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1. Introduction

Human glutamate carboxypeptidase II (GCPII, E.C. 3.4.17.21) is a transmembrane
co-catalytic zinc metallopeptidase expressed in various tissues, brain, prostate and small
intestine. In the nervous system, GCPII terminates the action of the most abundant peptide
neurotransmitter N-acetyl-L-aspartyl-L-glutamate (NAAG), yielding free glutamate into
the extracellular space. Inhibition of this activity was shown to be neuroprotective in
animal models of several neurological disorders which are associated with elevated levels
of glutamate (e.g. stroke, amyotrophic lateral sclerosis and neuropathic pain). GCPII is
thus viewed as a promising target for treatment of these pathological conditions. The
function of GCPII in prostate is still unknown. However, GCPII is up-regulated in prostate
cancer and therefore is used as a prostate cancer marker. In small intestine, GCPII
participates in absorption of dietary folates.

Recently, the three-dimensional crystal structure of extracellular part of GCPII in
complex with glutamate, the product of the hydrolytic reaction, was solved by Cyril
Barinka and Jeroen Mesters. The structure revealed amino acid residues interacting with
the bound product, as well as residues located nearby and presumably also playing
important role in substrate hydrolysis. In the work reported here, we used site-directed
mutagenesis to assess the influence of these active site residues on substrate
binding/cleavage.

Substrate specificity and crystallographic studies suggested that hydrophobic
interactions might play a role in positioning the C-terminal residue of the substrate in the
GCPII active site. To study these interactions in more detail, we kinetically characterized a
series of novel dipeptidic substrates of GCPII harbouring non-naturally occurring amino
acids with aliphatic side chains in the C-terminal position of the substrate. Since most of
the reported potent inhibitors of GCPII are highly polar compounds, studies of
hydrophobic interactions in the GCPII active site might facilitate design of specific GCPII
inhibitors with increased hydrophobicity and thus with better pharmacokinetic properties.



2. Theoretical Part

2.1. Glutamate Carboxypeptidase 11

Glutamate carboxypeptidase II (GCPII, E.C. 3.4.17.21) is a membrane-bound
metallopeptidase expressed predominantly in nervous system, prostate, small intestine and
kidney. Due to the wide expression in various tissues, GCPII was initially studied
independently as three different proteins, which also lead to several names being given to
it. While in the brain, GCPII was recognized as a dipeptidase and termed N-acetylated-a-
linked acidic dipeptidase (NAALADase) [1], in the prostate, it was originally identified as
an antigen of 7E11-C5 monoclonal murine antibody and since the expression of this
antigen was thought to be prostate-specific at that time, it was designated prostate-specific
membrane antigen (PSMA) [2]. Finally, the third name used in scientific literature for
GCPII is folate hydrolase. To make the situation at least a bit less confusing the
Nomenclature Committee of the International Union of Biochemistry and Molecular
Biology recommended to use the name glutamate carboxypeptidase II [3].

From the enzymological point of view, GCPII is now known to possess two
physiologically relevant enzymatic activities: it hydrolyzes a peptide neurotransmitter
N-acetyl-L-aspartyl-L-glutamate (NAAG) to N-acetylaspartate and glutamate [1] and it
also cleaves off y-linked glutamates from folylpoly-y-glutamates [4] (Fig. 1, page 3). The
former activity is believed to play role in regulation of neurotransmission in both central
and peripheral nervous system, while the latter is involved in the absorption of dietary
folates in small intestine.

In the next paragraphs I will try to summarize what has been found out about this
enzyme during almost twenty years of study since 1987, when it was described for the first
time [1;2], and why it is still being studied. In the first part of this chapter I will describe
the expression and the function (unfortunately, mostly unknown) of GCPII in various
tissues and since I will focus mainly on the nervous system and the role GCPII and its
substrate NAAG are proposed to play there, a short overview of the nervous system and
neurotransmission is included in the beginning. The subject of this diploma thesis is mainly
the active site of GCPII, therefore the second part of the chapter is devoted to the rather
boring description of the GCPII structure (but don’t worry, there are a lot of colourful

pictures, too).
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Fig. 1 Enzymatic activities of GCPII.

GCPII hydrolyzes the most abundant peptide neurotransmitter N-acetyl-
aspartylglutamate (A) and it also cleaves off y-linked glutamates from
folylpoly-y-glutamates (B).

2.1.1. Short Overview of the Nervous System

The cells of the nervous system can be divided into two broad categories: nerve
cells (or neurons) and a variety of supporting cells (or glial cells). Neurons are specialised
in conducting electrical impulses over long distances and through their interconnections
via synapses into intricate ensembles called circuits, they mediate all the complex

functions of nervous system, such as sensory processes, perception and behaviour [5].



Although there are many various morphological types of nerve cells, a typical
neuron has a cell body containing nucleus and organelles from which dendritic processes
(or dendrites) arise. The dendrites together with the neuronal body provide the major site
for synaptic terminals made by the axonal endings of other nerve cells. The input signals
from other neurons received from all the synapses on the dendrites and the cell body are
integrated at the origin of axon, a unique extension from the neuronal body that is
specialised for signal conduction to the next site of synaptic interaction. The mechanism by
which the information is carried along the axon is called action potential. The action
potential is a self-regenerating wave of electrical activity that propagates to the terminus of
the axon where the signal is passed on the next nerve cells in the pathway by a process
called synaptic transmission [6].

Most of the synapses in the nervous system are chemical ones. This means that
electrical signal cannot spread directly from one neuron to the other, but neurons
communicate with one another via secretion of chemical compounds called
neurotransmitters. When the action potential reaches the axon terminal, it causes release of
molecules of neurotransmitters from synaptic vesicles into the synaptic cleft, a narrow
extracellular space separating presynaptic and postsynaptic neurons. The released
neurotransmitters modify the electrical properties of the target cell by binding to specific
receptors in its membrane. The neurotransmitter must then be swiftly removed from the
synaptic cleft. This is accomplished mainly by diffusion of transmitter from the synaptic
cleft in combination with reuptake back into presynaptic terminal or into surrounding glial
cells. Some neurotransmitters are degraded by specific enzymes [6].

The second category of cells constituting the nervous system are supporting cells
referred to as neuroglial cells, or simply glial cells. Alhough these cell types are not
capable of electrical signaling, which is the function of neurons, they are indispensable part
of central nervous system with their mainly supportive functions ranging from homeostasis
maintenance to phagocytosis of debris. There are four types of neuroglial cells: astrocytes,
oligodendrocytes, microglia and ependymal cells. Astrocytes enwrap synapses and the
bodies of some neurons and interact with neurons in various metabolic and transport
processes, e.g. the reuptake of neurotransmitter glutamate. They are also believed to be
responsible for the regulation of local ionic and pH balances and might be involved in the
blood-brain barrier system. Oligodendrocytes as myelin-producing cells form myelin

sheaths around axons and thus facilitate the spread of action potential along the axon.



Microglia share many properties with tissue macrophages. They are primarily scavenger
cells that remove cellular debris from sites of injury or normal cell turnover and they play
role in inflammatory responses. Ependymal cells line brain ventricles and spinal cord

central canal [6].

2.1.1.1 L-Glutamate as a Neurotransmitter

L-glutamate is generally acknowledged to be an excitatory amino acid
neurotransmitter in a range of organisms from Caenorhabditis elegans to mammals. Nearly

all excitatory neurons in the central nervous system are glutamatergic [5;6] (Fig. 2).
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Fig. 2 Glutamatergic synapse

Glutamate is a major excitatory neurotransmitter in the nervous system. Following its
release from the presynaptic neuron, it activates a variety of ionotropic as well as
metabotropic receptors. A large fraction of released glutamate is taken up into glial cells,
where it is converted into glutamine. Glutamine then cycles back to nerve cell terminals,
where it participates in the replenishment of the stores of glutamate.

Following glutamate release from presynaptic axonal terminals, glutamate binds to
a variety of glutamate receptors (GluRs), which can be found on both presynaptic and
postsynaptic neurons and also on glial cells. These receptors are categorized into two major

classes: metabotropic glutamate receptors (mGluRs) and ionotropic glutamate



receptors (iGluRs) [5;7]. Metabotropic glutamate receptors are coupled to G-proteins and
regulate the production of intracellular second messangers. mGluRs are furher divided into
three subgroups (group I-III) on the basis of their amino acids sequence homology and
pharmacological properties. Group I mGluRs are coupled via G-proteins to activation of
phospholipase C, whereas activation of group II a III mGluRs leads to inhibition of
adenylate cyclase and decrease of cAMP [8-10]. Ionotropic glutamate receptors are ligand-
gated cation channels. They are classified into three major types, which were named after
exogenous agonists that were originally identified to activate them selectively: N-methyl-
D-aspartate (NMDA), DL-a-amino-3-hydroxy-5-methyl-4-isoxasolepropionate (AMPA)
and kainate (KA) receptors [8;9].

Once released into the synaptic cleft, glutamate is swiftly removed from the
extracellular space by reuptake via specific excitatory amino acid transporters into both
neurons and astrocytes, the astrocyte-mediated clearance of glutamate being the prevalent

one [11].

2.1.1.1.1. Glutamate-mediated Excitotoxicity

Besides its indispensable function in excitatory neurotransmission that mediates
normal information processing and neuronal plasticity, glutamate also plays an especially
important role in many pathophysiological conditions because elevated concentrations of
extracellular glutamate (released, for example, as a result of neural injury or ischemia) are
toxic to neurons. In normal conditions, the concentration of glutamate released into the
synaptic cleft rises to high levels (approximately 1mM), but remains at this level for only a
few milliseconds and then drops back to basal level. However, when abnormally high
concentrations of extracellular glutamate remain in the synaptic cleft for longer period of
time, the overstimulation of glutamate receptors triggers processes that may lead to the
death of neurons. This phenomenon is called excitotoxicity [5;12].

Excitotoxicity was shown to be involved in several neuropathological conditions,
including ischemia, traumatic brain injury, amyotrophic lateral sclerosis (ALS), Alzheimer
disease and inflammatory and neuropathic pain [12-14]. Excitotoxicity is an impotant
cause of neuronal death after stroke. An interrupted blood supply to the brain causes
deprivation of oxygen and glucose that are utilised as a source of energy. Impaired energy

causes depolarization of neuronal membranes and subsequent activation of voltage-



dependent Ca®* channels at presynaptic terminals, which leads to the release of glutamate
into the synaptic cleft. The reuptake of glutamate into neurons and astrocytes by glutamate
transporters is also energy-dependent, thus glutamate accumulates in the extracellular
space [15]. Consequent over-activation of postsynaptic ionotropic glutamate receptors

. . + + .
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neurotoxicity to the previously healthy neurons
in the vicinity of the stroke-stricken site [12] Fig.3 Potential paths leading to
neuronal injury caused

(Fig. 3). by ischemia.

As mentioned above, glutamate-mediated Taken over from [6].
excitotoxicity is associated not only with stroke,
but also with many other neurological disorders. So, drugs targeting neurotoxic effects of
elevated levels of extracellular glutamate are, quite naturally, being sought. One obvious
way how to prevent the consequences of excessive glutamate signalling is blocking Ca®*
influx into the postsynaptic neurons. Since this influx is mediated mainly by NMDA
receptors, selective NMDA receptor antagonists were suggested as potential drugs [17].

However, clinical trials of these agents have unfortunately not led to much improvement in

the outcome of stroke or produced intolerable side effects [18;19].
2.1.1.2. NAAG as a Neurotransmitter
N-acetyl-L-aspartyl-L-glutamate (NAAG) was discovered in the mammalian

nervous system in the mid-1960s, but its function as a neurotransmitter was not recognised

until twenty years later. Since that time, it was shown that NAAG meets all the established



criteria for a neurotransmitter: i) it’s concentrated in neurons and in synaptic vesicles, ii)
it’s released from axon terminals in a calcium dependent manner following initiation of
action potentials and iii) it is degraded by at least two specific membrane-bound
peptidases, glutamate carboxypeptidase II (GCP II) and glutamate carboxypeptidase III
(GCP III) [20;21].

NAAG is distributed widely in central and peripheral nervous system of mammals
and is probably the most abundant neuropeptide with its concentrations in the brain and
spinal cord reaching high micromolar to low millimolar range. NAAG is present in
neurons that use variety of neurotransmitters, including glutamate, GABA, serotonin,
dopamine, norepinephrine and acetylcholine [22-24]. This co-distribution of NAAG with
other transmitters suggests that NAAG has a modulatory role in various neuronal circuits.

Equilibrium binding studies have shown that NAAG binds to NMDA receptors, but
not to AMPA or kainate receptors [25]. NAAG has also been reported to activate NMDA
receptors in some systems, such as rat olfactory bulb neurons [26] or mouse spinal cord
neurons [27], nevertheless NAAG was far less potent activator of these receptors than
glutamate. In contrast, no activation of NMDA receptors by NAAG was observed in
neurons from cat dorsal lateral geniculate nucleus [28]. These contradictory observations
might be explained by differences in subunit composition of NMDA receptors expressed
by different cell types. NAAG was also observed to decrease excitatory responses related
to activation of NMDA receptors [29;30] and it was proposed that NAAG may act as a
mixed agonist/antagonist at NMDA receptors [20]. To make the problem even more
complicated Losi et al. have recently reported that NAAG does not antagonise NMDA
receptors in cerebellar granule neurons [31], whereas Bergeron et al. have shown that
NAAG reduces NMDA receptor-mediated current in CAl hippocampal pyramidal
neurons [32].

Besides its not yet clear effect on NMDA receptors, NAAG was shown to
selectively activate mGluR3 with potency approaching that of glutamate [33-35]. mGluR3
receptors belong to the group II mGluRs. These metabotropic glutamate receptors are
expressed in both presynaptic and postsynaptic neurons, as well as in glial cells. Activation
of presynaptic mGluR3 leads to decrease in release of primary neurotransmitters, including
glutamate and GABA [36;37], whereas activation of glial mGluR3 causes secretion of
transforming growth factors-f (TGF-B) from astrocytes, which has a neuroprotective effect

on neurons [38;39].
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Fig. 4 A model of the proposed role of NAAG in a glutamatergic synapse.

When released from the presynaptic neuron, NAAG can activate mGIuR3 receptors on
both the presynaptic neuron and glial cells. While the activation of presynaptic
mGluR3 decreases the release of the primary neurotransmitter glutamate, the
activation of glial mGluR3 leads to the secretion of neuroprotective TGF-f. The action
of NAAG is terminated by GCPII and probably also by GCPIII.

The above-mentioned findings suggest that endogenous NAAG might be
neuroprotective in conditions when excessive glutamate is neurotoxic by at least two
distinct mechanisms: i) activation of presynaptic mGIluR3 decreases further release of
glutamate from presynaptic neurons and ii) activation of glial mGIuR3 leads to secretion of
neuroprotective TGF- B. Furthermore, NAAG might partially antagonise some subtypes of
NMDA receptors and thus attenuate the overactivation of postsynaptic neurons caused by

excessive glutamate [20] (Fig. 4)
2.1.2 GCPII Expression and Function
2.1.2.1 Nervous System
Glutamate carboxypeptidase II (GCPII), in connection with nervous system also

known as N-acetylated-a-linked-acidic dipeptidase (NAALADase), is a membrane-bound

protein expressed in glial cells, more specifically in astrocytes [40;41]. GCPII is capable of



hydrolyzing the peptide neurotransmitter N-acetyl-L-aspartyl-L-glutamate (NAAG) and
since astrocytes are known to enwrap synapses, the most probable role for GCPII in
nervous system is to terminate the action of NAAG released from presynaptic neurons by
cleaving it. The reaction products, i.e. N-acetylaspartate (NAA) and glutamate, are then
released into the extracellular space.

NAAG-hydrolyzing activity was first observed by Riveros and Orrego in rat brain
cortex slices [42]. In 1987, Robinson et al. enzymatically characterized this activity in rat
brain cell membranes [1]. Later on, NAAG-hydrolyzing peptidase was purified from rat
brains and antibodies were produced against it [43] and the enzyme was termed
NAALADase. cDNA for the rat NAALADase was shown to be homologous to human
prostate-specific membrane antigen (PSMA) cDNA and consequently, PSMA was
demonstrated to have NAAG-hydrolyzing activity [44]. In 1998, Luthi-Carter et al. finally
showed that human PSMA and human brain NAALADase are in fact protein products of
the same gene [45] and this enzyme was designated glutamate carboxypeptidase II
(GCPID).

GCPII is not the only enzyme capable of cleaving NAAG. In 1999, Pangalos et al.
reported cloning of second human enzyme with NAAG-hydrolyzing activity [46] and the
enzyme was later on designated glutamate carboxypeptidase III (GCPIII). GCPIII mRNA
was detected in ovary and testis as well as within discrete areas of brain [46]. The presence
of GCPIII in the brain was also proposed by Bacich et al. who deleted gene encoding
GCPII in mice, yet observed residual NAAG-hydrolyzing activity in the brains of these
mice [47]. Klarka Hlouchovd from our laboratory cloned, expressed and purified
recombinant human GCPIII and showed that GCPIII cleaved NAAG with kinetic
parameters similar to those of GCPIL. Moreover, GCPIII is inhibited by GCPII-specific
inhibitors [48]. Taken together, these data indicate that there are most probably at least two

enzymes capable of cleaving NAAG in human brain.
2.1.2.1.1 GCPII and Neurological Disorders

As mentioned above, excitotoxic neuronal damage is involved in several
neurological disorders, including ischemia, traumatic brain injury, ALS, Alzheimer

disease, inflammatory and neuropathic pain and schizophrenia. It was proposed that

endogenous NAAG might attenuate adverse effects of excessive glutamatergic

10



neurotransmission and thus, inhibition of NAAG-hydrolyzing activity might be protective
in neuropathological conditions which are associated with glutamate-mediated
excitotoxicity.

Several potent GCPII inhibitors were synthesized and characterized so far, which
provided an opportunity to test the above-mentioned hypothesis. Indeed, GCPII inhibition
was shown to be neuroprotective in animal models of several neurological disorders
(reviewed in [21]).

A series of studies was published on GCPII inhibition in models of stroke. It was
shown that 2-(phosphonomethyl)pentanedioic acid (2-PMPA), a potent and selective
GCPII inhibitor, protected against ischemic injury in a neuronal culture model of stroke, as
well as in a rat model of ischemia [49;50]. In the rat model the administration of 2-PMPA
caused increase in NAAG levels and attenuated ischemia-induced rise in extracellular
glutamate [49], both these effects can contribute to the overall neuroprotection observed in
this study. Another GCPII inhibitor, termed GPI5232, also decreased brain injury in the rat
model of stroke and this effect was signficant even when the inhibitor was administered
2 hours after the ischemic injury [51]. The neuroprotective effect of GCPII inhibition
observed in models of stroke is proposed to be mediated by increased levels of NAAG and
consequent increased activation of both presynaptic and glial mGluR3 receptors. As
mentioned above, activation of presynaptic mGluR3 and glial mGluR3 receptors may
contribute to neuroprotection by reducing glutamate release from presynaptic neurons and
stimulating the release of neuroprotective TGF-, respectively [21]. Finally, NAAG itself
may serve as a significant source of extracellular glutamate and thus inhibition of NAAG-
hydrolyzing activity is likely to decrease the levels of extracellular glutamate.

GCPII inhibition was shown to be beneficial not only in the models of stroke, but
also in models of several other neurological disorders. Yamamoto et al. showed that GCPII
inhibition reduced the perception of pain in rat models of both inflammatory and
neuropathic pain [52-54]. GCPII inhibition was also beneficial in a rat model of diabetic
neuropathy [55], as well as in a cell culture model of this disease [56]. GCPII inhibition
was also tested in transgenic mice expressing a mutant form of superoxide dismutase 1
gene, an animal model for human familial amyotrophic lateral sclerosis (ALS). The onset
of the disease was significantly delayed in mice treated with 2-MPPA, a GCPII inhibitor
with enhanced oral bioavailability, while the mean life span of these mice was prolonged

by 15% [57].
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2.1.2.2. Prostate

Besides nervous system, GCPII is also expressed in several other tissues, including
prostate. GCPII was first identified in prostate in 1987 owing to its binding to monoclonal
murine antibody 7E11-C5 [2], which was obtained after immunization with partially
purified membranes of LNCaP cells, a cell line isolated from human prostatic cancer. This
antibody was observed to bind specifically to membranes of prostatic epithelium, thus the
expression of the 7E11-C5 antigen was first thought to be prostate-specific and therefore
the antigen was named prostate-specific membrane antigen (PSMA). However, further
studies of PSMA expression on both mRNA [58-60] and protein [58;61-63] level showed
that PSMA is not a prostate-specific protein as originally thought. In 1993, Israeli et al.
cloned cDNA coding for PSMA from LNCaP cDNA library [64] and in 1996, Carter et al.
showed that PSMA possessed NAAG-hydrolyzing activity [44]. Later that year, Pinto et al.
reported that, besides the NAAG-hydrolyzing activity, PSMA also had folate hydrolase
activity [4]. Further studies confirmed that NAALADase from human brain and PSMA are
protein products of the same gene [45].

The physiological role of GCPII in prostate is unfortunately still unknown. It was
shown that GCPII possessed several characteristics of membrane receptors, including
homodimer formation [65-67] and endocytosis via clathrin-coated pits [68]. GCPII also
shares modest homology with transferrin receptor [69]. Like a variety of other
transmembrane receptors, transferrin receptor undergoes internalization upon binding to its
ligand, iron-loaded transferrin. Transferrin receptor with bound transferrin is then
trafficked through the endocytic system where the iron is released from transferrin and
transferrin receptor with bound apo-transferrin returns back to the plasma membrane.
Transferrin receptor thus mediates uptake of iron into cells [70]. Liu et al. showed that,
similar to the transferrin receptor, GCPII internalized via clathrin-coated pits in LNCaP
cells and that antibodies against extracellular part of GCPII increased the rate of the
internalization [68]. GCPII was also reported to possess novel internalization motif
MWNLL in its cytoplasmic tail [71]. Furthermore, GCPII cytoplasmic domain was found
to interact with filamin A in a yeast two-hybrid assay [72]. These findings support popular
hypothesis that GCPII might function as a receptor for yet unidentified ligand [68;73;74].

Besides its unknown function in normal prostate, GCPII probably plays some role

in prostate cancer. Immunohistochemical studies demonstrated that GCPII levels were
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elevated in primary prostate cancer and metastatic disease and the expression correlated

with tumour aggressiveness [75-78].

2.1.2.2.1. GCPII and Prostate Cancer

Even though almost nothing is known about physiological role of GCPII in normal
prostate or in prostate carcinoma, the fact that GCPII expression is upregulated in prostate
cancer offers an opportunity for GCPII-targeted imaging as well as treatment of prostate
cancer. At present, GCPII is exploited for detection and in vivo imaging of GCPII-

expressing tumour cells using '"'

In-labeled monoclonal antibody 7E11-C5, marketed under
the brand name ProstaScint (Cytogen Corporation, Princeton, New Jersey) [79-81]. The
major drawback of this antibody is that it recognizes intracellular epitope of GCPII [82],
thus only dead or dying cells can be detected. The second-generation anti-GCPII
monoclonal antibodies that bind to extracellular domain of GCPII are now in clinical trials
[83].

In addition to imaging strategies, anti-GCPII monoclonal antibodies are also
assessed for therapeutical purposes, mainly for the treatment of metastatic prostate cancer.
Clinical trials using these antibodies conjugated either to radionuclides or to cytotoxic
agents are now under way [84;85]. Even though GCPII is not entirely prostate-specific, the
GCPII expression seen in prostate cancer cells is significantly higher than that in other
tissues, therefore cytotoxic anti-GCPII antibodies are expected to primarily affect prostate
cancer and spare healthy tissues.

Immunotherapy using patient’s own denritic cells represents another approach to
the treatment of prostate cancer [86;87]. Dendritic cells are antigen-presenting cells
capable of stimulating T-cell proliferation and cytotoxicity. These cells, isolated from
patients and in vitro pulsed with GCPII-derived peptides, were shown to generate immune
response and improvement in 30% of patients in phase II clinical trial. The results suggest
that this therapy might be an alternative for prostate cancer patients whose disease no

longer responds to conventional therapy [88;89].
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2.1.2.3. Small Intestine

Studies of GCPII localization in human body showed that GCPII is also expressed
in the proximal small intestine [61-63]. In addition to brain, small intestine is the only
other site of GCPII expression where the function of the enzyme is known. In small
intestine, GCPII cleaves off y-linked glutamates from folylpoly-y-glutamates and thus
participates in the absorption of dietary folates [4;90]. Folates in food are a heterogeneous
mixture of folylpoly-y-glutamates and as such, they can not be taken into the cells by folate
transporters. Only when the poly-y-glutamates are removed, folic acid can be transported

across the intestinal wall.

2.1.2.4. Other Tissues

Besides the above-mentioned sites of GCPII expression, GCPII has also been
observed in kidney [91;92], salivary gland [63], ovary [93] and breast [93]. However, the
function of GCPII in these tissues remains unclear.

Interestingly, GCPII was also found to be expreesed in tumor-associated
neovasculature of most of the solid tumors examined, yet is absent in normal vasculature
[61;91;92]. This finding might extend the possible use of GCPII-targeted anticancer drugs

also to solid tumors of nonprostatic origin.

2.1.3. Structure of GCPII

Human GCPII is a 750-residue type II membrane glycoprotein with a short
N-terminal cytoplasmic tail (amino acids 1-18), a transmembrane domain (amino acids 19-
43) and a large extracellular domain (amino acids 44-750), where the active site of the
enzyme is situated. The intracellular segment encompasses an internalization motif and it
was also shown to interact with filamin A [71;72].

Long before the three-dimensional structure of GCPII was determined, Rawlings
and Barrett analyzed the amino acid sequence of GCPII and on the basis of sequence
comparison with aminopeptidases from Aeromonas proteolytica, Streptomyces griseus and
Saccharomyces cerevisiae classified GCPII as a member of peptidase family M28 [94].

This peptidase family comprises metallopeptidases with two co-catalytic zinc ions in the
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active site which are necessary for the enzymatic activity. A common feature of members
of the family is the binding mode of the active site zinc atoms. Each metal ion is
tetrahedrally coordinated by a carboxylate group of either Glu or Asp residue, by an
imidazole nitrogen of His residue and, in addition, a carboxylate group of an Asp residue
and an activated water molecule serve as bridging ligands, binding both the zinc atoms. For
GCPII, these zinc ligands were proposed to be His377, Asp453, Glu425 and His553, with
Asp387 functioning as the bridging ligand [94].

Besides the sequence similarities with co-catalytic zinc aminopeptidases, GCPII is
homologous with transferrin receptor (sequences of extracellular parts are 28% identical).
Transferrin receptor is also a type II membrane glycoprotein, but the putative zinc ligands
are mutated in transferrin receptor and it lacks peptidase activity [69].

Recently, crystal structures of GCPII extracellular domain have been presented by
two independent groups. While Davis et al. reported GCPII structure with unoccupied
substrate-binding site at 3.5 A resolution [65], Cyril Bafinka from our laboratory in

collaboration with Jeroen Mesters from the laboratory of Rolf Hilgenfeld determined three
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Fig. 5 Ribbon diagram of the crystal structure of the GCPII extracellular domain.

Butterfly-like three-dimensional structure of a homodimer of GCPII is shown, with
one monomer coloured in grey, while the other is coloured according to organization
into domains (protease domain — blue; apical domain — yellow; C-terminal domain —
brown). The bound inhibitor and the active site zinc ions are shown as beige and green
spheres, respectively. Calcium cation is depicted as a red sphere and chloride anion as
a yellow sphere. Taken over from [66].
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crystal structures of GCPII in complex with both potent and weak inhibitors and with
glutamate, the product of the enzyme’s hydrolytic reaction, at 2.0, 2.4 and 2.2 A resolution,
respectively [66]. The three-dimensional structures revealed a homodimer of GCPII with
the overall butterfly-like shape similar to that of transferrin receptor. The extracellular part
of GCPII folds into three domains: the protease domain, the apical domain and the
C-terminal domain and the active site is formed by amino acid residues from all these three
domains (Fig. 5, page 15). In addition to the two active site zinc ions, two other ions were
found to be bound in the structure: a chloride anion and a calcium cation. Whereas the
chloride ion, located near the active site, presumably plays role in substrate binding, the
calcium ion is situated too far from the active site to be involved in the catalytic activity.
More likely, it helps to stabilize the structure and probably is important for the
dimerization [66].

GCPII is a glycoprotein with ten potential N-linked glycosylation sites, all of which
were shown to be occupied by sugar moieties [95]. Moreover, glycosylation is necessary
for proper folding and enzymatic activity of GCPII [95;96]. One of the carbohydrate
chains, attached to Asn638, was proposed to be involved in the homodimer formation
[65;66] and since dimerization was reported to be required for GCPII hydrolytic activity
[67], this sugar moiety might significantly affect GCPII activity even though it is located
far from the active site. This hypothesis is supported by site-directed mutagenesis studies,
in which the deletion of this particular glycosylation site resulted in dramatic decrease of

enzymatic activity [95;96].

2.1.3.1. Active site of GCPII

As mentioned above, based on the sequence alignments with co-catalytic zinc
aminopeptidases, GCPII was also classified as a co-catalytic zinc metallopeptidase and the
putative zinc-binding residues were proposed to be His377 and Asp453 for Znl and
Glu425 and His553 for Zn2, with Asp387 bridging both metal ions [94]. Indeed, the three-
dimensional crystal structure revealed two zinc ions in the active site and also confirmed
the assignment of zinc ligands [65;66]. In addition to these residues, the zinc ions are
bridged by a water molecule/hydroxide anion and nearby resides a glutamic acid residue
(Glu424) which forms a hydrogen bond with the bridging water molecule (Fig. 6, page 17).
According to the proposed catalytic mechanism for cleavage of NAAG, Glu424 functions
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as a general acid/base during the catalytic hydrolysis by abstracting a proton from the
bridging water molecule. After the proton abstraction, the generated hydroxide anion
attacks the carbonyl group of aspartyl residue of NAAG and Glu424 further facilitates
cleavage of the peptide bond by transfering the proton to the leaving amino group of
C-terminal glutamate residue [66]. This catalytic mechanism is similar to that proposed for

Aeromonas proteolytica aminopeptidase and other co-catalytic zinc metallopeptidases [97].
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Fig. 6 The active site of GCPII

GCPII, as a co-catalytic metallopeptidase, has two zinc ions in the active site (shown as
yellow spheres). One of the zinc ions is coordinated by His377 and Asp453, while the other
is ligated to His553 and Glu425. In addition, the two metal ions are bridged by Asp387 and
a water molecule (indicated as a blue sphere), which, in turn, is hydrogen-bonded to
Glu424, the proposed catalytic amino acid residue. Bonding distances are shown in A.

The picture (from the crystal structure of the GCPII-glutamate complex [66], PDB code
2C6G) was generated using PyMOL [98].

The crystal structure of GCPII in complex with glutamate, one of the products of
hydrolytic reaction, revealed amino acid residues important for substrate recognition. The
C-terminal a-carboxylate group of glutamate forms a salt bridge with Arg210 and accepts
hydrogen bonds from two tyrosine residues (Tyr552 and Tyr700). The free amino group of
bound glutamate interacts with y-carboxylate group of Glu424 and with carbonyl oxygen

of Gly518. The side chain of glutamate is positioned via a salt bridge with Lys699 and a



hydrogen bond with side chain amide of Asn257 (Fig. 7, panel A) [66]. The N-Ac-aspartyl
portion of NAAG is not bound in the active site, therefore amino acid residues binding this
part of substrate can only be proposed from the structure. Such residues that are likely to
be involved in interactions with N-Ac-Asp include, among others, three arginines (Arg463,

Arg534 and Arg536) and Asn519.
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Fig. 7 Find ten differences.

The view of the GCPII active site with bound glutamate (panel A) or methionine (panel B).
Both glutamate and methionine (coloured in green) are products of the GCPII hydrolytic
reactions and their mode of binding into the active site is very similar. While a-carboxylate
groups of both amino acids interact with Arg210, Tyr552 and Tyr700, free amino groups
are hydrogen-bonded to Glu424. The side chain of the bound glutamate is positioned via
interactions with Lys699 and Asn257 (A). Interestingly, the side chain of the methionine
adopts similar conformation, even though it lacks negative charge and consequently can
not engage in the same interactions as glutamate (B). The active site zinc ions are shown as
violet spheres.

The picture was generated using PyYMOL [98].

N-Ac-Asp-Glu (NAAG) is not the only dipeptidic substrate cleaved by GCPII.
Substrate specificity studies, carried out in our laboratory using dipeptidic libraries
N-Ac-X-Glu and N-Ac-Asp-X (where X stands for any naturally occurring amino acid),
revealed that also N-Ac-Glu-Glu, N-Ac-Ala-Glu, N-Ac-Asp-Met and N-Ac-Asp-Ala were
efficiently hydrolyzed by GCPII ([99] and unpublished observation). In contrast with the
naturally occurring substrates of GCPII, all of which have negatively charged glutamate in
the C-terminal position of the substrate, two of these newly identified GCPII substrates, i.e.
N-Ac-Asp-Met and N-Ac-Asp-Ala, harbour amino acids with hydrophobic side chains in
the C-terminal position. Thus, in addition to hydrogen bonds and salt bridges that position

the glutamate-containing substrates in the active site, also hydrophobic interactions are

18



likely to be involved in binding of the C-terminal residue side chain. The crystal structure
of GCPII in complex with methionine at 2.4 A resolution, solved by Cyril Bafinka
(Bafinka et al., manuscript in preparation), revealed that the binding mode of methionine in
the active site of GCPII is very similar to that of glutamate and even the side chains of
Lys699 and Asn257, which interact with y-carboxylate group of glutamate in the
GCPII-glutamate complex, have nearly identical conformations in the complex with

methionine as in that with glutamate (Fig. 7, panel B, page 18).

2.1.3.2. Inhibitors

As mentioned above, GCPII is regarded as a promising target for treatment of
various neurological disorders which are associated with dysregulation of glutamatergic
neurotransmission. Moreover, GCPII inhibition was shown to be neuroprotective in animal
models of several of these disorders. Therefore, one of the obvious aims of structural
studies of GCPII is to provide insight into the active site and thus facilitate the design of
specific and potent inhibitors with good pharmacokinetic properties.

The compounds that were first observed to inhibit GCPII included polyvalent
oxoanions such as phosphate and sulphate and divalent metal ion chelators (e.g. EDTA and
EGTA) [1]. GCPII was also reported to be inhibited by quisqualic acid and B-NAAG, an
analog of NAAG, with K values of 1.9 uM and 0.7 uM, respectively [1;100]. However, all
these compounds by far lacked the potency and specificity of
2-(phosphonomethyl)pentanedioic acid (2-PMPA), the first efficient GCPII inhibitor
reported in 1996 (K; = 0.3 nM) [101]. Since then, several other potent GCPII inhibitors,
derived from the structure of 2-PMPA, were synthesized [102] (Fig. 8, page 20). In
addition to compounds bearing phosphonate or phosphinate groups as active site zinc ions
chelators, other zinc-binding groups were also tested for their ability to inhibit GCPIL.
2-(3-mercaptopropyl)pentanedioic acid (2-MPPA), a representative of thiol-based
inhibitors, was identified as not only potent but also as the first orally bioavailable GCPII
inhibitor [103]. Compounds with hydroxamate group as a zinc-binding group were also
tested, but showed to be less potent GCPII inhibitors than the phosphonate- and thiol-based
ones [104]. Besides the above-mentioned inhibitors, urea-based compounds were also

reported to efficiently inhibit GCPII [105;106].
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The crystal structures reported by Mesters et al. showed the binding mode of
GPI-18431, a derivative of 2-PMPA and a potent GCPII inhibitor, as well as the binding
mode of phosphate, a weak inhibitor of GCPII. While phosphate only ligates the active site
zinc ions, GPI-18431, in addition to that, also interacts with the substrate-binding site, thus

achieving much better potency and specificity as a GCPII inhibitor [66].
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Fig. 8 Inhibitors of GCPIL.

Quisqualic acid (2-amino-3-(3,5-dioxo-[1,2,4]oxadiazolidin-2-yl)-propionic acid;
Ki = 1.9 uyM) and B-NAAG (K; = 700 nM) are representatives of the first GCPII
inhibitors reported [1;100]. 2-PMPA (2-(phosphonomethyl)pentanedioic acid;
K; = 0.3 nM) and its thiol-based derivative, 2-MPPA (2-(3-mercaptopropyl)-
pentanedioic acid; ICsp = 90 nM), belong to the most potent GCPII inhibitors
known at present. Moreover, 2-MPPA, thanks to the replacement of charged
phosphonate group of 2-PMPA by a thiol group, is orally bioavailable [103].

2.1.3.3. Site-directed mutagenesis studies of the GCPII active site

Before the X-ray crystal structure of GCPII was solved, the active site residues of
GCPII were proposed based on the homology of the protease domain of GCPII with
Aeromonas proteolytica and Streptomyces griseus aminopeptidases [94;107], the structures
of which were reported in 1994 and 1997, respectively [108;109]. The assignment of zinc-

binding ligands turned out to be in complete agreement with what was later observed in the
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crystal structure. However, since the Aeromonas and Streptomyces aminopeptidases have
different substrate specificities than GCPII, the prediction of substrate-binding residues
showed to be less accurate.

Speno et al. used site-directed mutagenesis approach to test this assignment of both
zinc-binding and substrate-binding residues [107]. Mutation of zinc ligands lead to
dramatic decrease in enzymatic activity, although mutant proteins were expressed, as
demonstrated by immunoblot analysis. In contrast, single substitutions to putative
substrate-binding residues showed to be less perturbing and kinetic parameters of NAAG
hydrolysis were obtained for most of the mutant proteins. The largest increase in
Kwm values was observed for mutations of Arg463 and Arg536 that did not preserve the
positive charge of these residues. This is consistent with the crystal structure reported by
Mesters et al., who proposed that these two arginines are likely to be involved in the
binding of the N-acetyl-aspartyl portion of NAAG [66]. In addition, mutation of Asn519,
which was also proposed to form the binding site for N-acetyl-aspartyl, resulted in large
decrease of enzymatic activity, such that kintetic parameters could not be measured. None
of the residues observed to interact with glutamate in the crystal structure was targeted for
substitution in the Speno’s study, except for Tyr552, the mutation of which lead mainly to
decrease in Vy, value. Moreover, Glu424, the proposed catalytic amino acid, was mutated
to glutamine, which also resulted in reduced V.« value [107] (Fig. 9, page 22).

The site-directed mutagenesis approach has also been used by Petra Mlcochova
from our laboratory to study the active site of GCPII [110]. The choice of putative
substrate-binding residues targeted for mutagenesis in this study was based on the model of
GCPII created by Daruka Mahadevan (University of Arizona Cancer Center, Tuscon) and
Jose W. Saldanha (National Institute for Medical Research, London). Similar to Speno’s
work, none of the glutamate-binding residues was predicted to play role in substrate
binding, besides Tyr552. In agreement with the previous study, the mutation of this
tyrosine was shown to affect primarily k¢, value. However, the results of substitutions to
the arginine residues that are proposed to interact with the N-acetyl-aspartyl portion of
NAAG differ between the two studies. While Speno et al. reported increase in Ky values
for mutations R4631 and R536E, the results from our laboratory indicated decrease in kca
for mutations R534L and R536L. Dramatic fall in k. value was also observed for

substitution of Asn519 to valine [110] (Fig. 9, page 22).
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Fig. 9 Computer model of the GCPII active site with bound NAAG.

Amino acid residues mutated in the aforementioned mutational studies are highlighted as
follows: residues mutated in Speno’s study are shown in blue, residues mutated by Petra
Mi€ochova in our laboratory are shown in brown and residues substituted in both these
studies are in yellow [107;110]. NAAG in the GCPII active site is coloured green and zinc
ions are depicted as orange sheres. Finally, residues interacting with the C-terminal
glutamate of NAAG are coloured grey. For clarity, not all the residues targeted for
mutagenesis are shown.

The three-dimensional model of GCPII with bound NAAG was constructed by Lubomir
Rulisek, based on the crystal structure of GCPII in complex with inhibitor GPI-18431
[66]. The picture was generated using PyYMOL [98].
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3. Objectives

1)  analyze the GCPII active site using the site-directed mutagenesis approach

e mutate amino acid residues of recombinant human GCPII (rhGCPII)
implicated in substrate binding/catalysis

e express, purify and kinetically characterize the mutant forms of
rhGCPII

e prepare an inactive mutant of rhGCPII and cocrystallize it with a

substrate

2)  study hydrophobic interactions in the GCPII active site

e kinetically characterize hydrolysis of a series of novel dipeptidic
substrates of thGCPII harbouring non-naturally occurring amino acids

with hydrophobic side chains at the C-terminus
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4. Materials and Methods

4.1. Materials and Instruments

4.1.1. Materials

Bio-Rad (Hercules, USA)

AG 1X8-resin, agarose, Protein Assay Kit.

Fluka (Buchs, Switzerland)

acetonitrile, acrylamide, (R,S)-2-aminoheptanoic acid, (R,S)-2-aminooctanoic acid,
(R,S)-2-aminononanoic acid, N,N "-methylenebisacrylamide,
N,N,N’,N’-tetramethylethylenediamine,

Gibco (Rockville, USA)

Defined Lipid Concentrate, fetal bovine serum, L-glutamine, SF900 II medium, Yeastolate
Ultrafiltrate

Invitrogen (San Diego, USA)

Calcium Phosphate Transfection Kit, Hygromycin B, Drosophila Schneider's S2 cells,
pCoHYGRO vector, pMT/BiP/V5-His A vector

Lachema (Brno, Czech Republic)

acetic acid, acetone, ethanol, formaldehyde, formic acid, hydrochloric acid, isopropanol,
methanol, silver nitrate, sodium acetate, sodium carbonate, sodium hydroxide, sodium
thiosulfate, trichloroacetic acid

Léc¢iva (Prague, Czech Republic)

ampicillin

Merck (New Jersey, USA)

dimethylsulfoxide, sodium dodecylsulfate

Millipore (Billerica, USA)

Centriprep YM-50, Microcon YM-10, 0.22 um filters

New England Biolabs (Beverly, USA)

restriction endonucleases

Nextal Biotechnologies (Montreal, Canada)

crystallization plates
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Packard (Meriden, USA)

Ultima Gold Scintillation Cocktail

Perkin Elmer Corporation (Foster City, USA)

ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction Kit v3.1

Perkin Elmer (Wellesley, USA)

*H-NAAG (50 Ci/mmol)

Pharmacia (New York, USA)

Mono P HR 5/10 column, QAE-Sephadex A-50, Source 15S HR 10/10 column,
Superdex 200 HR 16/60 column

Phenomenex (Torrance, USA)

C18(2) Luna column

Pierce (Rockford, USA)

Casein Blocker, FDAA, HRP-conjugated goat anti-mouse secondary antibody,
Nitrocellulose Membrane Sheet, SuperSignal West Dura Extended Duration Substrate
P-Lab (Prague, Czech Republic)

Pasteur pipettes, scintillation vials

Promega (Madison, USA)

Pfu polymerase

Qiagen (Germantown, USA)

Plasmid Midi Kit

Sarstedt (Numbrecht, Germany)

tissue culture plastics

Serva (Heidelberg, Germany)

ammonium peroxodisulfate, bromphenol blue, Coomassie Brilliant Blue G250, lysozyme,
Triton X100

Sigma (St. Louis, USA)

L-alanine, (S)-2-aminobutanoic acid, calcium chloride, chloroform, cupric sulphate,
EDTA, glycine, L-glutamic acid, hemacytometer, HEPES (N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid), LB agar, LB medium, Lentil Lectin-Sepharose, manganese
chloride, L-methionine, mercaptoethanol, methyl-a-D-mannopyranoside, MOPS (3-[N-
morpholino] propanesulfonic acid), NAAG, L-norleucine, L-norvaline,

o-phthaldialdehyde, phenol, Ponceau S, sodium chloride, Trypan Blue
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Spectra/Por (Rancho Dominguez, USA)

membrane tubing

Top-Bio (Prague, Czech Republic)

DNA Lego kit, INTP’s

USB (Cleveland, USA)

boric acid, ethidium bromide, sodium tetraborate, Tween 20,
TRIS (tris(hydroxymethyl)aminomethane)

Waters (Milford, USA)

AccQ Fluor Reagent kit

4.1.2. Instruments

ABI Prism 310 Genetic Analyzer (The Perkin-Elmer Corporation, Foster City, USA)
AKTAEXxplorer FPLC system (Pharmacia, New York, USA)
BSB4A laminar flow-box (Gelaire, Sydney, Australia)
BT120 biological thermostat (Laboratorni piistroje, Prague, Czech Republic)
Centrifuges: Beckman J2-MI (Beckman, Fullerton, USA)

Megafuge 2.0R (Heraeus Instruments, Germany)

Beckman Avanti J-30I (Beckman, Fullerton, USA)

Biofuge pico (Heraeus Instruments, Germany)
Horizon 58 horizontal electrophoresis apparatus (Life Technologies, Grand Island, USA)
Innova 4300 incubator shaker (New Brunswick Scientific, Edison, USA)
LAS-1000 CCD camera (Fujifilm, Tokyo, Japan)
Microscope Nikon TMS (Tokyo, Japan)
Mini Protean II vertical electrophoresis apparatus (Bio-Rad, California, USA)
SemiPhor semidry transfer unit (Hoefer Scientific Instruments, San Francisco, USA)
Thermal cycler GeneAmp PCR System 2400 (Perkin-Elmer, Foster City, USA)
Thermal cycler T Gradient (Biometra, Gottingen, Germany)
Unicam Helios a spectrophotometer (Waltham, USA)
Unicam 9450 pH meter (Waltham, USA)
UV transilluminator UVT-20 SML (Herolab, Wiesloch, Germany)
Waters 2795 Alliance HPLC system (Waters, Milford, USA)
Waters 2475 Multi A Fluorescence Detector (Waters, Milford, USA)
Waters 2487 Dual A Absorbance Detector (Waters, Milford, USA)
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4.2. Methods

4.2.1. Site-Directed Mutagenesis

Site-directed mutagenesis was carried out according to the QuikChange
Site-Directed Mutagenesis Kit Instruction Manual (Stratagene, La Jolla, USA). The
pMTNAEXST plasmid (Fig. 11, page 49), prepared by Cyril Bafinka in our laboratory,
was used as a template. This plasmid was derived from the pMT/Bip/V5-His A plasmid
(Invitrogen, San Diego, USA) into which the DNA encoding the extracellular part of
human GCPII (amino acids 44-750) was cloned. The main features of the plasmid are the
Drosophila metallothionein promotor, which enables inducible heterologous expression in
Drosophila S2 cells, and the Bip secretion signal, which targets the extracellular portion of
GCPII for secretion into the culture medium.

Two complementary oligonucleotide primers harbouring the desired mutation were
used to introduce the mutation into the pMTNAEXST plasmid. Sequences of the primers

used for individual amino acid changes are shown in Table I (page 28).

The reaction mixture contained:

pMTNAEXST 30 ng

two complementary primers 125 ng of each
dNTP mix (10 mM) 1ul

Pfu DNA polymerase (2.5 U/ pl) 1 ul

10x reaction buffer S5ul

distilled water to the final volume of 50 pl.

The following temperature-cycling parameters were used for the synthesis of

mutated plasmids:

initial denaturation: 94°C S min

16 cycles of amplification: 95°C 30s
55°C 1 min
68°C 12 min

final extension: 68°C 10 min.
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Table I. Nucleotide sequences of primers used for site-directed mutagenesis.

Primer
Mutation Designation Nucleotide Sequence (5’ — 3°)
FNAE424A |GCTGGGATGCAGCTGAATTTGGTCTTCTTGG
fazA RNAE424A |CCAAGAAGACCAAATTCAGCTGCATCCCAGC
FNAK699S |CAAGCAGCCACAACTCATATGCAGGGGAGTC
16998 RNAK699S | GACTCCCCTGCATATGAGTTGTGGCTGCTTG
FNAN257D | GTCCAGCGTGGAGATATCCTAAATCTGAATGG
N257D RNAN257D |CCATTCAGATTTAGGATATCTCCACGCTGGAC
FNANS19D |GCAAATTGGGATCCGGAGACGATTTTGAGG
NS19D RNANS19D | CCTCAAAATCGTCTCCGGATCCCAATTTGC
FNAR210A |GGGAAAGTTTTCGCGGGAAATAAGGTTAAAAATG
R2104 RNAR210A |CATTTTTAACCTTATTTCCCGCGAAAACTTTCCC
FNAR210K |GGGAAAGTTTTCAAGGGAAATAAGGTTAAAAATGC
R210K RNAR210K |GCATTTTTAACCTTATTTCCCTTGAAAACTTTCCC
FNAY700F |GCAGCCACAACAAGTTCGCAGGGGAGTCATTCC
Y700F RNAY700F | GGAATGACTCCCCTGCGAACTTGTTGTGGCTGC

Nucleotides substituted by site-directed mutagenesis are shown in red, while codons encoding
mutated amino acid residues are shaded in gray.

The reaction mixture was then cooled on ice. Following the addition of 1 pl of Dpnl
endonuclease (20 U/pl), the reaction was incubated at 37°C for 1 hour to digest the
methylated (i.e., the template) DNA. The obtained mutated plasmid was subsequently
transformed into competent DHSa E. coli cells, plasmid DNA was isolated and the

presence of the desired mutation was verified by sequencing.
4.2.2. Transformation of E. coli Cells

Plasmid DNA (1-5 pl) was added to competent DHSa E. coli cells, which were
prepared using the calcium chloride protocol [111]. Following 30-minute incubation on

ice, heat-shock was performed at 42°C for 1.5 min and subsequently, the cells were cooled

on ice for 1 min. 0.5 ml of sterile LB medium was added and the cells were incubated at
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37°C for 45-60 min. 100-300 pl of the cell suspension were then spread on ampicillin agar
plates (with ampicillin concentration of 100 pg/ml), which were pre-incubated at 37°C.

The plates with the transformed cells were then incubated at 37°C overnight.

4.2.3. Midipreparation of Plasmid DNA (Midiprep)

Solution I: 50 mM glucose, 25 mM Tris-HCI (pH 8.0), 10 mM EDTA (pH 8.0)
Solution II: 0.2 M NaOH, 1% SDS
Solution III: 3 M CH;COOK, 2 M CH;COOH

12 ml of sterile LB medium with ampicillin (100 pg/ml) were inoculated with one
colony from the agar plate and incubated at 37°C overnight with shaking at 220-230 rpm.
The bacterial culture was then centrifuged at 3360 g for 10 min and the pellet was
resuspended in 200 pl of Solution 1. 30 pl of lysozyme (10 mg/ml) and 6 pl of RNAse
(10 mg/ml) were added and the mixture was incubated on ice for 30 min. Subsequently,
400 pl of Solution II were added, the sample was gently mixed and left on ice for 6 min.
Finally, 300 pl of Solution III were added, the sample was again gently mixed, incubated
on ice for 6 min and then centrifuged at 16,000 g for 7 min. 850 pl of supernatant were
aspired and added to 1200 ul of the DNA binding buffer (DNA Lego kit, Top-Bio, Prague,
Czech Republic) and the mixture was briefly vortexed. 200 pl of the binding particles
(DNA Lego kit) were loaded into a minicolumn and the mixture of DNA with the DNA
binding buffer was sucked through the binding particles using a vacuum pump. The
particles were then washed twice with 1 ml of the washing buffer (DNA Lego kit) and the
residual washing buffer was removed by centrifuging the minicolumn in an Eppendorf tube
at 16,000 g for 1 min. To elute the bound DNA, 100 pl of water were added and after
one-minute incubation, the minicolumn was placed into a new Eppendorf tube and
centrifuged at 16,000 g for 1 min. This procedure was repeated once more and then 100 pl
of water, 33 wl of 3 M sodium acetate and 660 pl of chilled 95% ethanol were added to
precipitate the eluted DNA. Following the incubation at —70°C for 15 min, the sample was
centrifuged at 16,000 g for 8 min and the pellet of plasmid DNA was washed with 70%

ethanol and dissolved in 20 ul of water.
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4.2.4. Determination of DNA Concentration

Concentration of DNA was determined by measuring the absorbance of the sample
at 260 nm. Typically, 5 ul of the DNA sample were dissolved in water to the final volume
of 1 ml and the absorbance was measured at 260 and 280 nm. The purity of the isolated
DNA was estimated using the ratio of the absorbance at 260 nm to the absorbance at

280 nm, which should be 1.8 for pure double-stranded DNA.

4.2.5. DNA Sequencing

Sequencing of plasmid DNA was carried out using ABI Prism BigDye Terminator
Cycle Sequencing Ready Reaction Kit (The Perkin-Elmer Corporation, Foster City, USA).
Five sequencing primers were used for sequencing the DNA encoding the extracellular

portion of GCPII. The sequences of the primers are shown in Table II.

Table II. Nucleotide sequences of sequencing primers.

Primer Designation Nucleotide Sequence (5’ — 3°)
MT forward CATCTCAGTGCAACTAAA
SECNAI ACGGGACATGAAAATCAATTG
SECNA2 AAAAGTCAAGATGCACATCC
SECNA3 GTTTCATAGAAATACTGTAG
BGH reverse TAGAAGGCACAGTCGAGG

The reaction mixture contained:

Terminator Ready Reaction Mix 2ul
sequencing buffer 5x 4 ul
plasmid DNA 1 g
sequencing primer 10 pmol

distilled water to the final volume of 20 pl.
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A PCR tube with the reaction mixture was placed into a thermal cycler and

following parameters were set up:

initial denaturation: 95°C 30s
25 cycles: 95°C 10s
50°C 5s
60°C 4 min
final extension: 60°C 7 min.
storage: 4°C

The reaction mixture was then pipetted into a 1.5 ml microcentrifuge tube, 50 pl of
chilled 95% ethanol were added and the sample was left on ice for 15 min. Subsequently,
the tube was placed into a microcentrifuge, its orientation was marked and it was
centrifuged at 16,000 g for 15 min. The supernatant was carefully aspired, 250 pul of 70%
ethanol were added into the tube and the sample was briefly vortexed. The tube was placed
into a microcentrifuge in the same orientation as previously and centrifuged at 16,000 g for
5 min. The supernatant was again aspired, 250 pl of 70% ethanol were added, the tube was
briefly vortexed and centrifuged at 16,000 g for 5 min. Subsequently, the supernatant was
aspired and the sample was dried in a heating block at 95°C for 2 min. The pellet was
resuspended in 30 pl of Template Suppression Reagent (The Perkin-Elmer Corporation),
heated at 95°C for 5 min and then cooled on ice for 5 min.

Electrophoresis of samples was carried out on the ABI PRISM 310 Genetic
Analyzer (The Perkin-Elmer Corporation) at the Institute of Molecular Genetics, Prague,
Czech Republic.

4.2.6. Maxipreparation of Plasmid DNA (Maxiprep)

Solution I: 50 mM glucose, 25 mM Tris-HCI (pH 8.0), 10 mM EDTA (pH 8.0)
Solution II: 0.2 M NaOH, 1% SDS

Solution III: 3 M CH;COOK, 2 M CH;COOH

TE buffer: 10 mM Tris-HCI, 1 mM EDTA, pH 8.0

31



2 ml of sterile LB medium with ampicillin (100 pg/ml) were inoculated with one
colony from the agar plate and incubated at 37°C for 8-10 hours with shaking at
220-230 rpm. The bacterial culture was then transferred into 0.5 1 of sterile LB medium
with ampicillin (100 pg/ml) and incubated at 37°C overnight with shaking at 220-230 rpm.
The grown culture was centrifuged at 22,000 g for 10 min at 4°C and the pellet of cells was
resuspended in 20 ml of Solution I. 1 ml of lysozyme (25 mg/ml) was added and the
suspension was stirred at room temperature for 20 min. Subsequently, 40 ml of Solution II
were added, the sample was mixed and left at room temperature for 10 min. Finally, 30 ml
of Solution III were added, the sample was again mixed and incubated at room temperature
for 5 min. After centrifugation at 15,000 g for 10 min at 4°C, the supernatant was filtered
through folded gauze into a new cuvette. 60 ml of isopropanol were added and the sample
was left at room temperature for 10 min prior to centrifugation at 15,000 g for 10 min at
25°C. The pellet was resuspended in 4.5 ml of TE buffer and transferred into a 15 ml
Falcon tube. 300 pl of 1 M Tris-HCI, pH 8.0 and 1.5 ml of 10 M LiCl were added and the
mixture was incubated on ice for 40 min. The sample was then centrifuged at 3360 g for
10 min at 4°C and the supernatant was transferred into a new Falcon tube. 6 ml of
isopropanol were added, the mixture was left for 10 min at room temperature and then
centrifuged at 3360 g for 10 min at 25°C. The pellet was resuspended in 0.5 ml of
TE buffer, 10 pl of RNAse (10 mg/ml) were added and the reaction mixture was incubated
at 37°C for 1 hour. Following the addition of equal volume of 13% PEG 8,000 (w/v, in
1.6 M NaCl), the mixture was centrifuged at 16,000 g for 8 min at 25°C and the pellet was
dissolved in 0.5 ml of TE buffer. Subsequently, an extraction with equal volume of fenol
was performed followed by centrifugation at 16,000 g for 1 min. The upper water phase
was transferred into a new Eppendorf tube and the extraction was repeated with equal
volume of fenol/chloroform mixture (1:1). The upper phase was again transferred into a
new tube and the extraction with fenol/chloroform was repeated once more, followed by
two extractions with equal volume of chloroform. The upper phase was again transferred
into a new tube, 3 M sodium acetate (1/10 of the volume of the sample) and 95% ethanol
(twice the volume of the sample) were added and the mixture was incubated at room
temperature for 10 min. The sample was then centrifuged at 16,000 g for 10 min, ethanol
was aspired and the pellet was washed with 70% ethanol and dissolved in 300 pl of sterile

water.
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4.2.7. Purification of Plasmid DNA with QIAGEN Plasmid Midi Kit

QBT buffer: 750 mM NaCl, 50 mM MOPS (pH 7.0), 15% isopropanol
QC buffer: 1 M NaCl, 50 mM MOPS (pH 7.0), 15% isopropanol
QF buffer: 1.25 mM NaCl, 50 mM Tris-HCI (pH 8.5)

Prior to the transfection of insect cells, plasmid DNA isolated according to the
maxiprep protocol was further purified using the QIAGEN Plasmid Midi Kit (Qiagen,
Germantown, USA). 100 pg of plasmid DNA were mixed with 4 ml of QBT buffer and
loaded onto QIAGEN-tip 100 column equilibrated in QBT buffer. The column was washed
twice with 10 ml of QC buffer and plasmid DNA was eluted by the addition of 5 ml of
QF buffer. Subsequently, the DNA was precipitated by 3.5 ml of isopropanol, followed by
centrifugation at 3360 g for 30 min at 4°C. The pellet was washed with 1 ml of
95% ethanol and centrifuged at 3360 g for 10 min. The pellet was again washed, this time
with 2 ml of 70% ethanol and centrifuged at 3360 g for 10 min. Ethanol was carefully
aspired and the pellet was dried on air for 10 min and then dissolved in 50 pl of sterile

water for tissue cultures.

4.2.8. Agarose Gel Electrophoresis

Solutions:

TAE buffer 50x: 242 g Tris, 57.1 ml 99% CH;COOH, 100 ml 0.5 M EDTA
(pH 8.0), water added to the final volume of 1 1, pH 8.0

sample buffer:  40% sucrose (w/v), 0.1% (w/v) bromphenol blue, 0.02% NaNj3

DNA molecules were resolved in 1% agarose gel in TAE buffer supplemented with
ethidium bromide (with final concentration of 0.5 pg/ml) using the horizontal gel
electrophoresis apparatus (Life Technologies, Grand Island, USA). Typically, the
electrophoresis was run at 120V for 20-30 min. Bacteriophage A DNA digested with
BstE II restriction endonuclease was used as a molecular weight marker. DNA molecules
were visualized using UV transilluminator (Herolab, Wiesloch, Germany) at 302 nm and

photographed with digital camera (Kodak, USA).
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4.2.9. Stable Transfection of Drosophila S2 Cells Using Calcium

Phosphate

Solution A: 2 M CaCl, 36 ul
recombinant DNA 19 ug
pCoHYGRO 1 ug

tissue culture sterile water to the final volume of 300 pl

Solution B: 300 pul of 2x HEPES-Buffered Saline (HBS)
2x HEPES-Buffered Saline (HBS): 50 mM HEPES, 1.5 mM Na,HPOy,,
280 mM NaCl, pH 7.14

Drosophila Schneider’s S2 cells (Invitrogen, San Diego, USA) were cultured in a
35 mm plate in SF900II medium (Gibco, Rockville, USA) supplemented with 10% fetal
bovine serum (Gibco) at 22-24°C until they reached a density of 2 to 4 x 10° cells/ml.
Solution A was added dropwise to Solution B with continuous vortexing and the final
mixture was incubated at room temperature for 40 min. Subsequently, the solution was
mixed and added dropwise to the cells. The cells were then incubated for 16-24 hours at
22-24°C. The transfected cells were then transferred into a 15 ml sterile Falcon tube and
centrifuged at 500 g for 2 min. The medium was aspired, 3 ml of fresh SF900II medium
with 10% fetal bovine serum (complete medium) were added and the cells were replated
into the same plate. After one-day incubation at 22-24°C, the medium was carefully
aspired and 3 ml of fresh complete medium containing hygromycin-B (300 pg/ml) were
added. The selective medium was replaced every 4-5 days until resistant cells started

growing out (usually 3-4 weeks).
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4.2.10. Trypan Blue Exclusion Assay of Cell Viability

Trypan Blue: 0.4% solution of Trypan Blue in PBS, pH 7.4, filtered through
0.22 pm filter
PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,POq, pH 7.4

Trypan Blue Exclusion Assay is used for distinguishing between living and dead
cells. Dead cells take up the Trypan Blue dye and stain blue, while living cells are capable
of excluding the dye.

Typically, 20 pl of the cell suspension were mixed with 880 pul of PBS and 100 pl
of the Trypan Blue solution were added. The mixture was left to stand for 5 min at room
temperature, then mixed thoroughly and 13 pl of the solution were pipetted under a
hemacytometer (Sigma, St. Louis, USA) cover-slip. The cells were observed under a
microscope at 100x magnification, the number of viable as well as dead cells were counted

and the cell concentration was calculated.

4.2.11. Expression of Mutant Forms of Recombinant GCPII

Transfected S2 cells resistant to hygromycin-B were transferred into a spinner flask
(Bellco, Vineland, USA) with SF900II medium (without hygromycin-B). Final cell density
was approximately 2 x 10° cells/ml. For smaller production of recombinant protein, 250 ml
spinner flask was used and the volume of the cell culture was 120-150 ml. For larger
production, 1 litre spinner flask was used and the cell culture volume didn’t exceed 600 ml.
Defined Lipid Concentrate (1/100 of the cell culture volume) and Yeastolate Ultrafiltrate
(1/50 of the cell culture volume) were then added and the culture was incubated at 22-24°C
with constant stirring at 100-120 rpm. When the cell density reached 8 x 10° cells/ml, the
production of the recombinant protein was induced by the addition of 100 mM CuSO, to
final concentration of 1 mM. 20% D-(+)-glucose (1/100 of the cell culture volume) and
200 mM L-glutamine (1/200 of the cell culture volume) were added on the third day after
the induction. Cell density, viability and recombinant protein production was checked
daily. Typically, the cells were harvested on the fifth day after the induction when the

protein production reached a plateau. The cell culture was then centrifuged at 500 g for
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3 min and the medium containing the recombinant protein was further centrifuged at

3360 g for 30 min at 4°C.

4.2.12. Purification of Mutant Forms of Recombinant GCPII

Purification of mutant forms of recombinant GCPII was carried out basically
according to the protocol used in our laboratory for the pufication of wild-type GCPII [99].
This protocol consists of initial dialysis and three chromatographic steps, i.e. QAE-
Sephadex chromatography, Source 15S chromatography and affinity chromatography
using lentil lectin. Minor changes, mainly in the composition of buffers used during
purification, were made in the purification protocol for some of the mutant forms and these
are summarized in Table III (page 37). Purification of mutant proteins N519D, R210A,
R210K and Y700F was finished after lentil lectin chromatography, whereas gel permeation
chromatography was performed as a next purification step for mutants E424A, K699S and
N257D. Mutant protein E424A, which was intended for crystallization experiments, was
further purified by chromatofocusing.

4.2.12.1. Dialysis

Culture medium containing recombinant GCPII was dialyzed against minimum
ten-fold volume excess of Buffer A (Table III, page 37) for three days at 8°C with constant

stirring. The dialyzing buffer was changed at least twice.

4.2.12.2. QAE-Sephadex Batch Chromatography

QAE-Sephadex AS50 (Pharmacia, New York, USA) was swollen in Buffer A
(typically, more than 200 ml of Buffer A were used per gram of the resin). 6 g of the resin
were used per 1 litre of the culture medium. The resin was let to settle and the supernatant
was decanted. This procedure was repeated at least four times and the swollen resin was
then left at 8°C overnight.

The equilibrated resin was collected by filtration through a sintered-glass filter
funnel mounted on a side-arm flask while applying suction. The resin was then added to

the dialyzed medium in a beaker and the slurry was gently mixed every 10 min.

36



' LHd 'L Hd ‘ueN-Q-0-12 'L HA [OUN W [ 'L HA F[OUN WW T $'9 Hd $'9 Hd
‘TOBN W 07 - W €0 TOBN N S0 | “1OBD W [ ‘TOBN N S0 | SI0BD INW Z TOBN W 80|  ‘IOBN AW [ | ‘[OeN WwW 0Z| HO0LA
‘SdON WU 0 ‘SdON AW 0T ‘SAON WU 0Z ‘SAON WW 001 | ‘SdOIW W 0Z | ‘SdON AW 0T
v'LHd 'L Hd ‘UBN-Q-0-19 'L Hd “IQUN W | 'L HA “FIOUN W g L9 Hd
‘TOBN W 0T - W €0 TOBN N §°0 | F10BD W [ ‘TOBN N $°0 | S[0BD INW T ‘TOBN N 8°0| ‘IDeN WI ‘[DH| L9 HA‘IOH| MOITd
‘SdON W 0T ‘SdON W 0T ‘SdON AW 07 ‘SAON AW 00 | -SUL WW 07|  -SUL W (T
'L Hd ‘UeN-Q-0-10N 'L HA “IOUN WW | 'L HA I OUN WW ¢ 0L Hd 0L Hd
v'LHd - W €0 TOBN N S0 [ 108D NW [ IOeN W S0 | SIOBD WW Z [OBN N 80|  ‘TOBN NW [ | ‘[DeN WW 0Z| VOITd
‘SAOW W 0T ‘SdON AW 0T ‘SdON AW 07 ‘SAOW AW 001 | ‘SdON WW 07 | ‘SdOW W 0T
v’ LHd 'L Hd ‘UeN-g-0-19] 'L HA “IOUN WW | 'L Hd “IDUN W T L9 Hd
‘TOBN W 0T - W €0 TOEN N $°0 | 108D W [ ‘IOeN N §°0 | 4[0BD WW T TOeN N 8°0 | ‘IOBN I ‘IOH| L' 9HATOH| d6ISN
‘SdOW AW 0T ‘TOH-SLL WW 0T ‘TOH-SHLL AW 07 ‘[OH-SUL NW 001 |  -SUL WW Qg |  -SHL W g
'L Hd| v"L Hd ‘UBN-Q-0-19W 'L Hd ‘DU W | 'L Hd “[DUN WW T L'9 Hd
- TOBN WW 00€| N €0 TOBN N S°0 | T1DBD WW [ ‘[DBN W §°0 | {1080 WW Z ‘[DEN W 8°0 | ‘IOBN T ‘IDH| L9 HA‘[DH| (ALSIN
‘SAON AW 0T ‘TOH-SHL WW 0Z ‘TOH-SHL AW 07 ‘TOH-SUL W 00T | -SUL WW oz |  -SHUL AW 0T
'L HA ‘UeN-Q-0-10 'L HA IOUN WW | 'L Hd “CIDUN W Z L9 Hd
- vLHD| W0 TOBN N S0 | F108D W [ ‘TOBN A $°0 | Y108 INW Z ‘[OEN N 80| ‘IDeN I ‘[DH| L9 HA‘IDOH| S669M
‘SdON IWW 0T ‘[OH-SUL AW 0T ‘TOH-SUL AW 0T TOH-SUL WW Q0[ | -SHL AW QZ[ -SUL AW Qg
'L H | ¥'L HA ‘ueN-Q-0-19 'L HA “QOUN W | 'L Hd “CIDUN W T L9 Hd
- TOBN WW 00€ | W €0 TOBN A S0 | CIOBD AW [ ‘[OBN A S°0 | YIDBD INW T ‘[OBN N 8'0| ‘IDeN NI ‘IOH| L9HA‘IDH| V¥Ivd
‘SdON W 07 ‘[DH-SUL AW 0T ‘[OH-SUL W 07 ‘[OH-SUL W 001 |  -SUL WW Qz| -SHUL W O
0 RJng g 13pyng o R_ng q wyng D _yng q nyng Vv Ldyng uoneInA

1IdDD JUBUIqUIOIII JO SULIOJ Jue)nwi [enpianpul Jo uonedyrind 10j pasn s1d§ynq jo uonisodwo)) “I1] dqeL

37



After 40 min, the slurry was filtered through a sintered-glass filter funnel mounted on a
side-arm flask and filtrate was collected. The resin was washed with 100 ml of Buffer A,
filtered through a sintered-glass filter funnel and the filtrate was collected. The filtrates
were then pooled and filtered through a 0.22 pm filter (Millipore, Billerica, USA).

4.2.12.3. Source 15S Column Chromatography

The filtered solution was applied onto a Source 15S column (HR 10/10, Pharmacia)
pre-equilibrated in Buffer A at room temperature. The column was washed with 50 ml of
Buffer A and the bound proteins were eluted with a linear gradient of 0 - 50% Buffer B
(flow rate: 2 ml/min, total volume of 50 ml). The absorbance was monitored at 220 and

280 nm and individual fractions were collected.

4.2.12.4. Lentil Lectin Chromatography

Fractions from Source 15S chromatography were analyzed using SDS-PAGE and
the fractions containg the recombinant GCPII were pooled and mixed with equal volume
of Buffer C. The sample was applied onto Lentil Lectin-Sepharose (Sigma, St. Louis,
USA) column pre-equilibrated in Buffer D. The column was then washed with Buffer D
(flow rate: 1 ml/min) until the absorbance at 280 nm reached the baseline. Bound
recombinant GCPII was eluted with Buffer E (flow rate: 1 ml/min).

Lentil lectin chromatography was the last step of purification of mutant proteins
N519D, R210A, R210K and Y700F. The fraction containing the mutant form of
recombinant GCPII was then dialyzed against 100-fold volume excess of Buffer G for one
day at 8°C with constant stirring, the dialyzing buffer was changed at least once. Finally,
the sample was concentrated using Centriprep YM-50 (Millipore, Billerica, USA),
aliquoted into Eppendorf tubes and stored at —80°C until further use.

4.2.12.5. Gel Permeation Chromatography
Gel permeation chromatography was performed as a next purification step for

mutants E424A, K699S and N257D. The fraction from lentil lectin chromatography

containing the mutant form of recombinant GCPII was concentrated to the volume of 3 ml
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using Centriprep YM-50 (Millipore) and applied onto a Superdex HR200 column (16/60,
Pharmacia, New York, USA) pre-equilibrated in Buffer F. Proteins were separated at a
flow rate of 1 ml/min and absorbance was monitored at 220 and 280 nm. For mutants
K699S and N257D, the fraction containing the recombinant GCPII was concentrated,
aliquoted and stored at —80°C until further use.

Mutant protein E424A was further purified by chromatofocusing. For the purpose
of buffer exchange, the fraction containing mutant E424A was concentrated and applied
onto a Superdex HR200 column pre-equilibrated in 20 mM Tris-HCI, pH 8.5. Absorbance
was monitored at 220 and 280 nm and flow rate was set at 1 ml/min. The fraction

containing mutant protein E424A was concentrated and subjected to chromatofocusing.

4.2.12.6. Chromatofocusing

Sample was applied onto Mono P column (HR 5/10, Pharmacia) pre-equilibrated in
20 mM Tris-HCl, pH 8.5 and the column was washed with 30 ml of the starting buffer.
Proteins were eluted with Polybuffer 96 (Pharmacia) adjusted to pH 6.0 with 1 M HCI
(flow rate: 1 ml/min). Fractions containing pure mutant protein E424A were pooled,
dialyzed against 20 mM MOPS, 20 mM NaCl, pH 7.4 and concentrated to 6 mg/ml using
Microcon YM-10 (Millipore, Billerica, USA).

4.2.13. Determination of Protein Concentration

The protein concentration in a sample was determined using Bio-Rad Protein Assay
(Bio-Rad, Hercules, USA). The sample was diluted by distilled water to the final volume
of 800 pl, 200 pl of dye reagent concentrate were added and the mixture was vortexed.
Following five-minute incubation at room temperature, the absorbance was measured at
595 nm. Protein concentration was determined from a calibration curve constructed using

bovine serum albumin as a standard.
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4.2.14. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

Solutions:

Separating gel (10% acrylamide): 2.5 ml 1.5 M Tris-HCI (pH 8.8), 2.3 ml 44% acrylamide
mixture (42.8 g acrylamide, 1.2 g N,N’-bisacrylamide,
water to the final volume of 100 ml), 100 pl 10% (w/v)
SDS, 100 pl 10% (w/v) ammonium persulfate (APS),
10 ul TEMED, water to the final volume of 10 ml
Stacking gel (5% acrylamide): 1.25 ml 1 M Tris-HCI (pH 6.8), 0.75 ml 44% acrylamide
mixture, 50 pl 10% SDS, 50 ul 10% APS, 10 ul TEMED,
water to the final volume of 5 ml
Running buffer (5x): 15.1 g Tris, 94 g glycine, 5 g SDS, 900 ml water, pH 8.8 (not
adjusted)
Sample buffer (6x): 3.5 ml 1 M Tris (pH 6.8), 3 ml glycerol, 1 g SDS,
600 pl 2-mercaptoethanol, 1.2 mg bromphenol blue, water to the final

volume of 10 ml

Proteins in the sample were resolved by denaturing discontinuous polyacrylamide
gel electrophoresis (SDS-PAGE). Gels were prepared, let to polymerize and then placed
into a vertical electrophoresis apparatus. The upper and lower reservoirs of the apparatus
were filled with the running buffer. Prior to the loading onto gel, the sample was mixed
with the sample buffer (6x) and boiled for 2-3 min. Electrophoresis was run at 150 V until
the bromphenol blue dye reached the bottom of the running gel. Proteins in the gel were

then either visualized by silver staining or subjected to Western blotting.

4.2.15. Silver Staining

Solutions:
Solution 1: 12% (v/v) acetic acid, 50% (v/v) methanol, 0.5 ml 37% formaldehyd,

water to the final volume of 1 litre
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Solution 2: 50% methanol

Solution 3: Na,S,03.5H,0 (0.2 g/1)

Solution 4: 2 g AgNOs, 0.5 ml 37% formaldehyd, water to the final volume of
1 litre

Solution 5: 60 g NayCOs, 4 mg Na,S,0s, 0.5 ml 37% formaldehyd, water to the

final volume of 1 litre

Solution 6: 12% (v/v) acetic acid, 50% (v/v) methanol

Proteins resolved by SDS-PAGE were visualized by silver staining. After the
electrophoresis, the gel was incubated for at least 30 min in Solution 1 and then washed in
Solution 2 for 8 min three times. Subsequently, the gel was incubated in Solution 3 for
1 min, washed with water three times and incubated in Solution 4 for 20 min. The gel was
then rinsed with water three times and the silver staining was developed by addition of
Solution 5. When the protein bands were clearly visible, the gel was washed with water
three times and the developing process was stopped by addition of Solution 6. The gel was
then stored in Solution 2.

Stained gels were equilibrated in 25% (v/v) ethanol and 3% (v/v) glycerol for

20 min, placed between two cellophane sheets and dried at room temperature.

4.2.16. Western Blotting

Solutions:
Blotting concentrate: 72.1 g glycine, 15.1 g Tris, water to the final volume of
500 ml
Blotting buffer: 10 ml blotting concentrate, 10 ml methanol, 1 ml 10% (w/v) SDS,
80 ml water
Ponceau S (10x): 2 g Ponceau S, 30 g trichloroacetic acid, 30 g sulfosalicylic acid,

water to the final volume of 100 ml

After electrophoretic separation of proteins, the gel and a nitrocellulose membrane
(7.5 x 5 cm) were equilibrated in the blotting buffer for 5 min. Two sheets of filter paper,
pre-wetted in the blotting buffer, were placed onto the anode of the transfer apparatus and

the nitrocellulose membrane was placed on the top. The gel was then placed on top of the
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membrane and covered with two pre-wetted sheets of filter paper. A test tube was rolled
over the area of the stack to eliminate air bubbles. The transfer apparatus was then
assembled and connected to power supply. Proteins were electroblotted at 50 mA per blot
for 1 hour. The nitrocellulose membrane was then stained with Ponceau S solution for
2 min, rinsed with water and the position of molecular weight markers was marked. The
membrane was then rinsed several times in PBS and nonspecific sites were blocked with
Casein Blocker (Pierce, Rockford, USA) for at least 1 hour at room temperature with
agitating. 1 pl of anti-GCPII 04 murine monoclonal antibody (1 mg/ml) was added to 5 ml
of Casein Blocker and the membrane was incubated with the solution of the primary
antibody at room temperature overnight with agitating. Subsequently, the membrane was
washed in PBS + 0.05% Tween 20 for 5 min with agitating. The washing buffer was
replaced at least three times. 1:25,000 dilution of secondary antibody (goat anti-mouse
antibody conjugated with horseradish peroxidase, Pierce) in Casein Blocker was prepared
and the membrane was incubated with the solution of the secondary antibody at room
temperature for 1 hour with agitating. To remove the unbound secondary antibody, the blot
was washed in PBS + 0.05% Tween 20 for 5 min with agitating, the washing buffer was
replaced at least three times. 0.4 ml of the Stable Peroxide Solution was mixed with 0.4 ml
of the Luminol/Enhancer Solution (SuperSignal West Dura Chemiluminiscence Substrate,
Pierce) and the blot was incubated with the mixture for 5 min. The membrane was then
dried between two sheets of filter paper and placed in trasparent plastic foil. The
chemiluminiscent signal was detected using either film (Foma, Hradec Kralové, Czech

Republic) or CCD camera (LAS-1000, Fujifilm, Tokyo, Japan).

4.2.16.1. Protein Quantification from Western Blot

For protein quantification, the chemiluminiscent signal intensities were recorded by
CCD camera (LAS-1000, Fujifilm) and the image was analyzed using ImageQuant
software (GE Healthcare, Little Chalfont, UK). Concentration of GCPII in a sample was
determined by comparing the signal intensity of the sample with calibration curve

constructed using purified recombinant GCPII of known concentration as a standard.
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4.2.17. Hanging Drop Vapour Diffusion Crystallization

Crystallization solution: 3g PEG 1550, 1 g PEG 400, 2 ml 1 M NaCl,
10 ml 200 mM HEPES-Na (pH 7.4), 4 ml H,0

Stock solution of mutant protein E424A (6mg/ml) was mixed with either 10 mM
N-Ac-Asp-Met or 20 mM N-Ac-Asp-Glu (1/10 of the volume of protein solution) and
1 pl of the mixture was pipetted onto a hanging-drop support. Equal volume of the
crystallization solution was then added to the droplet and the hanging-drop support was
screwed to the crystallization plate’s well filled with 1 ml of the crystallization solution.
Crystallization plates (Nextal Biotechnologies, Montreal, Canada) were stored at 19°C and

the hanging drops were observed under a microscope.

4.2.18. GCPII Enzymatic Activity Assays

4.2.18.1. Radiometric Measurement of NAAG-hydrolyzing Activity

Solutions:
*H-NAAG substrate: 50 nM *H-NAAG, 950 nM NAAG
Reaction buffer: 50 mM Tris-HCI, 20 mM NaCl, pH 7.4
Resin: AG 1-X8 Resin, formate form (Bio-Rad, Hercules, USA)

Reaction buffer was mixed with the sample in the total volume of 180 ul and the
mixture was incubated for 5 min at 37°C. The reaction was started by addition of 20 pl of
’H-NAAG substrate and stopped by 200 pl of ice-cold 200 mM potassium phosphate,
pH 7.4. The resin was mixed with water in 1:1 (w/w) ratio and columns were prepared by
pipetting 2 ml of the resin mixture into a Pasteur pipette with a glass bead. After the resin
had settled down, the columns were washed once with water. 200 ul of the reaction
mixture were loaded onto a column and the sample was left to drain. The columns were
then placed over 20 ml scintillation vials and bound glutamate was eluted with 2 ml of
1 M formic acid. 5 ml of the scintillation cocktail were added into a vial and the vial was
shaken vigorously. Radioactivity of the samples was measured at the Department of

Radioisotopes, IOCB.
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4.2.18.2. HPLC Assay of GCPII Enzymatic Activities

Solutions:

Reaction buffer: 20 mM MOPS, 20 mM NaCl, pH 7.4
Stopping buffer: 14 ml 100 mM sodium borate (pH 9.0), 7 ml 100 mM EDTA

(pH 9.2), 33.6 pl 10 mM L-arginine
AccQ Fluor reagent (Waters, Milford, USA): vial content dissolved in 4 ml of

acetonitrile
Eluant A (5x concentrate): 700 mM sodium acetate, 85 mM triethanolamine,
pH 5.05

Eluant B: 60% (v/v) acetonitrile, 40% eluant A

Reaction mixture was prepared in the total volume of 120 pl and following
incubation at 37°C, the reaction was stopped with 60 pl of stopping buffer. Released amino
acids were derivatized by addition of 20 pl of AccQ Fluor reagent and the sample was
briefly vortexed. 30 pl of the sample were then injected onto a C-18(2) Luna HPLC
column (4.6 x 250 mm, particle size S pm, Phenomenex) and fluorescence was monitored
at Agx/Agm = 250/395 nm. Hydrolysis of several substrates of GCPII was analyzed using
HPLC, therefore for different amino acid products, different gradients were run. The
parameters of the gradients used for individual amino acids are shown in Tables IV - IX.

The flow rate was set at 1 ml/min for all the gradients.

Table IV. L-Glutamate and L-alanine.

HPLC gradient used for resolving L-Glu and L-Ala derivatized with
AccQ Fluor reagent.

Elution time of L-Glu: approximately 5.2 min

Elution time of L-Ala: approximately 8.1 min

Elution time of L-Arg (internal standard): approximately 7.0 min

Time (min) | % Eluant A | % Eluant B
0 80 20
9 65 35
100 0 100
17 0 100
18 80 20
21 80 20
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Table V. L-Methionine.

HPLC gradient used for resolving L-Met derivatized with AccQ Fluor reagent.
Elution time of L-Met: approximately 4.7 min

Elution time of L-Arg (internal standard): approximately 3.7 min

Table VI.

Time (min) | % Eluant A | % Eluant B
0 60 40
10 38.6 614
11 0 100
16 0 100
17 60 40
20 60 40

L-Aminobutyric acid (L-Abu).

HPLC gradient used for resolving L-Abu derivatized with AccQ Fluor reagent.

Elution time of L-Abu: approximately 4.4 min

Elution time of L-Arg (internal standard): approximately 3.8 min

Time (min) | % Eluant A | % Eluant B
0 65 35
10 55 45
11 0 100
17 0 100
18 65 35
21 65 35

Table VII. L-Norvaline (L-norVal).

HPLC gradient used for resolving L-norVal derivatized with AccQ Fluor reagent.
Elution time of L-norVal: approximately 12.4 min

Elution time of L-Arg (internal standard): approximately 8.8 min

Time (min) | % Eluant A | % Eluant B
0 90 10
14 40 60
15 0 100
20 0 100
21 90 10
23 90 10
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Table VIII. L-Norleucine (L-norLeu).

Table IX.

HPLC gradient used for resolving L-norLeu derivatized with AccQ Fluor reagent.
Elution time of L-norLeu: approximately 11.9 min

Elution time of L-Arg (internal standard): approximately 6.3 min

Time (min) | % Eluant A | % Eluant B
0 80 20
13.5 35 65
14.5 0 100
19 0 100
20 80 20
23 80 20

2-Aminoheptanoic acid (Ahp), 2-aminooctanoic acid (Aoc) and

2-aminononanoic acid (Ano).

HPLC gradient used for resolving Ahp, Aoc and Ano derivatized with

AccQ Fluor reagent.

Elution time of Ahp: approximately 10.3 min

Elution time of Aoc: approximately 11.8 min

Elution time of Ano: approximately 13.6 min

Elution time of L-Arg (internal standard): approximately 3.9 min

Time (min) | % Eluant A | % Eluant B
0 70 30
14 20 80
15 0 100
21 0 100
22 70 30
25 70 30

4.2.18.2.1. Derivatization Reaction with FDAA

For distinguishing D- and L-amino acids, the reaction mixture was derivatized
using 1-fluoro-2,4-dinitrophenyl-5-L-alanine amide (FDAA). 20 pl of the reaction mixture
was mixed with 10 pl of 1 M KHCO; and 50 pl of FDAA solution in acetone (10 mg/ml)
were added. Following 45-minute incubation at 45°C, the derivatization reaction was
stopped by the addition of 10 pl of 2 M HCI and diluted 2 times with 50% acetonitrile.
50 pl of the mixture were then applied onto a C-18(2) Luna HPLC column (Phenomenex)

and absorbance was monitored at 340 nm.
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5. Results

The aim of the work reported here was to study the active site of GCPII on
molecular level. The crystal structure of GCPII in complex with L-glutamate (i.e., the
product of the cleavage of the naturally occurring substrate NAAG), solved by Cyril
Bafinka and Jeroen Mesters in the laboratory of Rolf Hilgenfeld, revealed amino acid
residues interacting with the bound glutamate, as well as showed residues located nearby
the glutamate and presumably interacting with the N-acetyl-aspartyl portion of NAAG
[66]. Hence, one of our objectives was to assess the influence of these residues on substrate
binding and cleavage. To accomplish this task, we used site-directed mutagenesis approach
to introduce amino acid changes into the sequence of recombinant human GCPII
(rhGCPII). The mutants of rhGCPII were then expressed in insect cells, purified and
kinetically characterized. The results of the mutagenesis studies of the GCPII active site
are summarized in the first part of this chapter.

Substrate specificity studies, carried out in our laboratory, showed that, in addition
to the substrates harbouring glutamate as the C-terminal amino acid residue, substrates
with C-terminal methionine were also efficiently cleaved by thGCPII [99]. As methionine
has a hydrophobic side chain, hydrophobic interactions might also play a role in
positioning the C-terminal residue of the substrate in the GCPII active site. We therefore
decided to study these interactions in more detail using a series of potential dipeptidic
substrates harbouring non-naturally occurring amino acids with aliphatic side chains in the
C-terminal position of the substrate. The results of the characterization of novel dipeptidic

substrates of GCPII constitute the second part of this chapter.

5.1. Active-site Mutants

As mentioned above, amino acid residues mutated in this study were chosen based
on the crystal structure of GCPII in complex with glutamate [66]. The position of these
residues in the GCPII active site is schematically depicted in Fig. 10 (page 48), while the
mutations performed are listed in Table X (page 49). All the residues targeted for
mutagenesis, except for Asn519, interact with the bound glutamate. While Tyr700 and
Arg210 bind the a-carboxylate group of the glutamate, the glutamate side chain is
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Fig. 10 View of the GCPII active site with bound L-glutamate.

L-glutamate, one of the products of the cleavage reaction (shown in green), is positioned
in the GCPII active site via interactions of its a-carboxylate group with Tyr700
(hydrogen-bonding distance 2.62 A), Tyr552 (3.17 A) and Arg210 (2.81 A). The
glutamate y-carboxylate group accepts a hydrogen bond from Asn257 (3.00 A) and forms
a salt bridge with the g-amino group of Lys699 (2.58 A). The free amino group of the
bound glutamate interacts with the y-carboxylate group of Glu424 (2.69 A), the proposed
catalytic amino acid residue.

The picture (from the crystal structure of the GCPII-glutamate complex [66], PDB code
2C6G) was generated using PyMOL [98].

positioned via interactions of its y-carboxylate group with Lys699 and Asn257. Glu424,
which was proposed to function as a proton shuttle during hydrolysis of a peptide bond,
interacts with the water molecule bridging the two active site zinc ions, as well as with the
free amino group of the bound glutamate. Asn519 is situated in the vicinity of the bound

glutamate and is likely to interact with the N-acetyl-aspartyl portion of NAAG [66].

5.1.1. Site-directed Mutagenesis

Site-directed mutagenesis, as described in Method 4.2.1., was carried out to
introduce the desired mutations into the sequence of recombinant human GCPII (thGCPII).
The pMTNAEXST plasmid (Fig. 11), prepared by Cyril Bafinka in our laboratory, was

used as a template for the PCR reactions. This plasmid contains DNA sequence encoding
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Table X. List of the mutations performed.

Wild-type Mutation
amino acid | Mutated to . . Plasmid designation Protein designation*
. designation
residue
rthGCPII_R210A
Arg210 Ala R210A pMTNAEXST R210A
(R210A)
rthGCPII_R210K
Arg?210 Lys R210K pMTNAEXST_R210K
(R210K)
rthGCPII_N257D
Asn257 Asp N257D pMTNAEXST_N257D
(N257D)
rthGCPII_E424A
Glu424 Ala E424A pMTNAEXST E424A
(E424A)
rthGCPII_N519D
Asn519 Asp N519D pMTNAEXST NS519D
(N519D)
rthGCPII_K699S
Lys699 Ser K699S pMTNAEXST _K699S
(K699S)
rhGCPII_Y700F
Tyr700 Phe Y700F pMTNAEXST_ Y700F
(Y700F)

* Throughout the text, only the name of the respective mutation is used for designation of
individual mutant proteins (i.e., R210K is used instead of rhGCPII_R210K).
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Fig. 11 Map of pMTNAEXST plasmid.
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into the pMTNAEXST plasmid. Mutated plasmid DNA was synthesized using Pfu DNA
polymerase in 16 PCR cycles. Dpnl endonuclease was then added to digest methylated
DNA. Since the mutated DNA was prepared in vitro and consequently was not methylated,
only the template DNA, isolated from E. coli cells, was cleaved by Dpnl.

Individual constructs were then transformed into the competent DHSa E. coli cells
and plasmid DNA was isolated as described in Method 4.2.3. To facilitate the
identification of mutated plasmid DNA, new restriction sites for endonucleases BamHI and
EcoRV  were introduced into the constructs pMTNAEXST N519D and
pMTNAEXST N257D, respectively. The isolated DNA for these constructs was therefore
digested with respective endonucleases and the cleavage products were resolved by
agarose gel electrophoresis (Fig. 12). The presence of the desired mutation in all the

mutated plasmids was eventually verified by DNA sequencing.

7,242

3,675
2,323

1,371
702

ARIR

Fig. 12 Identification of mutated plasmid DNA with new restriction site.

To facilitate the identification of mutated plasmid DNA, new restriction sites for
endonucleases BamHI and EcoRV were introduced into the constructs
pMTNAEXST N519D (panel A) and pMTNAEXST N257D (panel B), respectively.
Following digestion with respective endonucleases, reaction products were resolved on
1% agarose gel. Lane 1: A DNA digested with BstEIl. Panel A, lane 2:
pMTNAEXST N519D digested with BamHI (expected size of products: 3335 bp,
1491 bp and 875 bp). Panel B, lane 2: pMTNAEXST _N257D digested with EcoRV and

Xhol (expected size of products: 4215 bp and 1486 bp).

For subsequent transfection of Drosophila Schneider’s S2 cells, large-scale
preparation of plasmid DNA (maxiprep) was performed and the isolated DNA was further
purified using QIAGEN Plasmid Midi Kit (Qiagen, Germantown, USA). Whole DNA
sequence encoding thGCPII was then sequenced as described in Method 4.2.5. to confirm
that the desired mutation was present and that no other mutation appeared in the course of

DNA manipulations.
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5.1.2. Expression of Mutant Forms of rhGCPII in Drosophila S2 Cells

Individual mutant constructs and pCoHygro selection vector were cotransfected
into Drosophila Schneider’s S2 cells using the calcium phosphate protocol as described in
Method 4.2.9. The pCoHygro selection vector contains hygromycin resistance gene and
therefore SF900II medium with 10% fetal bovine serum supplemented with hygromycin-B
(300 pg/ml) was used for generation of stable cell lines. The selective medium was
replaced every 4-5 days for 3-4 weeks, until cells resistant to hygromycin started growing

out.

5.1.3. Expression and Activity Testing

To test for the production and activity of individual mutants, the hygromycin
resistant cells were plated into 35 mm culture plate in SFO00II medium with 10% fetal
bovine serum. When cells reached the density of 8 x 10° cells/ml, the production of
recombinant protein was induced by the addition of copper sulphate to final concentration
of 500 uM. Since recombinant GCPII was cloned in frame with the BiP secretion signal,
the protein shoud be secreted into the culture medium. Cells were harvested on the third
day after the induction and separated from the culture medium by centrifugation at 500 x g
for 3 min. Expression of all the mutant proteins into the culture medium was confirmed by
immunoblot analysis (Fig. 13). Culture medium was then dialyzed overnight against
20 mM Tris, pH 7.4 and NAAG-hydrolyzing actvity was measured by radioenzymatic
assay (see Method 4.2.18.1.) using *H-NAAG radioactively labeled on glutamate.
Glutamate, as a reaction product, was separated from noncleaved NAAG using ion
exchange chromatography and radioactivity of the released *H-Glu was measured at the

Department of Radioisotopes, IOCB.

Fig. 13 Immunobloet analysis of expression of mutant protein R210K.

S2 cells were cotransfected with pMTNAEXST _R210K and
pCoHygro plasmids and following generation of a stable cell line,
protein expression was induced with 500 pM CuSOQO,. Culture medium
was harvested by centrifugation on the third day after the induction.
‘ _ Proteins were resolved on 10% SDS-PAGE gel, electroblotted onto a
‘w nitrocellulose membrane and immunostained as described in Method
‘ 4.2.16. The membrane was then exposed to film to visualize protein
g bands. Lane 1: 750 pg of purified wild-type rhGCPII; lane 2: mutant

”‘ -j protein R210K (20 pl of culture medium).
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All the mutants showed either very low or no activity in these preliminary
experiments (data not shown), even though all of them were expressed as determined by
immunoblot analysis. Therefore, we decided to produce larger quantities of the mutant
proteins and concentrate the culture media to find out whether all of the mutants had low,
yet detectable activity, or whether some of them were completely devoid of
NAAG-hydrolyzing activity. Transfected cells resistant to hygromycin were thus grown in
SF900II medium in two 100 mm culture plates, recombinant protein expression was
induced with 500 uM CuSO, and culture media were harvested on the third day post-
induction. The media were then extensively dialyzed against 20 mM Tris, 20 mM NaCl,
pH 7.4, concentrated 28-times using Centriprep YM-50 (Millipore, Billerica, USA),
aliquoted and stored at —20°C until further use. To compare the expression and activity of
individual mutants with wild-type rhGCPII (wt rhGCPII), S2 cells transfected with
pMTNAEXST and expressing wt thGCPII were included in this experiment.

Both NAAG-hydrolyzing activities and expression levels of individual mutants
were determined and compared with wild-type rhGCPII and the results are summarized in

Fig. 14 (page 53) and Table XI. All the
Table XI. Expression levels of individual

mutant proteins in comparison to wild-type mutants showed NAAG-hydrolyzing
rhGCPIL

Concentration of wild-type (WT) and individual
mutants of rhGCPII in the culture medium was
determined by Western blotting (see Method dramatically lower than that of wild-
4.2.16.). Chemiluminiscent signal intensities

were recorded by CCD camera and type rhGCPII, with the least active
concentration of wild-type/mutated rhGCPII in a
sample was determined by comparing the signal

activity in this experimental setup,

however, the specific activities were

mutant, R210A, having the specific

intensity of the sample with calibration curve activity by five orders of magnitude

constructed using purified thGCPII of known ) ]
concentration as a standard. lower than the wild-type protein.
Expression levels of individual mutants

Mutation Expression in culture .
medium [pg/ml] and wild-type rhGCPII were determined
WT 6.0+1.0 by Western blotting and quantified
E424A 0.8+0.1 using purified thGCPII as a standard.
K699S 1.7£0.5 As shown in Table XI, the expression of
N257D 12+0.1 all the mutants was four to eight-fold
NS19D 1.2+0.1 lower than the expression of the wild-
R210A 1.0+ 0.2 . .

type. The epitope of the anti-GCPII 04

Y700F 0.8+0.1 ) ) .
murine monoclonal antibody used in
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this experiment was mapped in our laboratory and was found to be located between amino
acid residues 100 — 104 [Sacha et al., submitted]. Since none of the mutant proteins has
mutation in this region we assume that the antibody has the same affinity for the mutant

proteins as for wild-type rhGCPIL.
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Fig. 14 Specific activities of individual mutant proteins in comparison to wild-type rhGCPII.

S2 cells expressing wild-type (WT) and individual mutants of rhGCPII were grown in
SF900II medium and protein expression was induced with 500 pM CuSO,. Culture media,
harvested on the third day post-induction, were extensively dialyzed against 20 mM Tris,
20 mM NaCl, pH 7.4 and concentrated 28-times. Concentration of wild-type/mutated
rhGCPII in the medium was determined by Western blotting (see Method 4.2.16.) and
NAAG-hydrolyzing activities were measured by radioenzymatic assay (Method 4.2.18.1.),
using following reaction setup: 30 pl of concentrated medium were reacted with 100 nM
NAAG in 50 mM Tris, 20 mM NaCl, pH 7.4 in total volume of 200 pul and the reaction was
allowed to proceed for 1 hour at 37°C. 200 pul of 200 mM potassium phosphate were then
added and reaction products were separated using ion exchange chromatography. Product
formation was quantified by liquid scintillation and specific activities (in s') were
calculated. Specific activities of individual mutants are expressed as percentage of specific
activity of the wild-type protein.

Mutant protein R210K was due to technical problems during site-directed
mutagenesis and transfection of S2 cells prepared later and therefore was omitted from

these experiments.

5.1.4. Large Scale Production and Purification

For the large scale production of mutant forms of rhGCPII, S2 cells transfected

with individual constructs were transferred into a spinner flask with serum free SF900II

53



(5]
-
2

6 7 h

97 KDa

67 KDa —-

1S KDa

29 KDa

Fig. 15 SDS-PAGE gel documenting the course of purification of mutant protein N519D.

Lane 1: molecular weight marker; lane 2: purified wild-type rhGCPII (60 ng); lane 3:

culture medium (15 pl); lane 4: medium after dialysis (15 pl); lane 5: pooled fractions from

QAE Sephadex ASO batch chromatography (15 pl); lane 6: pooled fractions containing

mutant N519D from Source 15S chromatography (15 pl); lane 7: a fraction containing

mutant protein N519D from lentil lectin affinity chromatography (15 pl); lane 8: purified,
concentrated mutant protein N519D (2.5 pl).

Proteins were resolved on 12% SDS-PAGE gel and visualized by silver staining.
medium and the recombinant protein production was induced with 1 mM CuSO4 when the
cell densitity reached 8 x 10° cells/ml. Expression of mutant proteins was monitored by
SDS electrophoresis and typically, the cells were harvested on the fifth day post-induction,
when the production reached a plateau. The culture medium was then separated from cells
by centrifugation and stored at —70°C until purification.

Purification of individual mutants was performed basically according to the
protocol used in our laboratory for the purification of wild-type thGCPIIL. This protocol
consists of initial dialysis of the culture medium, followed by 1on exchange
chromatography on QAE-Sephadex AS50 (Pharmacia, New York, USA) in a batch
procedure. In this step, most of the Drosophila proteins bound to the resin, whereas
rhGCPII was detected in the flow-through fraction. To improve the recovery of individual
mutants, salt concentration and pH of the buffer used in this step was varied slightly (for
details on the composition of buffers used during purification of individual mutants, see
Table III on page 37). The flow-through fraction was then loaded onto Source 15S column

(HR 10/10, Pharmacia) and bound proteins were eluted with linear gradient of

0-0.5 M NaCl. Fractions containing thGCPII were then pooled and applied onto Lentil
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Lectin-Sepharose column. thGCPII has ten potential N-glycosylation sites, all of which
were shown to be occuppied by oligosaccharide moieties [95], lectin affinity
chromatography thus exploits the fact that rhGCPII is heavily glycosylated. Proteins bound
to Lentil Lectin-Sepharose were eluted with 0.3 M methyl-a-D-mannopyranoside in
20 mM MOPS (or 20 mM Tris), 0.5 M NaCl, pH 7.4.

Purity of mutant proteins N519D, R210A, and Y700F after lentil lectin
chromatography was more than 90% as estimated from SDS-PAGE gel and no further
purification steps were performed. Purity of mutant R210K was only ~25%. However,
since the purification yield was low (only ~ 70 pug), no further purification of this mutant
was attempted as additional chromatographic steps were likely not to yield enough protein
for kinetic characterization. Gel permeation chromatography was carried out as the last
purification step for mutant proteins N257D and K699S and the final purity was estimated
to be more than 75% and 90%, respectively. The course of purification of mutant N519D is
illustrated in Fig. 15 (page 54) and the purity of obtained mutant proteins is demonstrated
by SDS-PAGE gel in Fig. 16.

Mutant protein E424A was intended for crystallization experiments and therefore
was further purified by gel permeation chromatography and chromatofocusing. Even
though the final purity was more than 95%, as estimated from SDS-PAGE gel (see Fig. 17,
page 56), the final yield was only ~ 40 pg of mutant thGCPII and therefore the purification
can hardly be called a success.
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Fig. 16 SDS-PAGE analysis of purified mutants of rhGCPII.

Lane 1: molecular weight marker; lane 2: wild-type thGCPII (67 ng), lanes 3 - 8:
individual purified mutants of rhGCPII.
Proteins were resolved on 12% SDS-PAGE gel and visualized by silver staining.
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S.1.5. Crystallization Experiments with Mutant E424A

As mentioned above, glutamic acid residue in the position 424 was proposed to
function as the general acid/base during catalytic hydrolysis of a peptide bond. We
therefore decided to prepare inactive mutant of rhGCPII by mutating this catalytically
important residue to alanine. Since only one of the reaction products, glutamate, is bound
in the active site of GCPII cocrystallized with its substrate NAAG, crystal structure of

catalytically inactive mutant with NAAG might

show the binding mode of noncleaved substrate

! 23 in the GCPII active site. Applying this

97 kDa e o @ approach, we encountered two main obstacles.
' Firstly, the mutant protein E424A is not

07 kDa 6 completely devoid of enzymatic activity (see
Fig. 14, page 53) and secondly, the yield of the

45 kDa ' purification was very low, thus no large screens

of crystallization conditions could be
performed. We nevertheless tried to

cocrystallize the mutant E424A  with
Fig. 17 SDS-PAGE analysis of

purified mutant protein E424A. Ac-Asp-Glu (NAAG) and Ac-Asp-Met (i.e.,
Lane 1: molecular weight marker; lanes two thGCPII substrates) in the conditions used
2 and 3: the two purest fractions from . . )

chromatofocusing (17 pl). in our laboratory for crystallizing wild-type

Proteins were resolved on 12% SDS- hGCPII Method 4.2.17.). Up t
PAGE gel and visualized by silver ' (see Method 4.2.17.). Up to now, we
staining. however obtained no diffracting crystals, just

precipitate.
5.1.6. Kinetic Characterization of Mutant Proteins

Following purification, kinetic parameters of NAAG hydrolysis were determined
for all the mutant proteins, except for E424A, the purification yield of which was very low.
Since preliminary measurements indicated dramatic increase in Michaelis constant (Kuy)
values for all the mutants, we decided to use HPLC assay as described in Method 4.2.18.2.,
instead of radioenzymatic assay (see Method 4.2.18.1.) used for determination of kinetic

parameters for wild-type thGCPII.

56



The HPLC assay is based on the derivatization of released L-glutamate, one of the
reaction products, with AccQ Fluor reagent (Waters, Milford, USA) and subsequent
reversed phase HPLC separation with fluorimetric detection of the derivative. AccQ Fluor
reagent (6-aminoquinolyl-N-hydroxysuccinimidyl carbamate) is a highly reactive
compound, which reacts with primary and secondary amino groups, yielding stable
derivatives that fluoresce at 395 nm. In a slower reaction, excess reagent hydrolyzes to
produce 6-aminoquinoline, which fluoresces weakly at 395 nm [112] (Fig. 18). Using this
method, 0.1 pM L-Glu could be detected and quantified in the reaction mixture, which
corresponds to 1.8 pmol of respective derivative injected onto a column. The method can

therefore be used for assaying kinetic parameters with Ky values in micromolar range,

1 O

R
|
\N O

O
derivatized amine/amino acid

primary or R1
secondary Hl!l
amine/amino acid SR
+ 2 (fast, t,, << 1s)

SNy
\N 0]

0]
AccQ Fluor reagent + H;0

(slow, t,,, ~ 15 s)

O
NH2
Z + HO-N"N + co,
\
N
O
Fig. 18 Derivatization reaction with AccQ Fluor reagent.

AccQ Fluor reagent (6-aminoquinolyl-N-hydroxysuccinimidyl carbamate) reacts rapidly with
primary and secondary amino groups, yielding stable ureas that fluoresce at 395 nm. In a slower
reaction, excess reagent hydrolyzes to produce 6-aminoquinoline, N-hydroxysuccinimide and
carbon dioxide. Adapted from [112].



however, the quantification limit is quite high for reliable determination of kinetic
parameters of NAAG hydrolysis by wild-type thGCPII (Ky ~ 1 uM). Linearity of response

for L-glutamate is demonstrated in Fig. 19.
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Fig. 19 Linearity of response for L-glutamate derivatized with AccQ Fluor reagent.

120 pl of solution of L-glutamate (1 — 40 uM) were derivatized with AccQ Fluor reagent
as described in Method 4.2.18.2. 30 pl of the final solution were applied onto a C-18(2)
Luna HPLC column (Phenomenex, Torrance, USA) and fluorescence was monitored at
Aex/Aem = 250/395 nm. Peak areas of glutamate derivative were normalized to the internal

standard.
800 | Arg
/ (internal standard)
600 |
o]
~ I Glu
400 | /
200 |
ol
0.0 40 8.0 12.0 16.0 200

Minutes

Fig. 20 Chromatogram of L-glutamate derivatized with AccQ Fluor reagent.

120 pl of 5 uM L-Glu solution were derivatized with AccQ Fluor reagent as described in
Method 4.2.18.2. 30 ul of the final solution were then applied onto a C-18(2) Luna HPLC
column and fluorescence was monitored at Agx/Agy = 250/395 nm. Derivatized L-glutamate
and L-arginine (internal standard) eluted at approximately 5.2 and 7.0 min, respectively.
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Measurements were carried out as described in Method 4.2.18.2. Typically, the
substrate concentration was varied to cover the range of 0.3 Ky to 6 Ky and the reaction
was allowed to proceed for 15 to 30 min at 37°C. Following derivatization with AccQ
Fluor reagent, 30 pul of the mixture were applied onto a C-18(2) Luna HPLC column
(Phenomenex, Torrance, USA) and fluorescence was monitored at Agx/Agm = 250/395 nm.
Derivatized L-glutamate and L-arginine (internal standard, added into the stopping buffer)
eluted with retention time of 5.2 and 7.0 min, respectively (Fig. 20, page 58).

Table XII. Kinetic parameters of NAAG hydrolysis for wild-type (WT) and mutant forms of
rhGCPIIL

Michaelis-Menten kinetic parameters of NAAG hydrolysis were determined using
HPLC assay as described in Method 4.2.18.2. Released glutamate (i.e. one of the
reaction products) was derivatized with AccQ Fluor reagent and quantified using
reversed phase HPLC with fluorimetric detection. Concentration of mutant proteins,
used for calculation of k., value, was determined by quantification from Western blot
(see Method 4.2.16.1.)

Mutation Kwm [pM] Keat [s7'] [l.::;; :) ll_fi\;_l]

WT 1.15+0.57* 1.1 +£0.2* 957*
K699S 40.5 £22.7 0.27 £0.06 6.67
N257D 68.1 £19.7 0.32 £ 0.08 4.70
NS19D 27.6+0.3 0.078 £ 0.005 2.83
R210A 294 £ 15 0.023 £0.001 0.08
R210K 801 £ 123 0.13+£0.02 0.16
Y700F 45.7+ 6.6 0.075 £ 0.003 1.64

* Kinetic parameters for wild-type rhGCPII have been previously measured
in our laboratory using radioenzymatic assay as described in Method
4.2.18.1. and are included herein for the purpose of comparison.

Kinetic parameters of cleavage of NAAG by the mutant proteins, assayed as
decribed above, are summarized in Table XII and two examples of experimental data are
shown in Fig. 21 (page 60). When compared to wild-type thGCPII, all the mutant proteins
showed dramatic increase in Michaelis constant (Ky) value, ranging from ~ 24-fold rise
for mutant protein N519D to almost 700-fold increase for mutant R210K. Catalytic
constants (kc,) were also affected by the amino acid substitutions introduced, however, the
influence on k., value was less substantial than that on Ky value for all the mutants. While

kear value for the most affected mutant, R210A, is ~ 50-times lower than that of the
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Fig. 21 Michaelis-Menten plots for mutant proteins N5S19D (panel A) and R210A (panel B).

The blue line drawn through the experimental data points represents non-linear least-
squares fit to the Michaelis-Menten equation, generated using GraFit software (Erithacus
Software Ltd., Horley, U.K.).

wild-type protein, Ky value for this mutant increased approximately 250-times. Catalytic
constants for mutant proteins N257D and K699S were the least influenced by the
respective mutation, differing approximately 4-times from wild-type rhGCPII. As a result
of mainly large increase in Ky values, catalytic efficiencies of all the mutant proteins
dropped by 2-4 orders of magnitude in comparison to the wild-type protein. Taken
together, these data indicate that the mutations introduced into the rhGCPII sequence

affected primarily the enzyme’s ability to effectively bind the substrate.

5.1.7. Inhibition by 2-PMPA

Inhibition constants for 2-(phosphonomethyl)pentanedioic acid (2-PMPA), a potent
competitive GCPII inhibitor [113], were, so far, determined for two of the mutant proteins,
N519D and Y700F. Measurements were carried out with varying concentrations of the
inhibitor while keeping the enzyme concentration fixed. Enzyme was preincubated with
the inhibitor in 20 mM MOPS, 20 mM NaCl, pH 7.4 for 10 min at 37°C and then the
reaction was started by the addition of NAAG (with final concentration of 60 and 100 uM
for mutants N519D and Y700F, respectively). Following 20 to 30-minute incubation at
37°C, the reaction mixture was derivatized with AccQ Fluor reagent and product formation
was quantified by HPLC with fluorimetric detection as described in Method 4.2.18.2. The

ratio of reaction rates of inhibited reaction to uninhibited reaction (vi/vy) was plotted
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against inhibitor concentration and apparent inhibition constant (Kjapp)) Was determined
from non-linear fit to the Morrison equation for tight-binding inhibitors [114], using GraFit
software (Erithacus Software Ltd., Horley, U.K.). Inhibition constant (K;) was then
calculated using equation (1), which assumes competitive type of inhibition. However, the
mode of inhibition was determined for neither of the mutant proteins since it was assumed

that the inhibition type was not changed by the mutations introduced.

Kicapp)
K, = Kiw m
1+ Bl

Km

Table XIII. Inhibition constant (Ki) values for 2-PMPA.

Ki values for 2-PMPA were determined using HPLC assay as described in Method 4.2.18.2.
Inhibitor concentration was varied, while enzyme and substrate concentrations were kept fixed.
60 pM and 100 pM NAAG was used as a substrate for mutants N519D and Y700F, respectively.
For the wild-type protein (WT), 100 pM Ac-Asp-Met was used as a substrate.

Mutation Ki [nM]
WT 09+0.2
N519D 5604
Y700F 495+2.5

The results of inhibition constants determination are summarized in Table XIII and
an example of experimental data is shown in Fig. 22. Inhibition constants for both the
mutant proteins were affected by the amino acid substitution introduced, however, the
influence of Y700F mutation (55-fold increase in K; value in comparison to wild-type

rhGCPII) was more substantial than that of NS519D mutation (6-fold increase).

I A

Fig. 22 Plot of relative reaction rate as
< 0.8 a function of 2-PMPA
= ’ concentration for mutant
2 0.6 protein N519D.
§ \; The blue line drawn through the
e 04 experimental data points
s represents  non-linear  least-
° 0,2 squares fit to the Morrison
o equation, generated using GraFit
(Ul B S B S B B B software  (Erithacus  Software
0 400 800 1200 1600 Ltd., Horley, UK.).

2-PMPA [nM]
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5.2. Novel Dipeptidic Substrates

All the known naturally occurring substrates of GCPII harbour glutamate residue in
the C-terminal position of the substrate. However, studies of substrate specificity of
rthGCPII, carried out in our laboratory using dipeptidic libraries of general formulas
Ac-X-Glu and Ac-Asp-X (where X stands for any naturally occurring amino acid),
revealed that methionine was also tolerated in the C-terminal position (or P1’ position) of
the substrate [99]. Methionine, unlike glutamate, the side chain of which is negatively
charged in physiological pH, has hydrophobic side chain. Hydrophobic interactions must
therefore also play a role in positioning the side chain of the C-terminal amino acid residue
in the GCPII active site.

The crystal structure of rhGCPII in complex with L-methionine, solved by Cyril
Bafinka from our laboratory, shows that, quite surprisingly, L-methionine binds in a
similar way as L-glutamate in the GCPII active site (Bafinka et al, manuscript in
preparation). Even the side chains of Asn257 and Lys699, which bind the y-carboxylate

group of glutamate in the complex of thGCPII with glutamate, retain very similar positions

in the rhGCPII-methionine complex (Fig. 23). The e-amino group of Lys699 is thus

Tyr700
Glud2d ooy \L

Lys699

Fig. 23 The GCPII active site with bound L-methionine.

Binding mode of L-methionine in the GCPII active site is very similar to that of L-glutamate
(compare to Fig. 10, page 48). The methionine o-carboxylate group interacts with Tyr700 (2.66 A),
Tyr552 (3.03 A) and Arg210 (2.85 and 3.20 A), while the free amino group is hydrogen-bonded to
Glu424. The side chain thioether group comes to close proximity of the e-amino group of Lys699
(3.02 A). The figure was generated using PyMOL [98].
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located near the thioether group of methionine. The small distance (3.02 A) observed
between these two groups suggests that the possible polar contact might contribute to the
binding of methionine in the GCPII active site. To test this hypothesis, we substituted
methionine in Ac-Asp-Met by norleucine (norLeu). The only difference between the side
chains of methionine and norleucine is that the thioether group of methionine is replaced
by a methylene group in the case of norleucine. Ac-Asp-norLeu showed to be efficiently
cleaved by rhGCPII (see below) and further re-screening of Ac-Asp-X library using higher
enzyme concentration revealed that Ac-Asp-Ala was also hydrolyzed by rhGCPII. As both
these dipeptides harbour unbranched aliphatic side chain in the P1’ position of the
substrate, we decided to study the influence of the length of the aliphatic side chain on
substrate binding/cleavage in more detail.

A novel series of Ac-Asp-X dipeptides, harbouring 2-aminoalkanoic acids with
progressively longer unbranched side chains in the P1’ position, was synthesized by
L. LepSa (Fig. 24). The length of the C-terminal amino acid side chain ranged from one
carbon atom in the case of alanine (Ala) to seven carbon atoms of 2-aminononanoic acid
(Ano). The structure of the rhGCPII-methionine complex showed hydrophobic cavities
adjacent to methionine binding site, into which longer aliphatic side chains than is that of
methionine/norleucine might fit. Therefore, potential dipeptidic substrates with up to seven

carbon atoms in the P1’ side chain were included into this study.
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Ac-Asp- Ac-Asp-
Ac-Asp-Ala | Ac-Asp-Abu Ac-Asp-Ahp | Ac-Asp-Aoc | Ac-Asp-Ano
norVal norLeu

Fig. 24 A series of novel dipeptidic substrates of rhGCPII harbouring 2-aminoalkanoic acids
with progressively longer side chains in the P1’ position of the substrate.

Alkyl side chains in the P1’ position of the substrate are shown in blue.

The potential dipeptidic substrates were dissolved in HPLC-grade water and the
exact concentration of the stock solution was determined by amino acid analysis. Since all

of these N-terminally protected dipeptides were found to be efficiently cleaved by rhGCPII
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in preliminary experiments, we decided to measure the kinetic parameters of the cleavage

for all the dipeptides in the series.

5.2.1. Kinetic Characterization of Novel Dipeptidic Substrates

Kinetic parameters of the cleavage of dipeptidic substrates harbouring
2-aminoalkanoic acids in the P1’ position of the substrate were measured using HPLC
assay as described in Method 4.2.18.2. Typically, 1-2 pg/ml of wild-type rhGCPII were
reacted with varying concentrations of respective dipeptidic substrates in 20 mM MOPS,

20 mM NaCl, pH 7.4. The reaction mixture

5 30 - was incubated for 15-30 min at 37°C.
< 15 - Released 2-aminoalkanoic acids were then
derivatized with AccQ Fluor reagent and
33 quantified using HPLC with fluorimetric

E: . ?Oi detection.
: 2-aminohepatanoic acid (Ahp),
0 - 2-aminooctanoic acid (Aoc) and
30 - 2-aminononanoic acid (Ano) were purchased
3 Aoc as racemic mixtures and the respective
L3 . ’ ' / dipeptidic substrates synthesized from them
| are therefore likely to be equimolar mixtures
3.01 of two diastereomeric forms. The method used
3 15- for product quantification (i.e., derivatization
with AccQ Fluor reagent and subsequent
0 ; : , HPLC separation on C-18 column) cannot
0 6 12 distinguish D- and L-amino acids and hence is

Minutes

Fig. 25 HPLC analysis of Ac-Asp-Aoc hydrolysis by rhGCPII using derivatization with
FDAA reagent.

Orange chromatogram, buffer (20 mM MOPS, 20 mM NaCl, pH 7.4) derivatized with FDAA
reagent as described in Method 4.2.18.2.1.; green chromatogram, 2 mM D,L-Aoc derivatized with
FDAA reagent; dark blue chromatogram, 1.9 mM Ac-Asp-Aoc reacted with 6.3 pg/ml of rhGCPII
for 24 hours at 37°C and subsequently derivatized with FDAA reagent; light blue chromatogram,
1.9 mM Ac-Asp-Aoc derivatized with FDAA reagent.

Following derivatization with FDAA reagent, 50 pl of the final solution were applied onto a
C-18(2) Luna HPLC column and absorbance was monitored at 340 nm.
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not applicable for testing whether both the diastereomers are substrates of rhGCPII. Since
previously reported data suggested that GCPII is inactive towards D-amino acids [1], we
assumed that only the diastereomers containing L-aminoalkanoic acids served as substrates
of rhGCPII. To test this hypothesis, we reacted respective dipeptides (1-3 mM) with
6.3 pg/ml of thGCPII in 20 mM MOPS, 20 mM NaCl, pH 7.4 for 24 hours at 37°C to
accomplish total cleavage of the substrate. The reaction mixture was then derivatized with
FDAA, a chiral reagent used for distinguishing D- and L-amino acids, as described in
Method 4.2.18.2.1. and analyzed using HPLC with UV detection at 340 nm. In all cases,
only a peak of one (presumably an L-enantiomer) of the enantiomeric forms of the
respective 2-aminoalkanoic acids was detected as a reaction product in the chromatogram
(Fig. 25, page 64). Experimentally determined Ky values for Ac-Asp-Ahp, Ac-Asp-Aoc
and Ac-Asp-Ano dipeptides were therefore halved to reflect the fact that only one of the
two diastereomers serves as a substrate of rhGCPII.

The results of kinetic parameters determination are summarized in Table XIV and
Fig. 26 (page 66). All the dipeptides in the series were efficiently hydrolyzed by rhGCPII
with Ky values in low micromolar range and k., values of ~ 0.2 - 0.6 s, Progressive
lengthening of the aliphatic side chain in the P1’ position of the substrate resulted in
moderate decrease in Ky values and slight rise in k., values. Overall catalytic efficiency
thus increased with the lengthening of the side chain, which can be illustrated by the fact
Table XIV. Kinetic parameters of wild-type rhGCPII dipeptidic substrates harbouring

2-aminoalkanoic acids with progressively longer side chains in the P1’ position of the
substrate.

Michaelis-Menten kinetic parameters were determined using HPLC assay as described in Method
4.2.18.2. Reaction products (i.e. released C-terminal amino acids) were derivatized with AccQ
Fluor reagent and quantified using reversed phase HPLC with fluorimetric detection.

Substrate The side chififl in| Ky [uM] Keat [s'] Keat / IEM_1
the P1’° position ['mmol -s™]
Ac-Asp-Ala methyl 85 +21 0.23 £ 0.05 2.7
Ac-Asp-Abu ethyl 29+ 8 0.25 + 0.03 8.6
Ac-Asp-norVal | ,ropy] 3112 0.42 +0.05 13.5
Ac-Asp-norLeu butyl 19+4 0.24 +£0.01 12.6
Ac-Asp-Ahp pentyl 12+1 0.44 £ 0.04 36.7
Ac-Asp-Aoc hexyl 8+2 0.60 + 0.03 75.0
Ac-Asp-Ano heptyl 10+2 0.62 £0.10 62.0
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that Ac-Asp-Ala, the substrate with the shortest side chain, is about 20-fold worse substrate
of thGCPII than Ac-Asp-Ano, the dipeptide with the longest C-terminal side chain. When
compared with Ac-Asp-Glu (or NAAG), the naturally occurring substrate of GCPII, the
most efficient substrates in the series (i.e., Ac-Asp-Aoc and Ac-Asp-Ano) have
comparable catalytic constants as Ac-Asp-Glu (ke = 1.1 s see Table XII, page 59), while
their Ky values are ~ 7 to 9-fold higher than that of Ac-Asp-Glu (Ky = 1.15 uM). This fact
illustrates the preference of the GCPII active site for binding of substrates harbouring

glutamate as the C-terminal residue.

0,8
4 A
0,6 —
B
= 04—
i —
0,2 —
100 — B 7
- 0 —
80 — Ala Abu norVal norLeu Ahp Aoc Ano
60 — Amino acid in the P1' position of the substrate

Ala Abu norVal norLeu Ahp Aoc Ano

Amino acid in the P1' position of the substrate

Fig. 26 Influece of progressive lengthening of the P1’ aliphatic side chain on k., (panel A) and
Kwm (panel B) values of dipeptidic substrates harbouring 2-aminoalkanoic acids in the
P1’ position of the substrate.
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5.2.2. The Role of Lys699 in the GCPII Specificity for Glutamate-

containing Substrates

As mentioned above, GCPII strongly prefers glutamate in the P1’ position of the
substrate. The crystal structure of GCPII with bound glutamate showed that the
y-carboxylate group of glutamate interacts with two residues, Lys699 and Asn257. Lys699
also interacts with thioether group of methionine in the GCPII-methionine complex.
Mutation of this lysine residue to serine leads to ~ 35-fold increase in Ky value for
Ac-Asp-Glu, while k., is less affected (see Table XV). To determine the influence of the
K699S mutation on binding/cleavage of substrates harbouring methionine/2-aminoalkanoic
acid in the P1’ position, we also measured kinetic parameters of the cleavage of
Ac-Asp-Met and Ac-Asp-Ano by mutant protein K699S, using HPLC assay as described
above. The results, summarized in Table XV, show that, in comparison to the wild-type
protein, Michaelis constants for Ac-Asp-Met and Ac-Asp-Ano hydrolysis are slightly
(approximately 3-fold) improved for mutant K699S. Taken together, these data indicate
that Lys699 is critical for the GCPII specificity for substrates with glutamate at the
C-terminus. However, it does not play substantial role in binding substrates with

methionine/2-aminoalkanoic acid in the P1’ position.

Table XV. Comparison of kinetic parameters of cleavage of Ac-Asp-Glu (NAAG),
Ac-Asp-Met and Ac-Asp-Ano for wild-type (WT) rhGCPII and for mutant K699S.

Michaelis-Menten kinetic parameters were determined using HPLC assay as described in Method
4.2.18.2. Reaction products (i.e. released C-terminal amino acids) were derivatized with AccQ
Fluor reagent and quantified using reversed phase HPLC with fluorimetric detection.

T

Substrate Kwm [pM] | Keat [s'] | Keat / KIM 1
1 ‘ [I'mmol 5]

WT K699S WT K699S  WT K699S

Ac-Asp-Glu ' | 15+057% 40.5+22.7 | 1.1+02* . 027+0.06 957* 6.7
Ac-Asp-Met  75+16 @ 26+1.1 ; 0.32+0.07 0.19+0.03  42.7 73.1

T

Ac-Asp-Ano  [04+25 ' 29+£07  062+0.10 029+0.04 596  100.0

* Kinetic parameters of cleavage of Ac-Asp-Glu for wild-type rhGCPII have been previously
measured in our laboratory using radioenzymatic assay as described in Method 4.2.18.1. and
are included herein for the purpose of comparison.
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6. Discussion
6.1. Active-site Mutants

In this study, we used site-directed mutagenesis to assess the influence of individual
active site amino acid residues of rhGCPII on substrate binding and cleavage. The mutated
residues were chosen based on the crystal structure of rhGCPII in complex with glutamate
[66], the product of the cleavage of naturally occurring substrate NAAG, and most of them
are located in the close proximity of the bound product (see Fig. 10, page 48).

All the mutants of rhGCPII were prepared by site-directed mutagenesis using
QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, USA) and expressed in
Drosophila Schneider’s S2 cells, the expression system used in our laboratory for wild-
type rhGCPII [99]. All the mutant proteins were expressed, as demonstrated by
immunoblot analysis. However, when quantified by Western blotting, the expression level
of the mutants showed to be lower (approximately 4 to 8-fold) than that of wild-type
rthGCPII (see Table XI, page 52). Since the epitope of the anti-GCPII antibody used for the
quantification of the expression is in the N-terminal region of rthGCPII [Sicha et al.,
submitted] where none of the mutations was situated, we assume that the differences in the
expression level of the mutants and the wild-type protein observed are not caused by lower
affinity of the antibody for the mutant proteins. Lower expression of the mutants into the
culture medium might be brought about by their lower stability caused by the introduced
mutation. Furthermore, the transfection and expression protocol was not optimized for the
mutant forms of rhGCPIIL.

Preliminary measurements of NAAG-hydrolyzing activity in the culture medium of
S2 cells transfected with cDNA for individual mutants revealed that specific activities of
all the mutant proteins were dramatically lower than that of the wild-type (see Fig. 14,
page 53). We therefore decided to measure kinetic parameters of NAAG hydrolysis for
purified mutants to determine whether observed drop in specific activities could be
attributed to defect in substrate binding (as expressed in Ky value) or catalytic turnover (as
expressed in Keay).

The mutant forms of thGCPII were purified using very similar purification protocol
as is used for purification of wild-type rhGCPII in our laboratory [99]. For some of the

mutant proteins, the composition and pH of the buffer used in the first chromatographic
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step, i.e. QAE-Sephadex batch chromatography, were optimized to increase the yield.
However, no optimization of further purification steps was performed. Upscaling the
expression to a spinner flask increased expression level of mutant proteins to
approximately 3—4 pg/ml (data not shown) and typical yield of the purification was ~ 1 pg
of mutant rhGCPII from 1 ml of the culture medium.

One of the aims of this study was to prepare inactive mutant of thGCPII and
cocrystallize it with the naturally occurring substrate NAAG. We therefore mutated
glutamate residue in the position 424, which was assigned an important role of the general
acid/base in the proposed catalytic mechanism [66;107], to alanine, an amino acid residue
that is unable to transfer protons. Suprisingly, the mutant protein E424A showed some
residual NAAG-hydrolyzing activity, although the specific activity was more than
30,000-fold lower than that of wild-type rhGCPII (see Fig. 14, page 53). In a similar study,
Speno et al. mutated the same amino acid residue to glutamine and observed slight increase
in Ky value (~ 2-fold) and approximately 7-fold decrase in V., value in comparison to
wild-type GCPII [107]. Due to low purification yield and very low activity of the mutant
E424A, we were not able to measure its kinetic parameters. We therefore cannot determine
whether the observed drop in specific activity is caused by increase in Ky value or
decrease in k¢ value, or both. Crystallization experiments with the mutant E424A were
not successful either, presumably due to the low number of crystallization conditions
tested. The question of the exact role of Glu424 in the GCPII catalytic mechanism thus
remains unanswered. For further studies of the mutant E424A, the purification protocol
needs to be modified. Reduction of purification steps would be particularly desirable as the
high number of chromatographic steps employed is probably the main reason of the low
purification yield of the mutant E424A.

All the mutant proteins, except for E424A, were kinetically characterized using the
HPLC assay as described in the Methods. Most of the activity measurements for wild-type
rhGCPII are carried out in our laboratory using the radioenzymatic assay (for details, see
Method 4.2.18.1.). This assay is also widely used by other groups studying GCPII [1]. We
nevertheless decided to use the HPLC assay for the mutant proteins as the quantification
limit of the method (approximately 0.1 uM product in the reaction mixture) is sufficient for
reliable determination of kinetic parameters with Ky value in micromolar range, which is

the case of all the mutants. Furthermore, we avoided handling of radioactivity. In addition,
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the assay can be easily adapted for other (potential) peptidic substrates of GCPII, and
therefore the method is also suitable for substrate specificity studies (see below).

Kinetic characterization of NAAG-hydrolyzing activity revealed dramatic increase
in Ky value in comparison to wild-type rhGCPII for all the mutant proteins (see Table XII,
page 59). Mutations that affected the enzyme’s affinity for the substrate most showed to be
those of Arg210. We substituted this arginine residue to alanine and lysine, which resulted
in approximately 250- and 700-fold increase in Ky value, respectively. Mutation to
alanine, unlike the substitution to lysine, does not preserve the positive charge of arginine
residue. Surprisingly, the mutant protein R210A has approximately 3-fold lower Ky value
than the mutant R210K. Mutations R210A and R210K also affected k., value, however,
the influence was less substantial (only ~ 50- and 8-fold decrease, respectively).

The guanidinium group of Arg210 forms a salt bridge with the a-carboxylate group
of bound glutamate in the rhGCPII-glutamate complex [66] (see Fig. 10, page 48). The
same interaction was also observed with methionine in the rhGCPII-methionine complex
[Bafinka et al., manuscript in preparation]. In addition, the a-carboxylate group of the
bound product is also hydrogen-bonded to the hydroxyl group of Tyr700, which was
mutated to phenylalanine in this study. Removal of this interaction resulted in 40-fold rise
in Ky value and ~ 15-fold decrease in kq,. The data presented here thus supports the
crucial role of the C-terminal a-carboxylate group of the GCPII substrates for substrate
binding and subsequent cleavage. Interaction of this group with Arg210 is clearly critical
for substrate binding, while hydrogen-bonding with Tyr700 also substantially contributes
to the enzyme’s affinity for the substrate.

The side chain y-carboxylate group of the bound glutamate is positioned in the
GCPII active site via interactions with Lys699 and Asn257, which were mutated to serine
and aspartate, respectively. Both these amino acid substitutions lead to comparable kinetic
parameters: Ky value for both the mutants is more than one order of magnitude higher than
that of the wild-type protein, while k., is approximately 4-times lower. The data indicate
that these two residues are important for efficient substrate binding. Moreover, via specific
interactions with the glutamate side chain, they most probably account for the GCPII
strong preference for substrates with glutamate at the C-terminus. We experimentally
confirmed this role of Lys699, mutation of which resulted in slightly improved kinetic
parameters for hydrolysis of dipeptides with hydrophobic C-terminal side chains (see

Table XV, page 67). This is presumably caused by release of steric crowding imposed by
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the long side chain of Lys699 and maybe due to removal of the positive charge of the
lysine residue.

AsnS19 is located in the vicinity of the bound glutamate in the rhGCPII-glutamate
complex and consequently, it was proposed to interact with the N-acetyl-aspartyl portion
of NAAG [66]. To test this hypothesis, we mutated Asn519 to aspartate. The kinetic
parameters of NAAG-hydrolysis determined for the mutant N519D (~ 24-fold increase in
Kwm value and ~ 14-fold decrease in k., value in comparison to wild-type thGCPII) indeed
suggest important role of this residue in NAAG binding and hydrolysis. The same mutation
was also performed in Speno’s study [107], however, very little activity was measured for
the mutant N519D and therefore the kinetic parameters were not determined. Considering
the low substrate concentration used in this study for activity testing (30 nM, i.e. 1000-
times lower than the Ky value determined in our study), these results are consistent with
our findings that the mutation N519D leads to ~ 340-fold drop in catalytic efficiency in
comparison to the wild-type protein.

Taken together, the data presented here confirm the assignment of the

above-mentioned active site residues as highly important for substrate binding.

6.2. Novel Dipeptidic Substrates

GCPII, as its name suggests, is a carboxypeptidase with a strong preference for
glutamate residue in the C-terminal position of the substrate. However, dipeptides
harbouring methionine as the C-terminal residue were recently also identified as efficient
substrates of GCPII [99]. Consequently, the crystal structure of rhGCPII in complex with
L-methionine was solved in our laboratory [Bafinka et al., manuscript in preparation]. The
binding mode of L-methionine in the GCPII active site suggested: 1) possible polar contact
between the thioether group of the methionine and the e-amino group of Lys699 and
2) existence of hydrophobic cavities adjacent to the methionine binding site that might
accommodate amino acids with longer alkyl side chains.

To test the hypothesis that the possible polar contact between the sulphur of
methionine and the side chain of Lys699 might be important for binding of substrates with
C-terminal methionine in the GCPII active site, we substituted methionine in the dipeptidic
substrate Ac-Asp-Met by norleucine (norLeu). The side chain of norleucine contains a

methylene group in place of the thioether group of methionine and consequently cannot
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participate in polar interactions. Comparison of kinetic parameters of hydrolysis of
Ac-Asp-Met and Ac-Asp-norLeu by thGCPII revealed that Ky value for Ac-Asp-norLeu is
slightly (~ 2.5-times) higher than that for Ac-Asp-Met (compare Table XIV and Table XV,
page 65 and 67, respectively). However, the differences observed between the two
dipeptidic substrates are not pronounced and the kinetic parameters are well comparable.
We therefore conclude that the interaction between Lys699 and the thioether group of
methionine does not play substantial role in binding of methionine in the GCPII active site.
This finding is also supported by our mutational studies of the rhGCPII active site as the
mutant K699S has approximately 3-fold lower Ky value for Ac-Asp-Met hydrolysis than
wild-type thGCPII (Table XV, page 67).

The structure of the rhGCPII-methionine complex showed hydrophobic cavities
adjacent to the methionine binding site, into which longer aliphatic side chains than is that
of methionine/norleucine might fit. To study the hydrophobic interactions in the GCPII
active site, a series of potential dipeptidic substrates, harbouring 2-aminoalkanoic acids
with progressively longer aliphatic side chains in the C-terminal position, was synthesized
and tested for hydrolysis by rhGCPII using the HPLC assay as described in the Methods.
Surprisingly, all the dipeptides in the series showed to be efficiently cleaved by rhGCPII
and the progressive lengthening of the C-terminal aliphatic side chain resulted in moderate
increase in overall catalytic efficiency (see Table XIV, page 65). The interaction of the
C-terminal side chain with the GCPII active site seems to be necessary for substrate
binding and hydrolysis as dipeptide Ac-Asp-Gly, which has no side chain in the C-terminal
position, is not cleaved by rhGCPII [99]. Dipeptides harbouring naturally occurring amino
acids with aliphatic but branched side chain at the C-terminus (i.e., valine, leucine and
isoleucine) or bulky side chain (phenylalanine, tyrosine) are not efficiently hydrolyzed by
rhGCPII, either [99], suggesting the GCPII binding cleft is too narrow to accommodate
bulkier C-terminal side chains.

GCPII is viewed as a promising target for treatment of various neurological
disorders [21] and consequently a number of potent GCPII inhibitors have been reported
[101-103]. However, most of these compounds are analogs of glutamate or glutarate and
therefore are highly polar, which causes their poor pharmacokinetic properties. Studies of
hydrophobic interactions in the GCPII active site thus might be useful for design of
specific GCPII inhibitors with improved pharmacokinetic properties.
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7. Conclusions

U Seven active site mutants of recombinant human GCPIH (rhGCPII) were
prepared, expressed in Drosophila S2 cells and purified.

. Dipeptidase activities of six of the mutant proteins were characterized.

. In comparison to wild-type rhGCPII, all the mutants showed dramatic
increase in Michaelis constant (Ky) value, while catalytic constants (Kca)
were less affected by the mutations introduced.

. Residue R210 was identified as crucial for substrate binding via its
interaction with the C-terminal a-carboxylate group of substrates.

o Residue Lys699 was shown to be largely responsible for the GCPII
preference for substrates harbouring glutamate as the C-terminal residue.

° All the residues selected for mutation were confirmed to play an important
role in substrate binding and hydrolysis.

. An inactive mutant of rhGCPII was not prepared since the mutation of the
proposed catalytic residue, Glu424, did not completely abolish enzymatic

activity.
. Dipeptides of general formula Ac-Asp-X (where X stands for a

2-aminoalkanoic acid) were identified as novel substrates of thGCPII with

K values in low micromolar range and k. values of ~0.2 - 0.6 s
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8. List of Abbreviations

Abu
AccQ
Ahp
ALS
AMPA
Ano
Aoc
APS
bp
cDNA
Da
DMSO
DNA
dNTP
EDTA
EGTA
FBS
FDAA
FPLC
GABA
GCPII
GCPIII
GluR
GPI-18431
GPI15232
HEPES
HPLC
HRP
iGluR
I0OCB
KA

Keat
kDa

K,
Kiapp)

2-(S)-aminobutanoic acid
6-aminoquinolyl-N-hydroxysuccinimidyl carbamate
2-(R,S)-aminoheptanoic acid

amyotrophic lateral sclerosis
a-amino-3-hydroxy-5-methyl-4-isoxasolepropionate
2-(R,S)-aminononanoic acid

2-(R,S)-aminooctanoic acid

ammonium persulfate

base pair

complementary DNA

dalton

dimethylsulfoxide

deoxyribonucleic acid

deoxyribonucleoside triphosphate
ethylendiaminetetraacetic acid
ethyleneglycol-bis-(aminoethylether)-tetraacetic acid
fetal bovine serum
1-fluoro-2,4-dinitrophenyl-5-L-alanine amide

fast protein liquid chromatography

y-aminobutyric acid

glutamate carboxypeptidase II

glutamate carboxypeptidase II1

glutamate receptor
(S)-2-(4-iodobenzylphosphonomethyl)pentanedioic acid
2-[(pentafluorophenylmethyl)hydroxyphosphinyl]methyl)pentanedioic acid
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
high performance liquid chromatography
horseradish peroxidase

ionotropic glutamate receptor

Institute of Organic Chemistry and Biochemistry
kainate

catalytic constant

1,000 daltons

inhibition constant

apparent inhibition constant
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Kwm

LB
LNCaP
Met-a-D-Man
mGIluR
MOPS
2-MPPA
mRNA
NAA
NAAG
B-NAAG
NAALADase
NMDA
norLeu
norVal
PAGE
PBS
PCR
PDB
PEG
2-PMPA
PSMA
rhGCPII
RNA
SDS
TAE
TEMED
TGF-B
Tris

WT

Michaelis constant

Luria-Bertani medium

lymph node prostate cancer cell line
methyl-a-D-mannopyranoside
metabotropic glutamate receptor
3-[N-morpholino]propanesulfonic acid
2-(3-mercaptopropyl)pentanedioic acid
messenger RNA

N-acetylaspartate
N-acetyl-L-aspartyl-L-glutamate
N-acetyl-B-L-aspartyl-L-glutamate
N-acetylated-a-linked acidic dipeptidase
N-methyl-D-aspartate
2-(S)-aminohexanoic acid
2-(S)-aminopentanoic acid
polyacrylamide gel electrophoresis
phosphate buffered saline

polymerase chain reaction

Protein Data Bank

polyethylen glycol
2-(phosphonomethyl)pentanedioic acid
prostate-specific membrane antigen
recombinant human glutamate carboxypeptidase II
ribonucleic acid

sodium dodecylsulfate
Tris-Acetate-EDTA
N,N,N’,N’-tetramethylethylenediamine
transforming growth factor 8
tris(hydroxymethyl)aminomethane
wild-type
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