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Abstract

The histidine-containing protein (HPr) is a central phosphotransfer
component of the bacterial phosphoenolpyruvate:sugar phosphotransferase system
(PTS) that transports carbohydrates across the cell membrane of bacteria. There
are two HPr phosphorylation events investigated in this thesis.

Firstly HPr from Gram-positive species may undergo a regulatory
phosphorylation of an absolutely conserved Ser46 residue. There are numerous
metabolic consequences to this phosphorylation including inducer exclusion and
expulsion, inhibition of PTS sugar uptake and catabolite repression. While HPr
from Gram-negative sources cannot undergo phosphorylation of Ser46 in vivo or
in vitro it is possible to mimic the phosphorylation through the Serd6Asp
mutation. To determine the structural consequences of the mutation the
crystallographic structure of the £. coli Serd6Asp HPr was determined at 1.5 A
resolution. The structure revealed that no significant structural rearrangements are
induced by the mutation and the inability to accept phosphotransfer from Enzyme
I'is due to electrostatic disruption of the interaction of these proteins.

Phosphorylation of an absolutely conserved His15 for the purpose of
phosphotransfer represents the second phosphorylation event to be investigated.
The absolute requirement for histidine at the 15 position was investigated through
mutagenesis. The mutation of His15Asp of E. coli HPr was able to accept a

phosphoryl group from Enzyme I and further transfer the phosphoryl group to
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Enzyme IIA®". None of the other mutations of the fifteen position were able to be
phosphorylated. The His15Asp mutant had a Vmax of 0.1% and a ten-fold
increase in Km with respect to wild type HPr.

As a consequence of the phosphorylation of His1 SAsp HPr a third protein
species of higher pl than the original protein was identified. This high pl species
seemed to share numerous similarities to succinimides which are known to be
involved in deamidation. The inability 1o detect the known degradation products
of succinimides suggested that the high pl species may involve isoimide
formation. Isoimides have been proposed, but never experimentally demonstrated
in proteins. A mechanism through which the phosphoacyl intermediate may
catalyze 1soimide formation is proposed. In addition the potential involvement of
isoimide formation as a mechanism in physiological regulatory signaling is

discussed.
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Chapter 1 Introduction

1.1 The phosphoenolpyruvate:sugar phosphotransferase system

The survival and proliferation of bacteria, such as Escherichia coli, are
dependent upon their ability to detect, migrate towards and take up sugars. The
bacterial phosphoenolpyruvate:sugar phosphotransferase system (PTS) is a complex
system of proteins which functions in mediating motility towards sugars and their
subsequent translocation and phosphorylation (for reviews, see Meadow ef al., 1990;
Postma et al., 1993; Lengeler and Kahreis, 1996). Despite variability in the identity of
the sugars which are transported by individual PTSs there is a common objective of
initiation of metabolism and prevention of leakage from the cell through group
translocation and phosphorylation (Kundig ef al., 1964,1971). The general role of the

PTS can be described by the equation:

P-enolpyruvate(in) + carbohydrate(out) ——> pyruvate(in) + carbohydrate-P(in)

The PTS system is involved in a variety of other related cellular functions,
such as the regulation of uptake of non-PTS sugars (for review see Saier, 1989),
chemotaxis (for review see Titgemeyer, 1993; Lukat and Stock, 1993) and catabolite

repression (for review see Postma ez al., 1993).



The PTS can be viewed as a linear arrangement of both soluble and
membrane-bound phosphocarrier proteins and enzymes. The PTS functions as a
series of phosphotransfer reactions with the phosphate group originating from
phosphoenolpyruvate (PEP) and ultimately finishing with phosphorylation of the

sugar moiety. A general representation of the pattern of phosphotransfer within the

PTS is presented in Figure 1.1.

Fig 1.1: An illustration of the phosphoenolpyruvate:sugar phosphotransferase

system.



The first two proteins of the PTS, Enzyme 1 (EI) and histidine-containing
phosphocarrier protein (HPr) are soluble, non-sugar specific, energy-coupling
components. Enzyme I catalyzes the transfer of a phosphory! group from PEP to HPr.
Sugar specificity of the PTS originates in the Enzyme II (EII) complexes. Each EIl
complex contains, a hydrophilic EIIA domain which serves to accept phosphotransfer
from HPr, a hydrophilic EIIB domain which is phosphorylated by EIIA and a
hydrophobic EIIC transmembrane domain which comprises the sugar binding
domain. In a limited number of PTS systems such as E. coli mannose PTS and
Klebsiella pneumoniae sorbose PTS, an additional membrane-bound component EIID
exists (Postma ez al., 1993). The Enzyme Il proteins can be fused or detatched
depending on the sugar-transport system. A more detailed schematic illustrating the
differences in the Enzyme II complexes is presented in Figure 1.2.

The PTS may be regarded as a series of protein domains, these domains retain
their functional objectives whether they operate independently or as chimeras with
other PTS domains. For example, the fructose PTS in Salmonella typhimurium and E.
coli have a fructose inducible protein, FPr, which is a chimera of HPr and Enzyme
IIA (Greese et al., 1989). FPr permits strains deficient in HPr to grow on fructose
(Waygood et al., 1984). A chimera of Enzyme I, HPr and Enzyme II has been
identified for the fructose PTS from Rhodobacter capsulatus (Wu et al., 1990).
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Figure 1.2 An illustration of representative Enzyme II complexes.



1.2 Components of the PTS
Due to the wealth of information available regarding the specific details and
variations of each PTS protein this overview will focus only on details of immediate

importance to the research of this thesis.

1.2.1 Enzymel

The first protein component of the PTS is a common energy-coupling protein
Enzyme 1. Enzyme I initiates sugar-uptake by catalyzing the first PTS reaction of
phosphotransfer from PEP to HPr. The importance of this reaction to PTS function
has been illustrated by the diverse effects of Enzyme I mutation including disruption
of PTS sugar uptake and inability to induce synthesis of catabolic enzymes. (Saier e/

al., 1972).

1.2.1.1 Comparison of Enzyme 1 from different species

Enzyme [ is present in all bacterial species which contain a PTS and its role
and properties seem to be conserved. The sequences of Enzymes I from various
species have been determined from gene sequences. Sequence alignments of
Enzymes I from seven species of bacteria including E. coli, Bacillus subtilis,
Alcaligenes eutrophus, Staphylococcus carnosus, Streptococcus salivarius and S.
typhimurium demonstrate a high degree of homology. In particular there are six
regions of Enzyme 1 sequence which are strongly conserved in all (Reizer ef al,,
1993). A more specific comparison of sequences of E. coli and S. yyphimurium

Enzymes I illustrates the high degree of similarity; both proteins are 575 amino acids



long with only 16 substitutions (De Reuse er a/., 1985; LiCalsi er al., 1991). Critical
residues, such as the active site histidine 189, are conserved. Similarity of the active
sites is further indicated by the comparable phosphohydrolysis properties of the active
site phospho-histidines (Waygood er al., 1987, Anderson ef al.,, 1992). In general,
Enzyme I is functional as a homodimer (Waygood and Steeves, 1980; Misset ef al.,
1980, Weigel er al., 1982), the exception being Enzyme 1 from Mjycoplasma
capricolum which functions as a tetramer of three different subunits (Ullah er al.,

1977). The monomeric subunits range in weight from 58,00 to 85,000 daltons.

1.2.1.2 Enzyme I kinetics

The kinetic properties of the phosphoryl transfer from PEP to HPr by Enzyme
I have been extensively characterized. In £ coli Enzyme I has a Km of 6.0 yM with
respect to HPr and 0.18 mM with respect to PEP (Saier e al., 1980, Waygood and
Steeves, 1980). Similarly S. nyphimurium Enzyme I has a Ko, of 4.5 uM for HPr and
0.20 mM for PEP (Weigel er al., 1982) Studies with S. fyphimurium and E. coli
Enzyme I indicate the kinetic mechanism of the reaction is that of a bi-bi ping-pong
reaction, (Cleland, 1963, Weigel ef al., 1982) indicating that phosphorylation of HPr
proceeds through a phosphorylated Enzyme I intermediate. This is supported by the
observation that £ coli Enzyme 1 catalyzes isotope exchange between PEP and
pyruvate (Saier ez al., 1980; Hoving ef al., 1981).

Collectively, studies indicate (for review see Meadow e al., 1990; LiCalsi ef
al., 1991) that the phosphorylation of Enzyme I by PEP occurs when it is dimerized.
Enzyme I has two sites of phosphorylation per dimer (Weigel e al., 1982, Waygood,



1986). Phosphorylation occurs on the N atom of a conserved His189 residue in the
active site region. Despite early reports that the dimer is the active form of Enzyme I
(Misset er al., 1980) further investigations suggeted that the phosphorylated dimer
disassociates into two phosphorylated monomers, which is the catalytic unit for
phospho-transfer to HPr (Han er al., 1990; LiCalsi er a/., 1991; Chavin e al., 1992).
The unphosphorylated Enzyme I monomers then reassemble into the dimer to restart
the process. As the rate of dimer formation would be the rate-limiting step in
initiating PTS phosphotransfer (Misset er al., 1980; Han er al., 1990; Chauvin et al.,
1992) the ratio of monomer to dimer may serve to regulate rates of sugar uptake in

whole cells (Waygood et al., 1977; LiCalsi et al., 1991).

1.2.1.3 Structure of Enzyme I

The overall three dimensional structure of the Enzyme 1 has not been
determined. The size of the Enzyme I is outside the current limits of structural
determination by NMR and the entire protein has proven difficult to crystallize into
suitable quality crystals. Recently, however, the N-terminal fragment (MW ~30 kDa)
of E. coli Enzyme I has been determined crystallographically at 2.5 A (Liso ef al.,
1996). The N-terminal domain of Enzyme I contains the active site His189 and can
accept a phosphoryl group from P-HPr but not from PEP (LiCalsi er al., 1991). The
N-terminal fragment is composed of two structural domains; a helical domain
consisting of four a-helical structures arranged into two hairpins in a claw-like

conformation. The second domain is comprised of a B-sandwich consisting of a three-



stranded anti-parallel B-sheet in conjuncture with a four-stranded parallel B-sheet
united with three short a-helices (Liao er al., 1996).

The second domain shows topological similarity to the phosphohistidine
domain of the enzyme pyruvate phosphate dikinase (Herzberg er al., 1996, McGuire
et al., 1998) as well as a moderate degree of sequence homology (Reizer er al., 1991).
The reaction catalyzed by the pyruvate phosphate dikinase has similarities to the
Enzyme I catalyzed reaction, most importantly an autophosphorylation of a conserved
histidine residue by PEP. The similarity of this domain would suggest a similar
functional role in mediating the phosphorylation of the active site His189 residue by
PEP. The helical domain would therefore be expected to be involved in mediating
recognition and phosphotransfer to HPr (Liao ef al., 1996).

A structure solution of the N-terminal fragment of E. coli Enzyme 1 was
determined by multidimensional NMR and reached the same conclusions as the

crystallographic work (Garrett ez al., 1997).

1.2.1.4 Enzyme I/HPr interaction

The interaction between HPr and the N-terminal fragment Enzyme I, both of
E. coli, has been investigated by crystallography (Liso ef al., 1996) and using
heteronuclear magnetic resonance spectroscopy to monitor chemical shifts which
emerge as a consequence of interaction of the two proteins (Garrett ef al.,, 1997,
1999). The most significant alterations which occur as a result of the interaction are in
the a-helical domain of the N-terminal fragment, in particular in helices H1, H2 and

H4 of Enzyme 1. This is consistent with the speculation thzt the helical domain



represents the unique portion responsible for HPr recognition while the alpha/beta
domain is involved in the interaction with PEP. The respective active site histidines,
His15 of HPr and His189 of Enzyme I were speculated to interact in the shallow cleft
which exists between the two functional domains of the N-terminal Enzyme 1
fragment. Furthermore it was demonstrated that no significant structural alterations
occurred in the active site region of the N-terminal fragment as a result of the
interaction with HPr (Garrett er al, 1999), although it must be noted that
phosphotransfer was not occurring as neither of the proteins was in the

phosphorylated form.

1.2.2 Enzymes Il complexes

Specificity of sugar uptake by the PTS is established by the Enzyme II
complexes which link the non-sugar specific, initiating reactions to the specific
uptake and phosphorylation of sugar residues. Although the Enzyme II complexes are
similar in size, approximately 625 amino acids, they are the point of greatest
structural diversity within the PTS (Saier e al., 1988). Saier and Reizer (1992) have
classified the Enzyme II complexes in six categories based upon sequence homology.
Common to the Enzyme II™™ complexes is the presence of at least three protein
domains, operating alone or fused into chimeric structures (Saier and Reizer, 1992).
The hydrophilic Enzyme IIA subunit accepts the phosphoryl group, from N*'-P-His15
of HPr, on an N* atom of a histidine. In turn phosphorylated Enzyme IIA is able to
transfer the phosphoryl group to a cysteine residue in most Enzyme IIB proteins (Pas
et al., 1991). The Enzyme IIB proteins of E. coli mannose, B. subtilis fructose and K.
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pneumoniae sorbose systems are phosphorylated to form a P-N°!-histidine residue.
All EIIB domains are hydrophilic. The phosphoryl group can then be donated to the
sugar moiety recognized and translocated by the hydrophobic transmembrane EIIC
domain (Saier and Reizer, 1992). In some Enzyme II complexes there exists a fourth
protein component EIID. The EIID domain has been found in the PTSs of £. coli
mannose (Erni, 1989), the B. subtilis fructose (Martin-Verstraete ef al., 1990) and the
K. pneumoniae sorbose (Wehmeier et al., 1995) sugar-transport systems. The EIID
domain is a hydrophobic transmembrane domain which is likely involved in
recognition or transport of the sugar residue. The Enzyme II permeases are often

inducible enzymes to optimize utilization of currently available sugar substrates.

1.2.2.1 Enzyme IT** from Escherichia coli

The Enzyme II¥® system will be examined in detail as a representative
Enzyme IT™® complex. Glucose is the preferred sugar of E. coli and the system of its
uptake has been extensively studied with respect to structural, kinetic and regulatory
parameters. The Enzyme I1® complex of E. coli consists of two polypeptide chains;
EINIA® and EIIBC®".

The hydrophilic EIIA® protein has a molecular weight of about 18,550
daltons. EIIA®* is phosphorylated by HPr on the N2 position of His90 (Meadow and
Roseman, 1982; Dorschug ez al., 1984). Another histidine, residue 75, is not involved
in accepting the phosphoryl group from HPr, but is required for donation of the
phosphoryl group to EIICB® (Presper et al., 1989). Two forms of the EIIA protein
can be purified from E coli, EIA%fast and EIIA®slow, corresponding to their
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electrophoretic mobility. EIIA®™* results from the removal of seven residues from
the N-terminus of the protein as a consequence of an endopeptidase reaction
(Meadow and Roseman, 1982). NMR investigations indicate that no significant
structural differences between the proteins (Pelton et al., 1992). The phosphodonor
properties of EIA®fast are severely impaired in phosphodonation, but not
acceptance, indicating the N-terminus may be involved in the interaction between
EHA® and EIIBC®".

EIIBC** is integral membrane protein with a molecular weight of 50,650
(Emi and Zanolari, 1986). The hydrophobic domain, EIIC, spans the membrane six to
eight times and is predicted to contain the sugar-binding domain (Hummel ef al.,
1992). The EIIB domain is phosphorylated by EIIA® on a cysteine at the 421
position (Nuoffer er al., 1988). Given the numerous regulatory roles of EIIA¥® which
requires the interaction of EIIA®® with many other proteins the interaction between

EIIA®° and EIIBC® is expected to be weak and transient (Emi, 1989).

1.2.2.2 Structure of Enzyme IIA*™ from E coli

The structure of EIIA® protein from E. coli has been determined by x-ray
crystallography at a resolution of 2.1 A (Worthylake er al., 1991). The structure
consists primarily of anti-paraliel B-sheets which form a B-sandwich. The two
histidines, His75 and His90, are located close together in a hydrophobic region with
the N atom of His90 exposed to solvent. This hydrophobic region about the active
centre region has been proposed to be critical in mediating interaction with a similarly

electroneutral region of HPr for phosphotransfer (Herzberg, 1992b).
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The structures of the phosphorylated and unphosphorylated forms of E. coli
EIIA®< were determined using 3D NMR (Pelton e al., 1992; Chen et al., 1993). The
structures indicate that no significant structural alterations arise as a consequence of
phosphorylation. The structural differences are minor and limited to the immediate

area about the active centre.

1.23 HPr

HPr, the histidine-containing protein is a small, soluble protein which
occupies a central position in PTS function by acting as a phosphotransfer protein
between Enzyme I and the EIIA™® proteins. HPrs from different species can vary in
size from 6,700 to 15,000 daltons (for review see Meadow ef al., 1990). HPr is
present in all PTS-containing bacteria, as well as some strains which lack a functional
PTS. The presence of HPr in Lactobacillus brevis and Lactobacillus buchneri, both of
which lack the other PTS components, suggests that HPr is involved in other cellular,
non-PTS, processes (Reizer ef al., 1988). This is further supported by the discovery of
a gene encoding an 82-amino acid HPr-like protein in the eukaryotic mold,

Asperigillus fumigatus (Barker et al., 1991).

1.2.3.1 Comparison of HPr from different species

HPr has been extensively studied in a variety of species. The amino acid
sequences of HPr from numerous organisms have been determined and comparisons
made (Reizer e7 al., 1993). While there is only approximately 30% amino acid

identity between HPrs from Gram-positive and Gram-negative species, many of the
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differences are conservative alterations. Conservation of sequence is particularly
evident in the active centre region including the absolutely conserved Hisl5 and
Argl7 residues. A comparison of HPrs and HPr domains from the multi-domain
protein FPr is presented in Figure 1.3.

A critical difference between HPrs from Gram-positive and Gram-negative
species is the potential for regulation of HPr in Gram-positive bacteria (Deutscher er
al., 1984,1989). In Gram-positive bacteria HPr performs an important regulatory role
through the phosphorylation of a conserved Ser46 residue by an ATP-dependent
kinase (Deutscher er al, 1983; Eisermann er al., 1988). The physiological
consequences of Ser46 phosphorylation of HPr in Gram-positive bacteria will be
discussed later. This Ser46 phosphorylation has never been demonstrated with HPrs
from Gram-negative sources, despite the conservation of the Ser46 residue and
remarkably similar overall structures (Waygood ef al., 1984; Jia et al., 1994a). It is
suggested that the immediate surrounding environment about Ser46 determines the
potential for the regulatory phosphorylation event (Jia ef al., 1994a). In Gram-positive
bacteria there is considerable conservation about the Ser46 region of HPr extending
from residues 40-50. This conservation is not evident in Gram-negative such as E.
coli HPr. Structural analysis reveals that the overall positioning of Ser46 of HPr is
remarkably similar in Gram-positive and Gram-negative bacteria and suggests that
the inability to phosphorylate HPrs from Gram-negative bacteria with the ATP-
dependent kinase may be the result of steric interference of neighboring side chains
(Jia et al., 1994a). In particular Gram-negative bacteria have a lysine at position 49 of
HPr whereas Gram-positive bacteria have a glycine.
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Fig 1.3 Sequences of HPrs and HPr domains from multidomain proteins from
fructose-specific PTS (FPr). The alignment is adapted from Reizer ef al.. (1993).
Conserved residues are bolded. Consensus residues are defined for residues for which
there are a maximum of two different residues for a given position.
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A chimeric HPr protein was created in which Gram-positive M. capriculum
HPr, was substituted in the residues 43-57 with the E. coli HPr sequence (Zhu et al,,
1998). This chimeric protein was unable to be phosphorylated by either the ATP-
dependent kinase or Enzyme 1. Further mutagenesis was performed to determine the
critical residues for both types of phosphorylation. It was concluded that the identity
of residues 51-57 was essential for His1S phosphorylation by Enzyme I and residues
48, 49 and 51-53 were distinctive in the recognition by the ATP-dependent kinase

(Zhu et al., 1998).

1.2.3.2  HPr structural information

HPr has been the subject of numerous structural investigations. Structures
from a variety of sources having been determined by both x-ray crystallography, E.
coli (Jia et al., 1993a), Streptococcus faecalis (Jia et al., 1993b,1994b), B. subtilis
(Herzberg et al., 1992b), M. capricolum (Pieper et al., 1995), and NMR; E. coli
(Klevit er al., 1986), B. subtilis (Wittekind et al., 1992) and Staphylococcus aureus
(Kalbitzer er al., 1993). In addition the phosphorylated forms of HPr have been
investigated from E. coli (van Nuland er al., 1995) and B. subtilis (Jones et al.,
1997b). The small size makes HPr ideally suited for such studies. HPr has also proven
to crystallize with relative ease and has provided high quality crystals that diffract
well and are remarkable stable during x-ray diffraction data collection. The
abundance of mutants and the ease with which others can be produced makes HPr a

model protein for investigation of issues of concemn to all structural biochemists.
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1.2.3.2.1 HPr NMR investigations

The first investigations of the HPr molecule through NMR were to examine
the unusual pK, of the active centre HislS residue and the phosphohistidine
intermediate (Gassner er a/., 1977). The pKas of free amino acids can be described by
a specific, constant value. In the context of proteins, the pK, of an amino acid can be
considerably different from that of the free amino acid due to effects of the
microenvironment, such as electrostatic influence of nearby charged groups or helix
dipole influences. Histidine, with a pK, in the physiological range, is of interest due
to the potential for a dynamic protonation state during physiological function (Sancho
et al., 1992). In E. coli HPr, the pK, of the HislS residue was found to be 54,
corresponding to the imidazole N*! nitrogen atom and upon phosphorylation the pK,
shifts to 7.8, corresponding to the imidazole N atom (Dooijewaard er al., 1979;
Kalbitzer er al, 1982; Anderson ef al, 1992). Functionally this means that at
physiological pH the active centre His15 is deprotonated, providing a free pair of
electrons on the imidazole N®' nitrogen atom. These free electron pairs are essential
for the nucleophilic attack on the phosphoryl group carried by Enzyme I. The
protonation of the imidzole N® atom (pK, = 7.8), is involved in mediating the
phosphory! group into a good leaving group, facilitating transfer to the EIIA protein.
The protonation state of the active centre histidine of HPr is essential for its
physiological function. A schematic detailing the charge distribution which occurs

during phosphotransfer is presented in Figure 1.4.
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Fig. 1.4: Schematic illustration of PTS phosphohistidines during phosphotransfer: A)
Deprotonated (pKa = 5.4) N*' of His15 of HPr serves as a nucleophile to the bound
phosphoryl group of Enzyme I; B) In P-HPr the imidazole is protonated (pKa = 7.8)
providing a good leaving group for the attack of the free electron pair of the N of the
imidazole of EIIA; C) Phosphory! group transfer from HPr returns the N* atom of
His15 to the reactive unprotonated form.
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NMR has also provided information regarding the dynamic structural features
of the active centre during phosphotransfer (Rajagopal er al., 1994; van Nuland er al.,
1995,1996; Jones et al., 1997b). In both E. coli and B. subtilis HPrs, phosphorylation
of His1S results in a minor conformational change which allows the phosphoryl group
to form hydrogen bonds with the main-chain nitrogen atoms of residues 16 and 17.
The side chains of residues 12 and 17, which have long been proposed to be involved
in stabilization of phosphorylated His15, do not appear to have extensive roles in this
regard. Argl7, which is conserved in all HPrs, is restrained from its native mobile
positioning and the guanidinium group approaches but does not interact with the
phosphoryl group. Residue 12, asparagine in E. coli and serine in B. subiilis, maintain
positions very similar to that of the unphosphorylated form (for review see Waygood,
1998).

NMR has also been utilized to investigate the structural alterations which
occur in the regulatory Ser46 phosphorylation event. NMR investigations of B.
subiilis HPr Ser46 phosphorylation indicate that inactivation of the protein occurs in
the absence of any major structural rearrangements (Wittekind er al., 1989, 1990,

1992; Pullen e? al., 1995).

1.2.3.2.2 HPr crystallographic investigations

There have been numerous crystallographic determinations of HPr from a
variety of species; E. coli (Jia et al., 1993a; Napper et al., 1996; Prasad er al., 1998),
B. subtilis (Herzberg et al., 1992b), S. faecalis (Jia et al., 1993b,1994b) and M.
capricolum (Pieper et al., 1995). All share a similar folding topology. The overall
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folding of HPr is a classic open-faced B-sandwich composed of four anti-parallel B-
strands and three a-helices. The four B-strands form a single, pleated anti-parallel B-
sheet on one face of the protein and the three a-helices lie on one side of the -sheet.

There are also four reverse turns and several regions of extended structure. A ribbon

diagram of the £ coli HPr is presented in Figure 1.5.

Fig 1.5: Ribbon representation of /-. cofi HPr. Diagram produced with SETOR
(Evans, 1992).
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The interpretation of HPr crystallographic structures must consider the pH at
which the crystals were produced. Structures obtained from crystals produced at pH
below 5.5 will have Hisl5 in the improper protonation state for the
unphophosphorylated species. The common occurrence of a sulfate anion in the
active centre of HPr must also be interpreted with caution. While the fortuitous
presence of a sulfate in the active centre region is thought to mimic the
phosphorylated state, other studies have indicated that the structural interactions
between proteins and sulphate and phosphate anions are not identical (Copley and
Barton, 1994). Despite these considerations there is a conserved active centre
secondary structure orientation. The positioning of active centre side chains is
generally conserved. The active centre of E. coli HPr is presented in Figure 1.6 with
labeling of proposed critical residues. The significance of these residues in the active

centre is subsequently discussed.

1.2.3.3 Active centre of HPr

Considerable evidence has been gathered regarding the active centre residues
of HPr through various structural determinations as well as site-directed mutagenesis.
Phosphohydrolysis studies have also assisted in understanding which residues
contribute to the properties of the active centre region (for review Anderson, 1995).
The principle residues which have been implicated in the HPr active centre, His15,
Argl7, Glu85S and residue 12 which has a variable identity across species, will be
discussed in detail.
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ASN 12

ARG 17

Figure 1.6: The active centre of wild type E. coli HPr. Diagram was produced with
SETOR (Evans, 1992).

1.2.3.3.1 His1S

Histidine at position 15 is absolutely conserved in all HPrs sequenced to date.
His15 is phosphorylated at the N*' position of the imidazole ring, forming an
unstable, high-energy phosphoramidate (Anderson ef a/., 1971). An essential feature
of HPr phosphotransfer abilities is the unusual pKa of His 15 in the native structure.
Investigations of HPrs from E. coli (Dooijewaard ef al., 1979, Kalbitzer er al., 1982,
Anderson et al., 1991,1993), B. subtilis, S. faecalis, Stretococcus lactis (Kalbitzer et
al., 1982) and S. awreus (Gassner et al., 1977) all report that the pKa of Hisl$ is
considerably lower than that of free histidine. The pKa of unphosphorylated £. coli
HPr HislS is 5.4 (Anderson er al., 1991, 1993). Mutagenesis studies of E. coli HPr

illustrate that the micro-environment of the active centre region, including the helix A
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dipole, are responsible for the unusual pKa (Anderson er al., 1991,1993). In all
structural determinations, HislS is located at the N-terminus of helix A. The
tautomeric state of both HPr and P-HPr involve the protonation of the N* atom of the
imidazole ring (Rajagopal ef al., 1994). With the ionization of the incoming dianionic
phosphoryl group results in change in charge of —1 upon phosphorylation.

The possibility of functional substitutions of the His1S residue of HPr will be
investigated in this thesis. Substitutions are based on the observation of their

phosphorylation in other proteins as well as structural similarity to histidine.

1.2.3.3.2 Argl?

An arginine at position 17 is conserved in all HPrs sequenced to date. The
modification of Argl7 with cyclohexanedione resulting in an HPr of about 20%
activity was the first indication of the importance of this residue (Kalbitzer er al,
1982). The involvement of arginine side chains in phosphoryl group transfer
mechanisms had been previously discussed (Knowles, 1980) and a similar role was
hypothesized for the Argl7 of HPr (Waygood ef al., 1985). All mutations of the 17
position, including the conservative change to lysine, result in severely impaired
kinetic properties with respect to both Enzyme I and EIIA proteins, with the
exception of EIIA™, which demonstrated modest alterations (Anderson et al., 1993).
The kinetic properties suggest that Argl7 has dual function in mediating interaction
with Enzyme 1 as well as in the catalytic mechanism. While it has been suggested that
the role of Argl7 in phosphotransfer is to accommodate the negative charge

introduced by phosphorylation through interaction of the guanidinium group, this is
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not supported by NMR investigations (van Nuland er al., 1995; Jones er al., 1997b).
While the structural evidence regarding the positioning and functional role of Argl7
in HPr phosphotransfer is far from unanimous the majority of the evidence would
indicate Argl7 is mobile and adopts a more constrained position as a consequence of
phosphorylation; however, this does not involve binding the phosphory! group (for

review see Waygood, 1998).

1.2.3.3.3 C-terminus

A point of disagreement between structural investigations and mutagenic
analysis of the HPr active centre is with regard to the involvement of the C-terminal
residue. In E. coli, the involvement of a glutamate residue in the active centre was
suggested from the pH-dependency of phosphohydrolysis of P-HPr (Waygood et al,
1985). Two dimensional NMR investigations of HPr supported the involvement of
Glu85 in the active centre (Klevit and Waygood, 1986). The crystallographic
determination of E. coli HPr at 2.0 A resolution indicated an interaction between the
C-terminal a-carboxylate, rather than the side chain y-carboxylate, with the active
centre histidine (Jia e al., 1993a). A crystallographic determination of the HPr:Jel42
antibody complex at 2.5 A resolution, in which the active centre has no
intermolecular crystallographic contacts, shows no involvement of Glu85 with His15
(Prasad er al., 1998). HPrs from Gram-positive bacterial species position the C-
terminus, which extends beyond residue 85, away from the active centre (Herzberg ef

al., 1992b, Jia er al., 1994a). In addition mutagenic studies of E. coli HPr, however,
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demonstrate little consequence of deleting or mutating this residue (Anderson er al.,

1991).

1.2.3.3.4 Residue 12

Residue 12 is not highly conserved, threonine in S. qureus and S. faecalis,
serine in B. subtilis and asparagine in E. coli, yet all retain the potential and structural
positioning for hydrogen bond formation with HislS. In the S. faecalis
crystallographic structure there is a hydrogen bond between the main-chain carbony!
of Thr12 and the N*! atom of His15 (Jia et al., 1994b). In the B. subtilis structure the
hydroxyl group of Serl2 forms a hydrogen bond with the N© atom of Hisl$
(Herzberg ez al., 1992b). Van Dijk er al. (1990) reported that the NMR spectral
properties of His15 in E. coli HPr were consistent with hydrogen bonding to the N<
atom of His15 and that Asn12 was the most likely residue to be participating in this
hydrogen bond (van Nuland er al., 1995). While no interaction between Asnl2 and
His15 were found in the E. coli HPr x-ray structure, the potential for hydrogen
bonding was proposed through permitted rotation of Asnl2 (Jia ef al., 1993a). Multi-
dimensional NMR experiments and molecular dynamics investigations implicate
Asn12 to be a likely candidate to form the N hydrogen bond with His15 in E. coli
HPr based on pH-dependent changes to resonances (van Nuland er al., 1992) and
suggest this interaction may be maintained in the P-His species (van Nuland ef a/.,
1995). The recently described 2.5 A resolution structure of the complex of the Jel42
monoclonal antibody Fab fragment with HPr shows a hydrogen bond between the

Asn12 side chain and the N atom of His15 (Prasad e al., 1998).



25

Also supportive of the role of Asn12 in the active centre region are the kinetic
alterations, as well as changes in the phosphohydrolysis properties, which occur in
HPrs which undergo deamidation at this site to form the species HPr-2; Km 15 uM
and Vmax 30% (Waygood ez a/., 1985, Sharma ez al., 1993). Deamidation results in
the production of both L-aspartic as well as L-isoaspartic acid. The Asn12Asp mutant
of E. coli HPr was produced to mimic HPr-2 and produced similar kinetic
consequences (Sharma ez al., 1993).

The structural and kinetic evidence, as well as the pattern of conservation of
amino acids at residuel2, suggest hydrogen bonding capabilities are required at this
position. The proposed hydrogen bond to the N atom of the His15 imidazole would
serve to correctly position the His15 for phosphorylation and to specify phosphoryl
transfer to the N*' atom. It would appear from species comparison that the exact
identity of the residue at the 12 position is not as important as hydrogen bonding
capabilities. The importance of the hydrogen bonding capabilities of a residue at

position 12 will be examined in this thesis.

1.2.3.4  Deamidation of HPr

The earliest investigations of the HPr protein reported the observation of sub-
species of the protein. These species were of the same approximate molecular weight
as the wild-type protein but were more negatively charged (Anderson ef al., 1971).
These HPrs are designated HPr-1 and HPr-2, corresponding to their order of elution
from a DEAE-cellulose column. Deamidation is an established mechanism of

spontaneous covalent modification of proteins which occurs as a consequence of



26

protein aging or extreme conditions of pH or temperature. Deamidation resulits in the
formation of protein species of more negative charge than the original protein (for
review see Wright, 1991; Clarke, 1992). Based on the extent of charge difference
between the wild type, HPr-1 and HPr-2 HPr proteins it was determined that HPr-1
arose as a consequence of a single deamidation event whereas HPr-2 required a
second deamidation event. HPr-1 demonstrated unimpaired kinetic properties while
HPr-2 showed changes to kinetic properties as well as to phosphohydrolysis rates
(Waygood et al., 1985).

In E coli HPr there are eight residues with deamidation potential, six
glutamines and two asparagines. Both asparagines are followed by glycines; Asnl2-
Gly13 and Asn38-Gly39. High rates of deamidation are often observed when the
potential deamidating residue is in a region of high main-chain flexibility. The
combination of asparagine followed by a glycine is the most commonly occurring
deamidation site due to the flexibility of the main-chain imparted by glycine (for
review see Wright, 1991). Site-directed mutagenesis verified that these asparagines,
Asnl2 and Asn38, were the sites of deamidation in E. coli HPr (Sharma et al., 1993).
The functionally inconsequential HPr-1 formation is a result of deamidation of Asn38
while deamidation of the active site Asnl2 showed greater influence on kinetic and
phosphohydrolysis profiles (Sharma er al., 1993). It is interesting to note that the
Asn38 residue is in a tight B-turn in the E. coli HPr structure that would not seem
conductive to succinimide ring formation due to steric restraints. The steric
requirements for deamidation through succinimide ring formation will be discussed

later in greater detail.
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1.3  Phosphoamino acids of the PTS

The post-translational modification of proteins through phosphorylation by
protein kinases occurs on a limited sub-set of amino acids. These phosphorylated
amino acids differ in their chemical properties and physiological roles. There are two
primary classes of phosphoamino acids based upon physiological function, first those
involved in regulation of enzymatic activity, these include phosphorylation of serine,
threonine and tyrosine residues. These phosphoesters are stable linkages and
generally serve in regulation of enzymatic catalysis without any direct involvement in
the catalytic mechanism. Removal of phosphoryl groups from these phosphoesters
usually requires a specific phosphatase enzyme. An example of this type of
phosphorylation is seen in Gram-positive PTSs with the regulatory Serd6
phosphorylation of HPr.

The second class encompasses phosphoryiation for the purpose of
phosphoryl group transfer, these include aspartyl, glutamyl, histidinyl and cysteinyl
phosphorylations. Phosphohistidines generally act as high-energy phospho-
intermediates for the purpose of transferring the phosphoryl group from a
phosphoacceptor to a phosphodonor molecule (Stock er al., 1989). Examples of
phosphohistidines in phosphoryl group transfer include the bacterial histidine kinase
phosphotransfer components (Parkinson ez al., 1992) as well as the PTS.

An interesting subcategory of regulatory phosphotransfer reactions involves
the transfer of a phosphoryl group to an aspartyl group. Phosphorylation of aspartate
residues in this context have been reported in a number of systems such as the

bacterial two-component system (for review see Stock e al., 1989, Parkinson ef al.,
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1992). Bacteria contain a phosphotransfer signaling system, referred to as the two
component system, to regulate adaptive responses to an extracellular stimulus. The
system is comprised of two types of signal transducers, a sensor kinase and a
response regulator. The sensor kinase monitors environmental signals and modulates
the function of the response regulator accordingly (Nixon er al., 1986). The
mechanism of this regulation is through a histidinyl to aspartyl phosphotransfer (for
review see Stock er al., 1989; Lukat er al., 1991).

The phosphotransfer events in the PTS involve phosphorylations of four
different proteins, leading to three different types of phosphorylations on two
different amino acids (Meadow er al., 1990). The beginning to this phosphotransfer
chain is the initial phosphate donating molecule phosphoenolpyruvate (PEP). The
standard energy of hydrolysis of PEP (-14.7 kcal/mol) is nearly double that of ATP
(-7.5 kcal/mol). The first three phosphorylations of the PTS involve the amino acid
histidine. Histidine is a functionally diverse amino acid and is found in the active sites
of many enzymes (Schneider, 1978). The diversity is due to the presence of the
imidazole ring which bestows both hydrogen acceptor and donor properties.
Moreover, the imidazole ring presents two potential phosphorylation sites, atoms N°!
and N2 (Hultquist er al., 1966, Hultquist, 1968). Both types of histidine
phosphorylation are found in the PTS. Phosphoryl group attachment at the N°*!
position of the imidazole ring of free histidine is much more labile than N© linkages
in histidine due to the interaction of the N®' phosphoryl group with the positively-
charged amino group (Hultquist, 1966). In proteins the amino group is involved in a
peptide bond and the phospho-stability properties of histidines differ from free
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histidines. For the E. coli HPr P-N°'-His15 the rates of phosphohydrolysis are three
times higher than that for a free P-N°'-histidine (Anderson ef al., 1993). The local
structural and electrostatic environment of histidine in the protein may have
significant influence on the chemical properties (Waygood er al., 1985, Anderson et
al., 1993) and the properties of histidine may vary considerably in different protein

contexts.

A general pattern of phosphotransfer between histidines is the alternation of
points of attachment from N°' to N atoms and vice versa. This tendency is also true
of the PTS phosphotransfers. Enzyme I is phosphorylated by PEP at the N* atom of
His 189, HPr is phosphorylated at the N*' atom of His 15 and the EIIA proteins are
N phosphorylated (for review see Postma ef al., 1993).

Variability exists in the type of residue which is phosphorylated in the
EIIB™® proteins. Cysteine is the most common site of phosphorylation in the
EINIB™®™ proteins. However, in the E. coli mannose, B. subtilis fructose and K
pneumoniae sorbose sugar transport systems EIIB domains form P-N°'-histidine

intermediates.

1.4 Regulation by the PTS

The PTS, also controls the uptake of many non-PTS sugars and would seem
an ideal point for regulation of expression of proteins involved in sugar metabolism.
Through control of uptake of sugars, the PTS can efficiently indicate the appropriate
enzymes which are required in the cell. Regulation of carbohydrate metabolism, by

PTS components occurs indirectly in a manner which is dependent upon the state of
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PTS phosphotransfer activity. Despite the common objective of optimization of
carbohydrate metabolism there are considerable differences in the strategies
employed by Gram-positive and Gram-negative PTSs to achieve these goals.
Regulation in Gram-negative species is mediated primarily through the EIIA®C

protein while in Gram-positive species HPr occupies a more central role.

1.4.1 PTS regulation in Gram-negative bacteria

When enteric bacteria, such as E. coli, are grown in glucose-containing media
with other carbon sources, glucose will be preferentially metabolized (Monod, 1942).
The presence of glucose therefore negates the need for the catabolic enzymes
involved in metabolism of other carbohydrates and their expression is regulated
accordingly. The PTS operates to optimize protein expression to best suit the carbon
source currently available. In Gram-negative bacteria EIIA® plays a central role in
regulating the expression pattern of enzymes and permeases involved in carbohydrate

metabolism (for reviews see Meadow ef al., 1990; Postma et a/., 1993).

1.4.1.1 Inducer exclusion and catabolite repression

There are two distinct methods by which Gram-negative bacteria modify the
pattern of protein expression to optimize glucose utilization. Firstly, through a
process termed “inducer exclusion™ (Saier and Roseman, 1972,1976) the uptake of
non-PTS substrates or inducers is inhibited as a consequence of glucose metabolism.
Secondly, the synthesis of catabolic enzymes is regulated through modulation of
levels of cyclic adenosine 3’-5’-monophosphate (cAMP) in a process termed
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“catabolite repression” (Makman and Sutherland, 1965; Harwood er al., 1976;

Ulimann and Danchin, 1985; Saier, 1989).

Central to the process of inducer exclusion in E. coli is EIIA®°. The extent of
phosphorylation of EIIA® is a reflection of metabolic activity and serves as the
regulatory signal (Komberg er al., 1978,1980; Saier, 1989). Glucose uptake requires
phosphoryl group movement through the PTS to the sugar molecule. Glucose uptake
therefore, results in a higher percentage of EIIA®™ in the unphosphorylated state.
Unphosphorylated EIIA®” acts as a regulator of catabolic enzyme synthesis through
interaction with specific enzymes or permeases which are involved in the uptake or
metabolism of non-PTS sugars (for review see Saier, 1993). For example,
unphosphorylated EIIA® serves as a negative regulator of lactose permease through
protein:protein interactions (Osumi ef al., 1982; Nelson er al., 1983). By preventing
the uptake of lactose the EIIA® protein indirectly prevents expression of the lac
operon (Nelson er al., 1983).

By similar mechanisms EIIAY® prevents the metabolism of glycerol (Saier
and Roseman, 1976). Unphosphorylated EIIA® binds to and inhibits the enzyme
glycerol kinase, the first enzyme in the metabolism of glycerol, preventing the
production of glycerol-3-P, which is the inducer of the gip operon (Novotny et al.,
1985). In both situations the unphosphorylated form of EIIA% indicates the presence
of the preferred carbon source, glucose, therefore negating the need for expression of
proteins involved in metabolism of other sugars (Postma et a/., 1984).

The second mechanism of optimization of expression of catabolic enzymes is
the process of catabolite repression. In enteric bacteria many carbohydrate catabolic
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enzymes are positively regulated by cAMP (for review see Botsford and Harmann,
1992). Regulation of adenylate cyclase, the enzyme which produces cAMP, by PTS
components provides a general mechanism of regulation of numerous operons. When
glucose is unavailable the EIIA®° molecule will be primarily in the phosphorylated
form. Phosphorylated EIIA® acts as a positive modulator of adenylate cyclase
stimulating the production of cAMP (Peterkofsky er a/., 1989). The subsequent
increase in levels of cCAMP result in activation of the catabolite gene repressor
activator protein (CAP) dependent genes. Transcriptional regulation by cAMP occurs
through the binding of the cAMP-CAP complex to a cis element of the catabolic
operon. The cAMP molecule serves not only as an indicator of the absence of
glucose, but also as an activator of expression of carbohydrate catabolic enzymes to
activate alternative systems for the uptake and metabolism of secondary energy

sources (Paigen and Williams, 1970).

1.4.2 PTS regulation in Gram-positive bacteria

In contrast to Gram-negative bacteria, where EIIA® occupies a central
regulatory position, HPr is the primary regulatory metabolic protein in Gram-positive
bacteria. A unique functional difference between the Gram-positive and Gram-
negative PTSs is the potential for regulation of the HPr protein through a Ser46
phosphorylation (for review see Reizer ef al., 1993; Eisermann et al., 1988; Saier er
al., 1996). P(Ser)HPr is also found in several species which lack a functional PTS
supportive of a regulatory role for the protein (Romano ef al., 1987; Reizer ef al.,
1988,1993). The phosphorylation event is catalyzed by a HPr-specific ATP-
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dependent kinase (Deutscher and Saier, 1983; Reizer er al.. 1984.1988) and
dephosphorylation occurs by the action of a HPr-specific phosphatase (Deutscher er
al., 1984). The activity of the ATP-dependent kinase is stimulated by fructose 1,6-
bisphosphate and inhibited by inorganic phosphate (Deutscher and Saier, 1983).

The Ser46 phosphorylation of HPr in Gram-positive species regulates
numerous processes such as catabolite repression, inducer explusion and the uptake of
PTS and non-PTS sugars. These processes are mediated by the differential
interactions of HPr and HPr(Ser-P) with numerous other proteins including Enzyme I,
non-PTS sugar transport proteins, sugar phosphatases and transcription factors. An
overview of the proposed regulatory roles of the HPr Ser46 phosphorylation event are

presented in Fig 1.7 and subsequently discussed.
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Fig. 1.7 Regulatory functions of HPr(Ser-P) in Gram-positive bacteria. Adapted from
Saier ¢r al., 1996.
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Regulation of both PTS and non-PTS sugar uptake in Gram-positive bactena
is regulated by HPr(Ser-P). The phosphorylation state of Ser46 HPr in Gram-positive
bacteria regulates the process of inducer exclusion of both PTS and non-PTS
carbohydrates. For PTS sugars the affect is mediated by rendering the HPr molecule a
poor substrate for Enzyme I when it is in the Ser46 phosphorylated form. The
inability of Enzyme I to phosphotransfer to HPr(Ser-P) ensures that further PTS sugar
uptake will be inhibited. Uptake of non-PTS sugars are also regulated by HPr(Ser-P).
For example Lac. brevis can take up lactose through a lactose/H+ symporter which
couples the uptake of the carbohydrate to the proton-motive force. This uptake of
lactose by the permease has been shown to be inhibited by HPr(Ser-P) (Ye er a/,
1994). The mechanism of the regulation is proposed to involve the HPr(Ser-P)
mediated conversion of the sugar symporter into a sugar uniporter as illustrated in
Figure 1.8. The uncoupling of sugar transport from proton transport ensures that the

permeases cannot accumulate the sugar substrates against a concentration gradient.
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Fig. 1.8: Mechanism of regulation of HPr(Ser-P) on permease function. Adapted from
Saier er al., 1996.
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In Gram-positive bacteria, HPr is involved in a form of catabolite repression
which is dependent upon Serd46 phosphorylation (Reizer er al., 1989). The Serd6
phosphorylation state of Gram-positive HPr dictates the protein’s ability to interact
with transcription factors involved in the regulation of expression of PTS and non-
PTS carbohydrate catabolic enzymes (for review see Saier ef al., 1996). The enzyme
gluconate kinase can be induced by inclusion of gluconate in the growth media. This
induction by gluconate can be suppressed by the inclusion of PTS sugars, but not
non-PTS sugars. The ability to suppress the induction was dependent upon Ser46
phosphorylation as demonstrated by the inability of the gene replacement mutant
Ser46Ala HPr to suppress induction. Upon the reversal of the alanine mutation to
wild type, the ability for repression was restored (Reizer ef al., 1989). The molecular
mechanism of catabolite repression through HPr(Ser-P) has recently been elucidated.

Catabolite repression in Gram-positive bacteria is dependent on the catabolite
control protein A (CcpA) and its interaction with the cre element. DNase I protection
assays have shown that cre sequences are protected by CcpA in the presence of HPr
phosphorylated at Ser46. HPr which was not phosphorylated at Ser46 did not offer
protection to the cre sequences. CcpA binds to cre elements and prevents expression
of the catabolic operons when in association with HPr (Ser)-P (Jones ef al., 1997a;
Gosseringer et al., 1997). In situations of high glycolytic activity the accumulation of
fructose 1-6-bisphosphate will result in Serd6 phosphorylation of HPr which, through
the interaction with CcpA, negatively regulate the expression of other carbohydrate

operons as illustrated in Figure 1.9.
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Fig. 1.9. Proposed mechanism for HPr(Ser-P) mediated catabolite repression.
Adapted from Saier ez al., 1996.

Inducer expulsion prevents the excessive accumulation of intracellular sugar
phosphates through regulated carbohydrate dephosphoriation and efflux. Once
cytoplasmic sugar have been dephosphorylated they rapidly exit the cell by an
energy-dependent mechanism (Sutrina er a/,, 1988). HPr Serd46 phosphorylation
serves as an activator of inducer explusion through activation of the sugar phosphate
phosphatase (Ye and Saier, 1995). Dephosphorylation of intracellular sugars is
mediated by a peripherally membrane-associated sugar-P phosphatase (Pase II). Pase
I has been found in all bacteria which possess sugar-P hydrolysis-dependent

expulsion phenomenon but not in bacteria which are lacking this mechanism (Ye er
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al., 1996). Pase II demonstrates broad specificity for sugar-P substrates. The activity
of the phosphatase is stimulated 10-fold by HPr(Ser-P) (Ye er al., 1995). HPr which
is not phosphorylated at the 46 position is unable to activate the phosphatase.
Chemical crosslinking verified that the monomeric Pase I assosciated with the
Ser46Asp phosphorylation analogue with 1:1 stwichiometry and wild type HPr did

inhibit complex formation (Ye er al., 1995). The involvement of HPr(Ser-P) is

illustrated in Figure 1.10.

PEP

@ Sugar (in)
Sugar-P (in)

Fig. 1.10. lllustration of involvement of HPr(Ser-P) in mediating inducer
expulsion through Pase Il activation. Adapted from Saier er a/., 1996.

In addition to the regulatory roles mediated through HPr(Ser-P) there are
additional roles which are independent of the serine 46 phosphorylation. In Gram-

negative bacteria the activity of glycerol kinase was inhibited by ELIA®™ in a manner
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which was dependent upon the phosphorylation state of EIIA®¥C, which in turn was
dependent upon the activity of glucose uptake (Reizer ez a/., 1993). In Gram-positive
bacteria there is an alternate, though related mechanism for regulation of glycerol
kinase involving HPr. When PTS sugars are being transported into the cell, the rate of
phosphoryl transfer through the PTS will be high, resulting in a relatively high
percentage of unphosphosphorylated HPr. Conversely, an absence of PTS sugar
uptake will have HPr primarily in the phosphorylated state. The phosphorylated HPr
is able to donate the phosphoryl group to a histidine of glycerol kinase, resulting in
activation of the enzyme with subsequent production of glycerol-3-phosphate and
activation of the gip operon (Deutscher and Sauerwald, 1986). The net result of this
system is to ensure repression of the glycerol metabolizing system when PTS sugars
are present and stimulation of the glycerol metabolic system in the absence of PTS

sugars and presence of glycerol.

1.4.2.1 Ser46Asp HPr as a phosphorylation analog

Mimicking of serine phosphorylation through mutagenic substitution of
aspartic acid has been successfully demonstrated in a number of proteins. In B.
subtilis, where Serd46 of HPr undergoes physiological phosphorylation, it is possible
to mimic this event through the Serd6Asp HPr mutation (Reizer er al., 1989;
Deutscher ef al., 1994). This mutant displays identical properties to the Serd46
phosphorylated protein. NMR investigations report similar chemical shifts for both
the B. subtilis PSer)HPr and Serd6Asp HPr, with no evidence for any large
structural change in either protein (Wittekind ez al., 1989, 1990, 1992; Pullen er al.,
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1995). A crystallographic determination of the Ser46Asp B. subtilis HPr reached a
similar conclusion (Liao and Herzberg, 1994). Despite the inability to phosphorylate
the Serd6 residue of Gram-negative HPr it is still possible to mimic this regulated
state through the Serd6Asp mutation. The structural consequences of the E. coli

Ser46Asp HPr mutation will be addressed by x-ray crystallography in this thesis.

1.4.2.2 Proposed mechanism of inactivation by Serd6 phosphorylation

There are only four examples of proteins which are regulated by
phosphorylation where the crystallographic structure of both the regulated and non-
regulated states have been determined. From these examples three alternative
mechanisms through which phosphorylation can affect protein activity are presented.
1) Changes in the electrostatic surface identity of the protein to alter interactions with
other substrates or proteins. In the example of isocitrate dehydrogenase, inhibition
can be achieved in the absence of significant changes in the protein structure. The
addition of the phosphoryl group produces an electrostatic barrier to substrate
binding, effectively abolishing enzyme activity (Hurley er al., 1990). 2) Localzed
rearrangement of side chains and regions of secondary structure. The addition of the
phosphoryl group in yeast glycogen phosphorylase causes the repositioning of a short
terminal segment of the protein which does not cause significant changes in the
overall structure (Lin ef al., 1996). 3) Rearrangement of sub-units in an allosteric
manner. The mammalian glycogen phosphorylase enzyme undergoes a re-orientation
of two sub-units as a consequence of phosphorylation (Sprang er al., 1988). While the
structure of the respective sub-units are unaffected by phosphorylation, the re-
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positioning of the subunits represents a significant change in overall quaternary
structure of the protein. 4) Phosphorylation acting in concert with another regulatory
signal. In phenylalanine hydroxylase, phosphorylation of the regulatory Ser16 residue
does not produce any significant structural alterations nor does it result in enzyme
activation. Activation of the enzyme requires both phosphorylation as well as the
presence of the activating molecule, phenylalanine at a regulatory site. A higher
concentration of phenylalanine is required for activation of the unphosphorylated
enzyme suggested that the two signals work in concert (Kobe et a/., 1999).

The possibility of localized conformational change seemed a distinct
possibility for HPr. The Ser46 residue is located at the N-cap of the minor helix B.
Previous NMR investigations of the E. coli HPr reported this helix to be dynamic as
indicated by the rate of exchange of amide protons with solvent. The backbone amide
protons of helix B exchange rapidly as compared to the A and C helices in both E
coli and B. subdlis HPrs (Klevit and Waygood, 1986; Wittekind er al., 1989,
1990,1992; van Nuland ef al., 1992). This conclusion is also supported by various
crystallographic determinations of the protein (Herzberg er al, 1992b; Jia,
1993a,1994b) which showed different positions of the C-terminal end of this helix for
each structure.

The flexibility of the helix may arise as a consequence of an unfavorable N-
capping residue (Hol, 1985). The helix hypothesis predicts that sequences with
favorable N-capping and C-capping residues should be helical in nature and that
favorable N-capping substitutions should afford protection of helical amides against
hydrogen exchange (Sali er al., 1988). Aspartate is the most common N-capping
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residue as the negative charge interacts favorably with the positive charge of the helix
dipole (Hol, 1985). In HPr from Gram-positive species helical stabilization could be
assisted by the introduction of negative charge at Serd46 upon phosphorylation.
Presumably similar helical rearrangements could occur in HPrs from Gram-positive
and Gram-negative sources by the mutagenic introduction of negative charge at the
N-terminal region of this helix. Stabilization of the helix may influence the ability of
HPr to interact with Enzyme I for phosphotransfer. Alterations of this helix as a
consequence of phosphorylation could impair the interaction with these proteins.
Helix B has been proposed to be involved in the interaction with Enzyme I as well as
ENA® (Herzberg, 1992a) which has been verified by the solution structure of the N-

terminal fragment of Enzyme I and HPr (Garrett e a/., 1999).

15  Deamidation
The precise three-dimensional structure of a protein which is essential for
function, is determined by the primary sequence of amino acids. Numerous cellular
mechanisms exist to ensure the proper amino acid sequence of proteins. Proteins,
however, are not chemically stable over long periods of time. Spontaneous alterations
to the protein structure may occur, influencing both structure and function. The most
common type of alteration is the deamidation reaction (for review see Clarke, 1987;
Wright, 1991; Clarke et al., 1992).
Deamidation involves the intra-molecular reactivity of the amino acids,
asparagine and glutamine (Robinson and Rudd, 1974). The reaction mechanism may
result in the conversion of the reactive residues to non-standard amino acids or to

standard amino acids not genetically destined for that position of the protein.
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Asparagine and glutamine may be converted into aspartate and glutamate
respectively, with the potential to produce both the iso and D-forms of these amino
acids (Clarke, 1987). These modifications may result in structural rearrangements

which significantly alter both protein structure and/or function.

1.5.1 Residues involved in deamidation

Asparagine and gluatamine can undergo deamidation to produce aspartate and
glutamate respectively. Deamidation also results in the production of the iso and D-
iso forms of the product residues. Although aspartate and glutamate lack a side-chain
amide and therefore cannot undergo deamidation they may undergo a related reaction
resulting in the production of the iso as well as D and D-iso forms of the reacting side
chain. Asparagine and aspartate react to produce a mixture of L-aspartate, L-
isoaspartate, D-aspartate and D-isoaspartate. Similarly giutamine and glutamate may
react to produce L-glutamate, L-isogiutamate, D-glutamate and D-isogiutamate. The

mechanism and products of these reactions will be discussed in detail.

1.5.2 Deamidation through succinimide formation

The initial observation of the deamidations of both asparagine and glutamine
residues were proposed to proceed through direct water hydrolysis for removal of the
side chain amino group. However, the rates of such attacks, at neutral pH indicated
that this mechanism would be far too slow to account for the rates of deamidation

witnessed in proteins. The half-life of the direct hydrolysis reaction was estimated at
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7 vears, as compared to the rates of 70 davs for asparagines and 410 days for
glutamines in peptides (Geiger and Clark. 1987).

Deamidation involves the intramolecular attack of the main-chain nitrogen on
the side chain of the preceding residue. The consequence of deamidation is the
formation of a five membered succinimide ring with the release of ammonium ion as
illustrated in Figure 1.11 (for review see Clarke er al/. 1992, Wnght. 1991;
Stephenson and Clarke, 1989). The acceptance of succinimides as the intermediate of
deamidation was based largeiy upon the ability of the structure to explain the charges
and products observed in proteins. Succinimide formation in proteins is supported by
observations of protein species of higher pl and a mass verifying the loss of a water
molecule from the normal protein. Succinimides have been proposed in a number of
proteins based on these experimental observations; calbindin (Chazin er al., 1989),
calmodulin (Ora ef a/., 1989), HPr (Brennan er al., 1994), somatotropin (Violand ez
al., 1992) and lysozyme (Tomizawa er al, 1994). Recently a succinimide
intermediate has been crystallographically demonstrated in lysozyme in complex with

tn-N-acetyichitotriose (Noguchi ef a/., 1998).
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Fig 1.11: Mechanism of deamidation from asparagine.



1.5.3 Products of deamidation

Succinimides are unstable in water and will undergo subsequent water
hydrolysis. The position of attack of the water molecule will determine the by-
products produced. If the attack is on the carbonyl carbon of the side chain, the
product of the ring cleavage will be L-aspartic acid. Conversely attack on the main-
chain carbon carbonyl will result in the production of L-isoaspartic acid, in which the
peptide backbone is redirected through the B-carboxyl group. The succinimide ring
also has the potential to undergo limited racemization. The consequence of this is that
hydrolytic cleavage of a D-succinimide ring will result in the production of D-isomer
by-products. Typically succinimide ring cleavage will result in an approximate ratio
of 56% L-isoaspartyl, 22% D-isoaspartyl, 15% L-aspartyl, and 7% D-aspartyl (for
review see Clarke er a/., 1992). Considerable variation does exist in the ratios of by-
products of succinimide cleavage. These differences seem to be unique to the protein
and are likely the consequence of structural or electrostatic forces which influence the
position of attack of the water molecule hence shifting the balance of by-products.

In situations in which aspartic acid is the attacking side chain the same
mechanism of main-chain attack occurs with the same succinimide formation. The
distinction being that this does not represent a deamidation reaction as there is no side
chain amine group to be lost. The succinimide will behave in the same manner as
those produced by aspargine attack on the main-chain. The breakdown products and
ratios will be identical. Notably it is also possible for the succinimide ring to break
down in a manner which returns the original aspartic acid residue to the offending

position.
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1.5.4 Deamidation through isoimide formation

There are examples of proteins, hemoglobin Providence (Moo-Pean er al.,
1976) and hypoxanthine-guanine phosphoribosyltransferase (Wilson ef al., 1982), in
which L-aspartic acid is the only product of deamidation. There are two possible
explanations for the absence of the other potential by-products of succinimide
cleavage. Firstly, that electrostatic or conformational restraints of the protein prevent
succinimide cleavage 0 produce any other products. Secondly, that these deamidation
reactions may proceed through a non-succinimide intermediate. A structural
intermediate which has been proposed for the second possibility is that of an isoimide
(Clarke, 1987; Clarke e al., 1992). The formation of this five-membered ring would
require the nucleophilic attack of the main-chain carbonyl carbon with the side chain
of the same residue, resulting in the removal of the amino group in situations with
asparagine and the loss of a water molecule with aspartic acid as the residue of
interest. The structural importance of the isoimide intermediate is that regardless of
the position of attack of the incoming water molecule the breakdown product will

always be L-aspartic acid as indicated in Figure 1.12.
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Fig 1.12: Mechanism of isoimide formation from asparagine.



1.5.5 Rates of deamidation

There is considerable variation in the rates of deamidation in proteins. This
variability arises as a consequence of the numerous factors, such as pH, ionic strength
and flexibility of the main-chain, which influence the rate limiting step of
succinimide formation (for review see Wright, 1991, Clarke er al., 1992). Despite
these factors it is still possible to make some generalizations about rates of
deamidation. In general, asparagine residues show the greatest rates of deamidation.
Asparagines in peptides deamidate with a half-life of 1.5 days for the asparagine-
glycine doublet. This compares to a deamidation half-life of approximately 41 days
for a similar aspartate-giycine doublet in a protein context. The cyclization of
glutamine and glutamic acid residues are approximately thirty times slower than the
rates seen for their deamidation counterparts as a result of the extra carbon length of
their side-chains (Clarke, 1987). There is limited information regarding rates of
deamidation in proteins under moderate conditions. Representative half-lifes include
cytochrome ¢, 81 days, aspartate aminotransferase, 22 days, serine
hydroxymethyltransferase, 19 days and aldolase, 8 days (for review see Wright,

1991).

1.5.6 Factors influencing rates of deamidation
There are numerous factors, both physiological and non-physiological, which
influence the rate of succinimide ring formation. The three primary non-physiological

variables are pH, temperature and ionic strength.
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Some of the earliest observations of deamidation arose from procedures which
involved heating protein samples for the purpose of denaturation or purification. The
influence of temperature arises from two distinct mechanisms. High temperatures
help in overcoming the large activation energy of ring formation, approximately 21.7
kcal/mol at pH 7.5 (Ahern et al., 1985). Increased temperature which results in
denaturation or partial loss of tertiary structure also helps release structural restraints
impeding succinimide formation. Structural restraints are a major factor in preventing
deamidation (Kossiakoff, 1988). The considerably faster rates of deamidation in
peptides as compared to protein are likely a direct consequence of the greater
conformational flexibility in peptides.

The ability of pH to influence rates of deamidation is due to changes in the
protonation state of reacting residues. In deamidation involving asparagine and
glutamine there are increased rates of succinimide ring formation at basic pHs. The
increased rates are a consequence of deprotonation of the attacking main-chain
nitrogen, rendering it a more effective attacking group. The pH dependency of intra-
molecular reactivity of aspartyl and glutamyl residues is more complicated. The pH
dependency of succinimide ring formation for aspartyl and glutamyl residues is a
bell-shaped curve with the highest rates occurring around pH 5.0. The pH dependency
is due to two opposing influences. Firstly protonation of the side-chain carboxyl!
group at acidic pHs makes it a better leaving group thus promoting deamidation.
Converselyﬂlemain-chainnitrogmactsasabeuermackinggoupind\e

unprotonated state, thus showing faster rates at higher pHs (Clarke, 1987).
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The rate of succinimide formation by asparagine but not aspartate residues is
also affected by the dielectric constant. The rate of deamidation at asparagine is
reduced in solvents of low dielectric strength due to destabilization of the
deprotonated main-chain nitrogen anion which is the attacking species in succinimide
formation. The rates of aspartate succinimide formation are independent of the
dielectric strength due to the destabilization of the attacking main-chain nitrogen
atom being countered by increased protonation of the side chain carboxyl group
(Brennan and Clarke, 1993). The dependence of asparagine deamidation on the
dielectric constant may be of importance in preventing deamidation of asparagines
which are situated in the interior of a protein or in a membrane spanning position.

In considering deamidation as an event of physiological importance in
limiting the life-time of proteins, the most important factors to consider in influencing
rates of deamidation are those which are of physiological variability. Control of these
variables may be utilized as mechanisms to determine the lifespan of various proteins.

There are two distinct but related physiological variables which influence
rates of deamidation, sequence context and structural variability. The sequence
context in which deamidating residues appear is predictive of succinimide formation
propensities (Robinson et al., 1974). Glycine is the most common amino acid to
follow deamidating residues and results in the fastest rates of deamidation in both
peptides and proteins (for review see Clarke es al., 1992). The most important
property of glycine in promoting deamidation is the rotational flexibility which it
imparts on the main-chain. Succinimide ring formation requires the main-chain to

adopt conformations not normally seen in proteins, psi = —120°. The main-chain
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flexibility offered by glycine increases the likelihood of adopting these
conformations. Sequence analysis alone however, is not a reliable predictor of
deamidation. In calmodulin there are two sites of deamidation, Asp-Gin and Asp-Thr,
despite the presence of two Asn-Gly sequences which do not deamidate (Ota ez al.,
1989). Rates of succinimide ring formation can also be accelerated by neighboring
side chain residues, such as serine, with the ability to promote deprotonation of the
main-chain nitrogen (Kossiakoff, 1988). However in glucagon, a Asp-Tyr sequence
has been shown to undergo succinimide formation despite the presence of a Asp-Ser
doublet (Ota and Clarke, 1987). It has also been observed that a histidine residue
preceding an aspartate can promote succinimide formation by acting as a general acid
in protonating the hydroxyl leaving group on the side chain carboxylic acid of the
aspartate (Brennan and Clarke, 1993). There is also the possibility that side chains of
distant residues may contribute to deamidation by protonating the leaving group of
aspartate through tertiary structure interactions.

The second physiological determinant of rates of succinimide ring formation
in proteins is the conformational flexibility of the region (Lura and Schirch, 1988).
This is obviously dependent to a large extent upon the previously discussed
influences of primary sequence. While there are few readily available methodologies
to measure localized conformational flexibility of protein regions for the purposes of
predicting deamidation, some indication of conformational flexibility may be
obtained from NMR proton exchange rates with solvent as well as crystallographic B
factors. It has been suggested that tendencies for deamidation can be used to indicate
conformational flexibility of the surrounding region (Clarke e a/.. 1992).



1.5.7 Physiological importance of deamidation

Rates of deamidation are known to be influenced by such factors as pH,
temperature and ionic strength. As these are all factors which are commonly
manipulated in protein purification it is often difficult to assess the extent of
physiological deamidation as opposed to that induced by a purification protocol.
There is however considerable evidence that proteins do physiologically deamidate.

A major product of deamidation, L-isoaspartyl, is recognized and methylated
by the enzyme L-isoaspartyl (D-aspartate) O-methyltransferase (O’Connor and
Germain, 1987) which catalyzes the transfer of a methyl group from S-
adenosyimethionine to the a-carboxyl group of L-isoaspartyl or to the B-carboxyl
group of D-aspartyl. The enzyme has been found in prokaryotes (O’Connor and
Clarke, 1985) as well as eukaryotes (O’Connor er al., 1984). The amino acid
sequence of the protein is moderately conserved with 31% identity between the
human and E. coli enzymes (Ingrosso et al., 1989; Fu er al., 1991). In vertebrates the
enzyme is found in all tissues with particularly high levels in the brain (Kim er al.,
1997). In plants the methyltransferase activity is induced during seed production and
in response to dehydration and other stresses (Mudgett and Clarke, 1994).

The L-isoaspartyl (D-aspartate) O-methyltransferase enzyme has
approximately 700-fold more activity for L-isoasparate than for D-aspartate. The
relative affinity for a particular substrate varies, likely due to the structural context in
which the damaged residue occurs. For example the affinity of the enzyme for HPr-1,
a species deamidated at Asn38 is poor (Km = 3.6 mM) compared to the affinity for
HPr-2 (Km = 197 uM) which is deamidated at Asn12 and Asn38 (Brennan er al.,



51

1994). The enzyme can however, recognize and methylate non-standard residues in
most amino acid sequence contexts (Aswad and Johnson, 1987) although to varying
degrees. The methylation of the L-isoaspartyl residue initiates the conversion back
into a L-aspartyl residue through the succinimide intermediate, indicating the enzyme
functions to initiate the repair of damaged proteins (McFadden and Clarke, 1987).
While the enzyme cannot restore asparagine to the deamidating position, the
conversion of L-isoaspartate into L-aspartate removes the extra carbon in the
polypeptide backbone.

The physiological significance of deamidation is best illustrated by
observation of L-isoaspartyl (D-aspartate) O-methyltransferase deficient organisms.
Mutant Caenorhabditis elegans which are deficient in pcm gene which codes for the
enzyme display normal morphology and life-span as the wild type nematodes. Due to
the limited twenty day life-span, deamidation would not be expected to occur to
levels which would influence the organism. The worms have a dauer larval
developmentally arrested stage specialized for long-term survival. During this phase
in wild type nematodes there is a two-fold increase in the specific activity of L-
isoaspartyl methyltransferase as well as superoxide dismutase and heat shock protein
hsp90 suggesting a role in protection of cellular macromolecules. During this
prolonged state the worms with the pcm deletion displayed considerably reduced life-
spans (Kagan es al., 1997). The appearance of physiological consequences to the
mutation of the pcm gene over extended time periods is consistent with the hypothesis

of deamidation as a marker of protein aging.
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in E. coli, deletion of the pcm gene produced no changes in exponential-
phase growth but the mutants did not survive well in extended culture into stationary
phase or under conditions of elevated temperature or chemical stress (Li and Clark,
1992; Visick er al., 1998). In rapidly dividing cells, the newly produced proteins can
replace ones which have undergone spontaneous damage. In stationary phase protein
synthesis is limited and repair of existing proteins would be expected to be of greater
significance in preventing the accumulation of damaged proteins.

In mice, deletion of the enzyme resulted in dramatic accumulation of L-
isoaspartyl containing proteins within the brain, heart, liver and erythrocytes. After 30
days approxiamately 6% of the brain cytosolic proteins of the knock-out mice
contained an isoaspartyl residue. The pcm- mice showed significant growth
retardation and died of fatal seizures after an average of 42 days (Kim et al., 1997).

The results of these knock-out species are consistent with the hypothesis that
the enzyme is responsible for the repair of damaged proteins. The accumulation of
these proteins over time or under stressed conditions produces deleterious effects in
all organisms tested. The accumulation of damaged proteins has been implicated to be
an underlying cause of age-dependent changes in biological efficiency (Stadtman,
1992). In this regard bi;o.spuwe-(D-aspm)-methyltnnsferasc functions to
postpone aging at the cellular level by preventing the accumulation of dysfunctional
proteins. These affects are likely a general consequence of accumulation of damaged

proteins rather than due to compromised activity of a specific protein.
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1.6 Aims and objectives

The primary objective of this research is to continue the ongoing
structure/function analysis of the HPr molecule. HPr is an ideal protein for this type
of analysis because: 1) the gene for HPr, pisH, has been cloned and is readily
available for mutagenic work, 2) the purification procedure for the HPr molecule has
been established and refined, 3) there are numerous structural determinations which
have been performed on the HPr molecule, providing a starting place for new
structural determinations as well as a reference point to which new structures can be
compared and interpreted and 4) the HPr molecule has been extensively characterized
biochemically.

Previous analysis of the HPr molecule by the Waygood and Delbaere
laboratories have focused on the identification and characterization of residues
involved in the active centre region. These studies primarily involved site-directed
mutagenesis with the resulting kinetic properties interpreted with consideration of the
available tertiary structures and physiological consequences to the PTS.

In contrast, my work utilizes the HPr protein in investigations of more general
interest in the field of protein structure/function. In particular the focus is on the
consequences of aspartic acid substitutions as structural analogs of phosphorylation
events. The ability of these substitutions to mimic the phosphorylated state is
compared through kinetic comparison and the subsequent structural determinations
are used to understand the dynamic physiological structural alterations which occur.
There are two physiological phosphorylation events of HPr which are investigated in
this manner; the Hisl5 phosphorylation of PTS transfer and the Serd6
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phosphorylation, which serves as a regulatory function in HPrs from Gram-positive
species.

An unexpected finding of these investigations was that of the ability to
phosphorylate the His15Asp phosphorylation analog. The consequence of this
phosphorylation is the initiation of a series of intramolecular reactions, which bear a
striking similarity to the deamidation aging reactions previously reported for HPr.
The characteristics and molecular mechanisms of these reactions will be examined in
detail. The possibility that the intramolecular rearrangement resuiting from aspartyl
phosphorylation may have physiological importance in mediating dephosphorylation

of aspartyl phosphorylated regulatory proteins will be discussed.



2.1

2.0 Materials and Methods

Chemicals and enzymes

Lists of all specialty enzymes and chemicals used in these experiments are

provided in Table 2.1 and Table 2.2.

Table 2.1: List of selected chemical supplies and enzymes

acid (EDTA)

Chemical Supplier

Acrylamide (ultra pure) Bio-Rad
Adenosine 5’-triphosphate Sigma
Agarose, electrophoresis BRL

_grade
Agarose, low melting point BRL
(LMP)
Ammonium persulfate Bio-Rad
Ampholine™ (ampholytes) LKB/Pharmacia
N,N-Bis(2-hydroxyethyl)- ICN

|_glycine
5-Bromo-4-chloro-3- Boehringer Mannheim
indolyl-B-D-

|__galactopyranoside (X-gal)
Bromophenol Blue ICN
Cesium chloride BDH
Chloroform BDH
Coomassie-Brilliant Blue Sigma
R250
Crocein Scarlet ICN
2’-Deoxyadenosine 5°- Pharmacia
triphosphate
2’-Deoxycytosine 5°- Pharmacia
triphosphate
2’-Deoxyguanosine 5°- Pharmacia
triphosphate
2’-Deoxythymidine 5°- Pharmacia
triphosphate
Dithiothreitol (DTT) Boehringer Mannheim
Dimethyl sulphoxide Fisher
Ethidium bromide BDH
Ethylenediamine tetraacetic Boehringer Mannheim
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MacConkey agar

N-2- Sigma
Hydroxyethylpiperazine-N’-
2-ethanesulphonic acid
(Hepes)
Isopropyl B-D- Boehringer Mannheim
thiogalactopyranoside
(IPTG)
N,N’-Methylene-bis- Sigma
acrylamide
Oxaloacetic acid Sigma
Phenol (glass distilled) Toronto Research
Chemicals
NADH Bochringer Mannheim
Riboflavin S-phosphate Sigma
N,N,N’ N’- BDH
Tetramethylethylene-diamine
(TEMED)
Tris-[hydroxymethyl] Sigma
aminomethane (ultra pure)
Urea (analytical grade) Schwartz/Mann
Radio-chemicals Supplier
[-P)Adenosine 5’- NEN
triphosphate (3000 Ci/mmol)
[a-*’S] 2’-Deoxyadenosine NEN
S’-triphosphate (500
Ci/mmol)
Chromatographic supplies Supplier
DES81 Ion-exchange Whatman
chromatography paper
Sephadex G-50 LKB/Pharmacia
Q-Sepharose Pharmacia
S-Sepharose Pharmacia
Ultragel AcA 54 LKB/Pharmacia
Microbiological supplies Supplier
Agar BDH
Bacto-agar Difco
Bacto-tryptone Difco
Bacto-yeast extract Difco
Difco
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Enzymes/proteins Supplier
Lactate Dehydrogenase Boehringer Mannheim
(rabbit muscle)
T4 DNA ligase Pharmacia
T4 Polynucleotide kinase Pharmacia
T7 DNA Polymerase Pharmacia
Pfu DNA polymerase Stratagene
Dpnl exonuclease Stratagene
Table 2.2 Name and address of suppliers
Supplier Addresses
BDH British Drug House, Saskatoon, Sask.,
Canada
Bio-Rad Bio-Rad Laboratories, Mississauga, Ont.,
Canada
Boehringer Mannheim Boehringer Mannheim Canada Ltd.,
Laval, Quebec, Canada
BRL Bethesda Research Laboratories, Ontario,
Canada
Difco Difco Laboratories, Detroit, Michigan,
U.S.A.
Fisher Fisher Scientific, Winnipeg, Man.,
Canada
LKB Pharmacia LKB Biotechnology group,
Baie d’Urfe, Quebec, Canada
NEN (DUPONT) DUPONT Canada Inc. Mississauga, Ont.,
Canada
New England Biolabs New England Biolabs Ltd., Mississauga,
Ont., Canada
Pharamcia Pharmacia (Canada) Ltd., Dorval, Quebec,
Canada
Schwarz/Mann ICN Biomedical Canada Ltd.,
Mississauga, Ont., Canada
Sigma Sigma Chemicals co., St. Louis, Missouri,
U.S.A
Whatman Chromatographic Specialities Inc.

Brockville, Ont., Canada
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2.2 Bacterial strains

Bacterial strains utilized in these experiments are described in Table 2.3.
Two E. coli strains, ESK108 and TP2811, possessing no detectable wild-type HPr
activity were utilized for the overexpression of mutant HPr proteins. ESK120 was
produced from E. coli strain CSH4 by N-methyl-N’-nitro-N-nitroguanidine
mutagenesis (Waygood ef ai., 1987). The ESK120 strain was rendered rec4 by P1
transduction using a recA56 mutation from strain JC10240 (Csonka and Clark,
1980). In this strain (ESK108) the pts gene has a TAG termination codon in the
glutamine 71 position (Titgemeyer, 1993). The E coli strain TP2811 carries a
deletion of the entire pts operon (Levy et al., 1990).

Enzyme MIA® was expressed in E. coli strain ESK262, which is
Kan®::ptsH. This strain was created by ligating the Kan® gene from pUC4 into the
Psil restriction endonuclease site in ptsH in pAB6S (Lee ef al., 1982). The
linearized plasinid was used to transform E. coli strain DPB271 (Russel et al.,
1989) which is recD and a ptsH gene replacement derivative was selected by
kanamycin resistance. This E. coli strain ESK150 had no HPr detectable by assay,
phosphorylation or immunoreactivity as determined by standard methods
(Waygood et al., 1987). E coli strain ESK262 was a derivative of strain BL21
plysS (Studier ef al., 1990) which was transduced with P1-phage grown on strain
ESK150 to produce a Karr": :ptsH strain ESK262. The construction of the

ESK262 strain was performed by James Talbot.
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Table 2.3 List of bacterial strains, genotypes and references

Strain Genotype Reference
CSH4 trp lacZ rpsL thi Miller, 1972
ESK108 F’ trp thi rpsL ptsH465 recA56 Waygood et al., 1987
TP2811 F-xyl arg Hl AAlacX74 aroB ilvA Levy et al., 1990
aptsHpislerr Karf®
ESK262 F- ompT gal [dcm) [lon) hsdSbh (rg- | Napper et al., 1999
mg-; an E. coli B
strain)Karr: :p1sH
XL1-Blue | RecAl gyrA96 thi-1 hsdR17
supE44 relAl lac[F’ proAB Stratagene
lacPZAMI1STnl0 (Ter)]
23 Plasmid vectors
Plasmid vectors are listed in Table 2 4.
Table 2.4 List of Plasmid Vectors
Name Source Reference
PT7-7 Pharmacia Tabor and Richardson,
1985
PUCI19 Pharmacia Yanisch-Perron er al., 1985

24 Bacterial growth media
Media preparation as described by Millar (1972). Liquid Luria broth (ILB)

media is composed of 10 g of Bacto tryptone, 10 g NaCl and S g yeast extract in

one liter of distilled water. Solutions were autoclaved at 125 °C and 18 psi.

Filtered (0.22 um filter) ampicillin (50 ug/mL) added to the media after the
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autoclaved material had cooled to room temperature. For solid agar media, 16 g/L
of Bacto agar was added to the liquid media prior to autoclaving.

MacConkey agar media (50 g/L) was dissolved in deionized water at
autoclaved at 125 °C and 18 psi. Antibiotics (50 ug/mL) and sugars (0.5%w/v)

were added to the cooled media prior to pouring into petri dishes.

25 Hazardous materials
2.5.1 Ethidium bromide

Ethidium bromide is a potent mutagen if inhaled, swallowed or in contact
with skin. Ethidium bromide was mixed with deionized water to an approximate
concentration of 10 mg/mL. Latex gloves were wom to ensure no contact with
skin occurred. Agarose gels stained with ethidium bromide were disposed of in a

designated ethidium bromide waste container (Quillardet and Hofnung, 1988).

2.5.2 Phenol
Phenol is toxic and harmful if inhaled, swallowed or in contact with skin.

Phenol was prepared through equilibration with three volumes distilled water
overnight. The water layer was then removed and the phenol re-equilibrated with
two volumes of 0.5 M Tris-HCI buffer, pH 8.0. The aqueous layer was again
removed and the phenol equilibrated with two volumes of 0.1 M Tris-HCI buffer,
pH 8.0. Use of phenol was always conducted in well-ventilated areas and contact
minimized with latex gloves. Samples containing phenol were collected with
chloroform waste in a glass bottle and discarded as chemical waste.
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2.5.3 Chloroform:isoamyl alcohol

Inhalation of chloroform is toxic and may result in kidney and liver
damage. Chloroform solutions were prepared by mixing twenty-four parts
chloroform with one part isoamyl alcohol. Work involving chloroform was
conducted in a fumehood wearing a laboratory coat and latex gloves. Chloroform-
containing samples were collected in a glass bottle with phenol waste and treated

as chemical waste..

2.54 Acrylamide

Acrylamide is a potent neurotoxin in the unpolymerized form if inhaled,
swallowed or in contact with skin. Acrylamide solutions (40%) were prepared by
dissolving 38.0 g of acrylamide and 2.0 g of bis-acrylamide in 100 mL of
deionized water with vigorous mixing and heat. Acrylamide solution preparation
was conducted in well ventilated area with a facial filtering mask, latex gloves
and a laboratory coat to minimize exposure. Acrylamide solution were

polymerized prior to disposal as regular waste.

2.6 Non-commercial chemicals and proteins

Purified E. coli phosphoenolpyruvate carboxykinase was provided by Dr.
H. Goldie, University of Saskatchewan. The S46D and H15E E. coli HPr mutant
proteins were initially provided by Dr. J W. Anderson, University of
Saskatchewan, N12D HPr was provided by Dr. S. Sharma. Phosphoenolpyruvate
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(monocyclohexylammonium salt) was prepared by the method of Clark and Kirby

(1963).

2.7 Mutagenic primers

Mutagenic primers were synthesized by Dr. F. Georges of the Plant

Biochemical Institute, Saskatoon, Saskatchewan.

2.7.1 Mutagenic primer design

Mutagenic primers were designed to introduce specific alteration to a
specific region of a DNA template. While each primer must be specifically
produced for the template and mutation desired, some characteristics are common
in the design of all mutagenic primers. The primers are typically between twenty
and twenty-five nucleotides in length, the point of the mismatch between the
primer and the template is situated such that there are 10 nucleotides of correct
sequence on either side of the mismatch. If possible the primers should have a
minimum GC content of 40% and primers should always terminate with at least
one or more C or G base. The nucleotide composition is also important in
calculating the annealing temperature (Tm) of the primer using the formula:

Tm = 81.5 + 0.41 (%GC) —-675/N — (Yemismatch)
Where N is the number of base pairs in the primer. All primers utilized in

this thesis are listed in Table 2 4.



Table 2.4: Mutagenic primer sequences

His1S Mutagenic Primers

His15Ser-a
His15Ser-b

His15Gin-a
His15GIn-b
His15Thr-a
His15Thr-b
His15Tyr-a
His15Tyr-b
His15Asn-a
His15Asn-b
His15Cys-a
His15Cys-b

5’ GGCGGGTCGACAGACCGT 3’
5 ACGGTCTGTCGACCCGCC 3’

5 GGCGGGTCTGCAGACCGT 3°
5* ACGGTCTGCAGACCCGCC 3°
5’ GGCGGGTGGTCAGACCGT 3’
5 ACGGTCTGACCACCCGCC 3’
5’ GGCGGGTGTACAGACCGT 3’
5 ACGGTCTGTACACCCGCC 3°
5’ GGCGGGTCTGCAGACCGT 3’
5’ ACGGTCTGCAGACCCGCC 3’
5’ GGCGGGTCAGCAGACCGT 3’
5 ACGGTCTGTGCACCCGCC 3’

Asnl2 Mutagenic Primers

Asnl2Ala-a 5’ CCGCTCCGGCCGGTCTGCACACC 3’
Asnl2Ala-b 5’ GGTGTGCAGACCGGCCGGAGCGG 3’
Asnl2Ser-a 5’ CCGCTCCGAGCGGTCTGCACACC 3’
Asnl2Ser-b 5’ GGTGTGCAGACCGCTCGGAGCGG 3’
Asnl2Thr-a 5’ CCGCTCCGACCGGTCTGCACACC 3’
Asnl2Thr-b 5’ GGTGTGCAGACCGGTCGGAGCGG 3’

\sn38 M ic Pri
Asn38Ala-a 5’ CACTTCCGCCGGCAAAAGCGCC 3’
Asn38Ala-b 5’ GGCGCTTTTGCCGGCGGAAGTG 3’

63



Double Mutant Primers

His15Asp Asnl2Ala-a 5’ CCGCTCCGGCCGGTCTGGACACC 3°
His15Asp Asnl2Ala-b 5’GGTGTCCAGACCGGCCGGAGCGG 3’
His15Asn Asnl2Ala-a 5* CCGCTCCGGCCGGTCTGAACACC 3’
His15Asn Asn12Ala-b 5’GGTGTTCAGACCGGCCGGAGCGG 3’

2.8 Site-directed mutagenesis
Site-directed mutagensis was preformed using both the Polymerase Chain
Reaction (PCR) method as described by Landt es al, (1990) and by the

QuikChange methodology.

2.8.1 Quikchange site-directed mutagenesis

Site-directed mutagenesis through the Quikchange technique involves the
utilization of a complementary set of mutagenic primers to each strand of the
template to be modified. Primer extension is achieved through thermal cycling
with a vast excess of the primer pairs with respect to the template. Typically
fifteen cycles involving the denaturation at 95 °C, followed by annealing of the
primers at 55 °C and primer extension at 68 °C. Both the annealing and
denaturation steps were thirty seconds long and primer extension was allowed to
proceed for two minutes for each kilobase of plasmid. Primer extension was
catalyzed by the enzyme Pfi DNA polymerase. The critical features of this
enzyme are its thermal stability as well as the inability to displace the mutagenic
primer after complete extension of the primer around the plasmid. The inability
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for primer displacement is essential for maintaining the mismatch introduced by
the pnimer.

Following completion of mutagenic primer extension, digestion of the
parental DNA strands is achieved through the addition of the enzyme Dpn! to the
thermal cycling reaction mixture. The Dpnl restriction enzyme is specific for
digestion of methylated DNA. Incubation of the digestion mixture at 37 °C for
one hour is sufficient for complete digestion of the methylated, non-mutated
parental DNA. The only DNA which is resistant to the action of the Dpnl is the
mutated, non-methylated extended primers.

For each mutagenic reaction 50 puL of Epicuran Coli XL1-Blue super-
competent cells was dispensed to a pre-chilled Falcon 2059 polypropylene tube
and 1 pL of the Dpnl digested DNA from each thermal cycling tube was added.
The mixture was left on ice for thirty minutes. A specific heat-shock at 42 °C for
exactly 45 seconds was then performed followed by chilling on ice for 2 minutes.
Half a millilitre of 42 °C LB media was then added to the cell mixture and
incubated at 37 °C for 1 hour in a shaking incubator. Following incubation 250
pL of this mixture was plated onto a LB-agar plate containing ampicillin (50

pug/mL). Incubation at 37 °C typically produced colonies after 16-24 hours.

2.8.2 Site-directed mutagenesis using PCR
Initially PCR mutagenesis was conducted using the methodology
described by Landt ez al. (1990). This method which involves two separate PCR

reactions and two DNA extractions from agarose gels was considerable more
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cumbersome and time consuming than the Quikchange method. The efficiency of
mutation was also considerably lower and a greater number of false positives

were produced.

2.8.2.1 First PCR reaction

The first PCR reaction serves to elongate the mutagenic primer to the end
of the gene. On the opposing strand at the end of the gene a common non-
mutagenic primer elongates to the point of annealing of the mutagenic primer. A
consequence of these reactions is the production of extended mutagenic primer
fragments for use in the second PCR reaction.

Specifically the first PCR reaction required the following components in
the following order of addition: sterile water to 50 uL, 5 pL of 10X
commericially supplied Vent Buffer (100 mM KCI, 100 mM (NH4):SO,, 200 mM
Tris-HCI buffer, pH 8.8, 20 mM MgSO4 and 0.1% Triton X-100), dNTP mix (10
mM of each dATP, dGTP, dCTP and dTTP), mutagenic primer (100-150 pmol),
reverse sequencing primer (100-150 pmol), pUC19 HPr template (2 nM) and Vent
polymerase (2 units). This solution was mixed and covered with 35 uL of sterile
mineral oil to eliminate evaporation. The thermal cycling protocol typically
involved 30 cycles of 1 min at 95°C for separation of template strands, 1 min at
55°C for primer-template annealing, and 1 min at 72°C for primer extension.
There is variability in the annealing temperature as a consequence of the different
primer characteristics. The formula for calculation of individual primer annealing

temperature is described in section 2.7.1. The PCR reaction was analyzed by a
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low melting point agarose gel electrophoresis. A species corresponding to the
correct predicted size of the extended primer was then excised from the gel using
a razor blade and placed in an Eppendorf tube. Tris-EDTA (TE) buffer (10 mM
Tris-HCI , pH 7.3 with 1 mM ethylene diamine tetra acetic acid (EDTA)) (3
volumes) was added and the tube was incubated in a 65 °C water bath for 10 min
to melt the agarose. After the solution had cooled to room temperature the DNA

was recovered by ethanol precipitation described in the ‘mini-prep’ procedure.

2.8.2.2 Second PCR reaction

The conditions of the second PCR reaction were identical to that of the
first reaction with the exception of the primers. In the second PCR reaction the
extended mutagenic primers of the first PCR reaction were used in combination
with the universal primer to produce an amplified product corresponding to the
entire mutated gene. The desired PCR product was then isolated and sub-cloned

into a pUC19 plasmid vector.

2.9 Transformation of mutant plasmids

HPr and mutant HPr were expressed in E. coli strain ESK108 using the
pUC(ptsH) plasmids with HPr under the control of its own promoter. The
ESK 108 strain when plated on MacConkey plates containing 1.0% (w/v) mannitol
produces colonies of distinctive color dependent on the presence of a functional
active HPr. The presence of a plasmid encoding an active HPr restores PTS
activity resulting in the uptake and metabolism of mannitol with the subsequent
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pH change tuming the color indicator, Neutral Red, red. In contrast cells without
active HPr will remain white. This color selection mechanism provided a valuable
initial screening process of active site mutations which were presumed to be

inactive in PTS complementation.

2.10 Dideoxynucleotide sequencing

Sanger sequencing (Sanger er al., 1977) was performed using the T7
Sequenase kit. Double-stranded template (1-2 pmol/reaction mixture) was mixed
with an appropriate primer (5 pmol/reaction mixture). Primers were selected on
the basis of the location of the potential mutation. Dimethyl sulphoxide (DMSO)
(1 uL) was then added to this 8 ul. mixture and then incubated at 95 °C for 3 min
to facilitate separation of the DNA strands. This was then immediately quenched
in a —80 °C ethanol solution until completely frozen. The mixture was then hand-
thawed, 2 uL of annealing buffer added and pulse centrifuged. The mixture was
then allowed to stand at room temperature for 5 minutes following which 7.5 uL
of labeling mix (1 uL of 0.1 M DTT, 3 pL labeling mix “A”, 1 pL [**S] dATP
(500 Ci/mmol), 1 uL T7 DNA polymerase, 1.0 uL. DMSO and water to 7.5 pL)
was added. The mixture was allowed to sit at room temperature for 5 min.
Following the five min incubation, 4.5 uL this reaction mix was dispensed into
each of the pre-warmed (37 °C) termination tubes containing the sequencing
mixes (T, C, G and A) and allowed to incubate at 37 °C for five minutes. ‘T’ mix
(840 uM each of dATP, dCTP and dGTP; 93.5 uM dTTP; 14 uM ddTTP; 40 mM

Tnis-HCL, pH 7.6, and 50 mM NaCl), ‘C’ mix (840 uM each of dATP, dTTP and
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dGTP; 93.5 uM dCTP; 17 uM ddCTP, 40 mM Tris-HC!, pH 7.6), ‘G’ mix (840
pM each of dATP, dCTP and dTTP; 93.5 uM dGTP; 14 uM ddGTP; 40 mM Tris-
HCI, pH 7.6, and 50 mM NaCl), ‘A’ mix (840 uM each of dTTP, dCTP and
dGTP; 93.5 uM dATP; 14 uM ddATP; 40 mM Tris-HCI, pH 7.6, and 50 mM
NaCl). Reactions were terminated by the addition of 5 pL of “stop mix” (0.3%
each Bromophenol Blue and Xylene Cyanol; 10 mM EDTA, pH 7.5 and 97.5%
deionized formamide) to each tube. The reactions were either loaded immediately

unto a polyacrylamide sequencing gel or frozen for later use.

2.10.1 Urea-polyacrylamide gradient gels

DNA-sequencing reactions were analyzed by running them on urea-
polyacrylamide gradient gels as described by Biggin er al, (1982). Glass
sequencing plates were first cleaned using 95% ethanol and lint-free kimwipes.
Plates were squared with respect to each other and separated by 0.4 mm plastic
spacers before being clamped. Two different gel mixes are required to form the
gradient gel; 0.5x gel mix is composed of 2 mL TBE buffer (89 mM Tris-HCl, 89
mM boric acid and 2 mM EDTA, pH 8.0) added to 6 mL of 40% [w/v] deionized
acrylamide (38 g acrylamide and 2.0 g bis-acrylamide mixed in 100 mL water)
and 18.4 g urea. The second mix, 5.0x gel mix is composed of 20 mL of 10x TBE,
6 mL of 40% acrylamide and 18.4 g urea. For a single gel 50 mL of 0.5x gel mix
and 15 mL of 5.0x gel mix were required, polymerization was initiated by the
addition of 100 ul and 30 uL of ammonium persulfate (25% w/v) respectively,
followed by 50 uL and 15 uL of N,N,N’,N’-tetramethylethylenediamine
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(TEMED) respectively. After initiation of the polymerization reaction
approximately 35 mL of 0.5x gel mix was drawn into a 60 mL syringe, the
remainder was drawn into a 25 mL pipette using a rubber suction bulb, with the
same pipette the 5.0x gel mixture was also drawn up to form a gradient buffer.
The solution in the pipette was then slowly and evenly dispensed in between the
glass plates. The solution contained in the syringe was then also added in between
the plates. The plates were then laid flat and the flat side of a shark’s tooth comb
was inserted between the plates into the solution. The gel was then left for 1.5 h to
allow for polymerization. After the gel had polymerized and immediately prior to
running the gel the shark’s tooth comb and lower spacer were carefully removed

and excess dried acrylamide was washed away.

2.10.2 Electropboresis and autoradiography

The polyacrylamide gel was then clamped to a BRL sequencing gel
electrophoresis apparatus and the upper and lower chambers filled % full with 1x
TBE buffer. The gel was warmed with a pre-run of approximately 30 min with
constant watts (50 W). During this time the sequencing samples were incubated in
a 95 °C water bath for 3 min then placed on ice. The gel apparatus was then
turned off and excess urea was rinsed from the upper and lower spaces between
the gel plates. The shark’s tooth comb was then reinserted into the top space with
the points imbedded into the gel. Samples were then loaded into the arcs of the
comb. Samples were electrophoresed at a constanmt watts (50 W) until the

Bromophenol blue marker dye reached the bottom of the gel, usually about 2.5 h.
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The power supply was then disconnected and the upper and lower chambers were
carefully suctioned into a sink. The glass plates were then pried apart and the gel
transferred to a 3M Whatman filterpaper. Gels were dried by covering them with
Saran wrap and placing them in a Bio-Rad slab gel drier at 80 °C with suction for
2 h. The dried gels were then exposed to X-ray film (Kodak-X-omat Ar) for 24 h
in a x-ray cassette. Films were developed using an AFP Imaging Mini Med/90 X-

ray Film Processor.

2.10.3 Automated sequencing
Automated DNA sequencing was performed by the Plant Biotechnology
Institute, NRC Canada, Saskatoon, using an Applied Biosystems 373 (Stretch)

DNA sequencer.

2.11 Isolation of plasmid DNA through ‘mini-prep’

DNA plasmid isolation was performed through the ‘mini-prep’ procedure
(Birnboim and Doyle, 1979; Maniatis ef al., 1982). E coli cells containing the
proper plasmid were grown overnight at 37 °C with constant shaking in LB media
with the antibiotic ampicillin (50 ug/mL). Cells were isolated from the cultured
media by centrifugation (12,000 x g for 5 min) of a 1.5 mL aliquot in a microfuge
tube. The supernatant was carefully removed by suction. The pellet was then
resuspended in 100 puL of Solution I (50 mM glucose, 25 mM Tris-HCI buffer pH
8.0 and 10 mM EDTA) and placed on ice for 1 min until 200 uL of freshly

prepared solution II (0.2N NaOH and 1% Sodium dodecy! sulfate (SDS)) was
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added. Following this addition the tube was gently swirled to ensure that the
liquid came into contact with all parts of the tube. The tube was then stored on ice
for 5 min following which 150 uL of solution IIl (5M sodium acetate) was added
and vigorously vortexed. Following a 5 min incubation of this solution on ice the
tube was centrifuged for 5 min at 12,000 x g. The supernatant was then
transferred to a fresh Eppendorf tube and equal parts (250 uL) of phenol and
isoamyl! alcohol:chloroform (1:24) were added. This solution was then mixed by
inversion and centrifuged for 2 min at 12,000 x g. The upper aqueous layer was
then transferred to a new Eppendorf tube and the dsDNA was precipitated with
the addition of 2 volumes (1 mL) of cold 95% ethanol. The precipitation was
placed on ice for at least 10 min before being centrifuged at 12,000 x g for 15 min
at 4 °C. The supernatant was carefully poured off taking care not to disrupt the
pellet. The pellet was then washed with cold 70% ethanol followed by another
centrifugation at 12,000 x g for 15 min at 4 °C. The supernatant was again poured
off and the pellet dried in a 37 °C incubator. The dried pellet was then
resuspended in 30 ul of TE buffer with 1 uL of RNAse (10 mg/mlL solution,

boiled 10 min). Mini-preps are stored at =20 °C.

2.12 Protein purification
The experiments of this thesis required the purification of three proteins;

HPr, Enzyme | and ETIA®.



2.12.1 Protein overexpression and cell harvesting

Different cell strains were used for the overexpression of the different
proteins; HPrs were produced in strain ESK108 utilizing a pUC(ptsH) plasmid,
EIIA®C in strain ESK262 with a pT7-7(crr) plasmid and Enzyme I from TP2811
with a pT7-7(pts]) plasmid. In each case freshly transformed cells were grown in
a 5 mL LB ovemight culture at 37 °C with ampicillin at 50 ug/mL. A sterile 500
mL flask with 100 mL LB and 50 ug/mL ampicillin was then inoculated with the
overnight culture and grown to mid-log phase with shaking at 37 °C. This was
further used to inoculate 6 L of LB with 100 ug/mL ampicillin (1.5 L in each
flask). Cells were allowed to grow for a period of 16-20 h. With IPTG inducible
plasmids, IPTG was added to a final concentration of 0.5 mM 3 h prior to cell
harvesting. Cells were harvested by centrifugation, 7,500 x g for 10 min in a GS-3
rotor in a Sorvall RC2-B refrigerated centrifuge. Cell pellets were washed in
0.85% saline solution and frozen and -20 °C.

For the HPr and EIIA® cell disruption thawed cells were resuspended in
10 mM Tris-HCI buffer, pH 7.3 with 1 mM EDTA. In both cases 3.0 mL of buffer
were used for each gram of wet cell weight. Cells were broken by passing them
through a cooled (~4 °C) French pressure cell (~25,000 psi) two times. Cell debris
was removed from the crude extract by a low-speed centrifugation (8,000 x g for
10 min) followed by & high speed centrifugation at 200,000 x g for 1.5 hin a
Beckman Ti60 rotor. The resulting supernatant was used immediately in the
appropriate purification procedure.
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2.12.2 Purification of HPr proteins

HPrs could be purified to homogeneity in a single gel filtration
purification step. The supernatant from the high speed spin, approximately 100
mL, was loaded onto an Ultragel AcA54 molecular sieve column (10 cm x 100
cm) which was equilibrated with 10 mM Tris-HCI buffer, pH 7.3. Buffer was
pumped through the column at a rate of ~ 300 mL/h and fractions corresponding
to 1.5 h were collected. Isoelectric focussing gels were used to determine which
fractions contained HPr, typically fraction 5 or 6. This HPr was greater than 90 %
pure and could be used without further purification. The HPr containing fractions
were pooled and dialyzed (pore size <3,500 MW dialysis tubing) against 30 L
water overnight with two changes of the water. Samples were then frozen and

lyophilized.

2.12.2.1 Iom-exchange chromotography purification of HPr species

The three different species of His15Asp E. coli HPr which emerge during
the course of phosphorylation, normal, phosphorylated and high pl, could be
separated and isolated using a 1 mL Mini-Q anion exchange column in
conjuncture with the Gradifrac system. All solutions were filtered (0.22 uM filter)
prior to use. The buffer system was comprised of 10 mM citrate-phosphate buffer,
pH 4.6. This was the sole component of the “A” buffer. The elution “B” buffer
also contained 0.2 M NaCl in addition to the buffer. A typical run involved a flow

rate of 2 mL/min with a increase in salt gradient of 2.5%/min. Fractions of 0.5
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mL were collected and the absorbency of the elutant was monitored with a UV
detector set at wavelength 214 nm.

A 500 pl sample of the His15Asp E. coli HPr phosphorylation mixture (3
mg His15Asp HPr, 0.2 mg Enzyme I, 5 mM PEP and 5 mM MgCl;) was injected
into the system. Three distinct peaks were detectable and confirmed by isoelectric
focusing to correspond to the three HPr species produced as a consequence of

His15Asp phosphorylation.

2.12.3 Enzyme I purification

The Enzyme I purification has been previously described (Waygood and
Steeves, 1980). Following pelleting the cells by the first low speed centrifugation
described earlier cells were resuspended, 3 mL buffer for each gram wet cell
weight, in 1x M9 salts (42.5 mM Na;PO,, 22.0 mM KH;PO,, 8.5 mM NaCl and
185 uM FeClye6H,0) with the inclusion of (p-aminobenzamidine, 2-
deoxyglucose and KF, each to a final concentration of 10 mM) this mixture was
then incubated at 37 °C for 15 min. ZnCl; was then added to a final concentration
of 1 mM, the cells frozen, thawed and passed through a cooled (~4 °C) French
pressure cell (~ 25,000 psi). Streptomycin suifate was then added to a final
concentration of 1.3 % (w/v). This extract was then subjected to the high speed
centrifugation protocol described earlier.

The Enzyme I crude supernatant was applied to a 300 mL DEAE-cellulose
column (3.0 cm x 25 cm) which had been equilibrated with 10 mM potassium
phosphate buffer pH 6.5, 1 mM EDTA and 0.5 mM DTT. The column was then
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eluted using a salt gradient of 0-0.5 M KCl in the equilibration buffer, fractions of
20 mL were collected. Typically Enzyme I would elute from the column at
approximately 0.4 M KCl after essentially all other proteins had been removed.
Enzyme I containing fractions were then pooled and dialyzed (pore size <35,000
MW) overnight against equilibration buffer. Following equilibration, PEP and
MgCl; were added to the protein solution to the concentration of 5 mM each. This
was then incubated at 37 °C for 15 min to ensure all Enzyme | was in the
phosphorylated form. This solution was then divided into aliquots and frozen at -

20 °C.

2.12.4 Enzyme IIA® purification

Approximately 75 mL of the EIIA® crude supematant from the high-
speed centrifugation described earlier was applied to a 300 mL DEAE-cellulose
column (3.0 cm x 25 cm) which had been equilibrated with 10 mM potassium
phosphate buffer pH 6.5, 1 mM EDTA and 10 mM p-aminobenzamidine. The
column was then eluted using a salt gradient of 0-0.5 M KCl within the
equilibration buffer, fractions of 20 mL were collected. Typically EIIA® would
elute from the column at approximately 0.2 M KCl. Fractions containing EINA®
were determined by sodium dodecyl sulfate (SDS) polyacrylamide gel
electrophoresis (SDS-PAGE). Appropriate fractions were then pooled and
dialyzed (pore size <3,500 MW) ovemight against the equilibration buffer.
Samples were aliquoted and frozen at —20 °C.

2.13  HPr protein determination
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HPr protein concentrations were determined by the spectrophotometric
method of Waddell (1956) (10D[OD;z;5-ODz;s] = 0.144 mg/mL), and by the
lactate dehydrogenase depletion assay (Waygood er al, 1979). Lactate
dehydrogenase depletion assays were performed using a Gilford 2400 recording
spectrophotometer at 340 nm. A volume of the HPr in deionized water was added
1o a cuvette containing 0.1 M N-2-hydroxyethyl-piperazine-N’-2-ethane sulfonic
acid (Hepes) buffer, pH 7.0, 0.10 mM NADH, 15 mM PEP, 5 mM MgCl, and 35
units of lactate dehydrogenase. The volume of the reaction mixture was made to
0.995 mlL with deionized water, a basal activity was recorded and then the
reaction was initiated by the addition of 5.0 uL of Enzyme I (1.0 mg/mL). The
reaction was allowed to proceed for approximately 10 min.

The reliability of kinetic data is dependent upon accurate protein
concentration dterminations. The spectrophotometric assay of Waddell (1956) is
sensitive to contaminants which affect measurements at 215 and 225 nm. The
lactate dehydrogenase depletion assay (Waygood er al., 1979), is specific for HPr
was carried out in conjuncture with the spectrometric assay of Waddell (1956).
Duplicate assays with Enzyme I gave Km values within 10% variation with
consistent resuits over a two-year period. The Enzyme I Vmax for each mutant
HPr was monitored with each investigation by carrying out, simultaneously,
assays with wild type HPr as a control experiment.

2.14  N-terminal sequencing
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HPr protein sequencing was performed by Dr. S. Mackenzie of the Plant
Biotechnology Institute, National Research Council of Canada, Saskatoon.
Protein sequencing was performed using an Applied Biosystems, Inc. model
471A sequencer equipped with a model MGS microgradient pump and Blott
cartridge for PVDF-type membranes. Data were acquired and analyzed using an

Apllied Biosystems Inc. model 601 A data system.

2.15 Phosphohydrolysis of HPr

Phosphohydrolysis experiments were performed as described by Waygood
et al., (1985). Phosphohydrolysis was performed to determine the relative
phosphohydrolysis of a HPr as a function of pH at a single time point. The buffers
ranged in pH from 1.5 to 10.0. The buffers used were as follows: pH 1.5-2.5,
HCI-KCI; pH 3-7.5, citrate-phosphate; pH 8.0-9.5 potassium phosphate; pH 10.0,
borate. Phosphorylated HPr samples 1 mL (1.0 mg HPr, 0.1 mg Enzyme L, 5.0
mM MgCl:, 3 mM PEP, 1 pL [**P]JPEP (specific activity ~1000 Ci/mmol) and 10
mM Hepes buffer, pH 7.5) were added to the appropriate buffer system, final
buffer concentration S0 mM, incubated at 37 °C for 20 min. Samples of 100 uL
were taken and added to ice cold 0.2 M Na;CO», vortexed and put on ice. The
mixture (200 puL) was carefully spotted to one end of a DEAE-cellulose paper
(Whatman DES81) strip (3.0 cm x 15 cm) approximately 4 cm from the end of the
strip. Ascending chromatography was then performed by placing the end of the
strip to which the sampie had been applied in ascending buffer (35% ethanol, 50
mM KCl, 10 mM Tris-HCL, pH 7.5 and 1 mM EDTA) for approximately 90 min.
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The strips were air dried and cut (3.0 cm below the solvent front) into two pieces.
The upper portion contained [*P]Pi which travels with the solvent front, the
lower portion contains the [*?P]P-HPr which remains stationary. The strips were
placed in scintillation vials, 7.0 mL of scintillation cocktail added, capped and
counted in a scintillation counter. Percent hydrolysis could be calculated as a

ration of the [**P]Pi to the [**P]P-HPr.

2.16 Enzyme assays and reactions
2.16.1 Enzyme I kinetic assays

Enzyme 1 kinetics were measured by a continuous spectrophotometric
assay. Assays were conducted at 340 nm using a Gilford 2400 recording
spectrophotometer and 2 1 mL quartz cuvette. The constant features of the
reaction were 50 mM Hepes buffer, pH 7.0, 0.15 mm NADH, 10 mM PEP, 5 mM
MgCl, and 35 units of lactate dehydrogenase. HPr, or mutant HPr concentration
was varied. All components of the reaction mixture were filtered through 0.22 um
filters. The reaction was started with the addition of 5 ul of Enzyme I (1 mg/mL)
diluted 1:200 in 50 mM Hepes buffer, pH 7.3, with 5 mM both MgCl; and PEP,
left at room temperature for 30 min. prior to assay. Initial velocities would be
determined for a variety of HPr concentrations. For HPr mutants of severely
compromised activity, such as His15Asp, higher concentrations (200X) of

Enzyme I were required.

2.16.2 HPr phosphorylation reaction



Phosphorylation of HPr and HPr mutants by Enzyme I without kinetic
considerations were conducted as follows. In an Eppendorf tube 2.5 mg HPr was
mixed with 50 ug of Enzyme I in a 20 uL solution of 5 mM PEP, 5 mM MgCl:
and 10 mM Hepes buffer, pH 7.0. This mixture was incubated at 37 °C for 15 min

then placed on ice for inmediate use.

2.16.3 Enzyme IIA®™ phosphorylation

The determination of EIIA® phosphorylation by [**PJHPr was determined
by audioradiography of SDS-PAGE gels. Phosphorylation was achieved through a
similar Enzyme I phosphorylation mixture in which 10 ug of the EIIA®® protein
was included in a 20 pl reaction mixture. In addition 5 uL of the [**P]PEP
mixture described above was included. The phosphorylation reaction was haited
with the addition 2x SDS loading buffer and electrophoresed through a 12% SDS-
PAGE gel. Following the run the gels were covered with commercial food wrap,

and exposed to X-ray film (Kodak-X-omat Ar) for 16 h at -80°C.

2.17 Isoeclectric focusing (IEF) gels

Isoelectric focusing gels were constructed using a Bio-Rad capillary tray
as described by Mattoo ef al. (1984). Glass plates (10 cm x 10 cm) were cleaned
with 95% ethanol and placed on the side of the tray corresponding to the 0.8 mm
(thin gel) side. Sucrose (1.1 g) was added to a 100 mL flask containing 4.8 mL
deioinized water and 5.5 mL of acrylamide solution (24.25 g acrylamide and 0.75

g bis-acrylamide in 250 mL of deionized water). The solution was swirled until
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the sucrose dissolved. Ampholytes ( 600 uL of 20% pH 3.0-10 and 40% of each
pH 3.5-5.0 and pH 5.0-7.0), 50 uL of 5% ammonium persulfate, 25 pl of
riboflavin S-phosphate (2.5 mg/mL) and 5.0 uL of TEMED were then added in
that order. The mixture was mixed by swirling and poured between the glass plate
and the casting tray and placed under a light source for 30 min for photo
polymerization to occur.

The polymerized gels were removed from the tray by prying them free
with a spatula. Electrode wicks soaked with 1 M NaOH (cathode) and 1 M
phosphoric acid (anode) were positioned at either end of the gel with haif the wick
touching the gel, the other the glass plate. A plastic sample applicator was
positioned at the cathode end of the gel. The gel was placed, glass side down, on a
pre-cooled (4 °C) flat bed Pharmacia IEF apparatus and samples (~20 uL) were
loaded onto the gel. The gel is run for 2 h at 8 watts with a 1000 V upper limit.

Staining of the gels was performed as described by Crowle and Cline
(1977). The gel was stained for 15 min with fixing stain (5.0 g CuSO,, 04 g
Coomassie-brilliant Blue R250; 0.5 g of Crocein Scarlet, 270 mL isopropanol,
100 mL acetic acid in 640 mL of distilled water). Destaining was performed by
soaking the gel in destaining solution (140 mL acetic acid and 240 mL
isopropanol in 1620 mL of distilled water). Destaining solution was changed

every several hours until non-specific staining of the gel was removed.

2.18 SDS-PAGE
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SDS-PAGE gels were prepared by the method of Laemmli (1970), and run
in a discontinuous buffer system, as described by Sambrook er al., (1989). Gels
were (80 mm X 100 mm X 0.5 mm) with a final acrylamide concentration of
15%. Gels for monitoring protein purification were run at a constant voltage of
150 V for approximately 90 min at room temperature. Gels analyzing protein
phosphorylation reactions were run in a 4 °C cold-room.

For non-radioactive samples gels were stained for 15 min in Coomassie
Brilliant Blue (45% methanol, 10% glacial acetic acid, 0.25% w/v Coomassie
Brilliant Blue R250) and destained in destaining solution (7.5% methanol, 10%
glacial acetic acid) overnight. When samples had been labeled with [**P]JPEP, one
plate was removed from the gel sandwich and the exposed gel covered with
Saranwrap. X-ray film was placed directly against the Saranwrap and stored in a
film cassette at —-80 °C overnight or longer. X-ray films were developed using a

AFP Imaging Mini-med/90 X-ray Film Processor.

2.19 Production of [FP|PEP

[*’PJPEP was made by the incubation of 0.2 mCi, of [y-“PJATP (specific
activity 3000 Ci/mmol), 0.1 mg of phosphoenolpyruvate carboxykinase, 1 mM
ATP, 12.5 mM KF, 5.0 mM MgCl; and 1 mM oxaloacetate in 50 mM Hepes
buffer (pH 7.5) with a final volume of 250 pL at 37 °C for 10 min. The reaction
was initiated with the addition of oxaloacetate. This preparation was used without
further purification.

2.20 Crystallography
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2.20.1 Serd46Asp HPr crystallization

The Serd46Asp E. coli HPr protein was provided by Dr. J. W. Anderson
(University of Saskatchewan) and used without further purification. Crystals were
grown by the hanging drop vapor diffusion method at 14 °C. A hanging drop was
typically composed of a final concentration of S mg/mL HPr, 20-25% saturated
ammonium sulfate and 50 mM citrate phosphate buffer pH 4.6-4.8. The initial
crystals were obtained after a period of 7-14 days although they were of
insufficient quality for x-ray data collection. More suitable crystals were obtained
through the use of a seeding solution composed of crushed Serd6Asp HPr
crystals. This solution was utilized in promoting crystal growth by touching a
pipette tip into the seeding solution then touching it into the hanging drop prior to
sealing of the plate. Using this procedure to transfer micro-crystal nucleation

centers large, uniform crystals could be obtained in less than a week

2.20.1.1 Serd6Asp HPr data collection

Diffraction data were collected by Dr. L. T. J. Delbaere and Dr. W.
Wilson Quail to 1.5 A resolution with a MAR image plate scanner using a
wavelength of 0.927 A from a synchrotron light source (X11, DORIS ring) at the
EMBL Outstation, DESY, Hamburg, Germany. Data were collected at room
temperature. Rotations of 2.5° were used to obtain high-resolution data and 4.0°
to collect high-intensity, low-angle diffractions which overloaded the image plate
on the high- resolution scans. A total of 9806 unique reflections were collected

between 8.0 and 1.5 A resolution to produce a 96.7% complete data set. Data
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were processed using DENZO and SCALEPACK (Otwinowski, 1993) and the

CCP4 suite (Collaborative Computational Project #4, 1994).

2.20.1.2 Serd46Asp HPr structure solution and refinement

Molecular replacement using the wild type HPr molecule as the probe
molecule was performed using the Amore package of molecular replacement
(CCP4, 1994) and provided consistent rotation solutions across a variety of
resolution shells. The consistent appearance of a rotation peak in a series of
resolution ranges is a reliable indicator of the correctness of a rotation solution.
The rotation solution was applied to the starting probe molecule to correctly
position the molecule within the new unit cell. No translation search was
necessary since the space group is P1. Least squares refinement using the X-
PLOR 3.1 package (Brunger, 1992) was performed. The refinement protocol of
(1) rigid body refinement; (2) preparation stage (backbone-restrained least-
squares refinement), (3) slow cooling refinement (simulated annealing and

unrestrained least-squares refinement) and (4) temperature factor refinement.

2.20.2 His15Asp HPr crystallization
Crystals were grown by the hanging drop vapor diffusion method at 14 °C.
A hanging drop was typically composed of a final concentration of 5 mg/mL HPr,
20-25% saturated ammonium sulfate and 50 mM citrate phosphate buffer pH 4.6.
The initial crystals were obtained after a period of a few weeks although they
were of insufficient quality for x-ray data collection. More suitable crystals were
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obtained through the use of a seeding solution composed of crushed Ser46Asp
HPr crystals. This solution was utilized in promoting crystal growth by touching a
pipette tip into the seeding solution then touching it into the hanging drop prior to

sealing of the plate.

2.20.2.1 His15Asp HPr data collection

Synchrotron diffraction data were collected by Dr. L. Tar, Dr. W. Quail
and Dr. L. Prasad with a Brandeis CCD detector at the Brookhaven National
Laboratory, New York Data were collected at room temperature to 1.6 A
resolution with 7751 unique reflections comprising a 96.0% complete data set.
Data were processed using DENZO and SCALEPACK (Otwinowski, 1993) and

the CCP4 suite (Collaborative Computational Project #4, 1994).

2.20.2.2 His15Asp HPr structure solution and refinement

The HislSAsp HPr mutant was solved using the Amore molecular
replacement package. E. coli wild type HPr, in which His15 was substituted for an
alanine was used as a probe structure. A consistent rotation solution was obtained
for all shells of resolutions investigated. In addition it was necessary to perform a
translational search to determine the correct translation for the rotated molecule in
the unit cell. The translational search was performed at 3.0 A resolution and a
single sharp peak was obtained. The initial model was refined through rigid body
refinement and subsequent electron density maps demonstrated clear and

continuous electron density for the protein and an aspartate residue was evident at



the fifteen position. Further refinement was performed by the same methods as

described for the Ser46Asp HPr mutant.

2.20.3 High pI His15Asp HPr crystallization

Crystals were grown by the hanging drop vapor diffusion method at 14 °C.
A hanging drop was typically composed of a final concentration of 5 mg/ml HPr,
20-25% saturated ammonium sulfate and SOmM citrate phosphate buffer pH 4.6.
The initial crystals were obtained after a period of a week to two weeks aithough
they were of insufficient quality for x-ray data collection. More suitable crystals
were obtained through the use of a seeding solution composed of crushed
Ser46Asp HPr crystals. This solution was utilized in promoting crystal growth by
touching a pipette tip into the seeding solution then touching it into the hanging

drop prior to sealing of the plate.

2.20.3.1 High pl His15Asp HPr data collection

The high pl form of E. coli His15Asp HPr was collected by Dr. L T. J.
Delbaere, Dr. W. Quail and Dr. L. Tari at the Photon Factory in Japan on
beamline BL18B using a screenless Weissenberg camera and a wavelength of 1.0
A. Data were collected at room temperature. A total of 5670 unique reflections
were collected to a resolution of 1.8 A comprising a 97.5% complete data set.
Data were processed using DENZO and SCALEPACK (Otwinowski, 1993) and

the CCP4 suite (Collaborative Computational Project #4, 1994).
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2.20.3.2 High pl His1SAsp HPr structure solution and refinement

The solution structure was obtained through the same process as described
for the His1SAsp HPr mutant, utilizing the same probe molecule of E. coli wild
type HPr with Hisl5 truncated to an alanine. The initial electron density map
demonstrated clear and continuous density through-out the molecule and an
aspartate was evident at the fifteen position. No additional density was present in
the region of residue fifteen to indicate the presence of unusual structures such as

succinimides or iso-aspartyl residues.



Chapter 3
E. coli Ser46Asp HPr

3.1 E. coli Serd6Asp HPr

While HPrs from Gram-negative organisms are unable to undergo
phosphorylation of the Serd6 residue it is still possible to mimic the effects of
phosphorylation through the Ser46Asp mutation. The Serd6Asp mutant of E. coli
HPr demonstrated kinetic properties remarkably similar to the Ser46
phosphorylated forms of HPrs from Gram-positive species. Due to the high
degree of structural similarity between HPrs from Gram-positive and Gram-
negative sources, it is reasonable to assume that the inactivation is occurring
through similar mechanisms. In this portion of the thesis the structural mechanism

of inactivation by Ser46Asp E. coli HPr will be described.

3.2  Kinetic properties of the Ser46 mutants of E. coli HPr

A series of mutations of residue 46 of E. coli HPr were characterized by
Dr. J. W. Anderson with respect to their ability to act as substrates for Enzyme 1.
The results of this kinetic analysis are presented in Table 3.1. The mutants created
involving the introduction of negative charge, e.g. aspartic and glutamic acid, had
the most dramatic consequences, particularly on Km. The aiteration of Km as
opposed to Vmax would suggest that the catalytic mechanism of the protein,
hence active site conformation is unaffected by the mutation. The Ser46Asp HPr
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most closely resembled the kinetic properties of Gram-positive Ser46

phosphorylated HPr.

Table 3.1 Enzyme I kinetics of Ser46 alterations

HPr Km Vmax Ka/Km
(TLY)) (%wild type) | (relative)

Wild type 6 100 16.7
Ser46Ala 15 100 6.67
Ser46Arg 40 100 2.50
Serd6Asn 65 100 1.54
Ser46Asp ~4000 ~30 ~0.0075
Serd46Glu ~1500 100 ~0.067
Ser46Gly 6 100 16.7
B. subtilis HPr ¢ 23 100 44

B. subtilis P-(Ser) HPry 345 16 0.046

* data from Napper ez al., 1996
1 data from Reizer er al., 1992

3.3  Crystallographic parameters of the Serd6Asp structure

The Serd6Asp HPr mutant of E. coli was determined by x-ray
crystallography at a resolution of 1.5 A. The space group was P1 with unit cell
dimensions of a=25.85 A, b=27.33 A, ¢=27.60 A, a=66.90°, B=75.71° and
v=70.00°. The structure was refined to a final R-factor of 0.182 over a resolution
range of 10.0 - 1.5 A with no sigma cut off. R = ZIFol| -IFcl/ ZIFol The
structure has a bond length rms deviation of 0.0012 A and a bond angle rms
deviation of 2.4°. The average restrained isotropic B-factors are 12.0 A, 153 A
and 14.6 A for the main chain, side chain and solvent atoms respectively. The
final model contains a single sulfate ion at the active centre and 75 water

molecules.



3.4 Structural analysis of the Serd6Asp mutation

The Serd46Asp E. coli HPr structure is a classic open-faced B-sandwich
consisting of four antiparallel B-strands and three alpha-helices. A representative
ribbon diagram of the Ser46Asp E. coli HPr is presented in Figure 3.1. The B-
sheet is comprised of four B-strands as defined by the hydrogen-bonding pattern,
B1 (residues 2-8), B2 ( residues 32-36), B3 (residues 40-44) and B4 (residues 58-
65). The hydrogen-bonding pattern defines three alpha helicies; ol (residues 15-
27), a2 (residues 46-54) and a3 (residues 69-84). It is important to note that in

helix B a 310 helical conformation is adopted after residue 48.

o

Fig. 3.1: A ribbon representation of E. coli Ser46Asp HPr. Diagram produced
using SETOR (Evans, 1992).



91

3.5 Comparison of the wild type and Serd6Asp E. coli HPr structures

The Serd6Asp HPr has remarkable overall structural similarity to the /-
coli wild type structure (Jia. 1992). indicating that no major conformational
changes are required for inactivation. An overlay comparison of the backbone
atoms of the wild type and Serd46Asp HPrs is presented in Figure 3.2. Both the
wild type and Ser46Asp HPr structures have a similarly positioned sulfate anion
present in the active centre region meaning that both structures are HisiS
phosphorylated state analogs. The wild type HPr structure has a second unique,
sulfate anion which interacts with the regions of Gly54 and Asn38 but this was

not found in Serdo6Asp HPr.

GLY 54

Gy 85

Fig. 3.2 Stereo diagram ol backbone atoms of wild type (green) and SerdoAsp
(blue) HPrs. Diagram produced using SETOR (Evans, 1992).



92

3.5.1 Active centre comparison
The main chain conformation of the active centre region in the wild type
and mutant protein are indistinguishable and the specific orientation of proposed
critical active centre side chains are not significantly altered in the Ser46Asp
HPr. Active center water molecules are comparably positioned and the
differences are believed to arise as a consequence of the different space groups
rather than a consequence of the mutation. An overlay active centre comparison
between Serd6Asp and wild type HPr is presented in Figure 3.3. In particular, the
His15, Argl7 and Asnl2 side chains occupy similar orientations. This would
indicate that the catalytic capabilities of the active centre are not influenced by

the mutation.

Fig. 3.3: Overlay comparison of active centre residues of wild type (green) and
Ser46Asp (blue) HPrs. Diagram produced using SETOR (Evans, 1992).
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Glu8S, which was proposed to be involved in the active centre on the basis
of the E. coli wild type HPr structure (Jia er al., 1993a), occupies an identical
position in Ser46Asp HPr. The residue forms hydrogen bonds between the
terminal a-carboxylate group and the N atom of the imidazole ring of His15.

In both the wild type and Ser46Asp HPr structures there is a sulfate group
located in the active centre region. The presence of sulfate in the active centre is a
consequence of the structural and electrostatic features of region and the
physiological role of this area in accommodating a phosphoryl group (Copley ez
al., 1994). The presence of a sulfate group, which is structurally similar to
phosphate, in the active centre region is considered structurally comparable to
His15 phosphorylation. The positioning of the sulfate is similar in both the wild
type and Ser46Asp HPr structures with interactions involving the N*' atom of the
imidazole ring of Hisl5 as well as the main-chain amide atoms of Thri6 and
Argl7. This is also the observed positioning of the phosphoryl group in P-
(His)HPr ( van Nuland er al., 199; Jones ef al., 1997b). The interaction of the
sulfate anion with Ser46Asp HPr in a manner analogous to that determined for the
wild type protein is indicative that the catalytic capabilities of the active centre

region are not influenced by the mutation.

3.6 Structural differences
A plot of the nms deviations, which provides a residue to residue distance
comparison, between the Ser46Asp and wild type E. coli HPrs confirms the

overall similarity of the structures and vet illustrates a point of structural deviation



94

corresponding to the residues 53-54. In addition the region about Proll shows
differences from the wild type structure. The significance of both of these

differences will be discussed in detail.

Fig. 3.4: RMSD comparison of a-carbon atoms of wild type and Ser46Asp HPr.

3.6.1 Proline 11 and torsion angle strain
Due to the inability to rotate about the peptide bond the folding of proteins

is limited to movements about the phi (®) and psi (¥) bonds. While all
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conformations are theoretically possible, many are disallowed due to steric strain.
The best indicator of permitted rotations is the Ramachandran plot which
describes the allowed torsion angle regions as a function of the phi and psi angles.
In the wild type E. coli HPr structure, which was determined at 2.0 A resolution,
there was the observation of partial torsion angle strain at residue 16; ® = -43°, ¥
= -65°. This torsion angle strain was interpreted to be of physiological importance
in conjuncture with the proposed model of phosphotransfer in which the stored
energy of the torsion angle strain was required for acceptance of the phosphoryl
group at His15 of HPr (Jia er al., 1993b). This torsion angle strain was very
pronounced in the S. faecalis HPr crystallographic structure (Jia ef al., 1994b).
Molecular dynamics simulations suggest that torsion angle strain may be present
in E. coli HPr upon phosphorylation (van Nuland er al., 1996) but there is no
evidence for this is B. subtilis (Jones et al., 1997).

The Ser46Asp mutant HPr structure was solved at a higher resolution, 1.5
A, with clear and continuous electron density throughout the molecule. In the 2.0
A resolution structure of wild-type E coli HPr structure, there was some
ambiguity in the electron density in the region of Pro 11. In contrast the Serd46Asp
HPr is clearly defined in this region and orients the Prol1 carbonyl group in a
different conformation. The electron density of the Prol1 region of Ser46Asp HPr
is presented in Figure 3.5 along with the wild type and Ser46Asp positions of the

Prol1 carbonyl.



Fig. 3.5: Stereo diagram of proline 11 electron density (2Fo-Fc). Map contoured
is revision of the Prol1 carbonyl group leads to &= -56° and ‘¥'= -50°

atl.5c.

angles for Thr16, for which there is no torsion angle strain.
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The different conformation of the Proll carbonyl does not anise as a
consequence of the Ser46Asp mutation in HPr, but rather from the higher
resolution of the structure. The lack of torsion angle strain in E. coli HPr would
therefore suggest that the torsion angle strain model proposed by Jia er al

(1993b) for S. faecalis HPr does not apply to E. coli HPr.

3.6.2 Alterations to helix B

A second structural difference between the wild type and Ser46Asp HPr
structures exists in helix B. Ser46 N-caps this small, irregular helix; residues 46
and 47 conform to alpha-helical structure, residue 48 represents a transition point
and residues 49-54 are in 3,0 helical conformation in Serd6Asp HPr. A
comparison of the various HPr structures shows variability exists in the
positioning of the final residues of this minor helix despite the fact that Leu$3-
Gly54 are conserved in most HPrs (Jia ef al., 1994a). These residues, which C-cap
helix B, seem to adopt one of two conformations on the basis of whether the HPr
is derived from a Gram-positive or Gram-negative species. The underlying
structural explanation of this species-specific difference relates to sequence
differences at residue 37, which is oriented perpendicular to the helix. In HPrs
from Gram-positive species, residue 37 is often a tyrosine while in HPrs from
Gram-negative species serine is more frequently found. In the Gram-positive
species, the Gly54 region of HPr is in a helical conformation while in the E. coli
HPr, Gly54 adopts a more random, nonhelical conformation and is hydrogen
bonded with the Ser37 residue (Jia ef al., 1994a). In the E. coli Ser46Asp HPr,
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Gly54 is in 30 helical conformation similar to that seen in HPrs from Gram-
positive species as illustrated in Figure 3.8. Since HPrs from Gram-positive
species can be phosphorylated by E. coli Enzyme I reasonably efficiently, it
would appear unlikely that this small change has any physiological consequences.
The alterations of this helix are not limited to the recruitment of Gly54,; in
addition there is a tightening of the hydrogen bonding pattern through-out the
helix-B as indicated by the shortening of the hydrogen bond lengths. The
hydrogen-bonding pattern and lengths of the wild type and Ser46Asp HPr B-

helices is presented in Table 3.2.

Fig. 3.8: Comparison of helix B from wild type (grey) and Ser46Asp (green)
HPr. The helix in Ser46Asp HPr has a general tightening and Gly54 adopts a 30
helical conformation. Diagram produced using SETOR (Evans, 1992).



Table 3.2: Hydrogen bond lengths in Helix B.

Donor Acceptor | Distance in wild | Distance in | Change (A)
Atom Atom Type (A) Serd6Asp
S(D)46 O 50N 3.11 2.93 0.18
1L470 Q51N 3.19 3.03 0.16
F48 O* QSI N 3.35 3.44 -0.09
TS52 N 3.95 3.52 043
K490 TS2N 3.19 3.06 0.13
L500O L53 N 3.18 3.08 0.10
Q510° G54 N 3.37
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*At residue 48 the helix changes from a-helix to 3y helix.

*In wild type HPr Gly54 is incompatible with helix conformation.

It would appear that the introduction of negative charge at the N-capping position
of helix-B results in a stabilization of this dynamic helix. This conclusion is supported by
both NMR and conformational stability studies of the Ser46Asp HPr protein which were
carried out in concert with this work (Thapar ez al., 1996) and by a similar body of work

on B. subtilis HPr (Herzberg et al., 1992b).

3.6.3 Local side chain movements

The region about the point of mutation does not undergo any significant
rearrangements. The substituted aspartate side chain adopts a position very similar
to that of the Serd6 in the wild type HPr structure. Both form hydrogen bonds
with the main chain nitrogen of Lys49. Only Phe48 shows a modest alteration in
position as compared to the wild type structure as shown in Figure 3.9. In the wild
type protein, the Phe48 side chain is situated with the plane of the phenyl ring
running parallel to the axis of helix B. In the Ser46Asp HPr mutant, the phenyl
ring is perpendicular to the B-helix axis. This minor adjustmenc is unlikely to be
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the cause of the disruption of HPr interaction with Enzyme I. It would be
expected that the Arg46 and Asn46 mutants would result in similar crowding of
the phenyl ring from its wild type position yet they do not display the dramatic
kinetic consequences seen with Ser46Asp.

Figure 3.9: Stereo diagram of the 46 region for wild type (blue) HPr and
Ser46Asp (green) HPr. Diagram produced using SETOR (Evans, 1992).

3.6.4 Electrostatic alterations

The surface region of the Ser46 region can be described as a hydrophobic
patch with some regions of basic potential. An electrostatic surface potential
diagram for the wild type and Ser46Asp HPrs is presented in Figure 3.10. The
electroneutral region about Ser46 is believed to be involved in the interaction with
Enzyme I. The electrostatic identity is likely to be a critical determinant in
mediating the interaction. Disruption of this hydrophobic docking site through the
introduction of negative charge, through either phosphorylation or mutagenesis,
impairs the interaction with Enzyme 1.
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Fig. 3.10: Electrostatic surface environments of wild type HPr (top) and Serd6Asp
HPr (bottom). Calculated by the GRASP program (Nicholls es al., 1992) with an
assumed pH of 7.0. Electrostatic potentials are as follows: blue, positive; red,
negative; white, neutral.
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Chapter 4
Involvement of Asnl2 in the Active Center of HPr

4.1 Involvement of position 12 in the active center of E. coli HPr

While residue 12 of HPr is not conserved; serine in B. subtilis, threonine
in S. faecalis and S. aureus and asparagine in E. coli, there is conservation in the
ability for formation of hydrogen bonds. Structural determinations of the various
HPrs report the presence of, or potential for, hydrogen bond formation between
the side chain of residue 12 and His15 (Jia ef a/., 1994a).

There is also kinetic evidence for the involvement of asparagine 12 in the
active center of E. coli HPr. Deamidation of this asparagine results in impaired
kinetic properties with respect to the interactions with both Enzyme I and EIIA
proteins (Sharma ez al., 1993). This species of HPr protein which is referred to as
HPr-2, also displays markedly different phosphohydrolysis properties, again
indicative of a role in the active site (Sharma er al., 1993).

The roie of Asnl2 in the active center of E. coli HPr was addressed by Dr.
S. Sharma through the mutant Asn12Asp HPr. The purpose of this mutant was to
mimic the deamidation event rather than to address the importance for hydrogen
bond formation from residue 12. The mutant displayed similar properties with
respect to Enzyme I kinetics as HPr-2 with an approximate doubling of Km and
halving of Vmax (Sharma, 1992).

In order to examine further the importance of hydrogen bonding potential
at the 12 position, the mutants Asnl12Ser, Asnl2Thr and Asnl2Ala were created
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in £. coli HPr. The mutants were purified to homogeneity as assayed in the lactate

dehydrogenase assay.

Table 4.1 Kinetic parameters of Asn12 substitutions of E. coli HPr.

HPr Km(uM) Vmax(%) Relative
ku/Km

Wild type 6 100 100
Asnl2Ser 6 65 65

Asnl2Thr 6 65 65

Asnl2Ala 12 50 25
Asnl2Asp®* | 15 60 25

*Result from Sharma er a/., (1993)

The kinetic results of Table 4.1 indicate that residue 12 has limited
involvement in interaction with Enzyme I and an equally modest role in the
catalytic mechanism of phosphotransfer. In particular, the mutant Asni2Ala,
which lacks hydrogen-bonding capabilities shows similar kinetic parameters as
does Asn12Asp HPr.
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Chapter S
His15Asp HPr Phosphorylation and Subsequent
Ring Formation

5.1 Rationale for the His1SAsp E.coli HPr mutation

The mutant His15Asp and His15Glu HPrs were created by Dr. J. W.
Anderson for the purpose of producing a Hisl5 phosphorylation analog for the
investigation of the interaction between HPr and EIIA™®™ during phosphotransfer.
The expectation was that the “permanently phosphorylated” HPr and a EIIA protein
would form a stable complex suitable for crystallization. The mutant, however,
provid to be unsuccessful in undergoing stable complex formation with EIIAS (J.

Remmington, University of Oregon, unpublished results).

S.1.1 Phosphorylation of His15Asp HPr

Isoelectric focusing band shifts can be used to demonstrate phosphorylation of
proteins. The His15Asp, His15Glu and wild type HPrs were incubated under
phosphorylation conditions described in Materials and Methods and analyzed by
isoelectric focusing shown in Figure 5.1. Incubation of the His15Asp HPr under
phosphorylation conditions produced a novel protein species of increased negative
charge, indicative of phosphorylation. In addition, there is the appearance of a third
species of more positive charge than the original His15Asp protein. The wild type

HPr protein, acting as a positive control, shows a phosphorylation band shift. The
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wild type protein, however, does not display the appearance of the third higher pl

species.

Fig. 5.1 Isoelectric focusing gel of His15Asp HPr phosphorylation. HPrs were
incubated under phosphorylation conditions described in Materials and Methods and
separated on isoelectric focusing gels. Lane 1 wild type HPr; Lane 2 wild type HPr
under phosphorylation conditions; Lane 3 His15Asp HPr; Lane 4 His15Asp HPr
under phosphorylation conditions; Lane 5 His15Glu HPr; Lane 6 His15Glu HPr
under phosphorylation conditions.
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5.1.2 Confirmation of His1SAsp phosphorylation

When phosphorylation reactions with [*’PJPEP were analyzed by isoelectric
focusing the lower pl band was shown by autoradiography to be phosphorylated; the
higher pI band did not have a phosphoryl group. A comparison with the stained gel is

presented in Figure 5.2A.

Fig. 5.2. Confirmation of HisAsp phosphorylation with [**P]JPEP. Phosphorylations
performed as described in Materials and Methods using [’PJPEP. The
phosphorylation mixture was then analyzed by IEF. The gel was analyzed by
autoradiograph (bottom figure) then IEF stained (top figure).(All lanes were
incubated under phosphorylation conditions using 0.1 mM [*’P]JPEP. Lane 1 enzyme
I, Lane 2 wild type HPr (5 ug); Lane 3 wild type HPr (20 ug); Lane 4 His15Asp HPr
(5 ug); Lane S His15Asp HPr (20 ug). -
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5.1.3 Requirements for phosphorylation of His15Asp HPr

To verify that phosphorylation of the His15Asp HPr was occurring through
Enzyme I mediated phosphotransfer, phosphorylation trials were conducted with
systematic elimination of each reaction component to confirm a similar dependence

as the phosphorylation of wild type HPr.

ap — W e o= His15Asp HPr

- | P-Asp HPr

+

Fig. 5.3 Hisl5Asp HPr phosphorylation requirements. Phosphorylation incubations
performed as described in Materials and Methods and separated by isoelectric
focusing. Lane 1 Hisl5Asp HPr no phosphorylation incubation; Lane 2 HislSAsp
HPr ﬁlll phosphorylation incubation; Lane 3 His15Asp HPr phosphorylation without
Mg?*; Lane 4 His15Asp HPr phosphorylation without PEP; Lane 5 His15Asp HPr
phosphorylanon without Enzyme I.

As indicated by Figure 5.3 the full complement of phosphorylation reaction
components is required for phosphorylation of the His15Asp HPr mutant, confirming
that the introduction of the phosphoryl group is a specific enzymatic addition by
Enzyme 1. Specific phosphorylation of His15Asp HPr indicates that the location of

»
’
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phosphorylation is conserved. In addition it is noted that the appearance of the high pl

species is dependent upon phosphorylation.

S.1.4 Kinetics of His15Asp phosphorylation

The kinetic measurement of phosphorylation of the His1SAsp HPr protein by
Enzyme I was carried out by the continuous spectrophometric assay described in
Materials and Methods. The Vmax was determined to be 0.1% that of wild type HPr
while the Km for the mutant was 66 UM, approximately an order of magnitude higher

than that of wild type HPr.

5.1.5 His15Asp HPr phosphotransfer to Enzyme [IA®™

As His15Asp HPr is phosphorylated by Enzyme I, the ability for further
phosphotransfer from P(Asp) His15Asp HPr to EIIA® was investigated. Due to the
impairment of the Enzyme I reaction, proper kinetic measurements are impossible
due to the impractical amounts of Enzyme I which would be required in the reaction
mixture. Qualitative detection of EIIA™™ phosphorylation by HPr mutants is possible
using [*?P}-labeling reactions with subsequent SDS-PAGE and autoradiography.

Demonstration of phosphorylation of EIIA®, which is dependent upon the
addition of HPr, required that all proteins be purified from E. coli strains which did
not produce HPr as described in Materials and Methods. Purification of EIIA®® from
strains containing HPr activity resulted in apparent contamination of EIIA®™ with
HPr. As a consequence of this contaminating HPr, at high Enzyme 1 concentrations,
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phosphorylation of EIIA®® was independent of the addition of HPr. The [*?P]-
phosphorylation of the EIIA® protein shown in Figure 5.4 indicates that with
purification of EIIA® from a HPr deficient strain, phosphorylation of EIIA® by
Enzyme I does not occur without addition of HPr to the reaction mixture. The ability
of phosphorylation of EIIA®* by His15Asp HPr is also demonstrated indicating that
the mutant is functional in the abilities of PTS phosphotransfer from Enzyme I to

Fig. 5.4 His15Asp HPr phosphorylation of EIIA®. Phosphorylation reactions were
performed as described in Materials and Methods with the addition of 0.1 mM [**P}-
PEP. Lane 1 enzyme [; Lane 2 Enzyme.1 and EIIA%; Lane 3 Enzyme I, wild type
HPr and EIIA*; Lane 4 Enzyme I, His] 5Asp HPr and ETIA®.
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5.1.6 Physiological PTS complementation by His1SAsp HPr

EIIA®® does not represent all the enzymes IIA™®. The potential for
phosphotransfer to other EIIA™® proteins was investigated by in wvivo
complementation studies. The pitsH E. coli strain ESK108, overexpressing the
His15Asp HPr protein, were grown on MacConkey plates with a series of PTS
sugars, mannose, mannitol, glucose, fructose and N-acetylglucosamine. Uptake of
these sugars is dependent upon phosphotransfer between Hisl15Asp HPr and the
respective EIIA™® protein. His15Asp HPr failed to complement the uptake of any of
the sugars tested indicating that at best HislSAsp HPr has limited ability to
phosphotransfer to the respective EIIA™™ proteins. In contrast Serd6Asp HPr,
another severely impaired HPr with a ~1000-fold level of impairment, results in a

delayed fermentation response when over-produced under similar conditions.

5.1.6 Crystallographic determination of His1SAsp HPr

The structural consequences of the His15Asp HPr leading to the retention of
phosphotransfer abilities were investigated. Retention of phosphotransfer capabilities
suggests a conservation of the active centre. Furthermore the positioning of the
aspartyl side chain would be expected to be similar to His15 in order to maintain the

spatial orientation of the site of phosphorylation.



5.1.6.1 His1SAsp HPr x-ray structure at 1.6 A resolution

The structure of the His15Asp mutant of £. coli HPr was determined by x-ray
crystallography at a resolution of 1.6 A. The space group was P2; with unit cell
dimensions of a= 25.37 A b=45.34 A, c= 27.62 A, a=90.0°, B=104.0° and y=90.0°.
The structure was refined to a final R-factor of 19.1%0 over a resolution range of 10.0
to 1 6 A with no sigma cut off. The structure has a bond length rms deviation of 0.007
A and a bond angle rms deviation of 1.4°. The quality of the electron density is
represented in Figure 5.5 with a 2F-F. electron density map of the His15Asp site of
mutation. The His15Asp mutation is clearly defined by the electron density. The final

model contains 73 water molecules.

Fig. 5.5 Stereo electron density (2F.-Fc) map of the AsplS residue. The map is
contoured at 1.5 ©.
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The E. coli His15Asp HPr structure is remarkably similar to the wild type
with an identical overall conformation of a open-faced $-sandwich consisting of four
antiparallel B-strands and three alpha-helices. The overall structure of the His15Asp
HPr is presented in Figure 5.6 with a backbone diagram. The average masd for
mainchain stoms of the wild type and His1SAsp HPrs is 0.18 A. The B-sheet is
comprised of four f-strands as defined by the hydrogen-bonding pattern;, B-A
(residues 2-8), B-B (residues 32-36), B-C (residues 40-44) and B-D (resides 58-65).
The hydrogen-bonding pattern defines three alpha helices; a-A (residues 15-27), a-B
(residues 46-51) and a-C (residues 69-84). The minor B-helix is in a conformation

similar to that seen in the wild type HPr structure.

Fig. 5.6 Stereo overlay comparison of the backbone atoms of the wild type
(yellow) and His15Asp (blue) HPrs. Diagram produced using SETOR (Evans, 1992).



115

The geometry of the active centre is preserved and the orientation of the
Aspl5 side chain is nearly identical to that of HislS in the wild type structure as
indicated by Figure 5.7. One of the oxygen atoms of the Asp1S carboxyl group is in
essentially the same position as the N*'-atom in the His15 imidazole ring of the wild
type structure; the distances between the His15 N* atom in the wild type and the two
carboxyl atoms are 1.0 A and 2.0 A The Argl7 side chain adopts an identical
position to that found in the wild type structure. Glu85 is positioned towards the
active centre region in s similar manner to that seen in the wild type structure, but
outside the range to form a hydrogen bond with AsplS. The maintenance of the

conformation of the active centre region is apparently central to the success of the

mutant in retention of phosphotransfer abilities.

Fig. 5.7 Stereo overiay comparison of the active centre residues of wild type
(yellow) and His15Asp (blue) HPrs. Diagram produced using SETOR (Evans, 1992).
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The active centre region was investigated to determine the structural potential
for the formation of succinimide or isoimide structures. Formation of succinimide or
isoimide structures have predictive main chain V¥ angles and side chain X dihedral
angles: ¥ = -120°, X; = +60° for succinimides, ¥ = +60°, X; = +120° for
isoimides. The Aspl5 residue of His15Asp HPr has values of ¥ =-170°, X; =
+61°, which would favour succinimide formation.

As residue 15 is the N-capping residue of Helix A it was of interest to see if
the introduction of negative charge influenced helical properties. The helix does not
appear to be affected as a consequence of the mutation, as indicated by a conservation
of hydrogen bonding pattern and lengths.

The absence of alterations of the active centre or helix A suggests that no
significant structural rearrangements need occur in the protein to accommodate the
introduction of negative charge to the region, in agreement with the conclusions
reached by NMR investigations of the P-(His) HPr from E. coli (van Nuland ef al.,

1995).

5.2 Investigation of other His1S HPr substitutions

The potential for phosphorylation of other Hisl5 substitutions was
investigated. Serine, cysteine, threonine and tyrosine are commonly phosphorylated
in other proteins. Asparagine, glutamine and glutamic acid, were chosen as a result of
similar structural or chemical properties to either histidine or aspartic acid. All of
these substitutions (Ser, Cys, Thr, Tyr, Asn, Glu and Gin) were made of His15 in E.
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coli HPr and mutants were purified to homogeneity before being tested for
phosphorylation ability. These mutant HPrs demonstrated no IEF band shifting, no
labeling by [**PJPEP, nor activity in an lactate dehydrogenase coupled assay. Of the

mutant proteins only His15Asp HPr was capable of being phosphorylated.

S.3  High pI form of His15Asp HPr

As a consequence of phosphorylation of the Hisl5Asp HPr there is the
appearance of a higher pl species in approximately equal proportions to the normal
and phosphorylated forms of the mutant protein as illustrated in Fig 5.1. Omission of
any of the phosphorylation reaction components such that phosphorylation does not
occur also fails to produce the high pl form as presented in Fig 5.3, indicating that the
two events were closely related. The properties and chemical identity of this high pI
form of His15Asp E. coli HPr are discussed in this portion of the thesis.

S3.1 Proposed mechanism of high pl formation

The earliest assumption about the chemical identity of the high pl form of
His15Asp HPr was based on previous experience of deamidation in HPr.
Deamidation reactions are known to proceed through a succinimide ring intermediate.
Succinimide ring formation from an aspartic acid residue results in a species of
greater positive charge than the original protein as presented in Figure 5.8. The
occurrence of a succinimide in His15Asp HPr as a consequence of phosphorylation
would account for the three species demonstrated in the phosphorylation reaction

mixture.
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Fig. 5.8 Mechanism of succinimide formation from an L-aspartic acid residue with
degradation to produce L-aspartic and L-isoaspartic acid. Not shown is the formation

of small amounts of D-aspartic acid and D-isoaspartic acid which also occurs.

The rates of succinimide formation from aspartate residues are limited by the

ability of the carboxyl oxygen to act as a leaving group. This ability can be enhanced

through such modifications as protonation as well as methylation (for review see

Clarke er al., 1992). It was postulated that the phosphorylation of the aspartic acid

residue would create a highly reactive group for ring formation. Phosphorylation of

aspartic acid catalyzes succinimide ring formation. The chemical nature of the high pl

form was investigated with the intent of verifying the succinimide hypothesis.
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5.3.2 Temperature dependence of high pl formation

Increased temperature is known to promote succinimide formation by
providing additional thermal energy as well as greater conformational flexibility. The
contribution of elevated temperature to high pl formation during phosphorylation
was investigated. Phosphorylation reactions were performed at both 37 °C and 22 °C

and examined by isoelectric focusing.

+

Fig. 5.9 Temperature dependence of high pI formation. Phosphorylation of His15Asp
HPr: Lane 1 no phosphorylation; Lane 2 (22 °C) phosphorylation reaction; Lane 3 (37
°C) phosphorylation reaction.

Phosphorylation of the His15Asp HPr showed some temperature dependency
with comparable levelsofphospborylauon,umd:wedbythebmdmensmum

Figure 5.9, oowmngubothtanpmmmvmwed Formation of the high pl
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species however, was greatly reduced at lowered temperatures and did not occur at all
at 37 °C in the absence of phosphorylation. This would indicate that both temperature
and the addition of the phosphoryl group are contributing factors to the formation of
the high pl species. Phosphorvlation is a required initiating event from which elevated

temperatures contribute to high pl formation.

5.3.3 pH sensitivity

The pH sensitivity of the high pl species was investigated because
succinimides are known to be susceptible to base cleavage. Treatment of the
His15Asp E. coli HPr phosphorylation reaction mixture under a range of pHs
indicated that the high pl form was unstable under basic conditions (Fig 5.10). The
hign pl species is unstable and the reaction is reversible. Under conditions in which
the high pl species was absent, only the phosphorylated and normal species could be
visualized indicating that the break-down of the high pl species returns the protein to
one of these forms, most likely the normal. The ability of the high pl species to return
to the normal state indicates that the phosphorylation, high pl formation and return to
normal could continue indefinitely under phosphorylation conditions. Succinimide
theory would predict that break-down of the high pl species should produce a mixture
of products, including L-isoAspl5 in the resulting product protein. It has been
demonstrated in HPr (Sharma ef al., 1993) that the appearance of the L-isoaspartate
containing proteins forms are distinguishable from L-aspartate on isoelectric focusing
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with the appearance of a doublet. No such doublets are apparent for the Hisl5Asp

HPr.

TS e os o s High pl HPr

@ @2 o= «= o= o= Hisl5Asp HPr

G o e» e» o P-AspHPr
1 2 3 4 5 6

+

Fig 5.10 pH stability of the His15Asp HPr species. Phosphorylation reactions were
performed as described in Materials and Methods. Following a 10 min incubation
appropriate buffers were added to a final concentration of 50 mM. Samples were then
analyzed through IEF. Lane 1 Hisl5Asp, Lanes 2-10 His15Asp phosphorylation
mixture at pHs 2.5, 3.0, 4.2, 7.6, 8.0 and 10.0.

In addition, acid hydrolysis of the phosphorylated form was observed at acidic
pHs. The pH stability of the P-His15Asp was determined by phosphohydrolysis at a
range of pHs as is compared to the P-His15 HPr in Figure 5.11. In the physiological

range of pHs the P-Asp HPr showed an approximate 10-fold increase in stability.
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Fig. 5.11 Phosphohydrolysis (20 min at 37 °C) of P-Asp HPr (circles) was compared
to P-His HPr (squares) as described in Materials and Methods.

53.3 Purification

Separation of the three species within the Hisl15Asp HPr phosphorylation
mixture is described in the Materials and Methods section. Isolation of the three
His15Asp species of the phosphorylation mixture is demonstrated by the isoelectric
focusing gel analysis of the three resolved peaks of the purification procedure (Figure
5.12). Comparatively little of the phosphorylated form could be isolated through this
procedure as demonstrated by the peak height and isoelectric focusing gel band
density. This is due to the instability of the phosphorylated species under the acidic
condition of the purification. The phosphorylated form would be converted to 'the
high pl species through intramolecular reaction or to the unphosphorylated species

through simple phosphohydrolysis.
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High pI His15Asp HPr — — B

I-IislSAsp HPr N

P-His15Asp HPr -

Fig. 5.12 Purification of high pI His15Asp HPr. A. Chart recording of separation of
His15Asp HPr phosphorylation reaction species as described in Materials and
Methods B. Isoelectric focusing analysis of separated peaks; Lane 1 Hisl5Asp HPr;
Lane 2 His15Asp phosphorylation mix; Lane 3 first peak; Lane 4 second peak ; Lane

$ third peak.
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5.3.4 Mass spectrometry

Succinimide theory predicts that the high pl species should weigh 18 daltons
less than the normal protein, corresponding to the loss of a water molecule. Matrix
assisted laser diode ionization (MALDI) mass spectrometric analysis was performed
by Lawerence Hogge of the Plant Biochemical Institute of Saskatoon, Saskatchewan.
From the sequence, the His15Asp protein was calculated to have a weight of 9099
daltons, which is in agreement with the experimentally-determined value of 9098
daltons. The phosphorylation reaction mixture was initially examined to determine
the ability of the technique to distinguish the three species of the mutant HPr
molecule. Mass spectrometric analysis of the mixture, shown in Figure 5.13, verified
the presence of three species, one of 9103 daltons in agreement with the normal
protein, another of 9184 daltons an increase in weight of 80 daltons in agreement with
that predicted by phosphorylation and a third species of 18 daltons less than that
predicted for the normal protein, presumably corresponding to the loss of a water
molecule. The molecular mass of the His15Asp HPr is ~ S daitons heavier than the
predicted mass of the protein based on the amino acid sequence. While the changes in
mass to both the phosphorylated and high pl species correspond exactly to the gain of
a phosphoryl group and loss of a water molecule respectively they are equally
affected by the initial putative miscalibration of ~5 daltons. This discrepancy in mass
is due to a lack of suitable standard in the mass spectrometric analysis. Another mass
spectrometric analysis utilizing the same His15Asp HPr protein sample gave a mass
which corresponded exactly with that which was predicted by the amino acid content.
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Fig. 5.13 Mass Spectrometric analysis of the His15Asp HPr phosphorylation reaction
mixture.

MALDI mass spectrometric analysis was also conducted on the isolated high

p! form and the results presented in Figure 5.14. The analysis again verified that this
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form was 18 daltons lighter than the calculated weight of the mutant, suggestive of

the loss of a water molecule in agreement with ring formation theory.

A 1] B

0.7

Y . y

Fig. 5.14 Mass spectrometry of His15Asp and high pI HPrs. A. His15Asp HPr. B.
Pure high pI form of His15Asp HPr. The standard (Mass 8566) was ubiquitin.

5§.3.5 Amino acid analysis
Amino acid analysis through Edman degradation is dependent upon the
presence of standard peptide bonds for the sequential removal of residues from the N-

terminal portion of the protein. The presence of a non-standard linkage in the
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polypeptide backbone, such as succinimide or an iso-linkage, will halt sequencing at
the unique residue.

Amino acid analysis was performed on the isolated high pl sample in order to
test for the presence of non-standard linkages. As predicted the analysis failed
completely after the fourteenth round (data not shown), indicating the specific site of
abnormality in the protein. This experiment was supportive of the hypothesis that the
chemical identity of the high pI form consisted of an internal modification at the 15
position which involved the main-chain atoms.

Amino acid analysis was also performed on 8 sample of the isolated high pl
form of the His15Asp mutant protein which had been resolved by base treatment to a
species which migrated with the same pl as the original protein. Succinimide theory
would predict that a considerable portion, typically two thirds, of this resolved sample
should exist in the iso-form at the 15 residue, resulting in a reduction in the amino
acid sequencing signal corresponding to the percentage of the protein which
contained the isoaspartyl form. Amino acid analysis proceeded normally through the
15 region without any reduction in signal and indicated the sole presence of 2 normal

L-aspartic acid residue (data not shown).

53.6 Methyl-transferase activity
The enzyme L-isoaspartyl (D-aspartic acid)-methyltransferase serves the
physiological function of repair of deamidation by-products. The enzyme can be

utilized in an assay to detect the presence of isoaspartyl and D-aspartyl residues in
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proteins. Analysis of the resolved high pl form of the HisiSAsp HPr failed to
demonstrate the presence of the normal by-products of succinimide break-down
(Performed by Dr. S. Clarke, UCLA). The failure of the methyltransferase assay, as
well as amino acid sequencing, to detect the formation of any non-standard residues
can be explained by two alternative hypotheses. Either the mechanism of high pl
formation was not through the succinimide ring intermediate, or that steric or
electrostatic influences of the protein strongly favored the return to the L-aspartyl
residue. There have been previous examples of proteins which fail to produce either
the D or iso-forms of aspartic acid upon hydrolysis of the high pl ring; e.g.
hemoglobin Providence (Moo-Penn er al, 1976) and hypoxanthine-guanine
phosphoribosyltransferase (Wilson er al., 1982). The unusual behaviors of these
proteins was rationalized in terms of physical properties of the protein which limited

the products of ring cleavage.

5.3.7 Potential involvement of Asnl2

Previous structural investigations of E. coli HPr indicated the possible
involvement of Asnl2 in the active centre region. This raised the interesting
possibility that ring formation as a consequence of phosphorylation was not occurring
through the main-chain nitrogen of the peptide bond but rather through covalent
interaction with the amide side chain of Asnl2. Further analysis of the E coli

His15Asp HPr structure verified the orientations of Asnl2 and Aspl5 would permit
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such a linkage. The chemistry of formation of the covalent linkage between the side

chains and the products of cleavage would be:
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Fig. 5.15 Proposed mechanism of the involvement of Asn12 in high pI formation.
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Potential ring formation between the Aspl5 and Asnl2 side chains was
addressed through site-directed mutagenesis in which the Asnl12 was substituted with
alanine. The double mutant Asnl2Ala, Hisl5Asp was then subjected to
phosphorylation by Enzyme 1 with subsequent IEF analysis. The double mutant
retained the ability for both phosphorylation as well as high pI formation indicating

that Asn12 was not responsible, nor involved in phosphorylation or ring formation.

§.3.8 X-ray analysis

In an effort to determine the structural basis of the high pI form of His15Asp
HPr a crystallographic structural determination was attempted. Due to the known
instability of the high pl species, time and pH considerations were of primary
concern. The high pl species was isolated by the previously described methods and
used for crystal growth in identical set-ups as used for the His15Asp HPr. Crystals
were obtained within a week and data were immediately collected to a resolution of
1.8 A. The space group was P2, with unit cell dimensions of a=25.92 A, b=45.34 A,
c=27.62 A, a= 90.0°, B= 104.2 ° and y= 90.0 °. The structure was refined to a final
R-factor of 20.0% over the resolution range of 10.0 to 1.8 A range with no sigma cut
off. The final model contains 43 water molecules.

Despite efforts to reduce the rate of break-down of the ring structure the
crystallographic determinations failed to reveal any unusual structures at the 15
position. The electron density of the region is clearly that of an aspartic acid
indicating the ring had converted back to the instigating residue. The absence of
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5.4 Isoimide formation

An alternative structural explanation of the high pI form of His15Asp is the
possibility of isoimide formation. The mechanism of isoimide formation is presented
in Figure 5.17. Chemically this ring differs from the succinimide in that the point of
cyclization with the main chain is through the neighboring carbonyl group rather than

nitrogen atom.
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Fig. 5.17 Proposed mechanism of isoimide formation from a L-aspartyl residue.

The isoimide would be expected to share similar properties as the
succinimide in terms of pH stability, weight change and disruption of Edman
degradation and would therefore be supported by all the previously presented results.
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The critical difference is that hydrolysis of the isoimide ring produces only L-aspartic

acid.

55 Ring formation in the absence of phosphorylation
In order to try to discriminate between succinimide and isoimide formation
the potential for high pl formation over a range of temperatures and pHs was
investigated. The rates of succinimide formation from asparagine and aspartic acid
residues are known to be pH dependent. Asparagines favor deamidation at basic pHs
due to de-protonation of the main-chain attacking amide group whereas aspartic acid
residue show the highest levels of cyclization at physiological pH’s due to the
combined influences of protonation of the aspartic acid side chain coupled with de-
protonation of the main-chain amide group (Wright, 1991). Both asparagines as well
as aspartic acid show a temperature dependency. Treatment of proteins at extremes of
temperature and pH are established mechanisms for promoting succinimide formation
in proteins. In order to remove background levels of deamidation at Asnl2 and
Asn38, these residues were mutated to alanines. Two triple mutant HPrs were created
Asnl2Ala His15Asp Asn38Ala and Asnl2Ala His15Asn Asn38Ala. Both mutant
proteins were investigated for formation of a high pl species as well as for potential
by-products through incubation at 60 °C at variety of pH’s followed by isoelectric

focussing analysis (Figure 5.18).
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Fig. 5.18 The stability of Asnl5 and Aspl5 in HPr. Wild type HPr (lanes 1-4) and
HPr with triple mutations, Asnl2Ala, Asn38Ala with either His15Asp (lanes 5-8) or
His15Asn (lanes 9-12). In each group, the first sample is unheated, the next three
were heated at 60 °C at pHs from 5.0, 7.0 and 10.0 for 90 min. Samples were
separated on isoelectric focusing gels which show deamidation (lower pl as in lanes 3
and 4) or cyclization (higher pI).

While the wild type control demonstrated the formation of the previously
investigated HPr-1 and HPr-2 species corresponding to deamidation of residues 12
and 38, neither of the triple mutant HPrs demonstrated the formation of any unique
species at pHs ranging from 5.0-10.0. Deamidation of Asnl5 would result in a band
shift which was not observed despite the fact that the main-chain and side chain
position of Aspl5 (and presumably Asnl5) were near optimal for succinimide
formation. The inability of these AsnlS and Aspl5 side chains to be rendered
chemically reactive under conditions known to favor succinimide formation is
suggestive, in conjuncture with other experimental evidence, that isoimide ring

formation is occurring.
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6.0 Discussion

6.1 Regulation through Ser46 HPr phosphorylation

The PTS system is responsible for mediating the uptake and
phosphorylation of numerous sugars in many species of bacteria (for reviews see
Meadow er al., 1990; Postma er al., 1993). HPrs from different species share a
ubiquitous function within this system of mediating phosphoryl group transfer
from Enzyme I to EIIA™®. As would be suggested by the common function,
HPrs from across species show a high degree of structural similarity (Jia er al.,
1994a). In spite of similar overall structures, HPrs from Gram-positive and Gram-
negative bacteria do not interchange well in in vitro assays (Simoni et al., 1973,
Reizer et al, 1989). This inability to interchange Gram-negative and Gram-
positive HPrs is representative of the importance of subtle structural differences in
mediating unique HPr functions.

In Gram-positive bacteria HPr may also function as a regulatory protein of
carbohydrate metabolism. This role is dependent upon the phosphorylation of an
absolutely conserved Ser46 residue by an ATP-dependent kinase (Deutscher and
Saier, 1983). This kinase is not present in Gram-negative bacteria, nor can it
phosphorylate Gram-negative HPrs in vitro (Waygood er al., 1984) despite the
presence of an absolutely conserved Serd46 residue and considerable overall
structural homology (Jia er al., 1994a). The addition of E. coli HPr to crude
extracts of S. salivarius inhibits the formation of S. salivarius P-(Ser)HPr



136

indicating that the E coli HPr has enough structural similarity to act as a
competitive inhibitor of the ATP-dependent kinase (Waygood er a/., 1986b).
There are several physiological consequences to this post-translational
modification. First, the P-(Ser) HPr becomes a poor substrate for Enzyme 1 in
accepting phosphoryl transfer. In B. subtilis HPr Ser46 phosphorylation results in
an increase in the Km value with respect to Enzyme I phosphorylation from 23
uM to 345 uM and the Vmax of the reaction is decreased six-fold (Reizer ef al.,
1989). In addition to inhibition of PTS phosphotransfer, P-(Ser) HPr is able to
mediate a variety of physiological affects through protein:protein interactions (Ye
et al., 1995). Immediate metabolic effects are seen with the stimulation of inducer
exclusion and expulsion through activation of a cytoplasmic sugar phosphate
phosphatase. P-(Ser) HPr also serves to regulate transcriptional machinery
through interaction with the catabolite control protein, CcpA, repressor
homologue. The complex is able to bind a catabolite responsive element, cre, for

negative modulation of transcription (Ye and Saier, 1995).

6.2 Ser46Asp HPr phosphorylation analog
The mimicking of serine phosphorylations through aspartate substitutions
has been demonstrated in a number of proteins. A series of mutations of the Ser46
site of B. subtilis HPr revealed that the regulatory phosphorylation event could be
mimicked with the mutant Ser46Asp (Reizer ef al., 1989; Deutscher e al., 1994).
The structural mechanisms of inactivation through Ser46 phosphorylation
or Ser46Asp mutagenesis were investigated by NMR. Wittekind e al., found that
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the 'H-NMR spectra of the P-(Ser46) and of the Serd6Asp B. subtilis HPrs were
similarly perturbed relative to the spectrum of the wild type unphosphorylated
protein. They reported that the backbone chemical shifts extend to localized
regions of the protein distant to the 46 site and that the changes are not purely a
result of through-bonds effects caused by the addition of negative charge
(Wittekind er al., 1990, 1992; Pullen er al., 1995).

In contrast a more recent characterization of the B. subitilis P-(Ser46) HPr
and Ser46Asp mutant have been performed by NMR as well as solvent
denaturation studies. The results indicate that phosphorylation of Serd6 or its
conversion to aspartate does not result in a far-reaching conformational change
but rather a local stabilization of the B-helix of which 46 is the N-capping residue.
Amide exchange rates are increased and the protein is stabilized against both
thermal and solvent denaturation by 0.7-0.8 kcal/mol as a consequence of
phosphoryiation or mutagenesis (Thapar ez al., 1996).

The minor B-helix has been a point of diversion in HPr determinations, in
particular the residues 53-54, despite the fact they are highly conserved. In Gram-
positive HPr residues 53 and 54, which C-cap the minor B-helix tend to adopt a
helical positioning, possibly as a consequence of steric crowding by Tyr37 which
is conserved in Gram-positive bacteria. In Gram-negative HPr the 53-54 region is
more random, possibly as a result of hydrogen bonding with Ser37 which is
conserved in Gram-negative bacteria (Jia ef al., 1994a). All NMR determinations
of this region has been shown to be quite dynamic compared to the A and C a-

helicies as judged by the rate of exchange of amide protons with solvent (Thapar
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et al., 1996). It has also been proposed that helix B represents a critical region of
interaction with both Enzyme I as well as [IA™® proteins as indicated by shift
perturbations during protein:protein interaction (Herzberg, 1992).

Although E. coli HPr cannot be phosphorylated by the ATP-dependent
kinase it was postulated that the Ser46Asp mutation had the potential to mimic
this regulated state. The Ser46Asp mutation of E. coli HPr has similar in vitro
properties as the P-(Ser) or Serd6Asp B. subtilis HPrs. The Km with respect to
Enzyme I phosphorylation is 4000 uM as compared to 6 uM for the wild type.
However due to the concentrations of HPr required to perform the assays this
number is an extrapolation and should therefore be interpreted with caution. The
Vmax shows a moderate decrease to about 30% of the wild type levels, indicating
that the active site is unaffected by the mutation. The kinetic results would
therefore suggest that the effects were mediated primarily through a disruption in
the ability of the protein to interact with Enzyme L.

Three monoclonal antibodies, Jel 323, Jel 42 and Jel 44, exist for E. coli
HPr and their epitopes have been characterized (Sharma er al., 1991). Of these
only Jel 323 includes the 46 region in its epitope and is the only one to show
compromised affinity to the Ser46Asp HPr. The comparable binding affinities of
Jel 42 and Jel 44 for the Serd6Asp E. coli HPr suggest that no major structural

rearrangements underlie the compromised kinetics.



139

6.3  E coli Serd6Asp HPr at 1.5 A resolution

The E. coli Serd6Asp HPr was examined by x-ray crystallography to
determine the specific details of any structural alterations which may be
occurring. The structure was solved at 1.5 A resolution and showed little
deviation from the wild type. As predicted from the kinetic results the main-chain
conformation of the active center region was unaffected by the mutation. The
specific orientation of proposed critical active center side chains are not altered.
In particular the His15, Argl7 and Asnl2 side chains occupy similar orientations,
indicating that the catalytic capabilities of the protein are not influenced by the
mutation.

In both the wild type and Ser46Asp HPr structures there is a sulfate group
located in the active center region. The presence of a sulfate group, which is
chemically similar to phosphate, is taken to be structurally comparable to His15
phosphorylation. The positioning of the sulfate is similar in both the wild type and
Ser46Asp structures with interactions with the protein involving the imidazole
ring of His15 as well as the main-chain atoms of Thr16 and Argl7. The ability of
the Ser46Asp HPr to interact with the sulfate anion in a manner analogous to the
proposed mechanism of His15 phosphorylation is indicative that the catalytic
capabilities of the active center region are not influenced by the mutation.

Glu85, which was proposed to be involved in the active center on the basis
of the E. coli wild type structure (Jia et al., 1993), occupies an identical position
in Ser46Asp. The a-carboxylate group forms hydrogen bonds between the

terminal carboxyl group and the N atom of the imidaloze ring of His15. This
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interaction has been investigated through mutation and deletion with the
conclusion that the positioning is not of catalytic importance.

The requirement of torsion angle strain in HPr for phosphotransfer was
proposed by Jia et al., (1993b) based on the observation of disallowed phi and psi
angles at residue 16 in the S. faecalis and partially disallowed torsion angle strain
in the wild type E. coli HPr structures. In the Serd6Asp structure an alternate
positioning of the carbonyl group of Prol1, which was misplaced in the original
structure, relieves the torsion angle strain from residue 16 indicating that the
proposed torsion angle strain model does not apply to £ coli HPr.

In agreement with NMR and protein stability investigations of B. subtilis
and E. coli HPr, structural stabilization occurs in the a-helix B as a consequence
of the mutation. In wild type E. coli HPr, Gly54 adopts a random, non-helical
conformation and is hydrogen bonded with the Ser37 residue. In the Ser46Asp
structure there is a readjustment of Gly54 to a 3;o helical conformation similar to
HPrs from Gram-positive species. Asp46 N-caps this small, irregular helix;
residues 46 and 47 conform to alpha-helical structure, residue 48 represents a
transition point and residues 49-54 are in 3,0 helical conformation. The alterations
are not limited to the recruitment of Gly54 to helical conformation, in addition
there is a tightening of the hydrogen bonding pattern throughout the helix as
indicated by the shortening of the hydrogen bond lengths. It would appear that the
introduction of negative charge at the N-capping position results in a
solidification of this previously dynamic helix. While the alterations which occur

in the helix are interesting from the perspective of protein structure/function they
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are not believed to be the underlying cause of kinetic impairment. While this
helical region has been proposed to be involved in the interaction with both the
Enzyme I and EIIA™® proteins it is doubtful that the minor rearrangements
would be sufficient to mediate the considerable kinetic effects. Furthermore it is
noted that the Serd6Asn mutant, which also results in helix stabilization as
indicated by denaturation experiments (Thapar er al., 1996), has only moderate
effects, 10-fold, on Km.

The residue 46 region does not undergo any significant rearrangements
with respect to neighboring side chains. The substituted aspartate side chain
adopts a positioning very similar to that of the serine in the wild type structure,
forming hydrogen bonds with the main chain nitrogen of lysine 49. Phe48 shows
a modest alteration from the wild type structure where the phenyl ring is situated
parallel to the axis of the B helix. In the Ser46Asp structure this phenyl ring is
perpendicular to the B-helix axis. This minor adjustment is not thought to be the
causative agent in the disruption of HPr interaction with Enzyme 1. It would be
expected that the Argd6 and Asn46 mutants would result in similar crowding of
the phenyl ring from its wild type position yet they do not display the dramatic
kinetic consequences seen with Ser46Asp.

The surface region of the Ser46 region can be described as a hydrophobic
patch which is involved in the interaction with a complimentary hydrophobic patch
of Enzyme 1 (Herzberg 1992; Garrett e al., 1999). The electrostatic identity of
both molecules is likely to be a critical determinant in mediating the interaction.

Disruption of this hydrophobic docking site through the introduction of negative
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charge, through either phosphorylation or mutagenesis, impairs the interaction with
Enzyme 1. This is supported by the recent solution structure determination of the
N-terminal fragment of Enzyme I with HPr. The complex demonstrates a
glutamate residue of Enzyme I in proximity of the Ser46 region of HPr.
Phosphorylation of Ser46 would result in an electrostatic repulsion between these
residues. The electrostatic disruption of the interaction between Enzyme I and HPr
through Ser46 phosphorylation is also supported by kinetic results which imply an
disruption of binding rather than impairment of catalytic mechanism.

The collective agreement on the mechanism through which
phosphorylation affects HPr activity can be added to the limited base of knowledge
regarding the structural mechanism of regulation through phosphorylation.
Reversible protein phosphorylation is a common mechanism for the regulation of
enzyme activity in both prokaryotes and eukaryotes and regulates both metabolic
pathways as well as transcriptional activation signals. While numerous
kinase/phosphatase systems have been investigated with regards to the enzymes
regulated, the amino acid recognition motifs and kinetic consequences of
phosphorylation, little is known about the structural mechanisms through which
phosphorylation influences activity. There have been only four examples of
proteins which are regulated through phosphorylation for which the
crystallographic structure of both the phosphorylated and unphosphorylated forms
have been elucidated; E. coli isocitrate dehydrogenase (Hurley er al., 1990),
mammalian (Sprang ef al., 1988) and yeast glycogen phosphorylase (Lin et al.,
1996) and phenylalanine hydroxylase (Kobe ez al., 1999).
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Based on these three examples there is no definitive structural explanation
for the mechanism through which phosphorylation modifies enzyme activity. In
isocitrate dehydrogenase (Hurley ez al., 1990), inhibition through phosphorylation
can be achieved in the absence of significant changes in the protein structure. The
addition of the phosphoryl group establishes an electrostatic block to substrate
binding, effectively abolishing enzyme activity. In contrast, both the mammalian
(Sprang et al., 1988) and Saccharamyces cerevisiae glycogen phosphorylase (Lin
et al., 1996) enzymes show an alteration in structure as a result of
phosphorylation. The mammalian glycogen phosphorylase enzyme, when
phosphorylated, undergoes a re-orientation of the protein’s two sub-units. While
the individual structures of the sub-units are unaffected, the re-positioning
represents a significant change in overall structure. Yeast glycogen phosphorylase
undergoes a localized re-folding upon the addition of the phosphoryl group by re-
positioning a short, terminal fragment which doesn’t cause significant changes in
the protein away from this localized region. In phenylalanine hydroxylase,
phosphorylation of the regulatory Ser16 residue does not produce any significant
structural alterations nor does it result in enzyme activation. Activation of the
enzyme requires phosphorylation as well as the presence of the activating
molecule, phenylalanine. A higher concentration of phenylalanine is required for
activation of the unphosphorylated enzyme suggested that the two signals work in
concert (Kobe er al., 1999).

Thus the four previously determined examples of understanding regulation
through phosphorylation present three unique mechanisms; alteration in
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electrostatic identity, localized structural changes and re-orientation of sub-units.
Regulation of HPr through phosphorylation most closely resembles that of
isocitrate dehyrdogenase with inactivation resulting from an alteration of

electrostatic identity with no significant alterations of structure.

6.4 Residue requirements in the active centre of E. coli HPr

The active center of E. coli HPr has been extensively characterized by the
Waygood, Delbaere and Klevit laboratories in efforts to determine the critical
contributing residues which contribute to the phosphotransfer abilities and
properties. These efforts have been continued in this thesis through
investigations of the proposed involvement of Asnl2 as an important hydrogen
bonding partner for the active center histidine. In addition the absolute

requirement for histidine as the phosphotransfer residue of HPr is investigated.

6.4.1 Hydrogen bonding requirements at position 12

In order to specify phosphoryl transfer to the N*' atom of the Hisl$S
imidazole ring a hydrogen bond would be predicted to the N? atom. Numerous
structural determinations have cited the existence or potential for such an
interaction between the side chain of residue 12 and the Hisl5 imidazole. In
addition all HPrs have an amino acid at position 12 with the potential for
formation of a hydrogen bond (Herzberg er al, 1992; Kalbitzer and
Hengstenberg, 1993; Jia ef al,, 1993a; van Nuland ef a/., 1995). The Asnl2
residue of E. coli HPr has recently been reported to form a hydrogen bond with
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the N atom of His15 in a structural determination in which the active center was
free from crystallographic contacts which would influence active center structural
properties (Prasad er al., 1998).

The substitution of E. coli HPrs Asnl2 with either serine or threonine has
little influence of the kinetic properties of phosphorylation by Enzyme 1. Serine is
found at the 12 position of B. subtilis HPr and threonine at the 12 position in S.
aureus and S. faecalis HPrs. The removal of hydrogen bonding capabilities
through the mutant Asnl2Ala E. coli HPr has only moderate influence of
phosphotransfer capabilities with an approximate four-fold change in k/Km.
These results suggest that the hydrogen bonding capabilities of the 12 position are
not a requirement in the phosphorylation mechanism of E. coli HPr. This
conclusion is in agreement with the lack of direct evidence in NMR spectra for a
hydrogen bond between His15 and residue 12 (van Nuland er al., 1994a, 1995,

Jones et al., 1997).

6.4.2 Phosphorylation of E. coli His1SAsp HPr

In contrast to the permitted flexibility of mutations at position 12 it was
anticipated that histidine would be an absolute requirement at position 15.
Nevertheless the Hisl5Asp E. coli HPr showed retained potential for
phosphorylation in the E. coli HPr. In retrospect there are numerous observations
to predict the success of this mutant.

Undoubtedly a critical factor in retaining phosphorylation ability is the
structural similarity of the substituted residue to the original residue. Structural
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flexibility of the active center region is likely a further contributing factor. The
geometry of aspartic acid and histidine are quite similar with respect to the
positioning of points of phosphorylation. As illustrated in Figure 6.1 the carboxyl

group of aspartic acid occupies a position similar to the N®! atom of histidine.
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Figure 6.1:Comparison of histidine and aspartate.

Structurally histidine and aspartic acid are quite similar with respect to the
position of the site of phosphorviation, N®! of histidine and the carboxyl group of
the aspartic acid. The crystallographic determination of the Hisl5Asp E. coli HPr
at 1.6 A resolution verifies the similar positioning of the points of
phosphorylation of the aspartic acid and histidine side chains at position 15. One
of the oxygen atoms of the Aspl5 carboxyl group is in essentially the same
position as the N°'-atom on the HislS imidazole of the wild type structure. In
addition the overall conformation of the active center is not significantly

influenced by the mutation.
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The retained ability for phosphorvlation of the His15Asp E. coli HPr is
also predicted by numerous examples in which phosphotransfer is mediated
between histidines and aspartic acid residues. In the bacterial two-component
system phosphotransfer signaling systems utilize His-to-Asp phosphotransfer to
mediate signal transduction between the sensor and the corresponding regulator
(Stock er al., 1989). For example reactions in chemotaxis involve transfer of
phosphoryl groups between P-N“-histidne in CheA (Hess er al., 1988) and
aspartic acid in CheY (Sanders er al., 1989). Similar His-to-Asp signaling
pathways have also been found in eukaryotic species such as Arabidopsis
(Imamura ef al., 1998).

The ability for Enzyme I to mediate phosphotransfer to and from acyl-
phosphates has been demonstrated with the example of acetate kinase. Acetate
kinase, in which a y-glutaminyl phosphate is formed (Todhunter and Purich,
1974), phosphotransfers to enzyme I to form a N2-P-histidine (Fox and Roseman,
1986; Fox er al., 1986).

The success of the His15Asp E. coli HPr mutant raises the possibility that
perhaps histidine and aspartic acid may be interchangeable as sites of
phosphorylation when the histidine phosphorylation is on the N®.-atom.
Furthermore it is noted that glutamic acid has structural phosphorylation geometry
similar to histidines which are phosphorylated at the N-atom as indicated in
Figure 6.2. Perhaps in situations of phosphorylation of the N“—stom of histidine a
His-to-Glu mutation might be successful. These possibilities are being
investigated in other PTS proteins.



148

C" 0
H3*N——=CH==C==—0" H3*N=——CH—C—0
CHa CH,

.

Figure 6.2: Comparison of histidine and glutamate.

6.4.3 Abilities and limitations of His15Asp HPr

The typical measure of a mutant’s properties comes through analysis of
the key kinetic parameters of Km and Vmax. The His15Asp mutant can also be
judged on such criteria, although perhaps the more appropriate measure of success
of such a dramatic alteration is simply in the retained activity of the protein, a
qualitative rather than quantitative standard. With respect to the ability of the
His15Asp E. coli HPr mutant to act as a substrate for Enzyme I the Km was
measured at 66 UM as compared to 6 uM for the wild type protein. The Vmax for
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the phosphoryltransfer reaction was measured at a level of 0.1% that of the wild
type HPr.

The Hisl5Asp also retains the ability for further phosphotransfer to at
least one of the Enzyme IIA proteins. In an isolated in vitro assay the mutant
showed the ability to phosphorylate the EIIA®*™* molecule. Due to the already
low rates of phosphorylation of the mutant HPr by Enzyme I in conjuncture with
the low rates of transfer to the EIIA® no quantitative measures of this
phosphotransfer couid be determined.

The ability of the His15Asp to phosphotransfer to other EIIA™® proteins
was investigated through in vivo complementation analysis. Within the sensitivity
of the experiment no phosphotransfer activity to any of the other EIIA™® proteins
was detected. The physiological competence will be more closely examined in the
future with investigation of phosphotransfer abilities in isolated in vitro systems

as well as through chromosomal substitution of the His15Asp HPr.

6.5 Other Hisl$ substitutions of E. coli HPr

The observation that His15Asp E. coli HPr is functional in its ability to
accept phosphoryl transfer from Enzyme I, additional substitutions of 15 position
with the potential for phosphorylation were created. Amino acid substitutions to
the fifteen position were based firstly on their known ability to be
phosphorylated: serine, threonine, cysteine and tyrosine and secondly due to
structural similarity to histidine and aspartic acid, these choices included
asparagine, glutamic acid and glutamine. None of these mutations demonstrated
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the ability for phosphorylation by Enzyme I by any of the available methods
indicating the uniqueness of the His15Asp mutation.

In many enzyme IB™® domains, P-cysteine is found, while those
enzymes with an extra IID domain have a N°'-P-histidine in the IB** domain
suggesting that phosphohistidine is not the only functional possibility. Because
His15Cys is not phosphorylated, the HPr active center is not likely to be a model

for these IIB domains.

6.6  Structural explanation of the high pI form of His15Asp HPr

The His1SAsp HPr mutant provides an interesting lesson in the potential
to dramatically alter a key residue while still retaining function. It also provides
an important lesson into considerations which need to be taken into account in
designing mutants. The initial phosphorylation efforts of the His15Asp HPr
mutant demonstrated the appearance of a high pl species of the protein which
seemed to emerge as a consequence of phosphorylation. Similar behaviors had
been observed in HPr as a consequence of protein aging and were known to
involve the formation of succinimide intermediates, which represent the high pl
species (Wright, 1991). Cyclization reactions to form succinimides, as illustrated
in Figure 6.3, are established for both asparagine and aspartate, and the
production of isoaspartyl from the hydrolysis of these cyclic compounds is well
documented (Clarke, 1987; Wright ez al., 1991, Clarke et al., 1992).
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Fig. 6.3 Mechanism of succinimide ring formation.

Isolation of the high pI form of the HisI5SAsp HPr protein demonstrated
the similar behavior of this species to that of succinimide containing proteins
(Tomizawa et al., 1994; Chazin ef al., 1989; Violand ef al., 1992), namely the
reduction in weight corresponding to the loss of a water molecule and the inability
of amino acid sequencing to proceed past the site of intemal reactivity.
Uncharacteristic, though not unprecedented (Moo-Penn ef al., 1976, Wilson et al.,
1982), of succinimide investigations was that the break-down of the ringed form
failed to result in D or iso forms of the reacting residue. The reverted form of the
protein demonstrated equal abilities for funher phosphorylation and amino acid



analysis did not indicate the presence of any non-standard residues at position 15
The observation in other proteins. which also failed to produce these non-standard
amino acids as a consequence of deamidation, were rationalized by the
explanation that steric or electrostatic restraints of the protein prevented the
formation of products other than L-aspartic acid (Clarke, 1987).

A second explanation for the inability to produce the predicted products of
succinimide cleavage is that the identity of the ring formed is an isoimide rather
than succinimide (Clarke, 1987). The mechanism and products of formation of an

isoimide from an aspartate residue are presented in Figure 6.4.

CH
CH o] CH o]
s\ HN I T N\ A
HN cl: \ \ T
NH | /O\H NH
/ |
L-Aspartic Acid L-Isoimide L-Aspartic Acid

Fig. 6.4 Mechanism of isoimide formation.
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Isoimides are possible protein structures which could emerge through a
chemical process similar to succinimide formation. While isoimides have been
demonstrated in peptides (Clark er a/., 1992) they have never been demonstrated
in proteins. The primary functional distinction between succinimide and isoimide
rings is that the break-down of isoimide rings will produce a single product of L-
aspartic acid as would appear to be the case for the His1SAsp HPr.

The predicted structural arrangement of a local polypeptide region for
isoimide formation is atypical of that normally adopted in protein structures v =
+60°, x; = +120°. The Aspl5 region of His15Asp HPr is not in a conformation
predictive of isoimide formation y = -170°, x;, = +61°. These structural arguments
against isoimide formation must be interpreted with some caution. Firstly
succinimide formation has been shown to occur in locations which would not be
predicted based upon conformational analysis. For example the ideal geometry for
succinimide formation has been described as y = -120° x; = +60°, Asnl2 of HPr
which shows considerable deviation from this positioning has been shown to
deamidate through succinimide ring formation (Sharma er al., 1993). Secondly
the active center region of HPr has been shown to be quite flexible (Jia ez al.,
1994a). This flexibility would be expected to be particularly evident during
phosphorylation which might allow positioning more suitable for isoimide
formation.

The occurrence of an isoimide is difficult to experimentally differentiate
from a succinimide. The presence of an isoimide in the Hisl1SAsp HPr is

supported by three circumstantial pieces of evidence.
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Firstly, the absence of degradation products outside that of the L-aspartyl
residue. The explanation of structural constraints limiting breakdown of
succinimides into a single product does not fit with the known flexibility of the
active center region of HPr demonstrated by NMR investigations as well as the
variances in positioning of side chains in crystallographic determinations (Jia es
al. 1994a). The active site region surrounding position 15 is exposed to solvent
and would allow attack of an incoming water molecule against the succinimide to
produce the isoaspartyl product.

Secondly the mutants Asnl2Ala His15Asn Asn38Ala and Asnl2Ala
His15Asp Asn38Ala are unable to undergo ring formation of any kind even under
the extremes of pH and temperature which are known to promote succinimide
formation. Typically the energetic barriers limiting succinimide formation from
aspartates can be overcome with conditions of elevated temperature and pH 5.0.
Asparagines favor succinimide formation at elevated temperature and basic pHs.
The inability of the Asnl12Ala His15Asn Asn38Ala mutant to deamidate under
heated, basic conditions indicating that the active center region is not structurally
conducive to succinimide formation. This also suggests that the phosphorylation

of aspartate 15 is a way by which the cyclization to an isoimide is catalyzed.

6.7  Catalyzed ring formation
Rates of succinimide and presumably isoimide formation from aspartyl
residues under physiological conditions typically measure in the time course of

weeks to months; the rate of high pl formation in the His1SAsp HPr during
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phosphorylation occurs in a matter of seconds. The catalyzed ring formation is
thought to arise as a direct consequence of phosphorylation. Previous
investigations indicate that modification of the carboxyl group of aspartic acid
influences the rate of ring formation by providing a better leaving group. The
formation of B-methyl ester derivatives has been shown to form succinimides
10,000 to 24,000 times faster than the corresponding unesterified aspartyl residues
(Clark et al., 1992). Similarly the phosphoryl group provides a strong leaving
group to facilitate the intra-molecular attack.

In wild type HPr, the phosphoryl group bound to the N®'-atom of His15
has hydrogen bonding interactions with the amide nitrogens of residues 16 and
17. This has been shown in both E coli and B. subtilis HPrs by NMR (van Nuland
et al., 1995; Pullen ef al., 1995; Jones et al., 1997). It seems reasonable to assume
that the same interactions between the phosphoryl group and the amide nitrogens
of residues 16 and 17 are occurring in the P-(Asp) His15Asp HPr. This would
mean that the main chain amide atom of residue 16, which is normally involved in
nucleophilic attack for succinimide formation is rendered unavailable due to
involvement in hydrogen bonding to the phosphoryl group. Furthermore the
interaction of the phosphoryl group with the main chain amide of position 16
instigates a concerted reaction resulting in the formation of an isoimide structure.
The details of the reaction include: a) the phosphoryl group extracts the proton
from the amide nitrogen of residue 16; b) this results in the phosphoryl group
becomes a better leaving group; and c) that the carbonyl of residue 16 is more
reactive in attacking the carbonyl of residue 15 d) which in tum is activated by the
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phosphorylation. The proposed concerted reaction for the formation of an

isoimide from a phosphorylated aspartate residue is presented in Figure 6.5.
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Fig. 6.5: Proposed mechanism for isoimide formation from phosphorylation of
aspartate.

Collectively the cumulative evidence and chemical logic of the proposed
mechanism provide strong arguments to indicate the presence of an isoimide
structure in the HPr protein. This would be the first reported case of a isoimide in

the context of a protein.

6.8 Phosphoacyls in Proteins

The proposed mechanism of isoimide formation from a phosphorylated
aspartate residue could potentially apply to other proteins which undergo aspartic
acid phosphorylation. Protein regulation through phosphorylation of aspartates is
present in both prokaryotic and eukaryotic systems. In particular, the two-
component system of prokaryotes are modulated in 8 manner which is dependent
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upon the phosphorylation of an aspartic acid residue of the response regulator
protein (for review see Stock er al., 1989). Two-component systems consist of a
sensor kinase protein which typically autophosphorylates from ATP on a histidine
residue. In some systems the sensor kinase is directly responsible for the detection
and subsequent phosphorylation response to a given stimulus. In other systems
additional sensor proteins may be required for detection of the signal and
initiation of the phosphorylation response. The sensor kinase domain, once
phosphorylated, then transfers the phosphoryl group onto an aspartic acid residue
of the corresponding response regulator. It is interesting to note that the
dephosphorylation of these response regulator proteins is primarily achieved
through autophosphatase activity (for review see Stock ef al., 1989). The rates of
dephosphorylation of these proteins is faster than would be expected for an acyl-
phosphate indicating that features of the protein are responsible for mediating a
catalyzed dephosphorylation. The lifetimes of the phosphorylated forms vary
considerably from seconds (Hess et al., 1988) to minutes (Weiss and Magasanik,
1988) to hours (Igo e al., 1989) and the stability of phosphorylation is compatible
with physiological function of the individual signal. For example chemotaxis,
which requires a rapid response time, is correlated with a phosphorylation signal
lifetime which is measured in seconds.

The chemotaxis two-component system of bacteria is one of the most well
studied two-component systems. Bacteria govern their swimming behavior in
response to environmental stimulus by regulating the frequency of which the

flagellar rotation is reversed. By suppressing reversal of the flagellar rotation a
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smooth swimming behavior ensues to direct the bacteria towards a stimulus. In
contrast by increasing the frequency of reversal of the flagellar rotation ‘“tumbly”
swimming redirects bacterial momentum away from negative stimuli (Macnab er
al., 1972).

In the chemotaxis system the sensor kinase, CheA, is a multimeric
complex on the interior of the cell wall in association with a membrane-spanning
receptor. An additional protein, CheW, functions in mediate interaction between
CheA and the CheY response regulator. There are a variety of receptors and
ligand pairs, such as amino acids, peptides and some sugars, which are involved
in regulating bacterial motility. The receptors possess an extracellular domain for
ligand binding and an intracellular domain which interacts with the CheA sensor
kinase. The intracellular portion of the receptors contain two sites which undergo
reversibly methylation at glutamate residues. P-CheB is the active form of an
enzyme that demethylates the glutaminyl residues. Binding of an attractant to the
extracellular receptor and subsequent methylation of the intracellular domain
results in inhibition of CheA autokinase activity. The reduction in autokinase
activity of CheA results in reduced levels of P-CheY. P-CheY associates with the
flagellar switching apparatus to cause clockwise rotation with subsequent
tumbling swimming (for review see Stock er al., 1989). The presence of a
stimulant results in a suppression of random swimming and allows the bacteria to
swim towards the attractant. A schematic of the chemotaxis system is presented in

Figure 6.6.
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Fig. 6.6: Chemotaxis system of Escherichia coli. Diagram from Stock er al., 1989.

P-CheY possesses an inherent autophosphatase activity that is accelerated
by the auxiliary protein CheZ. Autophosphatase activities have been reported for
other response regulators (for review see Stock er a/., 1989). Under physiological
conditions CheY-P has a half-life of about 10s (Bourret er al, 1989). An
interesting possibility which arises from the studies of the P-Asp in His1SAsp HPr
is that the autophosphatase activity of the CheY, and perhaps other two-
component response regulators, is achieved through the formation of an isoimide
ring structure. Formation of an isoimide ring could function as an autocatalytic
mechanism for the dephosphoryiation of aspartyl residues as a consequence of
their intra-molecular reactivity. The subseguem breakdown of the isoimide would

’
’
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return the original L-aspartyl residue. The structural ability for ring formation
from the active site Asp57 of CheY is supported by mutagenic investigations of
E. coli CheY. The mutation AspS7Asn was created to investigate the possibility
of secondary sites of phosphorylation on the CheY protein. The authors report
that upon prolonged incubation of this mutant with CheA phosphorylation would
occur. This ‘secondary’ phosphorylation was assumed to occur at an alternate
point of phosphorylation on the protein and assumed not to be of physiological
importance (Bourret ef al., 1990). The Asp57Asn mutation was also created for
the S. yyphimurium CheY protein and a similar secondary phosphorylation event
observed (Lukat er a/., 1991). An alternative explanation is that the Asp57Asn
mutant is undergoing deamidation upon prolonged incubation to reverse the
introduced mutation. This would indicate the propensity of ring formation in the

active center.

6.9 Future Studies

The possibility that the autophosphatase activity of CheY, and perhaps
other response regulators, is achieved through isoimide formation has been
considered and preliminary experiments conducted. Mass spectrometric analysis
of the CheY protein phosphorylated by acetyl phosphate, an alternative source of
phosphoryl groups for CheY, shows the appearance of a species of 18 daltons less
than the untreated protein. This apparent loss of a water molecule is consistent
with the theory of succinimide or isoimide formation. It is important to note that

the dephosphorylation of CheY through intramolecular ring formation would
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require that L-aspartic acid be exclusively returned to the active site position to
ensure the resuitant CheY remains functional. This could only be guaranteed
through the formation of an isoimide rather than succinimide structure. Other
response regulator proteins will be examined to investigate the possibility of ring
formation as a mechanism of autophosphatase activity of the two-component
system.

The lifetime of the two-component signal is regulated by the lifetime of
phosphorylation of the response regulator proteins. The varying rates of
dephosphorylation of the different response regulators will be examined with
considerations to sequence context of the phosphorylated aspartate as well as
tertiary structural features which may influence rates of ring formation.

The example of His15Asp HPr suggests the ability of aspartate to
functionally substitute for histidines which undergoes phosphorylation of the N*'-
atom. Furthermore, glutamate would seem a reasonable substitute for histidines
which undergo phosphorylation of the NZ-atom. The viability of these
substitutions will be addressed in other PTS proteins which undergo

phosphorylation at a histidine residue.
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