The EII transporters are composed of 3 or 4 polypeptides (EIIB,
EIIC, and possibly EIID for mannose), which couple phosphorylation and
transport in a poorly characterized mechanism that consumes one ATP per

one molecule of sugar transported (Saier et al., 2002). B. subtilis also encode
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HPr and EI, however there is an additional HPr homolog, Crh, unique to
bacilli (Reizer er al., 1999: Deutscher et al., 2002)

As previously noted in the case of E. coli the relative mixture of
permeases expressed and operative at the cell surface depends on a si gnal
transduction network. At low external concentrations of sugars the ABC
transporter family proteins, which have high affinity for specific sugars,
become important. However, these permeases require a helper protein that is
soluble and periplasmic in E. coli but is tethered to the membrane in B.
subtilis. The high affinity glucose permease in E. coli MglA has a homolog
YufO in B. subtilis (Quentin et al., 1999).

As in E. coli transcriptional repressors of B. subtilis negatively control
expression of operons encoding enzymes of carbohydrate catabolism and
transport. And in some cases these repressors are related to the Lacl/GalR
family of repressors. AraR a negative regulator of L-arabinose metabolism
controls the araABDLMNPQ-abfA metabolic operon for arabinose
catabolism and araL gene for arabinose permease (Mota et al., 1999). AraR
bears some semblance to Lacl/GalR at its C-terminal end, which is the
inducer-binding region of the Lac repressor family; however, at its N-
terminal, DNA binding domain it resembles the non-Lacl family member

GntR, the repressor of the gntRKPZ operon required for gluconate
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metabolism. GntR is the founding member of a large family of DNA
binding proteins found in bacteria that have been shown to bind to DNA in
the absence of their ligands but not in its presence (Yoshida et al., 1995).
Recently a crystal structure of a GntR family protein, FadR, was reported
and it is reminiscent of a shortened PurR (van Aalten ez al., 2000).

The PRD proteins of B. subtilis illustrate how the PTS regulates the
energy level in the cell and transduces the si gnal to a transcriptional
response. All eight PRD containing antiterminators found in the B. subtilis
genome regulate the expression of PTS permeases and their catabolic
enzymes (Reizer et al., 1999). Significantly, BglG is the only PRD
containing protein that has been characterized in E.coli. In contrast the PRD
domains are more numerous and varied in B. subtilis; transcriptional
activators with PRDs have been characterized as well. PRD contro] of
permease expression may be a major mechanism of inducer control in B.
subtilis since they have no global allosteric regulator like EITA®* from E.
coli.

The PTS regulation domain is used for transcriptional control. PRD
domains are divided in two; PRD1 and PRD?2. Each domain has two
histidine phosphorylation sites, which are largely conserved throughout the

PRD family (Fig 1-6). Phosphorylation at some sites leads to dimer
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formation while at other sites dimer destabilization (Amster-Choder et al.,
1992). Obviously the dimer state will have transcriptional consequences.

In the lic operon, which encodes genes that are important for the
metabolic use of oligomeric beta-glucosides, LicT and LicR play key roles
in the regulation of this operon. LicT acts as an antiterminator while LicR is
an operon activator. The RNA forms cruciform structures, where RNApol
stalls in the absence of LicT, but if LicT is activated it binds the RNA
inhibiting formation of secondary structure and allowing RNApol to
transcribe through. The crystal structure of the LicT-PRD, a fragment of
LicT containing both PRDs, gives some indication of a general mechanism
(van Tilbeurgh er al., 2001b). Since PRDI1 is believed phosphorylated by
EII" in the absence of inducer (inactivating) and PRD2 is phosphorylated
by EI~P and HPr~pH15 in the absence of glucose (Tortosa et al., 1997)
perhaps phosphorylation of PRD1 by EII*® disrupts RNA binding dimer
formation while EI-p and HPr-p phosphorylation of PRD2 favor RNA
binding dimer formation (Gorke et al., 1999).

Based on the LicT insi ghts into the PRD mechanism, other
antiterminator and activator proteins, which contain PRDs, are postulated to
have a similar mechanism (van Tilbeurgh et al., 2001a). Also LicR has an

EllA-like domain known to be a site for phosphorylation by EII" (Tobisch
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et al., 1999a). However, they both have N-terminal DNA (LicR; helix turn
helix) or RNA (LicT) binding domains and PRD1 and PRD?2 (Deutscher et
al., 2002). No general rule exists for the role of any given histidine; their
roles seem protein specific but the type and number of histidine
phosphorylations will affect the overall conformation of the protein and thus
its nucleic acid binding affinities. Perhaps even the dimerization state is
effected by phosphorylation (Amster-Choder et al., 1992). It has also been
postulated that sequestration of PRD proteins at the membrane by EIl may
be one mechanism for deactivation (van Tilbeurgh et al., 2001a).

Thus van Tilbeurgh and Declerk (van Tilbeurgh et al., 2001a)
propose a mechanism like LicT in which the phosphorylation state of EIT"
effects the phosphorylation state of LicR. That is, if inducer is present
phosphate flows to it from PRDs and HPr dephosphorylating, and activating
LicR, which leads to transcription of the fic operon. But if glucose is present
lic is only 5-fold induced. If no inducer is present EII" phosphorylates LicR
in its EIlA-like domain inactivating LicR regardless of the phosphorylation
state of PRDs.

Lactobacillus brevis, a low GC Gram positive bacterium, uses
modified HPr that has been phosphorylated on residue serine 46 (P-Serd6-

HPr) by HPrK/P to regulate the galactose:H+ symporter permease (galP) by
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binding to this transporter and uncoupling sugar-proton symport. This
allosteric interaction, reminiscent of the EIIA%* interaction with LacYinE.
coli, allows galactose to diffuse out of the cell (Fig 1-1 D). Radioactive
galactose diffusion was demonstrated in B. subtilis by simply expressing
galP from L. brevis in a mutant aspartate 46 HPr (S46D HPr) background
thus reconstituting inducer regulation in B. subtilis, which does not normally
d‘isplay this type of inducer control (Djordjevic et al., 2001). In a related
experiment, inactive mutants of HPrK/P in Lactobacillus casei destroy this
type of inducer control showing the importance of HPrK/P in CCR
(Dossonnet et al., 2000).

Expulsion of inducers (like cAMP) apparently does not occur in B.
subtilis, although multi-drug efflux (Saier et al., 2002) and other transporters
with outward polarity do exist in the genome. It seems prevention of
induction (modulated by PRDs) is the preferred method of controlling the

expression of many secondary catabolic operons.

Differences with E. coli
Clearly the extent and utilization of the PRD proteins in B. subtilis is
different from E. coli but many similarities do exist with the B elG

mechanism of antitermination found in E. coli. However, the major
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mechanism of CCR in B. subtilis has no parallel in E. coli. In B. subtilis HPr
kinase/phosphatase (HPrK/P) phosphorylates the HPr (and Crh) proteins on
serine 46, which act as corepressors of catabolite control protein A (CcpA;
Lacl/GalR member) to effect global metabolic control (Fig. 1-1 C&D).
Historically, the mechanism of CCR in B. subtilis was delineated by
identifying the action of CcpA at the alpha amylase operon.

The alpha amylase operon (amyE), was known from previous work to
experience negative regulation under glucose repression (Weickert et al.,
1990). Transposon inactivation of the cis acting element of negative
regulation at the amyE operon identified the ccpa gene, which encodes the
Lacl/GalR family member CcpA (Henkin et al., 1991) (Fig. 1-2). amyE was
found to contain an operator sequence overlapping the translational start site
for the operon (Weickert et al., 1990). Kim et al. showed that purified CcpA
binds to amyE DNA in vitro (Kim, J. H. et al., 1995). This operator
sequence was found to fit a consensus sequence 14 base pair pseudo-
palindromic subsequently named the catabolite response element (CRE)
(Hueck er al., 1994). Using this consensus sequence to probe the genome of
B. subtilis revealed that CREs were found near the promoter for many genes
encoding extra-cellular enzymes, intracellular carbohydrate metabolism

enzymes, some glycolytic enzymes, and sporulation enzymes (Hueck ef al.,
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1994; Tobisch et al., 1999b: Yoshida et al., 2001). Moreno et al.. discovered
that in excess of 250 genes show greater than 2-fold glucose repression or
activation directly attributable to CcpA control (Moreno et al., 2001).

Although the identification of CREs and their binding partner CcpA
may seem to explain repression of many genes there is another level of
complexity. A serine 46 to alanine mutation in HPr, which was known to be
phosphorylated at serine 46 and histidine 15 (Eisermann et al., 1988), led to
significant relief of CCR (Deutscher et al., 1994; Reizer et al., 1996); and
when a closely related protein, Crh (85aa and 45% identity to HPr) was
mutated to alanine at serine 46, in addition to the same mutation in HPr,
complete CCR relief was achieved (Galinier et al., 1997). Furthermore, the
in vitro binding of CcpA to CRE sites was si gnificantly enhanced in the
presence of phospho-S46-HPr (Deutscher et al., 1995) or phospho-S46-Crh,
(Galinier et al., 1999). These results suggested that HPr, Crh and their
modifying enzyme HPr kinase/phosphatase, are critical components of CCR
(Fig. 1-7).

Further in vitro binding studies showed that phospho-S46-HPr binds
to CcpA only if HPr is not phosphorylated at His15 (Deutscher et al., 1995).
Kraus et al. noticed that the various CcpAs found in the low G+C Gram

positive bacteria contained additional regions of conservation with respect to
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other Lacl/GalR family members (Fig. 1-2). Five mutations of the CcpA
regulator (R478S, Y89E, Y295R, A299E and R303D) from Bacillus
megaterium were identified that abrogated both catabolite repression in vivo
and P-Ser46-HPr binding in vitro (Kraus et al., 1998) (Fig. 1-8).

As we noted previously HPrK/P can both phosphorylate and
dephosphorylate residue Serine 46 of HPr and Crh. The activities of HPrK/P
are regulated by the allosteric effector fructose-1,6-bisphosphate (FBP;
favors kinase activity), and the concentration differential between ATP/GTP
and inorganic phosphate (P;; favors phosphatase activity). To date some 32
HPrK/P sequences from various bacteria have been described. These genes
are found primarily in low G+C gram positive bacteria and purple bacteria,
but the spirochete Treponema pallidum also encodes the enzyme. An
alignment of representative HPrK/P sequences shows homology and
conservation throughout the coding region, albeit with stricter conservation
in the C-terminal half of the predicted proteins (Fig. 1-9). Recently crystal
structures were reported of a fragment of the Lactobacillus casei HPrK/P
(Fieulaine et al., 2001) and the full-length Staphylococcus xylosus HPrK/P
(Marquez et al., 2002), which are discussed at length in Chapter 4.

In another interesting parallel with E. coli, glycerol metabolism is also

allosterically regulated in B. subtilis, however the regulator is p-His15-HPr

26



rather than EIIA%*, Glycerol is the only known carbohydrate that is
transported by facilitated diffusion, which is dependent on GIpF, an
aquaporin family member (Deutscher et al., 2002). In order to accumulate
glycerol within the cell and degrade it through glycolysis glycerol must be
phosphorylated by glycerol kinase (GlpK). GlpK that is phosphorylated on a
histidine by p-His15-HPr is 10-fold more active (Darbon et al., 2002). The
product, glycerol-3-phosphate, then induces the glp regulon through its
interaction with the glycerol antiterminator (GIpP). Interestingly, the gip
regulon is also controlled by a CRE element thereby providing a means to
repress transcription in the presence of glucose (Fig 1-10). This system
nicely illustrates how B. subtilis achieves a very different signaling pathway

with proteins that it shares with E. coli.

Conclusion of Comparison

The PTS system plays a central role in the metabolic cycle of both E.
coli and B. subtilis. The proteins of these PTS systems are highly
homologous and appear to function in like manner. Furthermore, the
enzymes of the PTS exert regulatory control over much of CCR. However,
in E. coli the locus of regulation appears to be EI1A#¢ through inhibition of

non-PTS permeases in its unphosphorylated state and activation of adenylate
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cyclase in its phosphorylated state. The lack of inducers and the presence of
cAMP:Crp, respectively, have widespread effects on transcription of genes
important in various metabolic cycles of E. coli.

The absence of Crp and cAMP in low G+C Gram positive bacteria is
the most striking difference with respect to E. coli and other enteric bacteria.
The PTS is still central to CCR in B. subtilis and other low G+C Gram
positive bacteria; however here global regulation of gene expression is
controlled by P-Ser46-HPr (and pP-Ser46-Crh in bacilli); and induction at
some operons encoding sugar permeases is coordinately controlled by P-
His15-HPr and their corresponding EIIBCs through PRD proteins. HPrK/P
controls the serine phosphorylation state of HPr (and Crh in bacilli), which

leads to control of transcription of a large portion of the B. subtilis genome.

Mycoplasma pneumoniae

M. pneumoniae is a human pathogen of the respiratory tract and the
causative agent in atypical pneumoniae (Krause, 1996). Although M.
pneumoniae is a member of the low G+C gram positive bacteria family, the
most well known member of which is B. subtilis, at 41% G+C it is on the
high end of the low GC spectrum. Microbiologists now believe that
Mycoplasma pneumoniae and its closest known relative Mycoplasma

genitallium evolved from a B. subtilis-like (average sequence identity with
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Bs. is 65%) precursor through gene reduction facilitated by a parasitic
lifestyle. The M. pneumoniae genome, first sequenced in 1996 and recently
re-annotated and updated, has one of the smallest genomes of free living
organisms (Dandekar ez al., 2000). At 816 Kbp and 688 open reading frames
some researchers believe M. pneumoniae may be approaching a theoretical
limit to genome reduction. However, global transposon mutagenesis
suggests that only 350 of the orfs may be indispensable (Hutchison ez al.,
1999).

Perhaps as a result of gene reductions the mycoplasmas display
numerous anomalies. Conspicuously, they have no cell wall. Also,
transcription in M. pneumoniae does not seem to have a strong consensus
—35 box; and transcripts display heterogeneity in their start sites possibly
related to the fact that M. pneumoniae has only one, rather large sigma factor
(Weiner et al., 2000). Also, M. pneumoniae have no TCA cycle genes nor do
they respire; apparently all ATP is generated from glycolysis, ribose
phosphate, and other pathways. Interestingly, genes encoding glycolytic
enzymes and proton motive force enzymes were found undisrupted in a
transposon mutagenesis study implying that their gene products are required
for viability. The identification of relativeley few orthologous proteins with

known functions suggests that the Mycoplasmas have only a handful of
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regulatory genes (Hutchison et al., 1999). However, while M. preumoniae
encodes homologues of the PTS (including HPr), homologues of CcpA and
Crh are conspicuously absent. Consequently, to the extent CCR might occur
in M. pneumoniae, its mechanism would likely be different from that of B.
subtilis.

The HPrK/P enzyme from M. pneumoniae, at 312 amino acyl
residues, is only 2 residues longer and displays significant homology to the
B. subtilis enzyme (33% identity and 54% similarity) (Fig. 1-9). Although
maintained throughout the protein, this homology is more striking in the C-
terminal domain, which contains the canonical ATP binding P-loop (Saraste
et al., 1990) and the HPrK/P family consensus sequences (Reizer et al.,
1998). Both B. subtilis HPrK/P and M. pneumoniae HPrK/P display in vitro
phosphatase activity with concentrations of ATP and P; of 200 uM and 5
mM, respectively. If 10 mM FBP is added both enzymes regain Kinase
activity (Steinhauer, 2002). In vitro kinase activity assays using B. subtilis
HPrK/P show ATP stimulates phosphorylation cooperatively (half maximal
activity at 1 mM ATP), while FBP can stimulate phosphorylation at lower
concentrations of ATP (half maximal activity at 1 mM FBP, 25 uM ATP)
(Jault et al., 2000). M. pneumoniae HPrK/P kinase activity assays suggest

that it is also activated cooperatively by ATP, although at a much lower
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concentration (half maximal activity at 10 uM). However, FBP has no
stimulatory effect on phosphorylation; it merely overcomes inhibition due to
P, (half maximal kinase activity 50 uM ATP, 5 mM P, and 10 uM FBP)

(Steinhauer, 2002).

Mechanisms of Ser/Thr Kinases and Phosphatases
Histidine Kinases

The histidine kinase (HK) — response regulator (RR) system is
perhaps the most well known protein kinase system found in bacteria. Most
HKs are homodimers localized to the membrane where they have a
periplasmic sensory domain at the N-terminus, which transduces a si gnal to
the C-terminal kinase domain in the cytoplasm (Stock et al., 2000). The HK
catalytic core of about 350 residues is unlike any serine/threonine or tyrosine
protein kinase in sequence or structure (Tanaka et al., 1998). Upon binding
of ATP the catalytic core autophosphorylates on a conserved histidine. The
phosphate is then transferred to a conserved aspartate on the RR leading to
conformational changes, which presumably facilitate DNA binding of the
winged helix-turn-helix domains of the RR (Lee, S. Y. etal., 2001). The

DNA binding signal is quenched by the eventual auto-de-phosphorylation
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activity intrinsic to the RR (West ez al., 2001). However, the HK catatlytic
domain has no obvious sequence similarities to HPrK/P.
Protein Kinases

Protein kinases initiate and perpetuate the complex intracellular
signaling cascades, found predominantly in eukaryotes, by phosphorylating
specific signaling proteins on serine, threonine, or tyrosine residues. Most
Ser/Thr/Tyr protein kinases in eukaryotes belong to the cAMP dependent
kinase (cAPK ofy) catalytic subunit superfamily based on homologies
found in their various catalytic domains. An ali gnment of 117 eukaryotic
Ser/Thr protein kinases delineated 12 short sequence motifs conserved
throughout the catalytic domains (Hanks ez al., 1991). In many cases these
sequence motifs are known to be involved in the mechanism of
phosphorylation. In fact small but correlated variations in these domains is
diagnostic for Ser/Thr or Tyr protein kinases so that the type of kinase is
easily predicted by its primary sequence. Shi et a/. in a bioinformatic
approach used the protein kinase superfamily sequence motifs from
eukaryotes to search bacterial genomes (Shi ez al., 1998). They found 28
open reading frames of putative kinases including 2 in B. subtilis and 1 each
in M. genitalium and M. pneumoniae; these sequences share no homology

with HPrK/P from M. pneumoniae. So, PKA-like protein kinases do not
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appear to be confined to eukaryotes. However, definitive evidence of a
bacterial PKA awaits biochemical verification.

The first crystal structure of PKA revealed a dual lobed, single
domain monomer (Knighton e? al., 1991). The conserved core of the PKA
structure is composed of a smaller N-terminal subdomain composed
primarily of a 5 stranded antiparallel  sheet, which binds nucleotide, and a
larger C-terminal domain of mostly o helical structure, which contains most
of the conserved catalytic residues. A single B strand links the two lobes.
The active site is on one side of a deep fissure between the two lobes
facilitating the proximal binding of the peptide substrate.

Figure 1-11 shows a model of a putative transition state structure of
PKA with ADP, AlF;, and a peptide substrate that suggests a catalytic
mechanism (Madhusudan ez al., 2002). The proposed mechanism is also
depicted in Figure 1-11. Residue Asp166 has been suggested as the likely
catalytic base. However, quantum mechanical calculations suggest that
Aspl66 may not be the general base but rather simply orients the hydroxyl
group for nucleophilic attack (Hutter et al., 1999). The Lys168 side chain
probably also plays an important role in catalysis by stabilizing the planar

charge formation of the putative transition state of the phosphate thus
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facilitating nucleophilic attack by the substrate hydroxyl (Madhusudan et al.,

2002).

P-loop kinases

The phosphate binding loop, the so named P-Loop, has the canonical
sequence GxxxxGK(T/S) and was originally idientified by Walker in 1982
(Walker et al., 1982). The P-loop is also called the Walker A box. The P-
loop is found in many dissimilar proteins that bind ATP or GTP, HPrK/P
among them. Adenylate kinases, ras proteins, elongation factors, ATP
synthase 3s, myosin heavy chains, thymidine kinases, phosphoglycerate
kinases and the HPrK/Ps from many disparate organisms can all be ali gned
with the above consensus sequence; and individual families (e.g. adenylate
kinases) may have extensions and variations on the canonical
GxxxxGK(T/S) (Saraste et al., 1990). Numerous X-ray crystal structures of
proteins containing the P-loop have been reported. These structures show
that the P-loop occurs as an intervening loop between a helix and a beta
strand that hydrogen bond with each other. Each residue is important for
nucleotide binding. For example, in p21-ras the invariant lysine, which is
found at the end of the loop and the beginning of the helix, hydrogen bonds

with both the B and y phosphate of the bound nucleotide. The invariant
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Ser/Thr residue following the lysine is involved in coordinating the bound
magnesium ion (Milburn ef al., 1990).

A survey of crystal structures of proteins with bound nucleotides
reveals most kinases that transfer the y-P of ATP or GTP to an acceptor have
3 recognizable structural motifs (Traut, 1994): the kinase-1, kinase-2, and
kinase-3 motifs. Kinase-1a, a subgroup of kinase-1 having an invariant
lysine in the motif, resembles the P-loop and interacts with the nucleotide
phosphates. Kinase-2 contains an invariant aspartate involved in
coordinating the divalent cation. Kinase-3, less often involved in binding,

interacts with the base of the nucleotide.

Isocitrate Dehydrogenase Kinase/Phosphatase

Like HPrK/P, isocitrate dehydrogenase kinase/phosphatase (IDHK/P)
is a bifunctional enzyme, which regulates the activity of isocitrate
dehydrogenase (IDH) through reversible phosphorylation on a serine found
in the active site of (LaPorte, 1993). Phosphorylated IDH is inactive and
allows isocitrate to flow through the glyoxalate shunt required for growth on
acetate. Miller et al. showed that wild type IDHK/P displays micromolar
Ks for both phosphorylated and unphosphorylated IDH (Miller et al., 1996).
The maximum velocities of both kinase and phosphatase activities are

similar but the intrinsic ATPase activity is 10-fold higher than either and
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only partially inhibited by phosphatase and kinase activity. ATP or ADP is
required for both activities but a non-hydrolyzable ATP analogue does not
support phosphatase activity. The model developed as a result of this
information maintains that IDHK/P has a single active site existing in two
different catalytically competent conformations - phosphatase ready or
kinase ready - and that the phosphatase uses the kinase back-reaction, while
the kinase alone is dependent on ATP hydrolysis.

A more recent study reveals that IDHK/P is responsive to two classes
of allosteric effectors probably acting at different sites: AMP, 3-
phosphoglycerate, and pyruvate activate the phosphatase activity and inhibit
the kinase and ATPase activities; NADPH and isocitrate inhibit kinase
activity without activating phosphatase activity and NADPH also inhibits
phosphatase activity (apparently it binds to both phosphorylation states of
IDH, whereas isocitrate only binds to dephosphorylated IDH). Isocitrate and
NADPH bind to IDH, possibly inhibiting binding of IDH to IDHK/P, and do
not affect the ATPase activity of IDHK/P (Miller et al., 2000).

IDHK/P has a number of interesting parallels with HPrK/P and may
provide some clues to future investigators of the kinetics of HPrK/P. Clearly,

the most interesting is the presence of the same dual catalytic activities of
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these two classes of enzymes and allosteric control by metabolically
important small molecules.
Phosphatases
Dual specificity phosphatases

Protein phosphatases halt the intracellular signaling cascades found in
eukaryotes by dephosphorylating specific si gnaling proteins phosphorylated
on serine, threonine, or tyrosine residues. Phosphatases are classified
according to the the type of phosphoryl bond they hydrolyze;
phosphoprotein phosphatases (PPs) are specific for the serine/threonine-
phosphate bond while phosphotyrosine phosphatases (PTPs) are specific for
the tyrosine-phosphate bond. Although PTPs generally are outside the scope
of this discussion one sub-class, called dual specificity PTP (DS-PTP), can
dephosphorylate both phospho-serine/threonine and phospho-tyrosine. The
eukaryotic tyrosine specific protein phosphatases (PTPs) all contain the
C(X)sR(S/T) consensus sequence involved in phosphate binding (Jackson et
al., 2001) however the DS-PTPs have an expanded consensus sequence
(VXVHCXXGXXRS(X);AY(L/T)M). Vaccinia H1 Related (VHR)
phosphatase, is composed of only the ~250 residues of the catalytic domain
common to all DS-PTPs. The X-ray crystal structure of VHR (Yuvaniyama

et al., 1996) reveals the presence of a phosphate binding loop containing the
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CXXGXXRS portion of the consensus sequence, which is structurally
reminiscent of P-loops but has a sequence more akin to the kinase-1b motif
(Traut, 1994).

Another defining feature of the PTPs shared by VHR and other DS-
PTPs is the mechanism of dephosphorylation. PTPs use the conserved
cysteine to carry out a nucleophilic attack on the phosphorylated residue.
The cysteine is then temporarily phosphorylated as a covalent intermediate,
which is then hydrolyzed thus completing the enzymatic cycle. Figure 1-12
gives a schematic view of the PTP mechanism as it occurs in VHR.
Specifically, residue Asp92 is thought to act as the general acid in the
development of the phosphoenzyme intermediate and the general base
responsible for the renewal of the enzyme (Jackson er al., 2001; Kim, J. H.

et al., 2001).

Serine/threonine specific phosphatases

Jackson & Denu point out that the serine/threonine specific
phophoprotein phosphatases (PP) use catalytic mechanisms very different
from those of the PTPs. PPs use a “dinuclear metal ion center proposed to
activate a water molecule for direct hydrolysis of the Ser/Thr phosphoester

bond” (Jackson et al., 2001). The PPs are categorized as PPP or PPM based
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on homology, vulnerability to inhibitors, and metal requirements among
other criteria.

PPPs have an identifiable consensus motif [DXH(X),,.
26GDXXDR(X),,GNH(E/D)]. Some well known members of this class of
phosphatases are PP1 and PP2B; X-ray crystal structures of PP1 (Goldberg
et al., 1995) and PP2B (Kissinger et al., 1995) reveal some commoh
structural features. The catalytic domains have two subdomains connected
by one strand; each subdomain has a beta sheet and the two sheets are
juxtaposed to make a double sheet. Many of the conserved residues of the
PPP family consensus motif (Fig. 1-13) are found in intervening loops at the
edge of the double sheet where they coordinate two metal ions: two Mn ions
in the case of the PP1; a Fe and a Zn in the case of PP2B.

Figure 1-13 illustrates a proposed mechanism for the PPPs based on
the PP2B structure. At the start of the cycle conserved residue Aspl18 and
Asnl150 help coordinate the metals and a water molecule, perhaps a
hydroxide ion, interacting with both metals. Binding of the phosphoenzyme
orients the phosphoester for nucleophilic attack by the hydroxide ion.
His151 acts as a general acid by providing a proton to the enzyme leaving

group while the hydroxide attacks the phosphate. Phosphoenzyme
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intermediates have not been observed for the PPPs thus water replacement of
the phosphate ion regenerates the enzyme (Jackson ez al., 2001).

The crystal structure of the only representative PPM family member,
PP2C, was determined by Das et al. (Das et al., 1996). PP2C has some
similarities with the PPP structures described above. However, the double
stranded sheet seen in PP1 and PP2B now appears as more of a beta barrel in
PP2C; the active site lies along the axis of the *barrel’ and above the
opening. The loops between the beta strands of the barrel provide 4
conserved aspartates and a glutamate that partially coordinate two Mn ions.
The two hexa-coordinated Mn ions are bridged by a water and an aspartate
while four other waters hydrogen bond with a bound phosphate. The bound
phosphate is also coordinated by both metal ions and an arginine appears to
position the bound phosphate above the metal ions. Although little work has
been done to delineate the mechanisms of members of the PPM family, Das
et al. have proposed a catalytic mechanism similar to those of PP1 and PP2B
(Das et al., 1996).

Interestingly, of the three types of phosphatases known to
dephosphorylate phospho-serine/threonine residues only the DS-PTPs have
any sequence homology to HPrK/P. This homology is limited but there are

obvious structural similarities between the VHR phosphate binding site and
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some known structures of P-loops. Ironically, the more specific
serine/threonine phosphatases, the PPs, have no structural features that

resemble the P-loop found in HPrK/P.

Conclusion

Histidine kinases and response regulators comprise well known
bacterial signalling pathways that are in some respects analogous to the
HPrK/P-HPr system. IDHK/P also displays a number of similarities with
HPrK/P and is well established as a distinctly prokaryotic system of
signalling.

Most protein kinases can perhaps trace their lineages to a common
ancestor that resembles PKA; and bioinformatics has identified numerous
candidate protein kinases in bacteria but fails to identify HPrK/P among
them. Many kinases not related to the PKA family and not normally
associated with ser/thr protein kinase activity (e. g., ras) do show ser/thr
protein kinase activity in a signalling context and also have a nucleotide
binding motif called the P-loop, which is found in HPrK/P.

Much of the work on phosphatases involves eukaryotic proteins but
recent genomic searches have discovered that each of the five phosphatase
classes may have members in some bacteria (Kennelly, 2002). Three of the

five classes of protein phosphatases dephosphorylate proteins
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phosphorylated on serine and threonine. The DS-PTPs can also
dephosphorylate phospho-tyrosine. The DS-PTPs have a structural element
that is similar to the P-loop, which is involved in binding of the phospho-
tyrosine. The strictly ser/thr phosphatases of the PPP and PPM classes have
some structural similarities to each other but not to the DS-PTPs; they bind
two metals at the opening of a beta-barrel, which interacts with the
phosphate

It is clear that E. coli and B. subtilis undergo significant metabolic
changes in response to available carbon source. These changes have similar
outcomes on the transport and utilization of sugars but they are
accomplished with very different regulatory mechanisms. In E. coli cAMP
and Crp perform the role of global transcriptional activators; operon specific
repressors (e.g. Lacl) repress transcription in the absence of inducer; and the
intracellular availability of inducer is controlled by its exclusion according
to a hierarchy of preferred carbon sources. In contrast B. subrilis do not
make cAMP nor do they encode a Crp homolog, rather CcpA and P-Ser46-
HPr (and P-Ser46-Crh) appear to act as global regulators; there is wider and
more varied use of the PRD proteins to regulate the antitermination and
activation of operons important for carbon metabolism. HPrK/P is central to

B. subtilis CCR; phosphorylation of residue serine 46 of HPr and Crh adds a
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further level of regulation of the PTS not apparent in E. coli; and these
phosphorylations lead to transcriptional regulation of a large portion of the
genes involved in carbon metabolism of B. subtilis.

With regard to M. preumoniae it is not clear what role HPrK/P fulfills
in the metabolism of these parasites. Perhaps the differences between M.
pneumoniae HPrK/P and B. subtilis HPrK/P will provide some insight to the
role of HPrK/P in these parasites. However, the sequence similarity between
the two HPrK/Ps (33% identical/ 54% homologous) virtually guarantees that
their overall fold and structure will be similar.

The studies described in this thesis are meant to begin the delineation
of a key aspect of CCR, namely the structural mechanism of HPrK/P

catalytic function.
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Figure 1-1 Comparison of the major mechanisms regulating carbohydrate
uptake and metabolism in E. coli and B. subtilis. A. The stimulating effect of
P~EII** on adenylate cyclase activity in E. coli. B. Inducer exclusion in E.
coli, inhibition of GlpK and non-PTS permeases by EII¥* | which prevails
over P~EII#® in the presence of a PTS sugar. C. P~His-HPr, predominant
when PTS sugars are absent, phosphorylates and activates GlpK in B.

subtilis. D. P~Ser46-HPr, produced by HPrK/P when FBP and ATP are
present, binds to CcpA to exert CCR in B. subtilis; also inhibits non-PTS
permeases in other low GC gram-positive bacteria. (Text and figure adapted

from (Deutscher et al., 2002)).
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Figure 1-2 CcpA sequences from various gram-positive bacteria aligned
with Lacl/GalR family members from E. coli. Accession numbers:
splP46828ICCPA - Bacillus megaterium; splP25144ICCPA - Bacillus
subtilis; splQ56194ICCPA - Staphylococcus xylosus; trlQ48518 CCPA -
Lactobacillus casei: trl087746 - Enterococcus faecalis; trlQ99TCS8 CcpA -
Staphylococcus aureus; trlQ8Y6T3 CcpA - Listeria monocytogenes;
splPO6964ICYTR - Escherichia coli; splPO3024IGALR - Escherichia coli;
splP03023ILACI - Escherichia coli; sp/P15039IPURR - Escherichia coli.
(Prepared with ClustalW and Boxshade).
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Figure 1-3 Schematic view of the PTS from E. coli. [Adapted from (Voet &

Voet 2000)]
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Figure 1-4 Alignment of HPr sequences from organisms that encode
HPrK/P with Crh from B. subtilis and HPr & NPr from E. coli. Accession
numbers: splP08877] HPr - Bacillus subtilis; trl006976 CRH - Bacillus
subtilis; splO69250! HPr - Bacillus megaterium; sp/lP750611 HPr -
Mycoplasma pneumoniae; splP07515| HPr - Enterococcus faecalis;
splQ9KIV3| HPr - Lactobacillus casei: splP029071 HPr - Staphylococcus
aureus; splQ9JQN1| HPr - Neisseria meningitidis; splO83598| HPr -
Treponema pallidum; splPO7006] HPr - Escherichia coli; splP33996] NPr
(Nitrogen related HPr) - Escherichia coli (prepared with ClustalW and

Boxshade).
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Figure 1-5 Schematic depiction of the four major types of transporters
found in living organsims. A. Channels (usually oligomeric) a voltage gated
ion channel (VIC) is depicted. B. Secondary carriers (usually mono- or
dimeric) A major facilitator (MF) superfamily porter with solute-proton
symport is depicted. C. Primary active transporters An ATP binding casette
(ABC) uptake permease is shown here. D. Group translocators A PTS
family member is represented. The functionally homo-dimeric transporter
EIIC is energized by a series of phosphoryl transfer reactions in the other
enzymes of the PTS (EI, HPr, and EITA) to phosphorylate the sugar upon
import. (Text and figure adapted from (Saier et al., 2002))
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Protein Number of Domain organisation and Phosphorylation or  Negative regulation

residues conserved histidine residues regulation by HPr by the PTS
Metabolic enzyme  Enzyme 230
1 | Yes No
Glpk Dhyceral 49 E | | (sDMand
ivP)
Antiterminator  Controlled
operon 104163 211272
| Yes Yes
GleT pisGHI 25 A WA (SDM) TICBA (P1sG)
100 159 207 269
Yes Yes
LicT bgiPH, keS 217 (SDM and TICBA (BglP)
97156 205267 ivP) N
Yes e
SacT sacPA, sacXY 276 - M WA (SDM) IIBC (SacP)
99158 207 269
Yes Yes
SacY sacB, sacXY 280 (ivP) IIBC (SacX)
Transcriptional
activator
DeoR family 219 278 333 392 559
Yes Yes
LicR licBCAH 641 (SDM)  TIA,IIB (LicA, LicB)
230 289 342 399 599
YdaA (MtIR) mHAD ? 6%4 (T H ? MUA?
22281 343 510
YjdC (ManR) ydDEF ? 648 (T WA § YjdD?
NifA/NtrC family 506 585 869
......... Yes Yes
Levk lewDEFGsacC 938 [ [[ EEFREr % (SDMand 1A, B (LevD, LevE)

Figure 1-6 B. subtilis non-PTS proteins phosphorylated and regualted by
PTS proteins. Presented are GlpK and PRD containing transcriptional
regulators; with a black box for the RNA binding domain of antiterminators;
or a small white box for an N-terminal DNA binding motif. Bold bars
indicate conserved histidyl phosphorylation sites in PRDs (striped box) or
EIIA-like domains (checkered box). Phosphorylation sites determined by
site directed mutagenesis (SDM) or in vitro phosphorylation experiments
(ivP). SacY and GIcT are phosphorylated by P~His-HPr but are active in
absence of functional HPr. All PRD regulators are probably negatively
controlled by P~EIIB mediated phosphorylation; the corresponding EIIB is
listed. (Text and figure adapted from (Deutscher et al., 2002))
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Figure 1-7 The major mechanism of CCR in B. subtilis. The uptake of PTS
sugars leads to an increase in the FBP concentration in the cell, which
stimulates the ATP dependent HPrK/P catalyzed phosphorylation of HPr and
Crh at serine 46. Only the seryl-phosphorylated forms of HPr and Crh are
capable of binding to CcpA, an interaction possibly stimulated by FBP. The
CepA complexes can then bind to CRE sites found in catabolite regulated
operons. Similar mechanisms are probably operative in most other gram-
positive bacteria, however Crh has been detected only in bacilli. (Text and

figure adapted from (Deutscher e al., 2002))
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Figure 1-8 Model of CcpA from B. megaterium. The model is based on the
PurR dimer from E. coli bound to duplex DNA, which is shown in green and
gold (Schumacher et al., 1995). Mutations of the residues shown in purple
(on monomer A) abrogate binding of p-Ser46-HPr to B. megaterium
CcpA(Kraus et al., 1998); these residues suggest the location and extent of
the surface of CcpA contacted by p-Ser46-Hpr. Hypoxanthine molecules,
shown in red, induce PurR to bind specifically to the purF promoter; small
molecule inducer may bind in a homologous site on CcpA in addition to P-
Ser46-HPr or as part of a separate mechanism. (prepared with SwissPDB

and Povray)
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E_faecalis 235 AQNERD- - [SRIPIIAeSODAMVEMANYDYVP QT RIBAYK T IvINT bRa g N Ed BlA AT D A
M_genitalium, 234 SLEEXNNASFEACSDLKLKNLIMGYKES Yy Ofdr 5 S[R T S EReRESIVY 1 DIyxiAIK SEbeT s
S_aureus 232 NENKO- -[ILEgRdV e LNEEHL SR E TEKTIPVRPGRN AVIIEVAAMNER LERIMGEINGS
L monocytogenes 235 NyOPD- -[dmygNividr oK TREFRAMDEP MTPVRP GRNIEIVI I EVAAMNF R LKIYMG Y NEY
T_pallidum SR L7 DR L Gudel BT L. D VSIS 1 B VR P GR NPT FERA A MNITR LKAMC v i

N_meningitidis 237 EADDEYMUQLIERASIRT ESILNVNVRSVﬁLPVAVGR

M_pneumoniae 294 ILDBIENQKAILKBK- - - - - - - KDfgs - -
B_subtilis 291 IMEQIITN DY Gr=-=--- EQE}Y- - ~
8 _xylosus 290 AERINDRIANA EMLERFG - - NNGNNGIJEK -
L casei 294 TKT|JEKNIAENH Liday| EETDONSSGDK- -
E_faecalis 293 TRTHERRMTRLPPIE- - - - - - -NSGH- - -
M _genitalium. 294 NIBAT LEQRAMLIJEQ ~=-TD}Y- -~
S_aureus 290 HERBASERMNEENI -SHESHE - ~
L_monocytogenes 253 MEQIITODIANNLIMGH- « - - - - SSMND- -
T_pallidum 292 BWKINQSVLKLMEOINAAHAPYYRPDDTY
N_meningitidis 297 TRIPILERHQTOLKE E----QHNEDRPD

Figure 1-9 Alignment of HPrK/P from various organisms (prepared with
ClustalW and Boxshade).
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Figure 1-10 Proposed mechanisms regulating expression of the B. subtilis
gIpFK operon at the DNA and RNA level