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Abstract

Structural and molecular dynamics analysis of the glutamine synthetase from E.coli indicates
that a possible mechanism by which the adenylylation/deadenylylation of the enzyme affects
the enzyme specificity for either MgATP or MnATP and NH," or NHs, is by switching
between two putative serine protease-like catalytic triads. Site-directed mutagenesis of a
number of residues identified as playing a role in these catalytic triads, led to the following
observations, Both Ser52 and SerS3 were important for the catalytic activity of the enzyme.
It was determined that the Ser52 residue appeared to have adenylylated functionality and the
SerS3 residue, deadenylylated functionality. Ewvaluating these serine mutant enzymes in the
presence of the serine protease inhibitors, AEBSF and PMSF, led to the conclusion that Ser52
and Ser53, did, indeed, appear to form part of a catalytic triad, as the activity of the enzymes
were inhibited in the presence of the inhibitors. When both serine residues were removed in a
single mutant, activity was not significantly inhibited by either inhibitor. His210 and His211
were found to be equally important to the functionality of the enzyme, and the results, in
consultation with the enzyme model, led to the conclusion that the His210 residue had
deadenylylated activity and the His211 residue had adenylylated activity. All the potential
acid residues, when removed, had an effect on activity, but this was to be expected as all had
previously been identified in the literature as important in the active site of the glutamine
synthetase from E.coli. Again, consultation of the model led to the conclusion that the two
acid residues that filled the function of the acid residue in each catalytic triad, were Glul29
for the adenylylated from of the enzyme, and Glu357 for the deadenylylated from of the
enzyme. These catalytic triads are believed to be comprised of Ser52', His211 and Glul29 for
the adenylylated form of the enzyme, and Ser53', His210 and Glu357 for the deadenylylated
form of the enzyme. Possible model mechanisms for the both the adenylylated and

deadenylylated forms of the enzyme are proposed.
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Chapter 1

Introduction

Glutamine and glutamate are central molecules in the metabolism of nitrogen. Glutamine
synthetase is essential for the formation of glutamine, for the synthesis of a number of
nitrogen-containing metabolites, such as purines and pyrimidines as well as for the

assimilation of amumonia under nitrogen-limited conditions.

The reactions responsible for the assimilation of ammonia and the synthesis of glutamate and

glutamine are shown below:

. o MaPMg™ .
NHy + L-glutamate %A?Pmn__p L-glutamine + ADP +P; (1)

=

Glutamine + 2-ketoglutarate + NADPH ——— 2-glutamate + NADP" (2)

NH; + 2-ketoglutarate + NADPH ——— glutamate + NADP™ (3)

These three reactions are catalysed by glutamine synthetase, glutamate synthase and

ghitamate dehydrogenase, respectively.

Glutamine synthetase is the only known biosynthetic reaction leading to the formation of
glutamine and along with glutamate synthetase, is responsible for ammonia assimilation under
nitrogen-limited growth conditions (Tullius et al, 2003). Mutations in g/nd, the structural
gene for glutamine synthetase, result in an absolute requirement for glutamine (Magasanik,

1982).
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Ammonium is an excellent source of nitrogen for enterobacteria. In the presence of high
concentrations of this solute in the environment, diffusion of uncharged ammonia (NH;)
across the cytoplasmic membrane into the cytoplasm is sufficient to promote cell growth.
When diffusion into the cell becomes limiting for metabolism, a special ammonium

transporter, designated AmtB, is synthesized (Burkovski, 2003).

Once in the cytoplasm of E.coli, ammonium can be assimilated by two different pathways,
depending on its concentration. When present in high concentrations, glutamine synthetase is
repressed and ammonium is primarily fixed by glutamate dehydrogenase, which oxidises one
mol of NADPH per mol of ammonium assimilated. At ammonium concentrations below
1mM, the affinity of glutamate dehydrogenase for ammonium is too low, resulting in the high
affinity glutamine synthetase/ glutamate synthase system taking over (Merrick, 1995;
Burkovski, 2003). Therefore, in cells grown in a nitrogen-limited growth medium, glutamine
synthetase is the only active ammonia-assimilating enzyme, and glutamate synthase assumes
the only glutamate-forming role. Under nitrogen-limited conditions, glutamine synthetase has
two functions: the synthesis of glutamine and the assimilation of ammonia when the growth

of the cell is limited by the availability of ammonia.

The reactions catalysed by glutamine synthetase and glutamate synthase form an ammonia
assimilatory cycle (Figure 1.1) which allows the net assimilation of ammonia into glutamine
via glutamine synthetase and the replenishment and maintenance of an adequate intracellular

level of glutamate.

Chapter 1 @ Introduction 2






where Me“" can be either magnesium or manganese. This reaction is often referred to as the
‘biosynthetic’ or ‘forward’ reaction, and is considered the most physiologically relevant

reaction the glutamine synthetase catalyses (Eisenberg, 2000).

Saturation of the high-affinity site, nl, in each subunit by Mn®* or Mg’ induces a
conformational change converting the enzyme from a catalytically inactive or ‘relaxed’ form
to a catalytically active or ‘tense’ conformation. The metal ion at the nl site also plays a
catalytic role in the binding of glutamate, whereas the second divalent metal ion, n2, is

thought to only play a role in the binding of ATP (Shapiro and Stadtman, 1970; Alibhai and

Villafranca, 1994).

Initial formation of a y-glutamyl phosphate forms during catalysis by the transfer of the y-
phosphate of ATP to the y-carboxylate group of glutamate (eq 2). Efficient phosphoryl
transfer between these two negatively charged groups, is co-ordinated by the n2 metal (eq 2).
This is followed by phosphate displacement by ammonia to give inorganic phosphate and
glutamine (eq 3) ¢

ATP + Glutamate — ADP-y-Glutamate-P  (2)

ADP-y-Glutamate-P + NHg — ADP + Glutamine + P; (3)

Chapter 1 - Introduction 4















Glutamine Synthetase — The Genes

The structural gene for glutamine synthetase is the g/n4 gene. Mutations in this gene result in

an inability to produce enzymatically active glutamine synthetase, and consequently, in a

requirement for glutamine for growth. The g/nA gene forms part of an operon, together with

the ntrB and ntrC genes which code for NR; and NRj; respectively. The genes involved in the

regulation of glutamine synthetase are shown in Table 1.1, and the structure of the operon in

shown in Figure 1.3.

Table 1.1 Genes and proteins involved in the regulation of glutamine formation

Gene Product
glnA glutamine synthetase
ginB Py
ginD Uridylyltransferase/uridylyl-
removing enzyme
gink Adenylyltransferase
rpoN (ginF, nirA) "
nirB Nitrogen Regulator I (NRy)
ntrC Nitrogen Regulator 1T (NRy)

pindpl/2 gind

>

ginlp

ntr(C >

ntrB >

Figure 1.3. The structure of the operon containing the genes involved in glutamine synthesis.

The operon has three promoters: gindpl, ginAp2 and ginlp. The three promoters enable the

cell to maintain a low level of glutamine synthetase and NR; during growth with an excess of

nitrogen and to increase the level of glutamine synthetase and NR; rapidly in response to a

low level of nitrogen (Reitzer and Magasanik, 1986).
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decrease of the levels of glutamine synthetase and NR; by dilution, which eventually leads to

sufficient lifting of the repression at glndp/ and ginlp , to allow both glutamine synthetase

and NR; to be maintained at low levels (Reitzer and Magasanik, 1996).

Glutamine Svnthetase — The Structure

Bacterial glutamine synthetase molecules are dodecamers formed from two face-to-face
hexameric rings of subunits, with two active sites formed between two monomers, twelve
active sites in total. The structure of the glutamine synthetase molecule has recently been
extensively reviewed by Eisenberg (2000), and in this review each active site can be described
as a “bifunnel” in which ATP and glutamate bind at opposite ends. The ATP binding site is
referred to as the top of the bifunnel, because it opens to the external six-fold surface of the
glutamine synthetase molecule. The two divalent cation binding sites, nl and n2, where either
magnesium or manganese bind, are found at the joint of the bifunnel. The n2 ion is involved
in phosphory! transfer, while the nl ion stabilises glutamine synthetase in its active form, as
well as plays a role in the binding of glutamate. The affinity for metal ions at the nl site is 50
times greater than at the n2 site, which is caused by the greater negative charge toward the
bottom half of the bifunnel in the vicinity of nl. The nl metal ion has three glutamate side
chains — 131, 212 and 220 — as ligands, while the n2 metal ion has two glutamate ligands, 129
and 357, as well as histidine 269 (Abell er a/, 1995). All of the amino acids that serve as

metal ion ligands are highly conserved in glutamine synthetases from various sources (Pesole

etal, 1991).
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¢ The glutamate 327 flap, consisting of residues 323 to 330, which guards the glutamate
entrance to the active site. This “flap” closes the active site, shielding the y-glutamyl
phosphate intermediate from hydrolysis. When the flap is closed, the glutamate 327
carboxylate forms part of the ammonium site. Aspartate 50° deprotonates the
ammonium ion, forming ammonia. Ammonia then attacks the y-glutamyl phosphate
intermediate thereby forming a tetrahedral intermediate at the transition state. The
glutamate 327 flap accepts a proton from the d—amino group of the tetrahedral
intermediate, vielding glutamine.

¢ A loop containing aspartate 50° is located on the N-terminal domain (residues 1-100).
Each active site is formed at the interface between the C-terminal domain of one
subunit and the N-terminal domain of an adjacent subunit within a dodecameric ring,
resulting in most of the active site being formed by residues of the C-terminal domain.
Aspartate 50 is in the N-terminal portion of the active site, and is believed to bind the
ammonium substrate and then to accept a proton from ammonium, resulting in the
formation of ammonia which can then attack the phosphorylated-glutamyl intermediate.
The position of aspartate 507 is controlled by nucleotide binding. Both ADP and ATP
enter the active site from the top of the bifunnel, with the phosphate chain pointing into
the bifunnel. ADP induces arginine 359 interaction with aspartate 50° and stimulates
arginine 344 interaction with aspartate 64°, providing additional contacts for inter-
subunit stabilisation within a ring. The movement of aspartate 50 helps in the
formation of the ammonium binding site, and the movement of arginine 339 possibly
assists phosphoryl transfer and phosphate binding. It is thought that ADP binding also
increases the affinity for glutamate by inducing the movement of arginine 359 toward
one of the y-carboxylate oxygens of glutamate. Finally, the B-phosphate of ADP shifts

glutamate 129 toward the n2 ion, histidine 269 and histidine 271.
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Studies in which the metal ion ligand, histidine 269, was replaced by other amino acid
residues, namely aspartate, asparagine, glutamate and glutamine, by site-directed
mutagenesis have been carried out. All of the mutant enzymes showed little
conformational change, and were still capable of binding two metal ions. The
replacement of histidine 269 with neutral ligands such as asparagine and glutamine
slightly altered the dissociation constants (3- to 4-fold), while substitution with
glutamate decreased the dissociation constant slightly. The mutations had little effect
on the substrate K,’s except in the case of H269E, whose k, exhibited a 1000-fold
increase over that of the wild type (Abell er a/, 1995).

e Asparagine 264 is found on a flexible loop (residues 255-266) near the glutamate
entrance at the lower end of the bifunnel and is a;:ijacent to the glutamate 327 flap.
When glutamate binds, the side chain swings away toward the g-amino group of lysine
176, and was found to also be true when alanine, glycine and glutamine complex with

glutamine synthetase.

As a result of the elucidation of these loops described above, it is possible to describe the
enzymatic reaction mechanism of glutamine synthetase as a series of loop and side-chain
movements. In the reaction mechanism, ATP binds at the top of the bifunnel, so that its
terminal phosphate group binds adjacent to the n2 ion. This binding of ATP results in the
movement of the aspartate 50° loop toward the site to which an ammonium ion will
subsequently bind. Arginine 359 then moves toward the site to which the y-carboxylate group
of glutamate will subsequently bind. Both these movements increase the affinity for
glutamate and ammonium binding. Following this, glutamate enters from the bottom of the
bifunnel and binds above the glutamate 327 flap, with its y-carboxylate group binding

adjacent to the nl1 ion. The amino group of glutamate shifts the asparagine 264 loop, aiding
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independently control the expression of the gene products involved in nitrogen metabolism in
response to nitrogen availability. The three genes are the tmrd, ginR and codY. The genes
expressed at high levels during N-limited growth are controlled by two- related proteins, g/nR
and tmrd which bind to similar DNA sequences under different nutritional conditions. In
general, tard is active during nitrogen limitation, and g/nR-dependent repression occurs in
cells that are grown in nitrogen-rich medium (Fisher, 1999). A third regulatory gene, codY,
controls the expression of several genes involved in nitrogen metabolism, competence and
acetate metabolism, in response to the growth rate of B subtilis. The highest levels codY-
dependent repression occur in cells growing rapidly in a medium rich in amino acids, and this

regulation is relieved during the transition to nutrient-limited growth.

Corynebacterium ghitamicum, like E.coli, has two anabolic pathways for the synthesis of
glutamate - glutamate dehvdrogenase and the glutamine synthetase/GOGAT system, which
also represent the two main pathways for ammonium assimilation. The glutamine synthetase
from C.glutamicum is regulated by post-translational modification, namely adenylylation

(Jakoby er @/, 1997; Nolden er ¢, 2001; Schultz et af, 2002},

The ntrB/ntrC two-component signal transduction system, responsible for activating the genes
involved in ammonia assimilation in E.coli, appears to be absent in C.glutamicum. This
absence, together with the presence of a repressor protein (amiR), resembles the situation in

B.subtilis (Burkovski, 2003).

Glutamine synthetase activity in Mycobacterium tuberculosis is affected by the supply of
ammonium and regulation appears to be similar to that of E.coli. The glutamine synthetase of

M. tuberculosis plays a central role in nitrogen metabolism, and is one of ten proteins released
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into the bacterium’s extracellular environment when the organism is growing in human
mononuclear phagocytes, the primary host cells. The regulation involves post-translational
modification, and high nitrogen conditions result in the adenylylation of the glutamine
synthetase. The presence of an adenylyl transferase (encoded by a ginE gene) has been
demonstrated. It has also been shown, by disruption of the gind gene, that it is essential for
growth in M tuberculosis (Parish and Stoker, 2000; Harth and Horwitz, 1999, 2003). In
addition, glutamine synthetase has been identified as a potentially important determinant of
M. tuberculosis pathogenesis. It has been found that glutamine synthetase mediates the
extracellular catalysis of glutamine and this, therefore, suggests a direct involvement of the
enzyme in the synthesis of the cell wall structure, poly-L-glutamate, found in pathogenic, but

not non-pathogenic mycobacteria (Harth ef a/, 1994; Harth ef ¢/, 1999).

Glutamine synthetase enzymes amongst prokaryotic organisms are, on the whole, very well
conserved at the protein level, as shown in Figure 1.4. In all of the organisms examined, a
number of important residues are conserved in the glutamine synthetase amino acid sequences
examined, most notably, the tyrosine residue (Y397 in F.cofi) that is the site of adenylylation.
In addition, there are a number of other regions that are highly conserved across all the
organisms examined. These areas are, in F.coli, from residues 48 to 52, 210 to 213, 256 to

274 and 318 to 347,

Initially, it was thought that prokaryotes and eukaryotes expressed different forms of
glutamine synthetase. Prokaryotes expressed GS I, while eukaryotes expressed GS 1I. GS 11
has, however also been found in various prokaryotic organisms, although GS I has not been
found in eukaryotes. Within the GSI group, two significant prokaryotic subdivisions are

known to occur: GSI-a and GSI-§ (Brown ef al, 1994). The GSI-a genes were found to occur
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in the thermophilic bacteria, the low G+C gram-positive bacteria, and the Euryarchaeota
{(including the methanogens, halophiles and some thermophiles), while the GSI-f genes occur
in all other bacteria. The GSI-f genes also contain a 25 amino acid insertion sequence that
does not occur in the GSI-a gene. Brown er al (1994) also proposed that the adenylylation
control cascade does not occur in the GSI-a genes but is present in the GSI-p genes, and
therefore, the regulation of GS via the adenylylation cascade occurs in the bacteria that have
the GSI-p glutamine synthetase gene. The 25 amino acid insertion-sequence was also found

not to occur in the GSII genes of eukaryotes and a number of soil dwelling bacteria.

Introduction to this Investigation

Current hiterature outlining the role of key amino acid side chains in the catalysis carried out
by glutamine synthetase does not explain the difference in reaction mechanism that occurs as
a result of the enzyme functioning in the adenylylated or deadenylylated forms. The high
degree of conservation in the protein sequences of prokaryotic microorganisms facilitated a
molecular modelling exercise of the glutamine synthetase of F.coli. The crystal structure
model used in this study was 1£52.pdb (Gill and Eisenberg, 2001), which was obtained from
the Brookhaven Protein Database. This is the crystal structure of the glutamine synthetase
from Saimonella typhimurium, as the glutamine synthetase from E.coli has not yet been
crystallised. The overall structure of the glutamine synthetase molecule, showing the
dodecamer arranged in two face-to-face hexagonal rings, projected down the six-fold axis of

symmetry is shown in Figure 1.5.
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Chapter 2

Plasmid Constructs, Site-Directed Mutagenesis and Mutant Gene Expression

2.1

Chapter 2: Plasmid Constructs, Site-Directed Mutagenesis and Mutant Gene Expression

Introduction

Structural and molecular dynamics analysis of the active site of the glutamine
svnthetase from . coli led to the identification of two protease-like catalytic triads. In
order to investigate the role that these residues played with respect to the functionality
and regulation of the glutamine synthetase from E.coli, it was proposed to use site-
directed mutagenesis (SDM) to specifically target these residues and then to assess the

effect that altering these residues had on the active site of glutamine synthetase.

Two different systems were used for the SDM. The first was the Altered Sites® 11 in
vitro Mutagenesis System from Promega, and the second was the QuikChange XL

Site-Directed Mutagenesis System from Stratagene.

The majority of mutations were carried out using the Altered Sites System, as it
provides a high-efficiency procedure for the generation and selection of
oligonucleotide-directed mutants (procedure outlined in Figure 2.1). The system
allows for the mutagenesis of double-stranded template DNA, as well as for sequential
rounds of mutagenesis without any need for subcloning. The procedure uses antibiotic

selection as a means to obtain a high frequency of mutants. The vector contains two

e
LA



antibiotic resistance markers: a tetracycline resistance marker, which is active and an
ampicillin resistance marker, which is inactive. Oligonucleotides which restore and
knockout the two markers are provided in the kit. During the first round of
mutagenesis, the tetracycline resistance gene is inactivated and the ampicillin
resistance is restored. Should a second round of mutagenesis need be carried out on
the mutant generated in the first round of mutagenesis, then the ampicillin resistance
gene is again inactivated and the tetracycline resistance restored. Thus, multiple
rounds of mutagenesis are very easily carried out, and the yield of mutants is

increased.
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A few mutations could not be achieved using this system and another system was
therefore sought. The QuikChange System from Stratagene is a polymerase chain
reaction-based procedure that can be used to introduce mutations into virtually any
vector. The basic procedure (as outlined in Figure 2.2) utilises a supercoiled double-
stranded vector containing the insert of interest and two synthetic complementary
oligonucleotide primers containing the desired mutation.  The primers, each
complementary to opposite strands of the vector, are extended during temperature
cycling using Pfulurbo DNA polymerase. Incorporation of the oligonucleotide
primers generates a mutated plasmid containing staggered nicks.  Following
temperature cycling, the product is treated with Dpn 1. This restriction endonuclease
is specific for methylated and hemi-methylated DNA and digests the parental DNA
template, thereby selecting for mutation-containing synthesised DNA. The nicked
vector DNA Incorporating the desired mutations is then transformed into an E.coli

host strain, following which individual colonies can be screened for the mutation.
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Once the mutagenesis was complete, each mutant gene was expressed in an E.coli

glutamine synthetase auxotroph.

As the catalytic activity of glutamine synthetase is regulated by the covalent addition
of an AMP group to the tyrosine residue in each subunit of the enzyme, it was
proposed to first alter the tyrosine 397 residue (the site of adenylylation) to valine 397
in order to create a deadenylylated form of the enzyme. Each mutation could then be
examined in both the adenylylated and deadenylylated forms of the enzyme. A
summary of the other targeted residues, with the proposed changes, is shown in Table

2.1

Table 2.1. Summary of the proposed amino acid changes with the intended targeted

site
Key Residue Proposed mutation

Ser 52 Ala 52

Ser 53 Ala 53

His 210 Val 210

His 211 Val 211

Asp 50 Ala 50

Glu 129 Ala 129

Glu 327 Val 327

Glu 357 Ala 357
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2.2.2 General Techniques

DNA was isolated on a small scale using either the QiaPrep Spin Miniprep Kit
(Qiagen) or by alkaline lysis (Sambrook et al, 1989). Large-scale DNA isolations
were performed using the Qiagen Midi DNA Isolation Kit (Qiagen). Digestion of
DNA was carried out using restriction enzymes purchased from Amersham
Biosciences and used according to the manufacturer’s instructions.  Alkaline
phosphatase was obtained from Amersham Biosciences. T4 DNA Ligase was
obtained from Promega and used as per the protocol supplied with the enzyme.

Agarose used for electrophoresis of DNA was of molecular biology grade.

Tag polymerase (rTaq) was obtained from TaKaRa Bio Inc. and was used for general
screening purposes. High fidelity Tag polymerase (ExTaq) was also obtained from

TaKaRa Bio and was used for amplifying genes for cloning,

Restriction digestion and agarose gel elecrophoresis were carried out using standard
procedures (Sambrook et al, 1989). A 1 kb DNA ladder (Promega Corporation) was

used for all electrophoresis.

Site-directed mutagenesis was carried out using the Altered Sites in vitro Mutagenesis

Kit from Promega Corporation, or the QuikChange XL Site-Directed Mutagenesis Kit

from Stratagene, as per the protocols supplied with each kit.
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2.2.3

All chemicals were of analytical or molecular biology grade and were used without
further purification. All chemicals were obtained from Merck or Sigma unless

otherwise stated.

Cloning of the F.coli glutamine synthetase gene

Primers were designed to the sequence of the £.coli gind gene obtained from Genbank
(Accession Number X05173). The primers were designed with Nsil restriction sites

(shown in bold) at the 5° ends. The primers are shown below:

5" primer: 5 - GATATGCATCCGTCAAATGCG -3

3" primer: 5 - GCGATGCATAAAGTTTCCACGG -3

PCR was performed using DNA of pGLn6 as the template and the above primers. The
PCR mixture contained 1ul of plasmid DNA (50 ng), 5 ul of each primer (2.5
pmol/ul), 4 pl of 2.5 mM dNTP’s, 5 ul 10X buffer containing 20 mM MgCl; and 0.5

ul of High Fidelity Taq polymerase (2.5 units).

PCR was conducted with the initial denaturation of the template DNA at 95°C for 5
minutes, followed by 30 cycles of denaturation at 95°C for 5 minutes, annealing at
55°C for 1 minute and elongation at 72°C for 2 minutes. A final elongation step of
72°C for 10 minutes was also incorporated into the profile.  Agarose gel

electrophoresis was carried out to verify the fragment size produced by PCR. The
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PCR product was purified uvsing the HighPure PCR Purification Kit (Roche

Diagnostics), and subjected to digestion with Nsil.

To construct the template for SDM with the Altered Sites System, pAlter-1 was
linearised with Pstl and dephosphorylated prior to ligation. Insert and vector were

ligated at an insert:vector ratio of 3:1.

The ligation reaction was transformed into E.coli JIM109 by electroporation using a
Bio-Rad Gene Pulser, as per the manufacturer’s instructions. Transformants were
selected on LM Agar supplemented with 12.5 pg/ml tetracycline, 80 pg/ml X-Gal and

I mM IPTG.

Several white colonies obtained on the transformation plates were then screened by
isolating DNA using alkaline lysis, followed by digestion and agarose gel
electrophoresis. Sequencing was carried out to confirm the presence and sequence of
the FE.coli gind gene. In addition to the use of the M13/F and M13/R universal
primers, gene-specific internal primers were designed from the known sequence of the

gene. These are shown in Table 2.3.

Table 2.3. Sequence-specific primers used for sequencing of the cloned E.coli gind

gene
Primer Primer Sequence
GlnSeq 1 5’-GCTGAACACGTACTGACGATG-3’
GlinSeq 2 5’-GTGGGAACCGGAGATAGATGATC-3’
GInSeq 3 5S-CGATGTTCGGTGATAACGGCTC-3’
GlnSeq 4 5-CGTACTTCGATACGACGTGCTTTC-3’
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To construct the template for SDM with the QuikChange System, the glutamine
synthetase gene was subcloned from the pAlter construct as a Sacl - Hindlll fragment.
The band containing the gind gene was excised from the gel using a scalpel blade, and
pushed through a 2 ml syringe into an Eppendorf tube, to crush the agarose, following
which, 1 ml of phenol (equilibrated to pH 8.0) was added to the tube and the
suspension vortexed for 1 minute. The sample was frozen at —~70°C for at least 30
minutes. Once the sample had thawed, it was centrifuged at 13 000 rpm in an
Eppendorf microfuge for 15 minutes. The aqueous phase was removed to a clean tube
and then extracted once with phenol:chloroform:isoamyl alcohol (25:24:1), and then
once with chloroform:iscamy! alcohol (24:1). The DNA was ethanol precipitated and
resuspended in TE Buffer, This fragment was then ligated into pBluescript 1I SK”,
also digested with Sacl and Hindlll, at an insert to vector ratio of 3:1. The ligation
reaction was transformed into E.coli X1L1-Blue by electroporation, and plated on LM
agar plates containing 100 upg/ml ampicillin.  Single transformant colonies were
screened by isolating plasmid DNA using alkaline lysis, digesting the DNA with

BamHI and subsequently analysing the fragments by agarose gel electrophoresis.
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2.2.4 Site- Directed Mutagenesis (SDM)

Altered Sites Mutagenesis

DNA of the wild type gind gene in pAlter-1 was isolated from E.coli IM109 using the

Qiagen Midi Prep Kit. The oligonucleotides designed to carry out the mutagenesis of

the ginA gene using this system are listed in Table 2.4. Silent mutations incorporating

a restriction site to facilitate primary screening for the mutation were built in to the

SDM oligonucleotides. These are also shown in the table.

Table 2.4. Mutations carried out on the E.coli gind gene using the Altered Sites

System. Mutations to change amino acid residues are shown in bold and restriction

sites are underlined

Mutation Oligonucleotide Sequence Restriction
Site
Y397V 5 -TGGACAAAAACCTGGTCGACCTGCCGCCAG-3’ Sall
S52A 5-AAATGTTTGACGGCGCATCGATTGGCGGCTG-3” Clal
S53A 5-GTTTGACGGATCCGCTATTGGCGGCTGG-3" BamHI
S52A 5 GTTTGACGGCGCAGCGATCGGCGGCTG-3’ Pyl
SS3A
H210V 5"-GGTTGAAGCCCATGTCCACGAAGTCGCGACTG-3’ Nrul
H211V 5.GAAGCCCATCACGTCGAAGTAGCGACAGCTGG-3’ Pyull
E327V 5-GOTCCCGGGCTATGTAGCATCGATAATGCTG-Y Clal

Following mutagenesis, single colonies were screened for the mutation of choice by

isolating DNA from an overnight culture, and performing restriction analysis with the

enzyme for the particular mutation being screened for.
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Mutant genes were isolated from the pAlter-1 clones by digestion with Sacl and
Hindlll. The digests were then subjected to agarose gel electrophoresis to separate the
vector and insert bands. The band containing the genes was excised from the gel and

the DNA extracted using phenol as described in Section 2.2.3.

ligated into this vector at an insert:vector ratio of 3:1. The ligation reaction was
transformed into the glutamine synthetase auxotrophic strain E.coli YMCI1 by
electroporation and transformants were selected on LM Agar supplemented with 50

ug/ml ampicillin.

Single colonies obtained on the transformation plates were subjected to a screening
procedure using PCR using the MI13/F and MI13/R universal primers. In this
procedure, single colonies were resuspended in 20 pl of distilled water. An aliquot
(1 ul) of this colony suspension was added to a PCR reaction containing 2.5 ul of each
primer (2.5 pmol/ul), 2 ul of 2.5 mM dNTP’s, 2.5 ul 10X buffer, 2 pul of 25 mM
MgClyand 0.1 pl of Tag polymerase (0.5u). PCR cycles were carried out as described
in Section 2.2.3. The PCR products were subsequently separated by agarose gel
electrophoresis, and positive transformants selected on the basis of the correct band
size. A positive control and a negative control were incorporated into the process to

verify the results obtained.

Sequencing to confirm each mutation was outsourced. Forward and reverse gene-

specific primers were designed from the known sequence of the gene for this purpose.

These are shown in Table 2.5,
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Table 2.5. Sequence-specific primers used for confirming the presence of the

various mutations in the E.coli gln4 gene

Primer Mutation Primer Sequence

Forward Primers

GInSeq5 |+ S52A 57-GCTGAACACGTACTGACGATG-3’
¢ S53A
o S52A SS53A

GInSeq7 | » E327V 5’-GTCTGTCTGAGCAGGCGCTG-3’
o« Y397V

GlnSeq 9 | . H210V ST-GCTATCGACGATATCGAAGG-3’
» H211V

Reverse Primers

GInSeq 6 |« S52A 5-GTGGGAACCGGAGATAGATGATC-3
« S53A
» S52A S53A

GInSeq 8 | . E327V 5’-GCATAAAGTTTCCACGGCAA-3
« Y397V

GInSeq 9 | . H210V S -GTTCTTGATACCATCAAGACCG-3’
« H211V
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OuikChanoe Mutagenesis

DNA of the selected templates (pBluescript constructs) was isolated from £.coli
XL1-Blue using the Qiagen MidiPrep Kit. The oligonucleotides designed to carry
out the SDM using this system are listed in Table 2.6. As this is a PCR-based

system, two oligonucleotides (sense and antisense) are required for each reaction.

Following mutagenesis, single colonies were screened for the mutation of choice by
isolating DNA from an overnight culture, and performing restriction analysis with

the enzyme for the particular mutation being screened for.

Positive mutants obtained with the QuikChange System were transformed into F.coli

YMC11 for expression purposes.

Sequencing to confirm each mutation was outsourced, using the primers shown in
Table 2.5. D50A and E129A were sequenced using GInSeq 5 and GlnSeq 6. E357A
was sequenced using GlnSeq 9 and GlnSeq 10, and E327V and Y397V were verified

using GinSeq 7 and GinSeq 8.
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Table 2.6. Mutations carried out on the F.coli gind gene using the QuikChange

System. Mutations to change amino acid residues are shown in bold and restriction

sites are underlined.

Mutation Oligonucleotide Sequence Restriction Site
DS0A S-GAAGAAGGCAAAATGTTTGCAGGCTC- Clal
ATCGATTGGCGGCTGG-3

5“CCAGCCGCCAATCGATGAGCCTGCAA-
ACATTTTGCCTTCTTC-3'

E129A 5-CCGTACTGTTCGGGCCCGCTCCTGAAT- Apal

TCTTCCTGT-3'

5-ACAGGAAGAATTCAGGAGCGGGCCCG-
ACAGTACGG-3'

E327V 5’-GTCTGGTCCCGGGCTATGTAGCATCG- Clal

ATAATGCTGG-3°

5’-CCAGCATTATCGATGCTACATAGCCC-
GGGACCAGAC-3’

E357A 5’-GTCGTATCGCGGTACGTTTCCCGGATC- Pstl

CTGCAGCTAACCG-¥

5’-CGGTTAGCTGCAGGATCCGGGAAACG-
TACCGCGATACGAC-¥’
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QuikChange Mutagenesis

SDM using the QuikChange System was carried out as per the protocol, using the

oligonucleotides specified in Table 2.6.

DNA was isolated from the possible mutants, digested using the enzyme specific for
the mutation, and size-fractionated to confirm the presence of the mutation. A control
consisting of the parent template was digested with the same enzyme as a comparative
control. The mutations with their respective restriction sites and expected fragment
sizes are outlined in Table 2.10. pBSK-ECgin was used as the template for the
E207T, H271IN, D5S0A, EI129A and E357A mutations. The double mutants E207T
Y397V and H27IN Y397V were produced in pBSK-Y397V, and the triple mutants
H269N S52A S53A and H271N S52A SS53A were produced by the addition of the

H269N and H271N mutations in pPBSK-S52A S53A, respectively.
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2.4

Conclusion

Several molecular modelling exercises carried out on the E.coli glutamine synthetase
gene led to the identification of a number of highly conserved amino acid residues. In
order to investigate the role that these residues played in the active site of the
glutamine synthetase, it was necessary to change them using site-directed

mutagenesis.

All the desired mutations were successfully produced using the selected site-directed
mutagenesis systems. Silent mutations encoding restriction sites were included in the
oligonucleotides designed for the mutagenesis. This allowed for primary screening

without the need to sequence every potential mutant.

The following mutations were produced in the £.coli glutamine synthetase gene:
Site of Adenylylation Y397V
Catalytic Triad S52A,S52A Y397V

S53A, S53A Y397V

S52A S53A, S52A S53A Y397V

H210V, H210V Y397V

H211V,H211V Y397V

D50A, D50A Y397V

E129A, E129A Y397V

E327V, E327V Y397V

E35TA, E35TA Y397V
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Chapter 3

Complementation Studies, Protein Purification and Enzymology

3.1

Introduction

The primary aim of this investigation was to determine if the reaction mechanism
employed by glutamine synthetase in the formation of glutamine from the y-glutamyl
phosphate synthesized in the first step of the reaction, occurred via two catalytic triads

similar to those employed by the serine proteases.

Mutants were constructed to alter the residues thought to be involved in the putative
catalytic triads. These were the serine residues S52 and S53, the histidine residues

210 and H211, as well as D50, E129, E327 and E357.

All the constructed mutants were tested by complementation of the glutamine

synthetase auxotrophy in £.coli YMCI11.

The various recombinant mutant glutamine synthetase enzymes were purified using a
combination of streptomycin sulphate precipitation, pH changes and ammonium
sulphate precipitation, until a pure enzyme preparation was achieved. An affinity
column chromatography method was also developed and used to purify certain of the

enzymes.
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Two enzyme assays were utilised to assess glutamine synthetase activity. The first
assay used, the y-glutamyl transferase assay, measures the “reverse” reaction as
glutamyl transferase activity. In this reverse reaction, hydroxylamine and glutamine
react to form y-glutamylhydroxamate and free ammonia in the presence of ADP,
arsenate and manganese or magnesium (Shapiro and Stadtman, 1970). This forms the
basis of an assay for the presence of glutamine synthetase activity. At the correct pH,
which is derived from determining the isoactivity point of the enzyme, the transferase
activities of both the adenylylated and deadenylylated forms of glutamine synthetase
are the same. The two forms can, however, be distinguished because at the isoactivity
point, fully adenylylated glutamine synthetase is completely inhibited by 60mM Mg”",

whereas the deadenylylated enzyme is unaffected (Bender et al, 1977).

In addition, the rate of conversion of ATP, glutamate and ammonia to glutamine and
ADP was assessed using HPLC. This is termed the ‘forward’ or ‘biosynthetic”
reaction and is assayed in two different assays; one which measures the ability of
glutamine synthetase to convert glutamate to glutamine in the presence of ATP, and
the second determines the conversion of ATP to ADP and AMP in the same assay

mixture.
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3.2

3.2.2

Methods and Materials

General Techniques

All chemicals were of analytical or molecular biology grade and were used without
further purification. All chemicals were obtained from Merck or Sigma unless

otherwise stated.

Mn(HCO;)ATP was prepared in-house from NapATP (obtained from Roche) which
was dissolved in water to a concentration of approximately 80 mM. The Na' ions
were then removed from the ATP by passing the solution over a Dowex 50 WX2
strong cation exchange resin.  All samples containing the acid-ATP were pooled and
reacted with an equivalent molar concentration of Mn(HCQOj3,. The solution was
stirred until all the MnCO; was dissolved. The pH of the Mn(HCO3)-ATP solution

was then adjusted to pH 7.0 with NaHCO;.

SDS Polyacrylamide gel electrophoresis (SDS-PAGE) was carried out according to
standard protocols (Laemmli, 1970). Acrylamide was purchased from Sigma as a
40% Acrylamide:bis-acrylamide mixture (19:1 ratio). The broad range protein

molecular weight marker from Fermentas was used for all PAGE gels.

Complementation of the glutamine auxotrophy in E.coli YMC11

Single colonies of each of the mutant recombinant glutamine synthetase constructs in

pBluescript II SK" in the E coli glutamine synthetase auxotrophic strain YMC 11 were
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plated on M9 Minimal Medium (Sambrook er al, 1989), to assess their ability to
complement the auxotrophy of E.coli YMC11. Glutamine, at a concentration of 250
mg/l, was added to one plate, and a duplicate plate contained no glutamine.
Ampicillin was added to both plates at a concentration of 100 pg/ml. E.coli YMCI11
transformed with non-recombinant pBluescript II SK* was used as a negative control.

The wild type recombinant construct, pBSK-ECgIn was used as the positive control.

The plates were incubated at 37°C and observed over a 48 hour period for the presence

or absence of growth.

3.2.3 Purification of the F.coli glutamine synthetase

All recombinant constructs used for the isolation of GS were cultured in a modified
M9 medium (6 g/l Na;HPOy, 3g/l KH,PO4, 0.5g/1 NaCl) supplemented with 70mM
L-glutamate, 5SmM L-glutamine and 100 pg/ml ampicillin.  All cultures were
incubated at 37°C for 48 hours with shaking at 220rpm. Cells were harvested from the
culture medium by centrifugation at 16 000 x g at 4°C. The biomass was then either

used fresh or stored at -20°C until required.

In addition, the wild type glutamine synthetase (from pBSK-ECgIn) was purified in
both the adenylylated and deadenylylated forms, from biomass obtained from
continuous culture being carried out as part of another investigation. Adenylylated
enzyme was produced under conditions of nitrogen excess and carbon limitation,

while deadenylylated enzyme was produced under conditions of nitrogen limitation
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and carbon excess {Senior, 1975). The cells obtained were harvested by centrifugation

at 16 000 x g for 10 minutes at 4°C, and stored at -20°C until required.

The method used for the purification of glutamine synthetase was developed from the
method of Shapiro and Stadtman (1970).

The biomass from 1 litre of culture, was resuspended in 10 mls of Resuspending
Buffer A or RBA (10mM Imidazole-HCIL, 2mM B-mercaptoethanol, 10mM
MnCl.4H,0; pH 7.0). The cells were sonicated for 10 minutes on a 50% duty cycle.
This sonicated solution was centrifuged for 10 minutes at 12000 x g, and the
supernatant was retained. Streptomycin sulphate was added (10% of a 10% w/v), and
the suspension was stirred at 4°C for 10 minutes. Centrifugation was then carried out
at 12000 x g for 10 minutes and the supernatent was retained. The pH of the
supernatant was adjusted to 5.15 with sulphuric acid. This mixture was stirred at 4°C
for 15 minutes, and then centrifuged at 20000 x g for 10 minutes. Again, the
supernatant was retained. Saturated ammonium sulphate (30% of volume) was added
and the pH was adjusted to 4.6 with sulphuric acid. The suspension was stirred at 4°C
for 15 minutes, and then centrifuged at 20 000 x g for 10 minutes. The precipitate
obtained was resuspended in 2-5 mls of RBA and the pH adjusted to 5.7 with
sulphuric acid. This suspension was stirred overnight at 4°C to allow the glutamine
synthetase to resuspend, and then centrifuged at 20 000 x g for 10 minutes. The

supernatant was retained and the pH of the suspensions was adjusted to 7.0.

Further purification of the wild type and the Y397V enzymes was achieved through

the use of affinity chromatography using an AKTA Explorer (Amersham

Chapter 3: Complementation Studies, Protein Purification and Enzymology 69



3.2.4

Biosciences). Separation was achieved with 5°AMP Sepharose resin with an HR10/10
column which has a length of 10cm and an internal diameter of 10mm. The glutamine
synthetase enzyme preparation (approximately 2 mls) was loaded onto the prepared
column which was equilibrated with 10mM Imidazole (pH 7.0), 150 mM NaCl and
10 mM MnCl,.4H,0. The bound glutamine synthetase was eluted off the column with
2.5 mM ADP across a 40 ml linear gradient of 150 to 500 mM NaCl, and 1 ml
fractions were collected. The fractions containing pure glutamine synthetase were

then pooled and dialysed overnight against RBA.

An aliquot of each protein suspension was electrophoresed on a 7.5 % SDS PAGE gel
according to standard protocols (Laemmli, 1970). Protein concentration was
determined using the Lowry protein determination method (Lowry et al, 1951), and

the concentration was used in determining all enzyme specific activities.

MALDI-TOF Analysis of Purified Proteins

In order to verify that the proteins isolated were definitely glutamine synthetase, each

mutant protein was analysed using MALDI-TOF mass spectroscopy.

The desired protein band was excised from a 7.5% SDS PAGE gel (multiple lanes of
the same protein were run to obtain sufficient protein). The desired bands were
excised from the gel and placed into an Eppendorf tube. Sixty pl of a solution of
75 mM NH/HCO; in 40% ethanol was added to the gel plug and vortexed for
30 minutes. The liquid was removed and discarded. This destaining procedure was

repeated until no Coomassie blue remained in the gel plug. The gel plug was then
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covered with acetonitrile, and incubated at room temperature for 15 mins, following
which all liquid was removed from the tube leaving the gel plug. Sufficient volume of
a solution of 5mM dithiothreitol in 50mM ammonium bicarbonate was then added to
the tube to cover the gel plug and this was incubated at 60°C for 30 mins. The
suspension was then centrifuged at 10000 x g for 5 mins, and the supernatant was

removed and discarded.

Ten ul of a solution of 55 mM lodoacetamide in 50 mM ammonium bicarbonate was
added to the gel plug and incubated at room temperature for 60 mins in the dark.
Following incubation, the suspension was centrifuged at 10 000 x g for 5 mins and the
supernatant was removed and discarded. The gel plug was covered with 60 ul of
acetonitrile, and this suspension was allowed to stand for 10 mins. Following 5 mins
of centrifugation at 10 000 x g the supernatant was discarded, and the gel plug was

dried in a Speedvac for 10 mins.

Freshly prepared bovine trypsin (5-20 ul) was then added at a concentration of 0.01
ug/ pl in 50 mM NH4HCO;. The amount added was dependent on the amount of gel
in the Eppendorf tube. This was incubated on ice for 60 mins. After brief
centrifugation, the supernatant was removed and 10 ul of 50 mM NH4HCO; was

added to the gel plug. This was incubated at 37°C overnight.

The sample was then sonicated for 10 mins in a sonicating bath and the supernatant
was recovered after centrifugation at 10000 x g for 5 mins. Ten pl of a
Tri-fluorcacetic acid (TFA)Y acetonitrile solution (50% of 2% TFA and 50%

acetonitrile) was added and the sample was sonicated again for 10 mins. After
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centrifugation, the supernatant was recovered. Acetonitrile (10 pl) was added and the
sample vortexed for 10 mins. The sample was centrifuged at 10 000 x g for 5 mins
and the supernatant retained. Equal volumes of the prepared protein sample and a
10mg/ml solution of alpha-cyano hydroxyl cinnamic acid in 01% TFA in acetonitrile

were then combined. This is mixed vigorously, and 1 ul of the solution applied to the

sample plate. The proteins were then analysed by MALDI-TOF MS.

Determination of Glutamine Synthetase Activity using the Glutamyl Transferase

Assay

The v-glutamyl transferase assay measures the “reverse” reaction as glutamyl
transferase activity. This assay was used to routinely to measure the total amount of
slutamine synthetase present. Both the adenylylated and deadenylylated forms of the
enzyme are active in this assay in the presence of Mn?*. When the same assay is
supplemented with 60mM Mg®", the activity of only the deadenylylated enzyme is
determined. The activities of the two forms of the enzyme can therefore be
differentiated on the basis of the difference in activity in the presence of Mn®* or
Mg?" at pH 7.15. The assay mixture was adapted from Shapiro and Stadtman (1970).

Glutamine synthetase activity is measured in two different assay mixtures; one
containing only Mn®" and a second containing both Mn*" and Mg®". All reagents are
prepared in Imidazole Buffer (pH 7.15). Both assays were run in a total volume of

600 ul. The Mn®" assay was set up as shown in Table 3.1.
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Table 3.1. Assay Mixture for the Mn**-based glutamyl transferase assay

Compenent Final Concentration in Assay
L-Glutamine 15 mM
NaADP 0.4 mM
Sodium Arsenate 30 mM
MnCl,.4H,0 0.3 mM
Hydroxylamine 60 mM

The combination (Mn*" and Mg‘%) assay was set up as shown in Table 3.2.

Table 3.2. Assay Mixture for the Mn®" and Mg""-based glutamyl transferase assay

: Component Final Concentration in Assay
L-Glutamine 15 mM
NaADP 0.4 mM
Sodium Arsenate 30 mM
MnCl, 4H,0 0.3 mM
MgCl,.7H,0 60 mM
Hydroxylamine 60 mM

A blank reaction was prepared in the same manner as the Mn** reaction, but replacing
the ADP and arsenate solutions with an equivalent volume of water. The assay mix
was equilibrated for 5 mins at 37°C, and then initiated by the addition of 50ul of
enzyme preparation. The reaction was allowed to proceed for 30 mins, and then
terminated by the addition of 900 ul of Stop Mix (IM FeCl;.6H,0, 0.2M
Trichloroacetic acid and 7.1% v/v HCl). The samples were then centrifuged at
13 000rpm for 2 mins in an Eppendorf microfuge to remove any precipitate that may
have formed, and the absorbance measured at 540nm. All absorbance readings were
entered into a spreadsheet, and the results presented as specific activity in terms of
umoles glutamyl hydroxamate complex/min/mg protein. The degree of adenylylation
was calculated from the ratio of the deadenylylated v-glutamyl transferase activity to
the total y-glutamyl transferase activity (Mn®" reaction), taking the number of subunits

into account (Shapiro and Stadtman, 1970).
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The effect of pH on the adenylylated WT enzyme, the deadenylylated WT enzyme and
the Y397V mutant enzyme was also assessed, using the assay setup described above,
but at a range of pH levels. This was carried out as data indicated that the Y397V
mutant enzyme behaved similarly to the adenylylated WT enzyme, at specific pH

values,

3.2.6 Determination of Glutamine Synthetase Activity by HPLC

This assay was developed to measure the forward reaction of glutamine synthetase.
The assay measured the amount of glutamine formed from L-glutamate in the
presence of MnHCO;-ATP (the basis of one reaction) and MgATP (the basis of a
second reaction), and the amount of ATP, ADP and AMP formed were also measured.
The same assay mix solution was run in 2 HPLC methods, one for the
glutamate/glutamine assay and one for the ATP/ADP/AMP assay. The assay set-up is

shown in Table 3.3.

Table 3.3. Assay Components for the HPLC assay to determine the rate of conversion

of glutamate and ATP to glutamine and ADP.

Mn*" Assay Mg"" Assay
Component Concentration in Component Concentration in
Assay Assay
MnHCO;-ATP 4 mM Na-ATP 4 mM
L-Glutamate 4 mM L-Glutamate 4 mM
NH4HCO3 4 mM (NH4),HPO, 2 mM
MgCly.6H,O 4 mM

The Mn®* assay was carried out at a pH of 6.3, and the Mg®" assay at a pH of 7.3. All
enzyme preparations were added to the assay mixture in a volume of 50 pl. The

addition of the enzyme started the reaction, which was then allowed to proceed for
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1 hour. The reaction was stopped by the addition of 6 ul of a 50% solution of
trichloroacetic acid. Each assay was then aliquoted into 4 HPLC vials (150 ul per
vial), two of which were assayed for glutamate and glutamine, and for ADP and ATP,
using a Phenomenex Luna 5y C18 Column on an Agilent 100 HPLC instrument. All

assays were run in triplicate.

As it is believed that two putative catalytic triads, similar to those in the serine
proteases, are involved in the reaction mechanism of glutamine synthetase, certain of
the mutants were also assayed by HPLC in the presence of the serine protease
inhibitors, AEBSF and PMSF, in order to assess the effect that these inhibitors had on
the enzyme. The enzymes assessed were the adenylylated WT enzyme, the
deadenylylated WT enzyme, and the mutant enzymes S52A, S52A Y397V, S53A,
S53A Y397V, S52A S53A and S52A S53A Y397V.  The enzymes were pre-
incubated for 60 minutes in the presence of ImM PMSF or ImM AEBSF. Both
PMSF and AEBSF were used, as both compounds bind irreversibly by covalent
bonding to serine residues. A control reaction was set up for each enzyme, which
contained no inhibitor. Fach enzyme was then added to assays set up as described
above. The assay was allowed to proceed for 60 minutes, then stopped by the addition
of 6 ml of 50% TCA, after which they were analysed by HPLC. All assays were run

in triplicate.
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Resulits

Complementation Studies

The mutant glutamine synthetase gene constructs were grown on M9 minimal medium
agar in the presence and absence of glutamine, and assessed for their ability to
complement the glnd mutation of F.coli YMCI11. After 48 hours of incubation at
37°C, it was observed that while the negative control (pBluescript IT SK* in YMC11)
was unable to grow in the absence of glutamine, and often grew poorly on medium
supplemented with glutamine, the positive control (pBSK-ECglIn) was capable of
complementing the auxotrophy in YMCI11. A problem that was often experienced
was that 250 mg/l of glutamine appears to be insufficient to support the growth of the
YMCI11 strain, and therefore the vector alone in YMC11 struggled to grow. The
presence of a functional multicopy glutamine synthetase gene, as in the postive
control, ECgln, appears to overcome this problem. pBSK-Y397V, the recombinant
deadenylylated construct, was also capable of complementing the auxotrophy of
YMC11. Both the WT enzyme and the Y397V enzyme are therefore functional. This

is shown in Figure 3.1.
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3.3.2

Purification of the E.c0li GS

For the purification of the mutant proteins, each mutant was grown in a modified M9
minimal medium supplemented with glutamate as the sole nitrogen source. A small
amount of glutamine was added to facilitate cell growth, as the YMC11 strain is a

glutamine auxotroph.

All cultures were grown for 48 hours at 37°C, and then checked for contamination.
Recombinant plasmid integrity was checked by isolating the plasmid DNA, subjecting

it to restriction analysis, followed by agarose gel electrophoresis (results not shown).

It was found that some of the double mutants, namely H210V Y397V, H211V Y397V
and E357A Y397V required the addition of 10 mM glutamine to the minimal medium
in order to get sufficient biomass to enable enzyme purification, as the growth was so

poor.

Glutamine synthetase enzyme was successfully purified to at least 90% homogeneity
from all the mutants. The SDS-PAGE gels demonstrating this are shown in Figures

3.3 t0 3.5. In each instance, between 300 and 700 ng of protein was loaded per lane.
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3.34

The proteins were then identified by entering the values obtained into the database at

http://us.expasy.org/tools/peptident.  All the isolated proteins were identified as

glutamine synthetase in this manner.

Glutamyl Transferase Assays

Each mutant was assessed for activity using the y-glutamyl transferase assay. This
determines the presence of a ferric-hydroxamate complex in a colourimetric assay in
which the absorbance is read at 540nm. The assay determines total enzyme activity in
a reaction containing Mn®". In addition, the degree of adenylylation of the glutamine
synthetase enzyme being screened is determined in a reaction containing both Mn®*
and Mg*", as the adenylylated form of the enzyme is inhibited in the presence of Mg
(Shapiro and Stadtman, 1970; Bender et al, 1977). The degree of adenylylation of the

glutamine synthetase enzyme is reported as a percentage in Table 3.4.

The results of the assays are shown in Table 3.4, with the enzyme activities shown in

pumoles per minute per mg of protein.

The WT enzyme grown in the same way as the mutants in a modified M9 medium
(WT in Table 3.4), is largely in the adenylylated form as most of the activity is
inhibited approximately 4-fold from 91 to 20 umoles/min/mg protein, in the presence
of Mg®*, giving a percentage of adenylylation of 78%. A similar level of
adenylylation is seen in the WT strain grown under continuous culture conditions of N

excess and C limitation, where the glutamine synthetase would be predominantly
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adenylylated (WT (AD) in Table 3.4). The WT enzyme, grown in N limitation and
C excess continuous culture, should be in the deadenylylated form (WT (DD) in Table
3.4) and this is reflected in the assay results. The specific activities for this particular
strain are almost identical in the assay run in the presence of Mn”” only (55.8), as in
the presence of Mn”" and Mg”" (56.1), giving, as would be expected, a percentage of

adenylylation of 0.

Table 3.4. Glutamyl transferase assay results of the E.coli WT and constructed
mutants. The WT enzyme refers to the strain grown in the modified M9 medium, and
the WT (AD) and WT (DD) refers to the adenylylated and deadenylylated enzymes,
respectively, produced in continuous culture. The values presented represent the

average of at least three assays where the variation in activity was less than 10%.

Enzyme Total Enzyme Activity @ Activity of deadenvylylated Percentage of
4.3mM MnCl; Enzyme : Adenvlylaton
{pmoles/min/mg protein) 4.5 mM MnCl; + 60 mM
MgCl,
{umoles/min/mg protein)
WT 81.5 20.2 78
WT (AD) 84.9 211 75
WT (DD 55.8 56.1 0
Y397V 64.5 5.1 92

Catalytic Triad

S52A 5.5 8.9 75
S52A Y397V 78.6 14.0 82
S53A 47.8 19.1 60
S53A Y397V 86.2 30.5 65
S52A S83A 72 2.8 61
S52A S53A Y97V 299 7.5 75
H210V 2.8 0.0 100
H210V Y397V 0.0 0.0 -

H211V 0.0 0.0 -

H211V Y397V 0.0 0.0 -

D50A 1.28 0.60 53
D50A Y397V 1.78 0.20 89
Ei29A 2.38 0.60 75
E129A Y397V 12.06 2.08 83
E327V 0.7 0.0 100
ERTV Y397V 1.73 0.32 82
E357A 33 3.5 0

E357A Y397V 0.03 0.08 0
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transferase activity to 7.2 umoles/minmg protein. When the triple mutant, S52A S53A
Y397V was assayed, some vy-glutamyl transferase activity was restored (29.9
umoles/min/mg protein), but this activity was still less than that obtained in the WT
strains. This would seem to confirm that these serine residues play an important role
in the active site of the glutamine synthetase enzyme. The implications of this data is

discussed when outlining the HPLC based assay data.

The two histidine residues identified as potentially forming part of a catalytic triad,
proved to be crucial to the catalytic activity of the enzyme. H210V exhibited a very
small amount of Mn”"-dependent y—glutamyl transferase activity (2.8 pmoles/min/mg
protein), which decreased to nothing in the double mutant H210V Y397V. Neither
mutant of H211V exhibited any activity at all. H210V was fully adenylylated
(percentage of adenylylation of 100%). When the ability to adenylylate or
deadenylylate this enzyme was removed in the double mutant H210V Y397V, no

activity was obtained.

The four residues identified as potentially being the acid residue of the catalytic triad
ie D50A, E129A, E327V and E357A, all showed varying amounts of activity. D50A
and D50A Y397V showed a small amount of total y—glutamyl transferase activity
(1.28 and 1.78 pmoles/min/mg protein, respectively, but show different degrees of
adenylylation (53% and 89% respectively). E129A showed a small amount of activity
(2.38 pmoles/min/mg protein), which increases to 12.06 poles/min/mg protein in the
double mutant E129A Y397V. None of the mutants E327V, E327V Y397V, E357A
and E357A Y397V exhibit much y-glutamyl transferase activity, the highest amount

being 3.3 umoles/min/mg protein shown by E357A. Both E357A mutants showed 0%
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3.3.5

adenylylation, although this is off a very low activity base. As observed in the
literature, these four residues are important for catalytic activity as the introduction of
the mutations resulted in a reduction in activity in all instances (Liaw et al, 1993, Liaw

and Eisenberg, 1994a, Alibhai and Villafranca, 1994).

Generally, in all the double mutants created, the degree of adenylylation appeared to
increase over that obtained for the single mutants. The Y397V mutation, therefore,

appears to affect all the catalytic sites in a similar way.

HPLC Assays

In addition to the y-glutamyl transferase assays, assays were also developed to
measure the rate of conversion of ATP and glutamate to ADP and glutamine by
HPLC. These were set up as single assays but were analysed separately for glutamate
and glutamine and ATP and ADP. The results are shown in Table 3.5. The
conversion rates for glutamate to glutamine, in both the presence of Mn®* and Mg by
glutamine synthetase is referred to as the glutamine-based specific activity (presented
in pmoles/min/mg protein), as the concentration of glutamine formed is used to
calculate the specific activity. The conversion rates for ATP to ADP, in both the
presence of Mn®" and Mg”* by glutamine synthetase is referred to as the ADP-based
specific activity (presented in pmoles/min/mg protein), as the concentration of ADP
formed is used to calculate the specific activity. The percentage of conversion was
also calculated as the ratio of the glutamine-based specific activity to the ADP-based

specific activity, and this value is interpreted as the ability of the enzyme to complete
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Table 3.5. Assay results showing the rate of conversion of glutamate and ATP to glutamine and

ADP as determined using HPLC. The WT enzyme refers to the strain grown in the modified
M9 medium, and the WT (AD) and WT (DD) refer to the adenylylated and deadenylylated

enzymes produced in continuous culture. The values presented represent the average of three

different assays, in which the difference in the values was less than 5%.

Enzyme Glutamine-Based ADP-Based Percentage Glutamine- ADP-Based Percentage | AMP-Based
Specific activity : Specific Conversion Based Specific Specific Conversion Specific
Ma® Assay activity : | Mn** Assay activity 1 activity Mg™* Assay activity :
{umoles/min/mg Mno®* Assay Mg®" Assay Mg’ Assay Mn®" Assay
protein) (umoles/min {(pmoles/min/mg | (umoles/min (smoles/min
/mg protein) protein) /mg protein) /mg protein)
WT 4.31 4.37 98 4.26 4.21 100 -
WT (AD) 3.76 3.65 100 3.02 312 97 -
WT (DD) 4.98 4.62 100 14.54 13.92 100 -
Y397V 2.81 4.95 57 0.12 0.23 30 -
Catalvtic
Triad
S52A 2.08 2.30 91 2.41 2.85 85 -
S52A Y397V 8.37 6.24 86 5.31 7.68 69 -
S83A 5.80 6.36 91 4.88 6.96 70 -
S$53A Y397V 15.45 21.32 73 10.66 1542 69 -
8824 S53A 2.29 2.59 88 .91 1.27 72 0.39
852A 853A 3.01 4.54 66 0.11 0.30 36 0.36
Y397V
H210V 0.15 0.14 100 0.03 0.06 62 0.05
H210V Y297V 0.01 0.00 100 0.00 0.01 49 0.01
H211V 0.02 0.02 100 0.05 0.06 87 0.08
H211V Y397V 0.09 0.09 93 0.62 0.08 40 0.05
DS0A 0.62 0.92 67 0.29 0.85 34 -
DS0A Y397V 2.82 4.90 58 1.8 4.19 47 -
E129A 0.00 0.00 - 0.00 (.04 0 -
E129A Y397V 0.00 0.00 - 1.42 2.03 70 -
E327V 0.32 0.42 78 0.00 0.03 0 -
EX27V Y9IV 0.46 0.53 86 1.64 1.71 100 -
E357A 0.36 0.21 100 .60 0.00 - -
E387TA Y397V 0.04 0.06 62 0.04 0.01 100 -
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both steps of the reaction, ie glutamate to glutamine and ATP to ADP, at an equivalent
level of efficiency. In some instances, when screening the various mutants, it was
discovered that some had the ability to convert ATP all the way to AMP. The amount
of AMP produced was then also converted to a specific activity, referred to as the

AMP-based specific activity which was also reported in pmoles/min/mg protein.

The WT enzyme grown in the minimal medium shows similar Mn®*" glutamine- and
ADP-based specific activities (4.31 pmoles/min/mg protein and 4.37 pmoles/min/mg
protein, respectively) and a conversion rate of 98%. The levels of activity produced in
the Mg”" assays are of a similar level — 4.26 pmoles/min/mg protein glutamine-based
specific activity and 4.21 umoles/min/mg protein ADP-based specific activity, with a

conversion rate of 100%.

The WT enzyme produced under conditions of nitrogen excess and carbon limitation,
to be adenylylated (WT(AD) in Table 3.5), shows very similar levels of activity in
both the Mn®" and Mg”" assays and has a conversion rate of 100%. The WT enzyme
produced under conditions of nitrogen limitation and carbon excess to be
deadenylylated (WT(DD) in Table 3.5) was much more active in the Mg* assays
(14.54 pmoles/min/mg protein in the glutamine assay and 13.92 umoles/min/mg
protein in the ADP assay) than in the Mn”" assays (4.98 pmoles/min/mg protein in the
glutamine assay and 4.62 pmoles/min/mg protein in the ADP assay). Both the Mn*"
and Mg”" assays showed a percentage of conversion of approximately 100%,
indicating that both steps of the assay were carried out at an equivalent level of
efficiency. As the deadenylylated enzyme should exhibit more Mg activity than the

adenylylated enzyme, this result was to be expected.
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The Y397V enzyme is more active in the Mn** assays than in the Mg®" assays, with
conversion rates of only 50%. This low conversion efficiency is possibly due to the
incorrect folding of the Tyr397 flexible loop producing an active site containing
unbound water. This water can then act as the nucleophile, reacting with the highly
unstable glutamyl phosphate intermediate converting it back to glutamate and PO,,
creating the inefficiency. In addition, as postulated in Section 3.3.4, the adenylylation
of the enzyme by the adenyltransferase entails the adenylylation of the Tyr397 flexible
loop, and the specific conformation of this loop is induced by the steric effects of the

adenine groups, facilitating the folding of the enzyme into the correct conformation.

S52A and S52A Y397V are both active but S52A showed reduced glutamine
synthetase activity compared to the WT enzymes screened. SS52A produced similar
activity levels in both the glutamine- and ADP-based Mn** and Mg?* assays (in the
region of 2.0 to 2.8 umoles/min/mg protein), with a percentage of conversion of 91%
for the Mn®" assays and 85% for the Mg”" assays. S52A Y397V, on the other hand
was more active than S52A producing a glutamine-based Mn®" specific activity of
5.37 pmoles/min/mg protein and an ADP-based Mn®" specific activity of 6.24
umoles/min/mg protein. This was equivalent to a conversion rate of 91%. The Mg*'
assays gave a glutamine-based Mg®" specific activity of 5.31 pmoles/min/mg protein
and an ADP-based Mg2+ specific activity of 7.68 pmoles/min/mg protein, representing

a percentage conversion of 69%.

S53A produced activity levels slightly higher than those produced in the WT strains —

5.80 pmoles/min/mg protein for the Mn’" glutamine-based assay, 6.36
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Again, this enzyme exhibited the ability to produce AMP in the assay, showing a
specitic activity of 0.36 pmoles/min/mg protein. These results showed that the two
serine residues are very important for the catalytic activity of the enzyme. Again, as in
the case of the Y397V enzyme, the conversion efficiency of the triple mutant is
compromised (66%), with the activity primarily appearing to occur in the

“adenylylated” active site.

As outlined in Section 3.3.4, it is proposed that on deadenylylation of the glutamine
synthetase, the adenyltransferase folds the loop into a specific conformation and, on
adenylylation, it is the steric effect of the adenyl groups that creates the
conformational change. In the case of the mutants containing the Y397V mutation, no
specific folding of the Tyr397 loop occurs. As a result, no steric interactions can
occur, with the ‘default” position of the enzyme being similar to the adenylylated form
of the enzyme. If this theory is correct, all the double mutants produced with the
Y397V mutation would also be affected, with the ‘default’ position of all these
enzymes being similar to the adenylylated form of the enzyme. [t is also important to
note, that all mutant enzymes capable of producing AMP had significantly reduced

Mg*"-based specific activities.

The two histidine residues believed to form part of the catalytic triad, showed, in
general, very low levels of activity. Activity levels of 0.15 pmoles/min/mg protein for
the Mn®>" glutamine-based assay and 0.14 pmoles/min/mg protein for the Mn®" ADP-
based assay were detected for the H210V mutant. The levels of activity produced by

this mutant in the Mg®" assay were very low (0.03 pmoles/min/mg protein for the

glutamine-based assay and 0.06 pmoles/min/mg protein for the ADP-based assay).
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The double mutant H210V Y397V showed wvery little activity in any assay — 0.01
umoles/min/mg protein in the Mn®" glutamine-based assay, 0.0 pmoles/min/mg
protein in the Mn®" ADP-based assay, 0.0 pmoles/min/mg protein in the Mg™
glutamine-based assay and 0.01 pmoles/min/mg protein in the Mg®™ ADP-based assay.
Neither H211V nor H211V Y397V exhibited much activity in any assay, indicating
their importance in the active site of glutamine synthetase. All four mutants have
specific activities in all the assays of less than 0.1 pmoles/min/mg protein. It was
interesting to note, however, that all four of these mutants could convert ATP all the
way to AMP, although a lower level of AMP was produced than for the double serine

muiants,

Of the residues identified as the potential acid residue in the putative catalytic triad, viz
DSOA E129A, E327V and E357A, all showed reduced levels of activity, and varying
rates of conversion. DSOA showed reduced activity compared to the WT clones. This
mutation, when combined with the Y397V mutation, resulted in an increase in activity
in all the assays, compared to D50A. The Mn®>" glutamine-based assay specific
activity and the Mn?" ADP-based assay specific activity increased from 0.62
umoles/min/mg protein and 0.92 pumoles/min/mg protein, respectively, in DS0A to
2.82 pmoles/min/mg protein and 4.90 pmoles/min/mg protein, respectively, in D50A
Y397V. The Mg”" activities showed a similar trend, increasing from 0.29
umoles/min/mg protein and 0.85 umoles/min/mg protein, respectively, in D50A to
1.98 pmoles/min/mg protein and 4.19 pmoles/min/mg protein, respectively, in DS0A
’397V. The conversion rates in both mutants were low, indicating that the enzyme
was not fully functional. E129A exhibited no activity in any assay. Some activity

became detectable in the double mutant, E129A Y397V. E327V showed low specific
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activities in the Mn®" assay (0.32 pmoles/min/mg protein in the glutamine-based assay
and 0.42 umoles/min/mg protein in the ADP-based assay, but these levels dropped in
the ’%/Eg* assay. E327V Y397V, on the other hand, had similar Mn** glutamine-based
and ADP-based specific activities to those obtained in E327V, but the Mg*" activities
were significantly higher than the Mg®  activities of E327V. This could be an
indication that this residue is important in the adenylylated form of the enzyme.
E357A produced specific activities in the Mn”" assay of 0.36 umoles/min/mg protein
glutamine-based activity and 0.21 pmoles/min/mg protein ADP-based activity. No
activity was detected in either Mg% assay. When E357A was combined with Y397V,
the double mutant showed lower Mn”" activities than E357A, but Mg®™ activity was
restored  (0.04 upmoles/min/mg protein  glutamine-based activity and 0.01

umoles/min/mg protein ADP-based activity).

The results of the serine protease inhibitor experiment are shown in Table 3.6.

The values are presented as a percentage in the reduction of activity between the result
obtained in the absence of inhibitor and the result obtained in the presence of inhibitor.
The percentage of conversion, reflecting the conversion efficiency of the enzymes is
also shown. Negative % reduction values obtained indicate an increase in activity in
the presence of the inhibitor, above the level obtained in the control. This was
especially evident in the ATP hydrolysis reactions, indicating that the first step of the
reaction occurs at an increased rate in the presence of the inhibitor. A percentage of
reduction of = 15% was taken as a reflection of the error in the assay, and it was,

therefore, assumed that the protease inhibitor was having little or no effect.
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Table 3.6. HPLC data obtained in the experiments using the serine protease inhibitors,
PMSF and AEBSF. Data is presented as a percentage reduction in specific activity
between the control reaction run in the absence of the inhibitor and the reaction run in

the presence of the inhibitor.

Mn Mg
e = § & s & = § z
e =z | 52 g e =z | =82 g
£g3 | 2318 | % | S-% 298| ¢
3 52 3£ 2 2350 ¢
E s TEE g T8 | TEE g
& €28 £33 o X&E | X3 g ©
& ey | RO& ® f<i RO& ®
WT (AD) No Inhibitor 101 116
PMSF 15.63 49.20 61 -48.13 4633 42
AEBSF 26.76 14.86 118 34.60 24.59 134
WT (DD) No Inhibitor 92 76
PMSF 3.53 17.69 78 6.07 16.55 67
AEBSF 4.73 2.23 94 14.98 8.43 §2
Y397V No Inhibitor 91 108
PMSF 17.58 44.47 61 4.88 31.39 78
AEBSF 20.13 4.98 108 43.37 10.83 107
S52A No Inhibitor 92 84
PMSF 13.4} 39.84 64 19.51 43.54 59
AEBSF -30.66 ~15.27 81 31.77 10.61 109
S52A Y397V No Inhibitor 80 100
PMSF 15.50 29,12 &7 -73.28 7741 49
AEBSF 16.635 11.57 85 100.00 -1.95 -
S53A No Inhibitor 115 51
PMSF -46.95 22.73 61 17.31 -6.90 66
AEBSF 15.43 15.19 i15 39.50 1.70 83
S53A Y397V No Inhibitor 82 105
PMSF -39.67 -6.07 63 ND ND -
AEBSF -14.80 -5.16 75 100.00 55.60 -
S§52A S583A No Inhibitor 89 82
PMSF 13.56 16.92 85 23.74 2324 82
AEBSF 16.20 7.69 98 4191 17.82 115
S52A 853A Y397V | No Inhibitor 72 -
PMSF 4.83 18.20 62 DI DI -
AEBSF 5.20 1.65 75 DI D1 -
ND = Not Done
DI = Data Inaccurate; Extremely low activity levels obtained, making interpretation of the results
inaccurate

PMSF was found to particularly inhibit the adenylylated WT, deadenylylated WT,
Y397V, S52A and the S52A Y397V glutamine-based specific activity. Less effect
was observed in the other mutants examined. Less inhibition was also observed with
PMSF in the ADP-based assays. AEBSF appeared to cause inhibition of the ADP-

based enzyme activity the adenylylated WT enzyme, as well as the mutants Y397V,
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S52A, S52A Y397V, S53A, S53A Y397V and S52A S53A. The extent of the
inhibition profile appeared to be quite variable though. Where AEBSF did not cause a
significant reduction in the glutamine-based specific activity, it’s presence in the
active site did appear to increase the ADP-based specific activity. PMSF did not
significantly inhibit the activity of S52A SS53A or S52A S53A Y397V. This was to be
expected, as both serines have been removed from the active site. The mechanism of
action of AEBSF, therefore, appears to be different from that of PMSF, as it did
inhibit both these mutant enzymes. This apparent difference in mechanism of action

may be as a result of the steric effect of the different shape of the two molecules.

Both PMSF and AEBSF were found to bind to the active site while still allowing ATP
hydrolysis to occur. This may be interpreted as competitive binding of the serine
protease inhibitor to the glutamate site, while still allowing ATP hydrolysis to occur.
It 1s important to note that in all cases, while inhibition was found to occur, there was

a concomitant reduction in the conversion efficiency.
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Conclusion

The primary aim of this investigation was to determine if the following hypothesis
could hs validated - that the reaction mechanism employed by glutamine synthetase in
the formation of glutamine from the y-glutamy! phosphate synthesized in the first step
of the reaction, occurred with two catalytic triads similar to those employed by the

serine proteases.

All the constructed mutants were tested by complementation of the glutamine
synthetase auxotrophy in E.coli YMCI11. Mutants were routinely tested by assaying
for y-glutamyl transferase activity, using a ‘reverse’ reaction, and by determining the
rate of conversion of glutamate and ATP to glutamine and ADP, by HPLC. All the
mutants were compared to a WT enzyme, which had been cultivated in the same
minimal medium used for all the mutants, as well as WT enzymes which had been

produced in continuous culture to be either adenylylated or deadenylylated.

A summary table of the results obtained for the mutants is presented in Table 3.7.
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The ‘deadenylylated” mutant Y397V was the first mutant constructed and then
examined. It was expected that this mutant would produce enzyme that exhibited
deadenylylated activity, but this was proved not to be the case. It is postulated that
this mutant does not exhibit true deadenylylated activity as a result of the inability of
the adenyltransferase to adenylylate or deadenylylate the valine residue, resulting in a
glutamine synthetase enzyme that is improperly folded. The adenylylation and
deadenylylation events carried out by the adenyltransferase entail the specific folding
of the Tyr397 loop, by the adenyltransferase, into either one of two conformations
required for each state of the glutamine synthetase enzyme. It is also postulated, that
the deadenylylation of the enzyme by the adenyltransferase entails the folding of the
loop into a specific conformation, and with the adenylylation of the enzyme, it is the
steric effects of the adenine groups that facilitate the folding of the enzyme into the
correct conformation. The Y397V mutant enzyme may, therefore have a loop
conformation similar to the adenylylated form of the enzyme, as the adenyltransferase
could not recognise and fold the Y397 loop into the “correct” conformation required

for deadenylylation.

The two serine residues, 52 and 53, were altered singly in two mutant strains (S52A
and S53A), as well as in conjunction with the Y397V mutation (S52A Y397V and
S53A Y397V). All four of these mutants complemented the auxotrophy of YMC 11,
and all had v-glutamyl! transferase activity. The two single mutations resulted in a
lowering of the total y-glutamyl transferase activity, compared to that seen in the WT
strains, indicating that these residues do play a role in the catalytic activity. Altering
the serine residues each separately, together with the Y397V mutation, to produce

S52A Y397V and S53A Y397V, resulted in an increase in the Mn®" activity over that
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seen in the two individual serine mutants, to levels comparable with the WT enzyme.
S52A showed reduced glutamine synthetase activity, compared to the WT enzymes, in
both the Mn®" and Mg” HPLC assays, and this activity increased in the double
mutant, S52A Y397V. S53A Y397V was much more active in the Mn*-based
forward reaction, showing a three-fold increase over any of the other mutant or WT
enzymes screened. In the HPLC based assay, the activity obtained from the S53A
Y397V enzyme was similar to that of the deadenylylated WT enzyme indicating that
S52 has adenylylated functionality. This enzyme, S53A Y397V, is however, equally
efficient in functioning using either Mn?" or Mg?", indicating that $52 functions under
conditions of adenylylation. Similar data was found for the S52A Y397V mutant. It
1s feasible that, as these serine residues lie adjacent to one another, that both are
capable of functioning in both the adenylylated or deadenylylated forms of the

glutamine synthetase, and the specificity for the reactions is housed in the histidine

and acid residues.

Both serine residues were then altered simultaneously, to produce a double mutant,
S52A S53A, which resulted in an enzyme that had reduced y-glutamyl transferase
activity and reduced activity levels in the Mn®" and Mg”" HPLC assays. It was
discovered that the enzyme also had the ability to convert ATP all the way to AMP,
producing two equivalents of glutamine per ATP (Table 3.5). A triple mutant was
produced, which combined the S52A, S53A and Y397V mutations, which then
resulted in a significant increase in the enzyme activity levels, compared to the WT
strains, and this mutant also had the ability to convert ATP all the way to AMP. The
conversion efficiency of this enzyme was also severely compromised. If, as

suspected, these serine residues play a catalvtic role similar to the serine residues
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making up the catalytic triad in the serine proteases, one would expect that the double
serine mutation (S52A S53A) would create a non-functional enzyme. As this was
obviously not the case, it was speculated that another reaction mechanism is possibly
available to this enzyme. It is proposed that the v-glutamyl phosphate, in the absence
of both serine residues, may undergo nucleophilic attack by NHj3 in the absence of the
catalytic triad, forming glutamine, however inefficiently. In these strains, ADP may
also phosphorylate the glutamate to y-glutamyl phosphate, allowing the subsequent
synthesis of glutamine in an ADP-based reaction. The role of the catalytic triads is,
therefore, 1o regulate the reaction rates and, not just to facilitate that the reactions
occur. This regulation of the reaction rate forms part of the control of the carbon and

nitrogen flux within the cell.

The two histidine residues identified as potentially forming part of a catalytic triad,
proved to be crucial to the catalytic activity of the enzyme. Four mutants were
generated to alter these residues - H210V, H210V Y397V, H211V and H211V
Y397V. H210V was the only mutant capable of growth on the minimal plates with no
supplementation of glutamine, and the only mutant to exhibit a very small amount of
Mﬁziﬁégﬁndem v-glutamyl! transferase activity. H210V Y397V, H211V and H211V
Y397V were not capable of complementing the auxotrophy of YMC11, and, in fact,
H210V Y397V and H211V Y397V, even struggled to grow in the presence of
glutamine. Al three exhibited no y-glutamyl transferase activity at all. All four
mutants had low activity levels in all the HPLC assays (~0.1 pmoles/min/mg protein),
and as seen in the double serine mutants, had the ability to convert ATP all the way

through to AMP, albeit at lower levels than the double serine mutants.
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Four residues were identified as potentially being able to fill the role of the acid
residue of the proposed catalytic triad. These were D50, E129, E327 and E357.
Asp50 has been identified in the binding of NH4', and may also play a role in
catalysing the deprotonation of NH;" to form NH;. Glu327 reportedly participates in
lowering the free energy of the transition state involved in the formation of the
positively charged tetrahedryl adduct resulting in the condensation of y-glutamyl
phosphate and ammonia (Alibhai and Villafranca, 1994). All four of these residues
have also previously been identified as important for the catalytic activity of glutamine
synthetase (Liaw and Eisenberg, 1994a). This would explain the reduction in
activities obtained with all these mutants. Eight mutants were produced to attempt to
determine which of the four residues was involved. These were, D50A, D50A
Y397V, E129A, E129A Y397V, E327V, E327V Y397V, E357A and E357A Y397V.
Identifying the residues associated with each catalytic triad is however complex. Both
mutants of D5S0A and E327V were capable of complementing the auxotrophy of
YMC11, in contrast to £129A and E357A, which could not. DS0A Y397V showed
more y-glutamyl transferase activity and a higher percentage of adenylylation than
D50A, whereas D50A Y397V had more Mn*" and Mg®* glutamine-based and ADP-
based HPLC activity than the single mutant. The percentage of conversion in this
mutant was low, however. The y-glutamyl transferase activity of E129A Y397V was
significantly higher than that in E129A, and, in general, this applied to the levels of
activity determined in the HPLC assays. The y-glutamyl transferase assay results for
these two mutants indicate that the E129 residue is more important for the
adenylylated form of the enzyme as the activity increases in the double mutant. As the
E129A mutant did not complement the auxotroph, it is believed that this residue

makes up the first acid residue and is found in the adenylylated catalytic triad.
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Virtually no y-glutamyl! transferase activity was detected in E327V, but the level of y-
glutamy! transferase activity increased when this mutation was introduced into the
Y397V mutant. The Mg* glutamine-based and ADP-based specific activities were
lower than the Mn?" specific activities for E327V, where they decreased to almost 0.
The Mgz+ activities in the double mutant, however, showed a significant increase in
the double mutant, E327V Y397V. The introduction of the valine residue in place of
the glutamate residue in this mutant had an effect on the enzyme, but enabled it to
retain sufficient functionality to enable both mutants to complement the auxtrophy of
YMC11. E357A had moderate y-glutamyl transferase activity, which decreased to
nothing in the double mutant E357A Y397V. More activity was also seen in the
HPLC assays of E357A, than in the assays from E357A Y397V. As the E357A
mutant did not complement the auxotroph, it is believed that this residue makes up the

second acid residue and is found in the deadenylylated catalytic triad.

Taking these results into account, the model was again examined to attempt to put the
interpretations into context. The model had been reduced to 4 subunits, designated A,
B, G and H (Figure 1.7) for explanation purposes, and to demonstrate the interaction
of the subunits in the putative catalytic triad-based reaction mechanism. It is proposed
that on adenylylation of Tyr397 on subunit A, interaction occurs with Trp57 of subunit
B, which is held in a flexible loop containing Ser52 and Ser53. This loop contains the
sequence GITMFDGSSIGGWKG, with the glycine residues allowing the flexibility in
the loop. It is this interaction by adenylylation of the adjacent subunit that allows for
the selection of the serine residue that makes up the proposed catalytic triad. On

adenylylation, the Tyr397 of subunit H also reacts with Trp57 of subunit B.
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From this study, and following examination of the inter-atomic distances of the model,
it 1s proposed that the amino acids that make up the respective catalytic triads are
Ser52, His211 and Glul29 for the adenylylated form of the enzyme and Ser53, His210
and Giu357 for the deadenylylated form of the enzyme. It is proposed that on
adenylylation of Tyr397 from subunit A, Trp57 on subunit B interacts with the
aromatic rings of the adenyl group of both AMP residues from subunit A and
subunit H. Trp 57 is on the serine containing flexible loop of subunit B. This allows
the serine loop to swivel, thereby bringing Ser52 into closer proximity to Glul29 on
subunit A. If Tyr397 on subunit H is also adenylylated, it interacts with the adenyl
ring on the Tyr397 of subunit A, bringing Glul29 on subunit A into closer proximity
within the active site. This resulting change in configuration between the active site
residues that exist between subunits A and B, as well as the adenylylation of the
Tyr397 on subunit A, then allows for sufficient change in the internal structure of the
active site allowing His211 to move into position and complete the catalytic triad

made up of Ser52', His211 and Glul29.

The data reported in this study, therefore supports the theory that the glutamine
synthetase from F.coli uses two catalytic triads as a possible mechanism to switch
between the adenylylated and deadenylylated forms of the enzyme, thereby affecting
its specificity for MgATP or MmyATP and NH," or NH;j. Using the data obtained
from the SDM analysis, the putative catalytic triads are believed to be comprised of
the following residues :
Adenylylated glutamine synthetase: Ser52'  (Subunit B)
His211  (Subunit A)
Glul29  (Subunit A)
Deadenylylated glutamine synthetase: Ser53"  (Subunit B)

His210  (Subunit A)
Glu357  (Subunit A)
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was inhibited in the presence of the inhibitors. The double serine mutant was not significantly
inhibited by either PMSF or AEBSF. Both AEBSF and PMSF appeared to cause an increase
in the rate of hydrolysis of the ATP with a concomitant reduction in the formation of
glutamine and the conversion efficiency. This may be interpreted as competitive binding of
the serine protease inhibitor to the glutamate site, while still allowing ATP hydrolysis to
occur. It is important to note that in all cases, while inhibition was found to occur, there was a
concomitant reduction in the conversion efficiency. His210 and His211 were found to be
equally important to the functionality of the enzyme, and the results, in consultation with the
model, led to the conclusion that His210 had deadenylylated activity and His21! had
adenylylated activity. All the potential acid residues, when removed, had an effect on
activity, but this was to be expected as all had previously been identified in the literature as
important in the active site of the glutamine synthetase from E.coli (Liaw and Eisenberg,
1994a). Again, consultation of the model led to the conclusion that the two acid residues that
filled the function of the acid residue in each catalytic triad, were Glu129 for the adenylylated

form of the enzyme, and Glu357 for the deadenylylated form of the enzyme.

The two putative catalytic triads are found at the interface between two subunits of glutamine
synthetase. By way of example, using the active site that exists between subunits A and B of
glutamine synthetase (Figure 1.7), and using the data obtained from the SDM analysis, the

putative catalytic triads are believed to be comprised of the following residues :

Adenylylated GS: Ser52  (Subunit B)

His211 (Subunit A)

Ghul29 (Subunit A)

Chapter 4: Conclusion 108



Deadenylylated GS:  Ser53 (Subunit B)
His210 (Subunit A)

Ghu3s57 (Subunit A)

The deadenylylated GS is produced under conditions of nitrogen limitation (Senior, 1975),
and, therefore, at low NHj concentrations, the enzyme is deadenylylated, switching to the
catalytic triad containing residue Ser53' (Subunit B), and at high NHj3 concentrations, the
enzyme is adenylylated switching to the catalytic triad containing the residue Ser52' (Subunit
B). The catalytic site using Ser52' will also have to deprotonate the NHs" to create the
nucleophile. It has been proposed that the deprotonation of the NH;" may occur via AspS0
a carbonium ion once the acyl enzyme intermediate has been formed. This depends on the
reaction mechanism employed. The two proposed reaction mechanisms, whereby the
nucleophilic attack by ammonia of a y-glutamyl-acyl enzyme intermediate is facilitated by a
catalytic triad mechanism, is discussed later. The acyl enzyme intermediate has been
postulated before in work carried out on glutamine synthetase isolated from sheep brain,
where "*C-glutamate binding to glutamine synthetase in the absence of NH; was demonstrated

(Krishnaswamy et al, 1962).

The reaction kinetics of the nucleophilic attack by the ammonia show two sets of kinetic
constants for the ammonia (Meek and Villafranca, 1980). We have postulated, that either the
v-oxygen of Ser52’ or Ser53' forms a covalent bond to the glutamate, via nucleophilic attack
on the carbonyl carbon of the ester bond of the carboxylic-phosphoric acid anhydride of the

glutamy! phosphate formed in the first step of the reaction (Figures 4.1 and 4.2).
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A possible model mechanism for the deadenylylated form of the enzyme, that is formed in the
cells grown under conditions of nitrogen limitation and carbon excess, using the
Ser53'/His210/E357 catalytic triad is outlined in Figure 4.2 (Kenyon, personal
communication). After the formation of the first tetrahedral transition state, and after the N°
proton of His210 has been transferred to the substrate, thereby releasing the acid phosphate,
the acyl enzyme intermediate is formed. This acyl enzyme complex may be stabilised by the
Arg339 in an oxyanion hole. The nucleophilic attack by the ammonia then occurs. As the
deadenylylated form of the enzyme is produced by the cells under nitrogen limited conditions,
it is believed that the NH," is fully dissociated to NHs + H', with NH; being brought into the

active site and not NHy .

It has been shown that an aqueous solution of (NH4);S0; dissociates into 2NH," and SO4™.
However, in dilute solutions, as the concentration tends towards infinite dilution, it is believed
third mechanism involved in facilitating the nucleophilic attack of the acyl enzyme, by the
ammonia, may occur. This i a “gas phase” or “solvent free” reaction. The rates of
bimolecular nucleophilic substitution reactions involving anions and polar molecules vary
over 20 orders of magnitude in changing from the gas phase to polar media (solvent)
{Olmstead and Brauman, 1977; Pellerite and Brauman, 1980; Shaik and Pross, 1982,
Chandrasekhar et al, 1984, Chandrasekhar et al, 1985). This is believed to be due to the
increase in the activation energy by hydration as a result of the reduction in the strength of the
hydrogen bonds. The ion-dipole attraction is nullified by the energy required to desolvate the
ion (nucleophile). The transition state, which has a dispersed charge distribution as a result of
the hydration forms weaker hydrogen bonds to the solvent. This results in a unimodal energy

profile with a large, narrow central energy barrier that is significantly greater than in the gas
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phase. It is therefore postulated, that at very low ammonia concentrations the active site is
“closed”, thereby reducing or eliminating the solvent accessible area in the active site,
allowing a gas phase type reaction to occur. This would possibly occur when the enzyme is
deadenylylated and functioning in the Mg®" form. It would also account for the very low K,
which the enzyme has for ammonia at low substrate concentrations (Meek and Villafranca,
1980). The adverse effect of H,O was evident in the enzyme reactions of the mutant
enzymesY397V, SS2A S53A Y397V, H210V Y397V and H211V Y397V as the conversion

efficiency of ATP hydrolysed to glutamine formed was as low as 36 %.

The data presented in this study supports the hypothesis that the reaction mechanism
employed by glutamine synthetase in the formation of glutamine from the y-glutamyl
phosphate synthesized in the first step of the reaction, occurred with two catalytic triads
similar to those employed by the serine proteases. These catalytic triads are believed to be
comprised of Ser52', His211 and Glul29 for the adenylylated form of the enzyme, and Ser53',
His210 and Glu357 for the deadenylylated form of the enzyme. It will be necessary to
crystallize the adenylylated WT, the deadenylylated WT and the mutant Y397V glutamine
synthetase, grown in continuous culture to ensure that the effect of the adenyltransferase is

guaranteed, in order to conclusively prove this postulated reaction mechanism.
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