ABSTRACT
Studies on Bovine y-Glutamylamine Cyclotransferase
Maryuri Roca

Mentor: Mary Lynn Trawick, Ph.D.

The purification and study of proteins are cooperative processes
because at least partially purified protein is needed in order to study its
properties, and certain information about the protein’s properties is required
in order to design its purification. Particularly difficult to purify is y-
glutamylamine cyclotransferase (yYGACT ) which catalyzes the cyclization of
the y-glutamyl moiety in L-y-glutamylamines, notably N°—(y-glutamyl)lysine.
From this last activity the function of the enzyme is speculated to be related
to the catabolism of transglutaminase products; although, there is no direct
evidence of this.

Electrophoretically pure bovine yYGACT was obtained using preparative
ultracentrifugation, anion exchange chromatography on DEAE-Sepharose,
ammonium sulfate fractionation and precipitation, size exclusion
chromatography on Sephacryl S100, anion exchange chromatography on

Mono-Q under reducing conditions, isoelectric focusing of the alkylated



sample, electroelution, electrophoresis, ultrafiltration, and lyophilization.
The enzyme was purified more than 2,000 fold to a specific activity of more
than 1,300U/mg of enzyme. A monomeric enzyme of molecular mass of 22,000
Daltons was observed. Anion exchange chromatography on a Mono Q GL
column revealed two forms of the enzyme with pls of 6.86 and 6.62 under
non-reducing conditions, and a single form of pl 6.62 under reducing
conditions. YGACT was then subjected to analytical isoelectric focusing and
the active fraction appeared as a single band on SDS-PAGE.

Amino acid sequencing of the tryptic digest of the band from SDS-
PAGE corresponding to the enzyme was carried out by microcapillary
reverse-phase HPLC nano-eletrospray tandem mass spectrometry; 42
proteins and protein fragments of similar mass and pl as that of YGACT were
obtained. Analysis of their properties indicates that the unknown protein for
MGC:134378 is the most likely protein to be the bovine yGACT enzyme.
However, expression of the active enzyme from the cloned gene has to be done
in order to assure that this is indeed the yYGACT enzyme.

An affinity column based on the inhibitor glutarylhexylamine showed
binding of the enzyme when loaded at low ionic strength and elution when

salt was increased.
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PARTI

GENERAL BACKGROUND



CHAPTER ONE

v-Glutamylamine Cyclotransferase

v-Glutamyl cyclotransferases are enzymes that catalyze peptide bond
cleavage between a y-glutamyl and an amino portion not by hydrolysis but
rather by cyclization of the glutamyl moiety of the substrate, releasing 5-

oxoproline (pyroglutamic acid) and a free amino portion, as reaction 1 shows.

H,N
OH 0

/

R—NH, . OH 1)

R—HN 0

y-Glutamylamine Free amine 5-Oxoproline

This enzymatic activity has been identified in a variety of tissues and
organisms, like human and sheep brain (Orlowski et al., 1969), yeast (Mooz

and Wigglesworth, 1976), and with different y-glutamyl derivatives.

r-Glutamylamino Acid Cyclotransferase (YGAACT)
v-Glutamyl cyclotransferase activity was first identified in liver by
Connell and Hanes (1956), where 5-oxoproline was the product of the reaction

of y-glutamylamino acid cyclotransferase (yGAACT, y-L-glutamyl-



3
cyclotransferase; L-glutamic cyclase, EC 2.3.2.4) acting on y-glutamyl amino

acid and producing free amino acid, reaction 2.

(0]
H,N
NH, OH NH, o
H
N
CO,H CO,H O
yGAACT ? OH @)
_— +
N O NH,
H

N (y-glutamyl)lysine Lysine 5-Oxoproline

r-Glutamylamine Cyclotransferase (YGACT)
In 1980, Fink and coworkers reported a y-glutamyl cyclotransferase
from rabbit kidney, and named it y-glutamylamine cyclotransferase (YGACT)
based on its specificity toward the isopeptide N°—(y-glutamyl)lysine and other

y-glutamylamines; reaction 3 shows yGACT catalysis.

0]
HO (0] HyN HO 0
OH
(0]
H
N
NH, NH 0
yGACT 2 OH 3
- > +
N 6] NH,
H

N® (y-glutamyl)lysine Lysine 5-Oxoproline

YGACT activity was found in different tissues and organisms like

kidney, liver, pancreas, mammalian blood cells (Fink et al., 1980), chinese



4
hamster ovary cells (Fesus and Tarcsa, 1989), and soybean seeds (Kang et al.,

1997).

Cyclotransferase Product, 5-Oxoproline

5-Oxoproline (or pyroglutamate) was first described as a derivate of
glutamic acid lacking a water molecule. The cyclization of N-terminal
glutamic acid was observed by Sanger and coworkers in 1955. 5-Oxoproline
can be produced non-enzymatically from glutamate or glutamate derivates
(Van der Werf et al., 1971) and from spontaneous cyclization of glutamate-5-
phosphate.

On the other hand, the enzymatic formation of 5-oxoproline was first
observed in rat kidneys by Woodward and Reinhart (1942) as a product of the
enzymatic degradation of glutathione; but only much later, cyclotransferase
activity was identified in rat liver by Connell and Hanes (1956), and in
papaya by Messer and Ottesen (1965).

In liver, 5-oxoproline was the product of the reaction of yYGAACT, but in
papaya 5-oxoproline was the product of glutaminyl cyclase (QC, glutaminyl-
peptide cyclotransferase, EC 2.3.2.5) acting on free glutamine and producing
ammonia. 5-Oxoproline can also be formed by the complementary action of
QC, which modifies N-terminal glutaminyl residues into 5-oxoprolyl ones
(Busby et al.,, 1987; Fischer and Spiess, 1987), and pyroglutamidase

(pyroglutamyl aminopeptidases, pyrase, EC 3.4.19.3), which hydrolyses 5-



5
oxoproline from these N-terminal modified polypeptides (Doolittle and

Armentrout, 1968) as seen in reaction 4.

O 0
Polypeptide H

ypep A NH, R N 0

N NH, ~N

H Glutamyl cyclase H

¢}
NH; Pyroglutamyl-peptide
N-Teminal glutamine (4)

Pyroglutamidase

H,0
H
HO,C._ N\ _-0 .
g Polypeptide

5-Oxoproline

5-Oxoproline is an intermediate in the y-glutamyl cycle (Meister, 1988),
shown in figure 1.1. The y-glutamyl cycle is one of the transport mechanisms
for cell intake of amino acids. y-Glutamyl transpeptidase (yYGTP, EC 2.3.2.2)
exchanges y-glutamyl from glutathione to an incoming amino acid forming a
v-glutamyl isodipeptide. The amino acid is released in the interior of the cell
after cleavage by v-glutamyl -cyclotransferase, with the concomitant
production of 5-oxoproline. 5-Oxoproline is hydrolyzed by 5-oxoprolinase (EC
3.5.2.9) to form glutamate.

At the N-terminus of proteins, 5-oxoprolyl residues can occur not only
to minimize degradation of the polypeptide but also to provide proteins with
particular functions (Awade et al., 1994). A N-terminal pyroglutamyl residue
1s involved in the thermal stability and catalytic activity of frog cytotoxic

ribonuclease by maintaining its structural integrity (Liao et al., 2003; Lou et



6
al., 2006); pyroglutamic acid derivative of melanoma vaccine “failed to elicit

cytotoxic T lymphocyte activity” (Beck et al., 2001).

ADF +Pi

Zars-3l i
=X i s
gﬁiﬁ Glu >_X< Glu

o=—0
o——0

O——0

&2 /’
Arnine acid ﬁ = 4

o==0 Cars-aly

\ l_z.&.mino acid Glu

1l
N g

l\ 7

AP + Pi

ATP

ADF + Pi

8982893
RELLELLENES

=}
=
=+

A-Oxoproline ATE
Amine acid

Figure 1.1: y-Glutamyl cycle. y-Glutamyl transpeptidase (1), y-glutamyl
cyclotransferase (2), 5-oxoprolinase (3), v-glutamylcysteine
synthetase (4), glutathione synthetase (5), intracellular protease

(6)

The function of the enzymes has been proposed based on their
substrate specificity. y-GAACT shows activity with substrates that produce
products that are good substrates of y-glutamyl transpeptidase (Orlowski and
Meister, 1973). This observation 1is consistent with the expected

complementary functions of YGAACT and yGTP in the y-glutamyl cycle



Transglutaminases and N°—(»-Glutamyl)lysine
YGACT has been hypothesized to play a role in the metabolism of the
N°—(y-glutamyl)lysine crosslink found in several proteins. The crosslink is

made by transglutaminase (EC 2.3.2.13) enzymes, as reaction 5 shows.

Glutamyl residue

O 0]
NH, Transglutaminase‘ NH (5
NH,
NH,
oC
f NH
og $
NH . . . .
K Lysine residue Crosslinked polypeptide

Transglutaminases are enzymes that catalyze posttranslational
modification of proteins, forming the N°*—(y-glutamyl)lysine crosslink and
linkages of other y-glutamyl derivates with a variety of amines (Folk, 1980).
The transglutaminase reaction goes through a calcium-dependent acyl
transfer mechanism with the formation of a high energy thioester
intermediate (Folk, 1973).

The action of these enzymes is found intracellularly and extracellularly
in a number of tissues and important physiological processes like bone and
skin formation, and wound healing (Raghunath et al., 1996), blood clotting

and development of the heart, lung, saliva gland, and the central peripherial
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nervous system (Lorand and Graham, 2003), cell survival (Fesus and Szondy,
2005), apoptosis marking (Fabbi et al., 1999), and cellular recognition
(Akimov and Belkin, 2001). Their capabilities have been advantageous in the
improvement of food (Gerrard and Sutton, 2005) and protein chemistry (Taki
et al., 2004).

The isopeptide has been found intracellularly and extracellularly in
prokaryotes, eukaryotes, birds, and mammals (Matacic and Loewy, 1979). It
1s essential for the function and structural integrity of a number of
mammalian proteins; for example, Pisano and coworkers in 1968 found that
the human cross linked fibrin, formed during blood clotting, is actually linked
through a N°-(y-glutamyl)lysine bridge formed by the transglutaminase
Factor XIIIa. Waibel and Carpenter (1972) observed that the isopeptide,
which can substitute lysine in a lysine deficient diet in chicks and rats, is
degraded in vivo in order to satisfy the lysine demand for growth of animals.

The degradation of the isopeptide is unlikely to happen by means of
the reverse reaction of transglutaminases, since this reaction is slow and
mefficient (Folk, 1969); Fesus and Tarcsa (1989) found that the radiolabeled
isodipeptide has a half-life time of 3 hours in Chinese-hamster ovary cells
grown in [3H]-lysine labeled media; it was also observed that such
degradation can be prevented by y-glutamyldansylcadaverine and -

glutamylputescine, both good substrates of YGACT (Fink and Folk, 1981).
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In the same experiment of Fesus and Tarcsa (1989), the lysosomal
inhibitor methylamine prevented the appearance of the isopeptide and
increased the protein-bond isopeptide, demonstrating that proteolysis is
required for the liberation of the isopeptide and that the isopeptide is
resistant to proteolysis; this resistance to hydrolysis was the basis of isolation
of the isopeptide in 1968 by Pisano and coworkers from human fibrin, and by
Matacic and Loewy from bovine fibrin. The result of all this is that despite
the fact that the isopeptide is resistant to proteolysis by proteolytic enzymes
the 1sodipeptide is degraded in vivo.

Deregulation of transglutaminases activity is associated with diseases,
including neurodegenerative diseases, neoplastic diseases, autoimmune
diseases, tissue fibrosis, and diseases related to the epidermis (Griffin et al.,
2002). Also, the addition of transglutaminases to food is associated with
inflammatory disorders in the intestine (coeliac response) (Gerrard and
Sutton, 2005).

Lorand (1996) commented on the relation between neurodegenerative
diseases and transglutaminases; he remarks the transglutaminase reaction
with neuron filaments that can impact unfavorably the function of the
neuron, the increase in reactivity of transglutaminases with repeated
glutamine residues similar to those found in several neurodegenerative
diseases, and the relation among Ca2* pumps, transglutaminases, and

Alzheimer and Huntington diseases. Nemes et al. (2001) reported that the
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1sopeptide is in high concentration in the cerebrospinal fluid of patients with
both Alzheimer’s and vascular type dementias; also, he found that aggregated
proteins may branch not only by N°—(a-glycyl)lysine or a-glycyllysine but also
by N°*—(y-glutamyl)lysine crosslinks as the one found between ubiquitin and

HSP27 or a-synuclein (Nemes et al., 2004).

Substrate Specificity of yGACT
For rabbit YGACT, Fink and coworkers (1980) found a Kum of 0.23 £+ 0.1
mM with N°—(y-L-glutamyl)lysine, compound (a). A similar Kyu value was

obtained by Bowser in 1997, (Km= 0.26 + 0.02 mM).

Glutamyl portion Amine portion
A A
r Y A
COyH
1 3 3 ninH )
(a
2 4 NH,

N&.(y-L-glutamyl)-L-lysine

YGACT acts on L-y-glutamylamines and is highly specific for the L-y-
glutamyl moiety, but its activity is not limited by the amide portion; this was
concluded when the protein was tested toward various y-glutamylamines and
related compounds (Fink et al., 1980 and Fink and Folk, 1981).

YGACT does not show activity toward any substrate such as formyl,

acetyl, aspartyl, glutaryl, or other ¢-lysine derivates, compounds (b), (c), (d),
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and (e), respectively. In contrast, Bowser found that y-GACT displays high
activity toward S-(n-butylcarbamyl)-L-cysteine, which is a substrate without

the y-glutamyl moiety, compound (f).

NH—¢-Lys NH—=¢-Lys NH, NH——-¢-Lys

H 0 0 HO,C 0

(b) N.-Formyllysine (c) N°-Acetyllysine (d) N®-Aspartyllysine

C HO,C_ NH,
L/E_S'Lys HN/I
0 S/KO

(e) N*-(y-Glutaryl)lysine (f) S-(n-Butylcarbamyl)cysteine

HO,

YGACT does not recognize as a substrate free glutamine, and vy-
glutamyl-p-nitroanilide i1s a very poor substrate, compounds (g) and (h),

showing specificity toward the y-glutamylamine linkage.

NO,

HO,C.NH, HO,C_ NH,
NH

(g) Glutamine (h) y-Glutamyl-p-nitroaniline
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The following y-glutamyl-a-amino acids did not show reaction with
YGACT: N%—(y-glutamyl)lysine, y-glutamylmethionine, and y-glutamyl-

glutamine, compounds (1), (j), and (k), respectively.

CO,H CO.H
HO,C_ NH, HN NH, HO,C _NH, HN
L/Lo L/LO s
(1) N*-(y-Glutamyl)lysine () y-Glutamylmethionine
COyH

HO,C._ NH
2 2 N

NH,

(k) y-Glutamylglutamine

Additionally, the glutamyl a-carboxylic and a-amino groups should be
free, as a requirement for cyclization; neither compound (I) N®-acetyl-N°-(y-
glutamylglycine)lysine methyl ester, where the a-carboxylic group of the
glutamyl is in a linkage, nor N*-acetyl-N°-(N-acetyl-y-glutamyl)lysine methyl
ester, where the a-amino group of y-glutamyl is liked, compound (m), showed
reaction with yGACT. Quite the opposite, the enzyme shows activity toward

N“%-acetyl-N*-(y-glutamyl) lysine methyl ester, compound (n), that is a
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substrate with both amine and carboxylic groups of the amide portion

blocked, which implies that the amino portion does not have to be free.

(0]

NH
HO,C~ N 2HN

H
0

(1) N*-Acetyl-N*-(y-glutamylglycine)lysine methyl ester

H
0 N CO,H
T/ \R/HIL
0

HO,C._ NH, /\
HN HN

0o

(n) N*-Acetyl-N*-(y-glutamyl)lysine methyl ester

Even more, the enzyme is highly stereospecific toward the L-glutamyl
isomer, since D-glutamylamines, like N°—(y-D-glutamyl)-L-lysine, compound
(0), 1s not a substrate of YGACT. But the enzyme is not stereospecific for the
amide portion of the substrate because N°~(y-L-glutamyl)-D-lysine, compound

(p), works as an excellent substrate, as well as other compounds.
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HO,C

NH, NH,

|||||||C02H
H

HInH
CO,H

(0) N*-(y-D-Glutamyl)-L-lysine (p) N®-(y-L-Glutamyl)-D-lysine

YGACT specificity toward the amide portion of the substrate is less
restrictive, since the enzyme shows activity toward y-glutamylamines when
the amide portion is dansylcadaverine, compound (q), methylamine,

compound (r), isobutylamine, compound (s), and others.

/
HO,C_ NH N
gule

H O

(q) y-Glutamyldansylcadaverine

HO,C NH, _~ HO,C._ NH
L/HNL | w
0 0
(r) y-Glutamylmethylamine (s) y-Glutamylisobutylamine

Bowser (1997) concluded that yGACT specificity is toward vy-
glutamylamines with unbranched and extended alkylamide chains, which
extend at least 4 carbons, and the first position (in compound (a), position 1)
1s not branched or occupied by a carboxylic group; consequently, the enzyme

does not react with y-glutamylamino acids.
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The specificity of the enzyme toward the different portions of the

substrate, and its significant inhibition by N°-glutaryllysine, compound (e)

and N°—(y-D-glutamyl)-L-lysine, compound (o), allow the design of active-site
inhibitors.

Inhibitors of yYGACT are requeired for the study of the enzyme activity,

with the final objective of elucidation of yGACT metabolic function in the

organism.

General Characteristics of Cyclotransferases and Related Enzymes

r-Glutamylamine Cyclotransferase (yYGACT)

From the work of Fink et al. (1980), Gowda (1985), and Bowser (1997)
it is known that yGACT is a soluble cytosolic protein with an optimum pH
between 6.8 and 8.5 and is inactive at pH 4. Rabbit yGACT was reported to
have a molecular weight of ~ 25,000 D, determined by size exclusion
chromatography (Fink et al., 1980); while, Gowda (1985) found a dimeric
molecule of 27,000 D and a pl of 6.15 for bovine yYGACT; she reported a Ku of
the enzyme reaction with N°—(y-glutamyl)lysine of 0.385 mM.

Instability of YGACT was observed during its purification by Bowser
(1997); diluted samples of YGACT were well behaved in Tris/HCI buffer, but
concentrated enzyme precipitated in Tris with loss of activity.

Fink and Folk (1981), observed that inhibitors of serine proteases do

not affect the activity of yGACT, the enzyme has no esterase or glutaminase
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activity, and activity i1s lost when the rabbit enzyme was treated with
sulfhydryl modifiers 5,5’dithio-bis(2-nitrobenzoic acid) and 4-
hydroxymercuribenzoic acid, but not with iodoacetamide, cysteamine, or N-
ethylmaleimide. Gowda’s (1985) treatment of bovine yGACT with
1odoacetamide gave a shift of activity from pl 6.15 to 7.10; she observed
inactivation of the bovine enzyme by treatment with iodoacetamide; she also
observed increase or decrease of activity by treatment with disulfide
compounds that can form disulfides with sulfhydryl groups of the enzyme.
This suggested the participation of sulfhydryl groups in the catalytic action of
the enzyme. Physiological disulfides such as homocysteine, oxidized
glutathione, and cysteamine, also tested by Gowda, may be the natural
disulfide activators of yGACT.

pH-dependence studies carried out by Gonzalez (2005) showed that
ionizable groups in the active site of rabbit YyGACT or in the N°®-(y-
glutamyl)lysine substrate were responsible for activity changes in the pH
range of 6.0 to 7.5 and 7.5 to 9.0. The presence of an imidazole ring of
histidine, a-amino group of the N-terminal residue, the g-amine group of
lysine, or the phenol ring of tyrosine residue are likely to be present in the
active site of the enzyme; the proposed mechanism is the one shown in figure

1.2.
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Figure 1.2: Proposed mechanism of yGACT action (Gonzalez, 2005)

r-Glutamylamino Acid Cyclotransferase (YGAACT)

In 1978, Taniguchi and Meister reported the presence of several forms
of YGAACT, distinguished by ion exchange chromatography and isoelectric
focusing, as modifications of 5 to 7 sulfhydryl groups. Two isoforms were
purified; both of them have molecular weights of 27,000 D, optimal pH of 7.5
to 8 in Tris/HCI, similar E1% of 13.1, and similar amino acid composition, but
pI’s of 4.6 and 5.1. However, reduction and alkylation of the mixture, using
dithiothreitol (DTT) and idoacetamide (IAA), gave a single protein of pl 4.6.
A conclusion of this work is that during the purification and storage the
enzyme is unstable and undergoes considerable changes in its physical and
catalytic properties.

For yGAACT, 4-hydroxymercurybenzoate inhibits an isoform of pI 5.1

but not one of pl 4.5; also, disulfides inhibit the activity of the isoform 5.1,
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while treatment with cysteamine causes its heterogeneity. In contrast,
disulfide compounds cause a decrease of YGAACT activity (Taniguchi and
Meister, 1978). Although, yYGAACT showed no inhibition by EDTA and a
metal does not seems to be necessary for catalysis, it has been reported that
its mechanism should be similar to that of QC base on the isotopic exchange
effect of the reactions catalyzed by each enzyme (Gololobov et al., 1994 and

York et al., 1984).

Glutaminyl Cyclase (QC)

Glutaminyl cyclase enzymes present good stability, which has allowed
their purification, cloning, and structural studies. The glutaminyl cyclase
enzymes from plant and human differ greatly in their structure, figure 1.3.
The crystal structure of the plant enzyme has an all-f conformation (Oberg et
al., 1998), while the mammalian enzyme has equal a and B structures.

For the human QC, Busby et al. (1987) found two isoforms of the
enzyme one with pl 5.7 and the other with pI 7.2. Human QC isoforms were
inhibited by ammonium (Fischer and Spiess, 1987) and by transition metals,
1,10-orthophenanthroline, and N-ethylmaleimide, but stimulated by EDTA

(Busby et al., 1987).
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Figure 1.3: Crystal structure of glutaminyl cyclase from A) human (Huang et
al., 2005) secondary structure obtained using the Swiss View 3.7
and B) plant (Wintjens et al., 2006)

In 1991 Pohl et al. reported that QC from different tissues showed
different sensitivity toward sulfhydryl reagents, metals, and salts. Finally,
Schilling et al. (2003) reported the human enzyme as a metallo-protein
requiring one zinc ion and two histidine residues for catalysis; although, the
enzyme was inhibited by 1,10-phenantroline but not by EDTA. Schilling et
al. (2003) said about the mechanisms of the human QC:

“it seems likely that a metal ion in the active site of
QC acts by polarizing the y-amide group of the
substrate glutaminyl residue, simultaneously
stabilizing the oxianion formed by the nucleophilic
attack of the a-nitrogen of the scissile y-carbonyl
carbon.”

Huang et al. (2005) published the crystal structure of the human QC;
showing that the zinc ion is tetrahedrally coordinated to water, histidine, and

the side chain oxygen of glutamate and aspartate; on the other hand,

aspartate and glutamate residues are needed for catalysis. Glu201
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deprotonates the substrate a-animo group while Asp248 binds the y-amide
group and Asp159 binds the metal that binds the y-carbonyl; the a-nitrogen
attacks the y-carbonyl and ammonia is released.

The proposed mechanism for catalysis of mammalian QC is shown in
figure 1.4; Glu201, Glu202, Asp159, and Asp248 in combination with one zinc
atom promote the intramolecular nucleophilic attack of the a-amino group on
the y-glutamylcarbonyl, forming a tetrahedral intermediate and followed by

the release of ammonia.

Glu201
Glu201 (0]
/L Peptid N ol ©
o epti e~N g
-0 Gln-peptide H
Asp248 O
Asp159.. Zn P Asp1s9. O NH2
Z'
H15330
‘61u202 His380 '61u202 >/’/\Asp248
H,0
pGln-peptide
Glu201

Glu201
Peptide L L
\ O
HN o

o0 Peptid H
epty e\
NH p NH2
) 74 o
Q Asp248 ?/\Asp248

Asplb9.. Aspl159..
°P “Zn NH3 Zn

His330 ‘§lu202 His330 'Glu202

Figure 1.4: Proposed mechanism for glutamyl cyclization by mammalian QC
(Huang et al., 2005)

Messer and Ottesen (1965) reported that the plant QC does not have a

catalytic metal because it was not inhibited by EDTA or 1,10-phenantroline;
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neither does it have catalytic cysteine residues because it was not inhibited
by iodoacetamide or mercuric chloride. Later, Wintjens et al. (2006) found
that plant QC has a zinc metal ion that does not participate in the catalysis
of the enzyme, and that the enzyme is slightly inhibited by tris buffer as a
competitive inhibitor.

Gololobov et al. (1994) found that the plant QC reaction does not go
thru an acyl intermediate but rather a concerted cyclization; an isotopic effect
of same magnitude as the one observed for human YGAACT was observed by
York and coworkers (1984) for plant QC. In a comparison of the human and
plant QC, the role of Glu201 is conserved, but the action of zinc in the enzyme
from humans is undertaken in plants by Lys225 with the participation of
Glu24 and Aspl155 side chains (Wintjens et al., 2006), as observed in figure

1.5.

o
Asp69 H.N 0
O / ’ )L

NH, H,N
Asnl155 \\
Lys225

Figure 1.5: Proposed interactions of active site amino acids of plant QC and
substrate (Wintjens et al., 2006)
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yGlutamyl Transpeptidase
Iodoacetamide inactivates yGTP, although it only possesses a single
free thiol that when replaced by alanine or serine results in fully activity of
the enzyme (Ikeda et al., 1995a). Modification of the enzyme by iodo[!4C]-
acetamide showed the labeling of Asp422 (Smith and Meister, 1995).
Phenylglyoxal, which modifies guanidino groups, inactivates the enzyme by
modifying Argl110 (Stole and Meister, 1991). Mutation of Ser451 or Ser452
results in loss of activity (Ikeda et al., 1995b). Taniguchi and Ikeda (1998)
reported that the binding of the human yGTP could involve Asp423, Argl07,
and Ser 451 and Ser452, where serine residues can act in two possible ways
as nucleophile or as components of an oxianion hole for the stabilization of
the transition state; these structures are shown in figure 1.6.
Figure 1.7 shows the crystal structure of two of the subunits of the

tetrameric enzyme.

Transglutaminases

Alkylation of the active site thiol group of Factor XIIIa affects the total
activity of the enzyme (Seelig and Folk, 1980). The formation of N°®-(y-
glutamyl)lysine linkage by transglutaminase requires the formation of an
intermediate thioester (Folk, 1983). Transglutaminase has a catalytic triad
similar to cysteine proteases, but instead of cleaving, the enzyme links

polypeptides.



Figure 1.6: Possible binding of y-glutamyl substrate by yGTP (Taniguchi ad
Ikeda, 1998)

Figure 1.7:

?
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Serine as nucleophile
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Crystal structure of yGTP dimer with glutamate substrate
(Structure 2DG5) (From Okada et al., 2006)

23



24

The crystal structure of one of the subunits of the dimeric
transglutaminase blood coagulation Factor XIII is shown in figure 1.8.

The mechanism of action of Factor XIII is as shown in figure 1.9; the
thiol group of Cys314 attacks the y-carbonyl of the glutamyl reactant;
ammonia release reforms the carbonyl of the reactant forming a thioester
intermediate that now is attacked by the g-amino group of a peptide bound
lysine residue reactant; the product is released by the reformation of the

carbonyl and release of the enzyme thiol group (Pedersen et al. 1994).

Figure 1.8: Crystal structure of Blood Coagulation Factor XIII
transglutaminase (monomer) (Structure 1GGU) (Fox et al.,
2000)
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Figure 1.9: Proposed mechanism for Factor XIII transglutaminase reaction.
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Pyroglutamidase
The purification of pyroglutamidase was initially attempted by
Doolittle and Armentrout (1968); nonetheless, the difficulties in this work
hindered the purification of the enzyme for several years. Pyroglutamidase is
a cysteine protease; the mechanism of cleavage of the 5-oxoprolyl residue by
pyroglutamidase involves the formation of an intermediate thioester. The
recognition of the substrate (pyroglutamyl-peptide) by pyroglutamidase
requires the formation of two hydrogen bonds with the main chain of the
enzyme; the hydrogen bonds help to orient the pyroglutamyl residue for
Cys144 attack. A hydrophobic pocket formed by Phel0, Phel132, Thr45, 11e92,
Prol142, and Vall43 seems to be essential for catalysis (Ito et al., 2001). The

crystal structure of pyroglutamidase is shown in figure 1.10.

Figure 1.10: Crystal structure of pyroglutamidase (Structure 1AUG)
(Odagaki et. al., 1999)
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General Observation of Enzyme Characteristics

What is known about enzymes depends on the facility of their
purification, which in turn depends on the stability of the enzymes; for
example, for pyroglutamidase Doolittle and Armentrout (1968) said; “Further
purification attempts have been hindered by the instability of the more
purified enzyme preparations.” Structural and genetic studies on yYGAACT
and YGACT have not been done because these enzymes have not been
purified due to their instability.

About yYGAACT, Orlowski and Meister (1973) said:

“The possibility that there are different y-glutamyl
cyclotransferases exhibiting different substrate
specificities must be considered, but the present
findings indicates that the occurrence of the
enzyme modification during purification presents a
serious complication that would hinder studies on
this point.” “It would appear that purification and
study of the native y-glutamyl cyclotransferases
must await the development of procedures that will
minimize or prevent altogether enzyme alteration
of the type observed here”

Partially purified enzyme can be use to study some properties and for
kinetic studies as long as the contaminants present do not alter the catalytic
activity of the enzyme. Tables 1.1 and 1.2 summarize the characteristics of
the cyclotransferases and their related enzymes.

The fact that yGAACT substrates are not yGACT substrates

demonstrates that they are indeed two different enzymes.
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CHAPTER TWO

Purification

Purification Considerations

During the initial steps of purification of proteins, they may be
attacked by proteolytic enzymes; in consequence, the early steps of protein
purification should be carried out at low temperature, where proteases are
less active and as fast as possible to prevent degradation. Hence, the initial
techniques employed should allow the handling of a high amount of sample
and quick processing at low temperature; later, smaller amounts of proteins
with similar characteristics to that of the target protein are recovered.

The best strategy for purification is the one that combines resolution,
capacity, speed, and recovery in the minimum number of steps. In general,
the first steps are capture or gross purification with the objective of isolation,
concentration, and stabilization of the proteins; critical in these steps are
speed and capacity because the quick handling of high amounts of sample is
required. Intermediate purifications have as an objective the removal of most
of the bulk impurities; the most important considerations in these steps are
resolution and capacity. Finally, polishing steps are carried out to remove
those contaminants with similar characteristics to those of the protein of

interest; these steps should allow the handling of small amounts of sample
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looking for the best resolution and recovery. The protein is considered pure

when no extra purification can be obtained by more powerful techniques.

Native vs Recombinant Protein Purification

Purification of protein from its natural source is complicated because
the target protein is present at a very low concentration and all other
proteins are potential contaminants. Purification of recombinant proteins is
much easier because the target protein is expressed in a simpler organism
like yeast or bacterium, where less contamination can be found. The usual
target of 1000-fold purification of native proteins can be decreased to 100-fold
purification for recombinant proteins (Stein, 1991).

Recombinant proteins are obtained by introduction of their genes in
the genome of the simpler organism, which will express those recombinant
genes as if they were its own genes. The target protein can be conjugated
with another known protein to be separated on the basis of the affinity of the
second protein, and sometimes the target proteins can be over expressed in
those organisms.

For example, in the purification of human sphingosine kinase (SK)
done by Pitson and coworkers (2000) the native purification employed a 13-
step long procedure including enzymatic digestion, centrifugations,
ammonium sulfate precipitation, dialysis, and a combination of seven
chromatography columns. On the other hand, the recombinant protein was

purified in a 6-step long procedure; SK was conjugated with glutathione S-
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transferase (GST-SK), extracted from cell lysate in a GSH-Sepharose 4B, and
eluted out using glutathione; GST-SK was cleaved using thrombin and

separated in 2-column steps.

Tracking yGACT During Purification

Given that yGACT is an enzyme, it is followed during the purification
steps by observation of one of the products of the reaction that the enzyme
catalyses. Qualitative and quantitative procedures, developed by Fink and
coworkers (1980), are used to track the enzyme. The quantitative method
quantifies the amount of lysine released in the reaction of YGACT on N°—(y-
glutamyl)lysine (reaction 2) during 15 min at 37°C. The amount of lysine
released by the reaction of YGACT on N°—(y-glutamyl)lysine is used to define
the activity of the enzyme; one unit equals one micromole of lysine produced
per hour of reaction at 37°C.

In parallel, others assays are carried out for enzymes that can interfere
with yGACT activity measurement. Yet, N°—(y-glutamyl)lysine is also a
substrate for y YGTP; the presence of this enzyme is monitored by tracking

the formation of products from their specific substrates.

yGACT Purification Procedures
In brief, the purification done by Fink and Folk (1983) consisted on the
homogenization of rabbit kidney tissue in sucrose solution by breaking open

the cells mechanically; then ultracentrifugation is employed to separate the
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soluble proteins from the insoluble cell material and organelles. The
supernatant, which contains yGACT, is introduced onto an anion exchange
chromatography column in order to remove those proteins with pl values
different than that of yGACT; a DEAE cellulose matrix is used; this step is
fast and large amount of sample can be introduced in the column. The
fractions that show activity are pooled together and precipitated using
ammonium sulfate; proteins precipitated this way are stable. The
purification gave ~250-fold purification; the obtained protein had a specific
activity of 32 U/mg and the total yield of the purification was 7 %.

Gowda (1985) worked with the bovine enzyme; she added a size
exclusion chromatography step on Sephadex G100 and G50 in order to
discard those proteins with molecular masses different than that of yGACT
and an isoelectric focusing step after lyophilization and dialysis of the protein
after size exclusion chromatography. The purification gave ~900-fold
purification; the obtained protein had a specific activity of ~300 U/mg and the
total yield of the purification was ~1%. Not enough protein was recovered for
further studies.

Bowser (1997), working with the rabbit enzyme, used a similar
purification to that of Fink and Folk (1983) and the size exclusion from
Gowda (1985) with the addition of ion exchange and size exclusion

chromatography on Mono Q and Superdex HR 75 columns, respectively.
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Recovery and purification gained by those last chromatography columns were

Very poor.

Considerations for the Purification of Unstable Proteins

The removal of sensitive proteins from their physiological environment
into an artificial environment during purification can have a negative effect
on the protein stability. In order to retain this stability, chemical factors like
pH, ion strength, reducing conditions, cofactors, protein concentration, as
well as physical factors like temperature, time, surface effect, and pressure,
have to be taken into account in the design of a purification protocol.

Although the main goal for purifying a protein is to remove all other
proteins, contaminant proteins are needed sometimes. During the early
steps of purification proteases are the principal threat for the target proteins,
and other contaminants can act as competitive protease inhibitors; also,
additional proteins are sometimes added to the pure protein in order to
mimic the environment of the cell. Moreover, pure protein in low
concentration can easily be lost by absorption onto surfaces; in this case a
contaminant protein prevents this loss by coating the surface of the vial.

The stability of the protein in an immobilized state is also important.
The addition of sugars to proteins before lyophilization has proven to
preserve the native structure of proteins in the absence of water molecules.
Chang et al. (2005) showed that the stability of the protein correlates with

the conservation of its native structure. There are two hypotheses for the
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stabilization effect of sugars on sensitive proteins: the kinetic “glass dynamic
hypothesis”, which states the formation of a rigid matrix where the protein is
limited in mobility minimizes unfolding attempts; and the thermodynamic
“water substitute hypothesis” that states the formation of specific hydrogen
bonds on the surface of the proteins replaces the thermodynamic stabilization
from the lost water molecules.

The stabilization of proteins is even more challenging when the
unstable proteins are subjected to separation by chromatography. Kaufmann
(1997) analyzed the effect of some chromatography parameters on the
stability of proteins, showing that the purification is compromised by the
stability of the protein.

While enzymatic activity is minimized by working at temperatures
close to 4°C, backpressure is increased and diffusion is decreased for
chromatography separations, causing the decrease of flow rate and the
increase of elution time. Pressures like in a FPLC separation showed no
negative effect on the stability of proteins; however, pressures in
centrifugation can cause inactivation, especially in a complex of proteins.

The composition of the buffer for separation depends on the nature of
the solid matrix and the stability of the protein. Salt concentration should
prevent non specific interaction with the matrix and avoid salting out of the
protein. Reducing agents prevent oxidation, and while they can help to

maintain the native structure of proteins by preventing the formation of
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disulfide bridges, they can also disrupt disulfide bridges required for the
native structure. Osmolyte additives such as sugars, polyols, amino acids,
betaines, and ectoines (figure 2.1), which are neutral, highly soluble in water,
and do not interact with the proteins, oppose the unfolding and denaturation
of proteins (Galinski, 1995) by inducing the formation of better clusters of
hydration because proteins will tend to hydrate more in order to avoid

contact with these osmolytes (Gekko and Timasheff, 1981).
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Figure 2.1: Organic osmolytes (Galinski, 1995)

Chromatography Improvements
Capture of charges is the basis of separation in ion exchange

chromatography. In this technique the matrix is modified with an ion
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exchanger group that confers the solid support with a net charge, so ions of
opposed charge will bind to the solid support and ions with the same charge
as the solid support will pass through unretained.

The elution of the retained ions i1s obtained by increasing the
surrounding ionic strength or by changing the pH. By increasing the ionic
strength the interaction between the retained ions and the matrix is no long
the most favorable; by changing the pH amphoteric molecules will change
their charge and be repelled from the solid support.

When purifying proteins, their charge is determined by the pH. If the
pH 1is below a protein’s isoelectric point (pI), the protein will be charged
positively because both acidic and basic groups will be protonated. On the
contrary, if the pH is above a protein’s pl, the protein will be negatively
charged because acidic and base groups are deprotonated.

The original ion exchange column employed for the purification was
base on a cellulose matrix; the one proposed in this work is Sepharose. The
Sepharose matrix offers better attachment for substituents than cellulose
(Baeseler et al., 1992). Cellulose matrices have poor flow capacity due to
their irregular shape, while Sepharose media, based on cross-linked chains of
agarose, have the advantages of better capacity, faster flows, and lower non-
specific adsorption. For the anion exchange in the first chromatographic

step, the matrix is modified with the anion exchanger diethylaminoethyl

(DEAE).
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Mono Q is a matrix employed for anion exchange chromatography; the
solid support is made of monodispersed, rigid, polystyrene/divinyl benzene
particles. The matrix is modified with quaternary ammonium (-O-(CHby)-
N*(CHs)3); because this exchanger is not capable of exchanging a proton, the
pH is not altered due to the salt changes during elution; this kind of
exchanger is called “strong”. In contrast, DEAE exchanger (-O-CH2CH2N*H-
(CH2CH3)2) that can exchange a proton with the buffer is called “weak”
because the pH can suddenly vary with ionic strength changes.

Mono Q has a great resolution power; it has been extensively employed
for the purification of very similar proteins; for example, different forms of
protein kinase C from rabbit platelets (Pelech et al., 1991) were resolved by
Mono Q, as well as, the subunits of cytochome C oxidase (Liu et al., 1995).

Since ion exchange chromatography is a capture technique, it shows
two great advantages: a large volume of diluted sample can be loaded before
inducing elution and flow rates can be fast. Quite the opposite, size exclusion
chromatography is not a capture technique because the molecules do not bind
to the solid support and are always moving with the flow rate.

Size exclusion chromatography, or gel filtration chromatography, is
based on the ability of particles to enter the pores of a solid support; this
ability is inversely related to their sizes; the bigger the particles the less they
will be retained in the pores of the solid support. Hence slow flow rates are

required to allow the small particles to be held in the pores of the solid



39
support and be separated from the bigger particles that have to pass through.
Also, because slow flows are required, small volumes of samples are required
to prevent cross diffusion.

Sephadex matrices employed in the original purification are cross-
linked dextran by reaction with epichlorohydrin, while Sephacryl is actually
a composition of two polymers, cross-linked support dextran with N,N’-
methylene bisacrylamide. This more developed matrix can maintain faster
flows. In addition, Sephacryl present more resolution power than Sephadex

and is still appropriate for large scale work.

Isoelectric Focusing

Isoelectric focusing (IEF) i1s a separation technique based on the
migration of amphoteric molecules in an amphoteric gel under an electric
field. In this technique, amphoteric buffers in a large range of pHs called
ampholites are prepared in a gel, generally polyacrylamide.

To generate the amphoteric gel, acidic and basic strips are placed on
opposed ends of the gel; the acidic end will support the positive electrode
(anode), and the basic end will support the negative electrode (cathode).
When a voltage is applied, all ions will move toward their opposite charges;
cations will move toward the cathode, and anions will migrate toward the
anode. In their way, ampholites will pick up H* or OH- and become neutral,
so they will remain steady, giving that position a specific pH.; in conjunction

ampholites will grant the gel with a continuous pH gradient, increasing from
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anode to cathode. Similarly, for the separation of a mixture of proteins, these
are loaded onto the ampholyte gel; because proteins have specific charges
determined by the pH, they will migrate toward their opposed charge when
the voltage is applied. In their way, proteins will pick up H* or OH- and
become neutral. Any attempt to migrate farther or its way back will grant the
protein a charge that forces it to return to its isoelectric point; this is the
infamous focusing effect.

In 1961, Svensson invented IEF as a preparative technique. This
technique evolved as an analytical tool into two dimensional electrophoresis
(O’Farrell, 1975) with isoelectric focusing on an immobilized pH gradient
(Bjellgvist et al., 1982). IEF has been employed as an analytical and
preparative technique for the separation of the most similar mixtures
(Radola, 1973); it can separate proteins that differ only in 0.01 pI units
(Righetti and Bossi, 1998). IEF shows how a target protein and its
contaminants behave under different pH’s; consequently, the technique can
be employed to predict the optimal conditions for the separation of proteins in
ion exchange chromatography (Haff et al., 1983). In the work of Lindblom
and Axio-Fredriksson (1983) they separated urine proteins on a Mono Q

column after finding optimal conditions for separation by IEF.



CHAPTER THREE

Sequencing of Proteins

Cyclotransferase and Genetics

For yGACT nothing is known about its gene. On the contrary,
structural and genetic studies on glutaminyl-peptide cyclotransferase are
advanced; the bovine (Pohl et al., 1991), human (Song et al., 1994) and plant
(Dahl et al., 2000) enzymes were cloned and expressed. Several amino acid
sequences of the enzyme from animals, plants, and bacteria have been
deposited at the GenBank. yGAACT’s alleles were found in the chromosome
6 of mouse (Tulchin and Taylor, 1981); however, its primary structure has not

been reported.

From the Protein to Its Gene

In order to find a gene, the order in which the amino acids of a
polypeptide are linked must be known because this is what is related to the
DNA sequence of the gene that produces the polypeptide. The searching of a
gene is done by reverse translation of the protein amino acid sequence into
the corresponding mRNA, and reverse transcription of the latter into the
complementary DNA (cDNA). However, transcription and translation are not
conservative processes, figure 3.1; this means that by knowing the amino acid
sequence of a protein only a probable paternal DNA can be guessed.

Fortunately, at least one of the putative DNAs will find a match in the known

41
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genome. YGACT gene should be available for production of recombinant

YyGACT.
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Figure 3.1: Transcription and translation are not conservative processes

The sequence of the whole protein is not usually required; a sequence
of 6 to 10 amino acids long is needed in order to propose the possible cDNA
and identify a gene. With this little sequence of amino acids the possible
paternal ¢cDNAs are proposed, and bioinformatics searches are started in
order to find the gene in the bovine genome that originates YGACT. If the
gene 1s found, then a library with this gene can be bought or prepared, and
the nucleotides for screening of the library can be fabricated; the YGACT gene
can be amplified using the polymerase chain reaction (PCR), inserted in a cell
and expressed in a future work. In this scene, a relative large amount of

protein can be obtained for structural and functional studies.
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Sequencing Techniques
Sequencing of pure proteins is done in two ways: Edman degradation
or de novo sequencing mass spectrometry. The first one is believed to be
more accurate because amino acid resides are analyzed consecutively;
however, sequencing by mass spectrometry can be more sensitive, can cope
better with protein mixtures and N-terminal modified proteins, and requires

minimal assistance of genomic information (Standing, 2003).

Polypeptide Sequencing by Edman Degradation

Edman degradation, named after its inventor Perh Edman (Edman
and Begg, 1967) uses phenylisothiocyanate to form a phenylthiocarbamyl
aduct (PTC) with primary amines in mildly alkaline conditions; the PTC
product is treated with anhydrous, strong acid that only cleave the N-
terminal residue as a thiazolinone amino acid but does not hydrolyze the
other residues of the polypeptide. The derivatized amino acid is extracted
Into an organic solvent and converted into a stable phenylthiohydantion
(PTH) amino acid, which can be identified by comparison with PTH-amino
acid standards using HPLC with UV detection. The polypeptide can be
treated successively with the same method for determination of its sequence;
this method has been automated. The Edman degradation cycle is shown in

figure 3.2.
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Figure 3.2: Edman Degradation reaction

The requirement for Edman degradation sequencing is a free N-
terminal. However, almost all cytosolic proteins are blocked at their N-
terminus (Brown and Roberts, 1976). To check for a free N-terminus the
whole protein is subjected to dansylation that labels only free primary
amines, and hydrolysis that releases the free amino acids; then, the
individual amino acids are resolved by HPLC and detected by fluorescence;

only the free terminal amines are observed, except for N-g-dansyl lysine.
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If no amino acid is observed to be dansylated, then probably the N-
terminal is blocked by one of the following groups: N-a-pyrrolidone carboxyl
or N-a-acyl; these groups can be removed but the procedure will reduce the
final yield. In case of N-terminal blockage it is best to do internal
sequencing; this is enzymatic or chemical fragmentation of the protein

followed by separation and sequencing of the individual fragments.

Trypsin Digestion of Proteins
The cleavage of proteins into their fragments can be done chemically
using special reagents as cyanogenbromide or enzymatically using enzymes

like trypsin. Reaction 5 shows the action of trypsin on a polypeptide.

N .
%LN Trypsin . OH + H,N -
H H

Scissile peptide bond R; is a positively charged group: Arg, Lys
R5 1s not Proline
Mass Spectrometry Sequencing of Proteins
In turn, mass spectrometry sequencing can be done in two ways: the
“Top-Down” or the “Bottom-Up” approaches (Kelleher et al., 1999 and Reid
and McLuckey, 2002). In the Top-Down approach intact protein is introduced
in the mass spectrophotometer and is pulled apart into fragments. The

bottom-up approach individual polypeptides obtained from chemical or
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enzymatic digestion the protein are introduced in the mass spectrometer. In
both approaches the identification of the protein can be done by comparison
of the fragments masses with databases or by de novo peptide sequencing.

For de novo peptide sequencing in mass spectrometry (Hunt et al.,
1986), polypeptides of fragments are fragmented in a tandem MS/MS at low-
energy, so that a limited number of ions are obtained, generally breakage of
the peptide bond. The sequence of the peptide is found by matching the
differences of masses among peaks with the standard masses of the amino
acids. For example in the spectrum shown in figure 3.3, the difference of
mass between the peak 813.0 and 684.2 is 128.8, which is the mass of
glutamic acid; the difference of the peak 684.2 and 627.8 is 56.4 that
corresponds to the mass of glycine; because the observed peaks are the c-
terminal ions, the sequence gly-glu can be concluded. Obviously the mass
difference between 684.2 and 642.6 that is 41.6 does not correspond to the
mass of any amino acid, so the fragment 642.6 should be compared against
other fragments.

Nonetheless for protein identification using mass spectrometry
sequencing of the individual peptides is not always necessary if the genome of
the target protein is known. Peptide mass fingerprinting is a technique that
in silico compares the mass fragmentation pattern of a digested protein by a
specific protease with the predicted mass pattern of the protein obtained by

computational translation of the genome and digestion with the same



47

protease (Griffin et al., 1995). The disadvantage of this method is that the

peptide map of the protein of interest has to be in a database.
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Figure 3.3: Mass spectrum of [Glul] fibrinopeptide B, used as standard for
the verification of MS/MS performance; the masses of the C-
terminal fragments are shown in the top sequence (Yates, 1996)
Gene Search
As soon as part of the primary structure of a protein is identified, the
searching for similarities is the next step. If the protein can be explained as

of contamination, the sample can be discarded, and further useless work be

prevented; on the other hand, the protein and its purification would be
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validated if the protein is found to match with similar proteins of other
organisms.

A look to the genome-translated proteins can also be useful in
discriminating a putative gene. The correlation between the properties of
these model proteins and the actual properties observed during purification
and study of the protein can be use to narrow down the list of possible genes.
For example if one of the model proteins has a transmembrane sequence this
should be discarded if the actual protein is a cytosolic one. Similarly,
molecular mass, amino acid composition, and post-translational modification
are properties that can be employ in discriminating possible genes.

The Basic Logical Alignment Search Tools (BLAST), introduced in
1990, 1s a program based on an algorithm to compare a sequence in a
database, looking for similarities of the query sequence by alignment of
portions of the query and database sequences; it is able to compare amino
acid sequences against a protein database, nucleotide sequences against a
nucleotide database, all reading frames of a nucleotide sequence against a
protein database and vice versa.

When the genome of the organism is poorly known, scientists not only
have to sequence the protein, but also the DNA in order to propose the gene.
The bovine QC sequence was determined by Pohl and coworkers in 1991.
Using Edman degradation of the pure protein, they found a 28-peptide long

N-terminus; they prepared a cDNA library from the RNA purified from the
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same cells in a Agtll vector with the librarian XI kit from Invitrogen. The
cDNA was expressed in COS-7 cells in a pCDMS8 vector. The enzyme was
extracted from the cells 48 hours later. Based on the sequence of the N-
terminus, the following oligonucleotides were proposed 5-GG(C/G/T/A)-
GC(T/C)-GT(GC)-GA(T/C)-TGG-AC(A/C)-CA(A/G)-GA(A/G)-AA(A/G)-AA(T/C)-
TA(T/C)-(C/A)G(G/A)-CA(A/G)-CC(T/C)-GC(C/T)-CT(G/C)-CT-3’; the library
was screened with the nucleotides, and the positive clones were isolated,
subcloned and sequenced. No matches of this sequence were found in the
databank at the time, so they proposed the gene. The whole sequencing of
the cloned DNA allows them to find the gene of QC in the bovine genome.

Nonetheless, if the genome of the organism is known the actual gene
can be used to design the cloning and amplification experiments. The Bos
taurus sequencing project is being led by researchers at the Baylor College of
Medicine Human Genome Sequencing Center and the Genome British
Columbia Sequencing and Mapping Platform at the British Columbia Cancer
Agency (BCCA); a first draft of this genome was made public in October 2004.
The bovine genome is similar in size to the genomes of human and other

mammals, with an estimated size of 3 billion base pairs.



CHAPTER FOUR
Design of an Affinity Column for YGACT based on the
Glutarylhexylamine Inhibitor
Affinity Chromatography

Chromatography separations are based on the differences of the
individual interactions of the analytes with the solid support and the mobile
phase under given conditions. These interactions are generally physical, but
in affinity chromatography these interactions are based on chemical and
biological properties of the molecules and their ligands; some common
interactions employed in affinity chromatography are antigen-antibody,
hormone-receptor, lectin-polysaccharide, nucleic acid-complementary base,
and enzyme-substrate.

There are two requirements for a suitable ligand in affinity
chromatography: the ligand should have a chemically modifiable group that
allows its attachment to the solid support and must exhibit a reversible
binding of the analyte. In the present work, the interaction of enzyme with
substrate is fundamental to the affinity chromatography. Nonetheless, the
enzyme substrate can not be used because this reaction is not reversible, so a
reversible inhibitor of the enzyme is employed.

The process of separation (figure 4.1) can be described in two phases:

first, capture of the enzyme and wash out of contaminants; second, elution
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and recovery of the enzyme. In the first step the conditions are so that the
binding of the enzyme to the ligand is promoted, binding step; in the second
step the conditions are changed to promote elution of the enzyme, elution

step.

Sample loading Wash Elution

A ) N\GE/

- - L
i ! 0

Figure 4.1: Separation by affinity chromatography

Reversible Inhibition
The following figure (4.2) shows the reactions of an enzyme with its

substrate in the presence of a reversible inhibitor.
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ES —=2 > P+E

EI+S —> Noreaction
Figure 4.2: General scheme for inhibition; where, E = Enzyme, S= substrate,

I = inhibitor, P= product, and EI and ES are the complexes
enzyme-inhibitor and enzyme-substrate, respectively.

For this system without inhibitor when k.;>>k2, this is for initial

velocity steady state conditions under rapid equilibrium

[E][S]

Ky = ES] D
AV

k =1 11

“ [El, i

where Ku represents the concentration of substrate at which the velocity of
the reaction equals a half of the maximum velocity; thus, a small Ky means a
an efficient reaction. The catalytic constant, kcat, 1s called the turnover
number because it represents the maximum of substrate molecules converted
to product per active site per unit time; hence, a high k..t correspond to a fast
reaction. The specificity constants kc.t/Km relates the reaction rate to the
concentration of actual free enzyme and determines the specificity for
competing substrates, so the higher the kc.t/Ku the better is the competing

substrate for the enzyme.
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When a competitive inhibitor is present, equation (III) describes the

dissociation constant for the enzyme inhibitor complex

K. =2l (I11)

A smaller K; means a higher [EI], which is better inhibition. This is very
important when the inhibitor is to be used in wvivo, because a high
concentration of inhibitor can cause parallel reactions in other pathways.

For an affinity column the dissociation constant of the enzyme-
inhibitor complex (K;) should be in the range of 104 to 108 M during the
capture step; a greater K; will offer weak interactions with no retention of the
enzyme; while, lower Ki’s will be too strong an interaction that the conditions
required for elution will most likely inactivate the enzyme. During the
elution step K; should increase close to 102 M by changing external
parameters like pH, temperature, or ionic strength. In many cases a stronger
competitive inhibitor can be used to displace the enzyme from the solid
support.

For the determination of the kinetic constants Ki, and Kwu, the
Michaelis-Menten description of enzyme kinetics is employed assuming that
the enzyme is the only catalyst of the reaction and there is no cooperativity or
allosteric regulation, there is no spontaneous formation of products, sub

product formation, or accumulation of products. The substrate is in a larger
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concentration than the enzyme, so the enzyme-substrate complex is not
altered by the consumption of the substrate.

For the determination of the Kj, the reaction velocity is measured at
different concentrations of substrate and inhibitor; based on the double-
reciprocal form of the Michaelis-Menten equation or the Lineweaver-Burke
equation, equation IV; the reciprocal velocities are plotted against the
concentration of substrate (figure 4.3) to obtain an apparent Ky, which

includes the inhibition constant as expressed in equation (V).

1 K, 1 1
- _ — I
V max X[S]+ max (V)
I
Kapp = KM + KM % (V)

From equation (V) K; can be obtained by plotting the different Kapps
obtained at different concentrations of inhibitor against the concentration of

inhibitor, figure 4.4.
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Figure 4.3: A) Michaelis-Menten plot, B) Lineweaver-Burke plot

K, app

vm ax

K 0 [1]

Figure 4.4: A) Kipp vs inhibitor concentration plot for the determination of K;
for competitive inhibition



56
yGACT Inhibitors

Compounds that resemble the substrate but can not be turned over
may be competitive inhibitors of the enzyme. Inhibitors of YGACT were
studied by Bowser (1997); he concluded that compounds that mimic a cyclic
intermediate formed during the catalytic reaction of yGACT are potential
inhibitors; in addition, the removal of the a-amino group of the glutamyl
portion of the substrate allowed interaction at the active site, increasing
inhibition power.

When N°—(y-glutaryl)lysine (compound e) is the inhibitor and N°—(y-
glutamyl)lysine (compound a) is the substrate for yGACT, competitive
inhibition was observed giving a graph similar to figure 4.4 with an inhibition
constant (K;) of 30 x106 M. Based on these results alkyl analogs of N°—(y-
glutaryl)lysine are proposed as good inhibitors of the enzyme; the inhibitor
chosen for this work is glutarylhexylamine (compound t) with the objective of
making an affinity column. It must be remarked that glutarylhexylamine
lacks the a-amino group required for cyclization of the of the glutamyl
moiety; in consequence, the enzyme will bind the molecule but will not be

able to turn it over.
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(a) N°-(y-Glutamyl)lysine (t) Glutarylhexylamine



57

Since the kinetic constants are expected to be similar to that of N°—(y-
glutaryl)lysine, the kinetic assay of this inhibitor follows the assay done by
Bowser (1997). It must be noted that the dissociation constant of the enzyme-
inhibitor interaction is expected to increase when the inhibitor is bound to a

solid support (Graves and Wu, 1974).

Glutarylhexylamine Affinity Chromatography Column

Glutarylhexylamine attached to a solid support can be obtained by
modification of the Amersham commercial affinity matrix EAH Sepharose
4B, which is made by the covalent linkage of 1,6-diaminohexane to Sepharose
solid support using an epoxy coupling method, see Appendix A for the
characteristics of this matrix. This matrix possesses a hexylamine derivative
arm spacer to which the glutaryl portion of the inhibitor can be attached by
reaction of the amine terminus of the arm spacer and glutaric anhydride, as
shown in figure 4.5.

It must be recalled that the enzyme shows less restriction for the
amide portion of the substrate, so the connector portion between
glutarylhexylamine and the Sepharose matrix (-CH2-CH(OH)-CH2-O-) is
expected not to influence the enzyme-inhibitor interaction to a major extent.

The coupling is monitored by observing the disappearance of free
amine group using the fluorescamine reagent. The coupling can be obtained

by the method of Bethell et al (1979) using a carbodiimide molecule to
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activate one of the reactant groups, or by direct reaction of the anhydride and
the amino group.

After attachment of the ligand, the stability of this must be
characterized. Ligand leaching is a problem even with the most sophisticated
coupling methods; non-covalent binding of the ligand, protein degradation,
support degradation, and bond solvolysis contribute to the detachment of the
1mmobilized ligands, even by peptide bonds (Sudesh et al., 1997). In this
particular case the whole ligand, glutarylhexylamine, will not be lost, but
only the glutaryl portion will leach. The workable pH and temperature range
as well as the presence of additive will affect the lifetime of the attached

ligand.

Purification of yGACT in Glutarylhexylamine Sepharose 4B
The separation in affinity chromatography is straightforward, just
binding of the target molecule, when contaminants are washed out followed
by elution of the target molecule. Conditions for binding must be found; the
most desirable procedure for elution is the one that promotes elution of the

protein just by adding salt and not other additives or competitive inhibitors.
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Glutarylhexamine affinity column
Figure 4.5: Coupling reaction for the production of a glutaryl-hexylamine
affinity column for yGACT
The development of an affinity column for yGACT not only will make
the purification easier but also physical chemical properties of the inhibition

can be studied.



CHAPTER FIVE

Statement of Purpose

In the study of proteins the feasibility of protein purification limits
what can be known. Nevertheless, during the purification valuable
information can be obtained about protein properties that can be used to
design better purification methodologies; for example, often the catalytic
activity of enzymes can be studied with a partially purified protein as long as
there 1s no interference from contaminants. When the purification of a
protein from a direct source is too difficult, the tendency is to express the
protein in a simpler organism; however, this requires the genetic information
of the protein, a knowledge that is most readily obtained when the protein is
pure.

Particularly difficult in its purification is y-glutamylamine
cyclotransferase (yGACT). Partially purified bovine yGACT was obtained
using techniques like preparative ultracentrifugation, anion exchange and
size exclusion chromatography, ammonium sulfate precipitation,
electrophoresis, isoelectric focusing, ultrafiltration, and lyophilization (Fink
and Folk, 1983; Gowda, 1985; Bowser, 1997). Despite numerous attempts,
YGACT has never been purified to homogeneity in sufficient quantities for
further analysis. The information gained during the purification, mainly in

the polishing steps, is used to obtain the pure protein.
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The main objective of this work is to obtain electrophoretically pure
protein YGACT in single band observed by SDS-PAGE. This will be done by
improving the existing purification methodology on the basis of the
information obtained during the initial purification of the enzyme.

For this work, the purification procedure is similar to that of Fink and
Folk (1983) with contributions from Gowda’s (1985) and Bowser’s (1997)
procedures. The following improvements are added to the purification
procedure: first, chromatography columns are more powerful, DEAE-
Sepharose instead of DEAE cellulose and Sephacryl S100 instead of
Sephadex G100 or G50; second, optimization of intermediate purification
steps using Mono Q column for ion exchange chromatography; and finally,
isoelectric focusing and SDS-PAGE. Handling among techniques is
minimized by using electroelution, cell ultrafiltration, and lyophilization. An
electrophoretically pure enzyme is the highest purity that can be obtained
using these techniques.

Some properties of the enzyme such as the stability and behavior in
presence of reducing agent will be studied in order to improve the
purification, especially in the polishing steps of Mono Q ion exchange
chromatography and isoelectric focusing, where the enzyme has been shown
to be more unstable and susceptible to degradation.

The second objective of this work is to propose a putative gene of

bovine yGACT in the known bovine genome by sequencing the enzyme
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primary structure by mass spectrometry and by using bioinformatics tools to
determine the best possible candidate for the enzyme gene.

In this work, the N-terminal analysis of the enzyme will be attempted
in order to select the best sequencing process (Edman degradation or MS
sequencing) for the determination of the primary amino acid sequence of the
highest purity enzyme obtained by the described purification procedure.

The pure protein can be used to obtain its amino acid primary
sequence, which can be translated into the DNA sequence that will allow the
finding of the yGACT gene in the known bovine genome. In future work,
cloning and expression of the YyGACT gene can be attempted for easier
purification and study of the enzyme in cells.

The electrophoretically pure enzyme will be sequenced by an external
laboratory. Based on the amino acid sequence report the protein most likely
to be YGACT will be proposed by looking at the properties of known and
genome-translated proteins and comparing them against the actual
properties observed during purification. However, if a gene i1s found for
YGACT, cloning experiments must be carried out to prove that the protein is
indeed the product of the expression of the proposed gene.

Partially purified enzymes have been useful for the study of the
catalytic properties of an enzyme. These properties can also be used for the
design of better purification methodologies. For example, the design of an

affinity column using a reversible inhibitor can shorten the polishing
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purification after assuring yYGAACT removal, due to the highly specific
interaction of the ligand and the enzyme.

The final objective of this work is the design of an affinity column for
YGACT based on one of its inhibitors, glutarylhexylamine, which resembles
the substrate N°-(y-glutamyl) lysine but does not have the a-amino of the
glutamyl moiety. This a-amine is required for nucleophilic attack on the y-
carbonyl group, which is the proposed first step in the cyclotransferase
reaction.

In this work, the percentage of inhibition and the inhibition constant of
glutarylhexylamine for bovine yGACT catalysis using N°®-(y-glutamyl)lysine
substrate will be calculated. An affinity column with a glutarylhexylamine
ligand attached to the solid support, Sepharose 4B, will be synthesized for the
capture of yGACT. The physical properties of this column will be determined

in order to know the physical limitations of the column.



PART II

EXPERIMENTAL WORK

64



CHAPTER SIX

Experimental Procedure for yYGACT Purification

Tracking of Enzymes during Purification
Given that yGACT is an enzyme, it was followed during the
purification steps by observation of one of the products of the reaction that
the enzyme catalyzed. Qualitative and quantitative procedures developed by
Fink and coworkers (1980) were used to track the enzyme. The assays of y-
glutamyl transpeptidase (yGTP) and y-glutamylamino acid cyclotransferase
(yYGAACT), enzymes that can interfere with the measurement of yGACT

activity, were carried out in parallel.

Qualitative Tracking of yGACT

The qualitative method for the fast visualization of the yGACT
presence employs the fluorescence substrate y-glutamyldansylcadaverine.
The action of the enzyme on this substrate will release monodansyl-
cadaverine and 5-oxoproline, reaction 6. The product and unreacted
substrate are resolved by TLC since the product is more polar than the
substrate. This procedure is fast and was used to follow the elution of the
enzyme during the chromatography runs. Six samples could be analyzed in

approximately 15 minutes.
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The following reagents and equipment were employed: saturated v-
glutamyl dansylcadaverine (GDC, synthesized in previous works) in water,
saturated monodansylcadaverine (MDC, from Sigma) in water, 1% Pyridine
(Sigma) buffer pH 5.4, 1x3 c¢m polyamide TLC sheets (Avocado), capillary
pipettes, 0.2 mL microcentrifuge tubes, UV lamp (UVP model UVL-21 long
wave), automatic pipette 0.5 to 10 uL with tips (Mettler Toledo, model
Volumate), water bath (Thermolyne model 165000 dri-bath) at 37°C, and TLC
chamber.

To assay yGACT, 2 uLi of dansylcadaverine and 2 ul. of enzyme were
mixed in a microcentrifuge tube and incubated for 10 min at 37°C; using a
capillary micropipette, a spot of the mixture was applied at the bottom of the
TLC plate. The plate was placed in the TLC chamber and developed until the
buffer reached the top; the plate was air dried and visualized under UV light

(366 nm).
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The result from a typical assay is sketched in figure 6.1. The substrate
appears at the bottom of the plate (Rf 0.13); while, the product appears at the
top of the plate (Rf 0.3). Active protein is present if a spot of

monodansylcadaverine product is observed.

Enzyme Activity?
No Yes
. MDC

- GDC

Figure 6.1: Sketch of the results in TLC

Quantification of yGACT

The quantitative method quantifies the amount of lysine released in
the reaction of YGACT on N°—(y-glutamyl)lysine (reaction 2) during 15 min at
37°C; then, the reaction is quenched by addition of trichloroacetic acid. The
quantification was carried out in an amino acid analyzer, where the produced
lysine was separated in 6 minutes from the unreacted substrate N°*—(y-
glutamyl)lysine on an ion exchange chromatography column, post column
derivatized with o-phthalaldehyde (OPA) as seen in reaction 7, and detected
by fluorescence. The amount of lysine released by the reaction of yYGACT on
N°—(y-glutamyl)lysine is used to define the activity of the enzyme; one unit of

activity equals one micromole of lysine produced per hour of reaction at 37°C.
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The following reagents and equipment were employed: amino acid
analyzer with column DC-6A DIONEX (sulfonated polystyrene resin cross-
linked 8% divinyl benzene 0.4 x 7 c¢cm), on line fluorometer with excitation
filter of 305-395 and emission filter of 430-470 nm (Gilson 121), integrator
(Hewlett-Packard, HP 3396A), 0.6 M sodium citrate (Sigma) buffer (with
1ml/L Brij 35 (30% from Sigma)and 1mL/L phenol (Sigma)), 0.6 M potassium
borate buffer (with 2.5 mL/L of mercaptoethanol, 2mL/L Brij 35 (30%), and
100 mg/L of o-phthalaldehyde prepared in 5 mL ethanol), reaction buffer 0.2
M NaPi pH 7.5, 10 mM substrate in 0.2 M NaPi pH 7.5 (N°—(y-
glutamyl)lysine (Sigma), 1 mM lysine (Sigma) standard, 20% TCA (Sigma)
solution, 0.5 mL microcentrifuge tubes (VWR), microcentrifuge (eppendorf
model 5415 R), syringe of 100 uL. (Hamilton) and micropipettes 2 to 100 uL
with tips (Mettler Toledo, model Volumate).

For the assay all buffers were filtered through a 0.2 pm nylon
membrane (Millipore). Column was at 65 °C, citrate buffer at 0.7 mL/min
flow rate and 0.4 mL/min borate flow rate; detector was at 0.02 range, and

recorder at attenuation 2 and chart speed 0.2; then, 40 ul. of substrate was
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preheated at 37°C for 5 minutes; 20 uL of enzyme was added, and then the
mixture was incubated for 15 minutes at 37°C; next, 60 uL of ice cold TCA
20% was added to quench the reaction; this solution was kept on ice for 30
minutes and centrifuged at 13,000 rpm at 4°C for 2 minutes; 25 uL of reaction
supernatant were injected as well as 25 uL of lysine standard (10 nmols).

Units are defined as the amount of enzyme able to release 1 umol of
lysine in one hour. Equation (VI) was used to obtain the total units; the

calculation was corrected for dilution when needed.

Units pmolsLys  AreaSample N 20 nmols Lys N 120 gL rxn X 60 min
mL h x mL 20 pL Enzyme Area Std 20 uLinj  h x15min

(VD)
Quantification of \GAACT

The procedure for the determination of YGAACT was the same than
the one for the quantitative tracking of YGACT but the substrate employed

for this enzyme was N°-(a-glutamyl)lysine, reaction 8.

0
H,N
H,N OH H,N L0
yGAACT * oL _N
HO HO
N~ o NH,
H
0 0

N (y-glutamyl)lysine Lysine 5-Oxoproline
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Quantification of yGTP
This enzyme can act on N°-(y-glutamyl)lysine; the presence of this
enzyme is observed by the formation of p-nitraniline from y-glutamyl-p-

nitroaniline as reaction 9 shows.

N02 N02
H
HO,C NH, H HO,C._ NH, N
HN N . NH/\[( ﬁ 9
. HN
0 CO.H
0 0

0 CO,H

+

NH,

y-Glutamyl-p-nitroaniline  Glycylglycine v-Glutamylglycylglycine p-Nitroaniline

The following reagents and equipment were employed: 0.2 M Tri/HCl
(Sigma) buffer pH 8.5, 0.15 M glycylglycine (Sigma) in Tris buffer, 3 mM y-
glutamyl-p-nitroaniline (Sigma) in Tris/HCl buffer, 1 M HCl (Fisher),
spectrophotometer (Beckman DU520), cuvettes, and pipettes 2 to 100 uLL with
tips (Mettler Toledo, model Volumate).

For the assay, the spectrophotometer was set at the wavelength 405
nm. A mixture of 1 mL y-glutamyl-p-nitroaniline, 0.4 mL glycylglycine, 1.5
mL Tris buffer, and 0.1 mL enzyme (or buffer for the blank) was incubated
for 1 minute at room temperature; next, the reaction was quenched by
addition of 0.6 mL of HCI; the absorption was measured.

Units are defined as the amount of protein able to release 1 umol of p-
nitroaniline in one minute. The molar extinction coefficient (¢) of p-

nitroaniline at 405 nm is 8800 AU*cm-1*"M-1. Equations (VII) and (VIII) were
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employed to obtain the total units; samples were corrected for dilution when

necessary.
.. pmols p-Nitroaniline
Units = Kn in (VII)
Units=— M AU 36mL pyor) (VIII)

8800 (AU)  1min 0.1 mL ER

where AU, is the absorption of the product at 405 nm, and EV is the total the
enzyme volume in microliters. ER is the volume, in milliliters, of enzyme in

the reaction that generates the measured product

Bradford Assay for Total Protein Concentration

The measurement of the total concentration of protein was done using
the Bradford assay (Bradford, 1976). Bradford reagent is a Brilliant Blue G
dye that shifts its absorption from 465 to 595 nm when bound to proteins; the
adsorption at 595nm is proportional to the concentration of protein.

The following reagents and equipment are employed: 50 mM KPi
(Sigma) buffer pH 7.5, bovine serum albumin (BSA) stock standard 2 mg/mL
(Sigma), and Bradford reagent (Sigma), pipettes 2 to 100 pl. with tips
(Mettler Toledo, model Volumate) and disposable rest tubes (WVR).

For the assay, 50 uL of BSA standards were prepared at the following
concentrations: 0.1 mg/mL (2.5 uLi stock BSA + 47.5 uL buffer), 0.5 mg/mL
(12.5 uLL stock BSA + 37.5 uL buffer), Img/mL (25 uL stock BSA + 25 uL

buffer). A mixture of 50 ul. of sample, blank ( buffer alone), or standard with
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1.5 mL Bradford reagent was incubated at room temperature for 15 minute;

visible absorption at 595 nm was measured in a plastic disposable cuvette;
samples were diluted to the appropriate concentration when needed.

To analyze the results: a calibration curve was obtained by graph of

the absorption against the concentration of standard in order to obtain a

linear equation; the values of sample absorption were introduced in the

calibration equation and solved for the concentration of sample. The sample

concentrations were corrected for dilution factors and multiplied by the total

volume of sample to obtain the total milligrams of protein.

Electrophoresis of Proteins

Polyacrylamide gel electrophoresis (PAGE) was run in presence of
sodium dodecylsulfate (SDS) in order to gain an idea of the composition of the
samples. Polyacrylamide 12% gels of 10 x 10 ¢cm (Invitrogen) were run
following the manufacture’s protocol. Briefly, 0.5 pug of sample was digested
with 2 uL of loading buffer (lithium dodecylsulfate from Invitrogen) for 10
min at 75 °C; for samples run under reducing conditions the digestion
included 1 pL of reducing agent (DTT from Invitrogen); next, the digests were
loaded into the gels, and set in an electrophoretic unit (Amersham, model
Hoefer miniVE)) using MES as the electrophoretic buffer; for samples run
under reducing conditions, antioxidant (Invitrogen) was added to the cathodic
chamber in order to avoid oxidation of reduced samples during the

electrophoresis.
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The electrophoretic unit was connected to a power supply (Bio-Rad
model power pac 300) and run at 200 V for 45 min. Visualization of the
proteins was gained by staining the gel with commassie blue dye (Simply
Blue safe stain from Invitrogen) following the quick stain instruction from
the manufacture. The destained gel was washed with deionized water and
stored at 4°C in a well sealed Ziploc plastic bag; gels stored under these
conditions remained unaltered for as long as a year. The molecular mass of
the protein was calculated by comparison against molecular mass markers

(MultiMark from Invitrogen).

Gross Purification

Extraction of the Enzyme from Kidney Tissue

Frozen kidney was thawed on ice overnight; working at 4°C in a cold
room, 50 g of cortex of bovine kidney (from a local slaughter house) were
diced and blended with 150 mL of 0.25 M sucrose (Sigma) solution in 5 mM
phosphate buffer pH 7.5, for less than 1 min, using a polytron and a 600 mL
plastic beaker.

The resulting homogenate solution was poured into 4 polycarbonate
tubes (60 mL capacity), which were balanced by mass and placed in a
precooled rotor Ti45 (r= 6.98 cm); the homogenate solution was centrifuged in

an ultracentrifuge (Beckman model) at 4 °C, at 100,000xg (35,000 rpm) for 55
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minutes. The resulting supernatant was filtered through cheesecloth and

kept on ice, while the pellets were discarded.

Anion Exchange Chromatography in DEAE-Sepharose

In a cold room at 4°C, the supernatant from the previous step was
adjusted to pH 7.50 with 20% NaOH (Sigma), so yYGACT will be negatively
charged since its pl is less than 7.50; this solution was introduced onto a 26 x
4.8 cm DEAE-Sepharose column (Amersham). See Appendix A for detailed
characteristics and procedure for the use of this column. The matrix is
activated with 10 mM phosphate buffer pH 7.5 with 0.3 M NaCl (buffer B, ~
28 mS/cm), and then equilibrated in 5 mM phosphate buffer pH 7.5 (buffer A,
~ 1.1 mS/cm). The supernatant was loaded onto the column at the maximum
speed of the peristaltic pump (Amersham) ~ 8 mL/min. The sample was
washed with ~ 0.5 CV of buffer A. Just when unbound proteins eluted, the
fraction collector (Gilson FC203 with an 80 tube rack) and the gradient
maker (Amersham) were started; bound proteins were eluted with 1 CV of a
linear gradient from O to 100 % buffer B at maximum flow rate.
Approximately 90 fractions of 9 mL/tube were collected at 1 min/tube; these
fractions were kept on ice while measuring pH and conductivity, and testing
the presence of activity by the qualitative method; the active fractions were

pooled together and kept on ice.
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Ammonium Sulfate Fractionation and Precipitation
The active pool from ion exchange chromatography was taken to
ammonium sulfate fractionation in order to separate the very insoluble
proteins and to ammonium sulfate precipitation in order to store the proteins
in a stable way. For the 40% fractionation, 24.5 g of ammonium sulfate
(Fisher Scientific) per 100 mL solution was slowly added to the pool of
proteins from the DEAE-Sepharose ion exchange chromatography and kept
on ice. The solution was left to precipitate for 1h with gentle stirring, and
then centrifuged at 28,000xg (15,500 rpm) for 30 min in 10 polycarbonate
tubes (capacity 38 mL) in a Sorval RC5B plus Centrifuge precooled at 4°¢ C
and equipped with a rotor SG600 (r= 10.45 cm). The resulting pellets were
discarded, and the supernatant was made 90% saturated by slowly adding
36.5 g of ammonium sulfate per 100 mL solution. The solution was kept on
ice and gentle stirred for 4 hours. After this time the solution was
centrifuged as previously; pellets were collected and stored at -70°C; while

the supernatant was discarded.

Intermediate Purification

Size Exclusion Chromatography on Sephacryl S100
In a cold room at 4° C, pellets from the ammonium sulfate precipitation
were washed into 50 mM phosphate buffer pH 7.5 with 0.15 M NaCl, using

ultrafiltration in an ultrafiltration cell (50 mL capacity from Amicon) with a
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10K membrane (Millipore) and argon as the pressure gas. This was done in
order to decrease the density of the sample; too dense samples do not enter
evenly onto the size exclusion column, causing loss of resolution. The
retentate from ultrafiltration was added to a 2.6 x 82 cm Sephacryl S100
column (Amersham); see Appendix A for detailed characteristics, calibration,
and procedure for the use of this column. The elution of the sample was
carried out at 0.2 mL/min for 36 h with collection of 4 mL/tube at 20min/tube
in a Gilson fraction collector (model FC203 with an 80 tube rack). The
collected fractions were kept on ice and their specific activity was measured;
fractions with high specific activity were pooled and lyophilized (Freeze Dryer
Virtis) to obtain a powder, which was stored at -70° C.

The sample from the gross purification was subjected to size exclusion

and ion exchange chromatography under a variety of conditions.

Intermediate-Polishing Purification Studies on Superdex HR 75 SEC

In Superdex HR 75 size exclusion chromatography the sample was
tested under reducing and non reducing conditions. Under reducing
condition polymeric proteins will separate into their lighter momomers. If
YGACT forms a dimer, this will elute as a heavy peak under non-reducing
conditions and as a lighter peak under reducing conditions; similarly, the
shift of contaminants can be observed.

Under non-reducing conditions, the powder from Sephacryl S100 was

restored in cold water and washed by ultrafiltration into running buffer (50
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mM KPi pH 7.5 with 0.15 M NaCl). Concentrated sample was centrifuge for
5 min at 13,000 rpm at 4° C, and supernatant solution was injected in a FPLC
system (AKTA Amersham) equipped with a Superdex HR 75 (1x30 cm
column from Amersham) size exclusion column equilibrated in running
buffer; see Appendix A for detailed characteristics, calibration, and procedure
for the use of this column. A volume of 0.1 mL of sample (38 units of activity)
was loaded and run at 0.2 mL/min; fraction of 0.2 mL were collected on ice
and tested for specific activity and purity by SDS-PAGE.
For reducing conditions, similar units of concentrated sample were
incubated with 1% 2-mercaptoethanol for 5 min at 37° C, centrifuged, and
loaded and onto a column equilibrated in running buffer containing 0.2% 2-

mercaptoethanol.

Intermediate-Polishing Purification Studies on Mono-Q IEC

In order to optimize the best purification of YGACT on Mono Q GL
anion exchange chromatography in a FPLC system (AKTA from Amersham),
the sample was tested under different conditions that affect the
chromatography and the sample nature. For anion exchange a positive
buffer like Tris buffer is recommended; however, in the past (Bowser, 1997)
the enzyme proved to be unstable in this buffer; for this reason, the
separation on this column was initially attempted in phosphate buffer, which

1s a negative buffer.
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The stability of the sample was also studied in Tris buffer, and
different parameters like gradient, flow rate, presence of chelating agent, and
reduction and alkylation of cysteine residues were studied in order to obtain

a good separation on the Mono Q GL column.

Mono @ GL Separation of yGACT in Phosphate Buffer

The lyophilized powder from size exclusion in Sephacryl S100 was
washed by ultrafiltration into initial buffer; the concentrated sample was
centrifuged for 5 min at 13,000 rpm at 4 °C, and the supernatant injected in
to a FPLC system equipped with a Mono Q GL (0.5 x 5 cm column from
Amersham) strong anion exchanger column equilibrated in initial buffer; see
Appendix A for detailed characteristics and procedure for the use of this
column. Approximately 0.5 mL of sample was injected, and the elution of the
sample was obtained by washing out the unbound protein with 5 CV of initial
buffer, followed by a linear gradient from 0 to 100 % elution buffer in 20 CV,
which is the recommended gradient for the separation on Mono Q GL column.
The runs were carried out at 0.5 mL/min; fractions of 0.2 mL were collected
on ice and tested for specific activity.

The phosphate concentration at pH 8 employed was 5 mM of initial
buffer (all elution buffers contained 0.3 M NaCl); the phosphate concentration
was decrease to 2 mM and then to 0.5 mM KPi. Also, a run was carried out
where the concentration of phosphate, and not NaCl, was increased from 1

mM to 100 mM in order to induce elution.
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Stability of yGACT in Tris Buffer
In order to run a sample on a Mono Q GL column using Tris as
running buffer, the stability of the sample was tested in Tris buffer.
Different concentrations of enzyme (39 U/mL, 22 U/mL, and 4.3 U/mL) were
incubated on ice with 10 mM Tris pH 7.5 during 15, 45, 75, and 105 min;
activity was measured and compared against enzyme controls in 5 mM KPi

pH 7.5,

Reduction and Alkylation Effects on the Activity of yGACT

The environment inside the cell is less oxidizing than outside of the
cell, so sensitive residues like cysteine are threatened by air oxidation during
the purification procedure. The oxidation of cysteine forms disulfide bridges;
pl heterogeneity is observed for a protein when this is partially oxidized. In
order to homogenize the sample, cysteine residues must be blocked to prevent
their oxidation and reduction. Modification of cysteine residues consists in
the preparation of the sample with reduction or denaturation, reaction with
excess of alkylating reagent, removal of unreacted alkylating reagent, and
removal of salts and by-products (Current Protocols in Proteins Science,
2000).

Reduction of the sample 1s achieved by interchange of the protein
disulfide bonds with sulfhydryl groups of a reducing agent such as 2-

mercaptoethanol (2-ME) and dithiothreitol (DTT); DTT forms a
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intramolecular disulfide ring when oxidized, making it a better reducing
agent than 2-ME.

Blockage of cysteine is made by alkylation with alkyl halide;
1odoacetamide (IAA) is preferred over iodoacetic acid because the first
produces neutral S-carboxamidomethyl cysteine without alteration of the
protein environment, while the second produces negatively charged S-
carboxymethyl cysteine. Iodoacetamide can modify thiols, carboxylic acids,
and the nitrogen of the imidazole ring of histidine. The procedure from
(Current Protocols in Proteins Science, 2000) was used for the alkylation of

cysteine; this is reaction 10.

NH, NH,
i + I/ﬁ( 1h/37°C wm/\s/\ﬂ/ (10)
D ———

Thiol residue © 0

from cysteine Todoacetamide S-Amidemethylcysteine

The following reagents and equipment are used: 0.2 M iodoacetamide
(Sigma), 40 mM DTT (Sigma), 2-ME (sigma), 0.1 M Tris pH 8 (Sigma), amber
microcentrifuge tube, water bath (Thermolyne model 165000 dri-bath) at
37°C, 50 — 500 puL of protein solution (100 pg/mL) in Tris buffer.

For the assay the protein was mixed with 16 uli of 50 mM DTT to give
a 10 fold excess of reducing agent supposing that the protein is ~25 KD and
has ~8 disulfide bridges; the mixture was flushed with nitrogen and
incubated 1h at 37° C. In the dark, 44 uL of 0.2 M iodoacetamide (a 5 fold

excess over total thiols) was added; again the mixture was flushed with
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nitrogen and incubated 1 h at 37° C (light can promote the production of
iodine from iodide ions). Finally, 5 uli of 2-ME was added to more than 10
fold excess of alkylating agent; the alkylated protein was desalted by washing
1t with water or buffer, using ultrafiltration. Gentle reduction with 2-ME was

done by adding 2-ME to the sample up to 1%, and incubating the mixture at

370 C for 5 min.

Mono @ GL Separation in Tris Buffer

In order to optimize the separation on the Mono Q GL column, a few
screening experiments were carried out; first the sample was loaded at the
recommended conditions for separation on this column; afterward, different
gradients, buffer concentrations, pHs, and the effect of additives were
studied.

The powder from the size exclusion separation on Sephacryl S100 was
washed by ultrafiltration into the initial buffer; the concentrated sample was
centrifuged for 5 min at 13,000 rpm at 4 °C, and the supernatant injected in a
FPLC system equipped with a Mono Q GL column (0.5x5 cm from
Amersham) equilibrated in initial buffer. The runs were carried out at the
different conditions summarized in table 6.1, flow rate was 1.5 mL/ min and
injection volume ~ 0.5 mlL; fractions of 0.2 mL were collected on ice and

tested for specific activity and SDS-PAGE.
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Table 6.1: Optimization of Mono Q GL parameters in Tris buffer

Initial Conditions Final conditions
Buffer A= 10 mM Tris pH 8, Buffer A= 20 mM Tris pH 8,
Buffer B=A + 0.3 M NaCl Buffer B=A + 0.3 M NaCl
Gradient: 10% B for 5CV, Gradient: 10% B for 5CV,
then to 30% B in 30 CV then to 30% B in 10 CV
Non reduced Sample, 0% 2-ME Reduced Sample, 0.2 % 2-ME
0 % EGTA 1% EGTA
Reduced sample Alkylated sample

Isoelectric Focusing

Isoelectric focusing was run for samples from Mono Q GL and for
alkylated samples after Mono Q GL. The samples were washed by
ultrafiltration into water; samples should be loaded without salts or other
substances that can cause the irregular separation of proteins generating
waving pattern.

The following reagents and equipment are employed: Isoelectric
focusing apparatus from LKB, water bath (Neslab RTE7 from Thermo
corporation), power supply (LKB), ultrafiltration mini cell (3 mL capacity
from Amicon) with 10K cutoff membranes (Millipore), tweezers, Ampholine
PAGplate gel 5.5-8.5 from Amersham (245 x 11 x 1 mm, with 5%
polyacrylamide, 3% crosslinked, and 2.4% ampholine concentration), 5 mL of
kerosene, 5 mL of 0.5 M NaOH (Sigma), 5 mL of 0.5 M acetic acid (EM

Science), electrodes and sample loading pieces (Amersham), washing solution
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(0.1% CuSO4 + 10% acetic acid + 30% methanol), staining solution (0.02%
Commassie Blue R250 (from emprotech) in washing solution), fixation
solution 20% TCA (Sigma), impregnating solution (5% Glycerol (Sigma) in
10% acetic acid), cellophane sheet (Amersham), Centrilutor electroelutor
(Millipore), centricon with 10 K cutoff filter (Millipore), electrophoretic power
supply (power pac 300 from Bio-Rad), electroelution buffer 10 mM KPi pH
7.5.

To prerun: First the electrofusing apparatus was assembled, and the
ceramic plate was pre cooled at 10°C for 30 min, after this time kerosene was
applied onto the ceramic plate; the gel was placed onto the plate, and all
trapped air bubbles were removed. Electrode strip soaked in electrode
solutions were applied on the narrow borders of gel: cathode (-) with NaOH
and anode (+) with acetic acid solution; electrodes were placed on the strips
and plugged to their corresponding socket; the safety lid was replaced. The
gel was prerun to generate a pH gradient increasing from anode to cathode,
the prerun conditions were 800 V, 50 mA, and 30 W for 1h after this time the
pH was verify using a flat pH electrode (Omega model PHE4272).

The centrifuged samples were applied onto the gel using cotton-
cellulose loading pieces; 20 uL. of 20mg/mL sample. Samples were loaded
near their isoelectric point at the cathodic region. Sample was allowed to
enter the gel at low voltage to avoid streaking patterns caused by

contaminants or precipitation of poorly soluble proteins; the sample entrance
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conditions were 800 V, 50 mA, and 30 W for 10 min. Next, the voltage was
increased to the running voltage; running conditions were 900 V, 50 mA, and
30 volts for 5 hours; after this time the power was disconnected, and pH was
measured with a flat pH electrode. Finally the power was reconnected, and
the bands were sharpened at sharpening conditions: 1000 V, 50 mA, 30 W, for
10 min.

After focusing one strip along the long side of the gel was cut for
developing; the rest of the gel was taken for extraction of the protein. For
developing, the gel strip was placed in TCA 20 % for 10 min to precipitate
and fix the protein; then it was placed for 2 min in washing solution, and 15
min in staining solution with microwaving for 40 seconds. The gel was de-
stained overnight in washing solution. After this, gel was prepared for
storage by impregnating for 30 min with impregnating solution followed by
wrapping with a cellophane sheet wetted with impregnating solution; the gel
in this condition was left to air dry at room temperature.

For extraction of the pure enzyme the rest of the gel was cut into 0.5
cm wide strips along the individual pH regions; the gel strips were placed in
a sample tube for electroelution, this last in turn was placed in a centricon
device and loaded in the electoelutor; the gel strips were electroeluted at 20 V
for 2 h in phosphate buffer.

In order to remove ampholytes, the extracted solution recovered in the

centricon was washed by ultrafiltration for a final volume of 0.1 mL. The
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extracted proteins were tested for specific activity and on SDS-PAGE. The pl

of the protein is the pH measured with the pH electrode.



CHAPTER SEVEN

Experimental Procedure for Amino Acid Sequencing

N-Terminal Determination

The 1initial step in the N-terminal determination was the
determination of the detection limit of dansylated amino acids by reversed-
phase HPLC. Dansylated amino acids have different fluorescence, so the
detection limit of each amino acid is different. The observation of a
particular amino acid is also limited by the hydrolysis step; longer hydrolysis
time 1s need for the liberation of aliphatic amino acids like valine, leucine,
and isoleucine; while serine, threonine, and tryptophan are easily destroyed
at hydrolysis conditions; also glutamine and asparagine are converted into
their respective acids.

The single band obtained from isoelectric focusing extracted from the
gel (LeGender and Matsudaira, 1989) was subjected to N-terminal
determination, and run in parallel with carbonic anhydrase (Sigma) as a

positive control protein.

Dansylation
The dansylation procedure was adapted from the one reported by

Negro et al. in 1987. The dansylation reaction is shown in figure 7.1.
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The following reagents and equipment are employed: 0.5 M NaHCOs3
(Fisher), 20 mM Dansylchloride (1-Dimethylamino-naphthalen-5-sulfonyl
chloride, from Sigma), 40 ug amino acid standards (Sigma) in water, amino
acids sample (free amino acids or polypeptides) amber microcentrifuge tubes,
water bath (Thermolyne model 165000 dri-bath) at 65° C, and micropipettes
with tips (Mettler Toledo model Volumate).

Assay: in an amber microcentrifuge tube, mix 0.1 mL of each reagent:
NaHCOs, dansylchloride solution, and amino acid solution. Let the mixture
react in the dark at 65° C for 40 min. To analyze the results, dansylated
amino acids are resolved by HPLC; while, the dansylated polypeptides are

subjected to hydrolysis before HPLC.

Hydrolysis of Dansylated Polypeptide

Hydrolysis of the dansylated sample was done using the protocol
recommended by Pierce. Figure 7.1 shows the hydrolysis as the second step
in N-terminal determination.

The following reagents and equipment are used: hydrolysis tubes with
teflon plug (Pierce), vacuum and nitrogen purge lines, micropipettes with
tips, Pasteur pipettes, di and tripeptides standards (Sigma), and Centrivap
(LABCONCO).

To assay: mix 1 to 2 mg of peptide (or dansylated polypeptide) with 50
uLi of 6 M HCI; using a long Pasteur pipette, introduce the mixture into the

hydrolysis tube; insert the Teflon plug but do not tight it. Evacuate oxygen
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by alternating nitrogen and vacuum; leave the tube in vacuum and close the
plug tightly. Heat the tube in an oven at 110°C for 24 hours. After this time,
let the tube cool down to room temperature. Take the solution into an amber
microcentrifuge tube, and centrifuge-dry in a centrivap. To analyze the
results, restore the dried sample in running buffer and analyze by HPLC.

Tryptophan is destroyed during this procedure.

i ?
~g Cl + HN \Tw —
|(|) 65°C ,40 mm
2

—S
|
O
Dansyl chloride Polypeptide 6 M HCI
100°C HCl
Overnight
0 HyN COOH
HPLC ” OH 2
—S N + +
|| H Ry
0] (0]
Dansyl amino acid Amino acids

Figure 7.1: Dansylation and hydrolysis of the N-terminal primary amine

Dansylation Analysis by HPLC

The analysis of dansylated amino acids was adapted form the work of
Oray and coworkers (1983). For this procedure the following reagents and
materials were employed: HPLC with UV detector (Hewlett-Packard), on line

fluorometer with excitation filter of 305-395 and emission filter of 430-470
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nm (Gilson 121), C18 reverse phase column (Beckman Ultrasphere ODS 4.6 x
150 mm), 50 uL syringe with blunt tip (Hamilton), 200 pmoles of dansylated
amino acid standards in acetone (Sigma), solvent A = 30 mM NaPi buffer pH
6.5, solvent B = Acetonitrile 100 %, microcentrifuge tubes, bench top
microcentrifuge, and micropipettes with tips.

Table 7.1 summarizes the parameters for the determination of
dansylamino acids. The column was equilibrated in 10 % solvent B; the
sample was centrifuged for 5 minutes and the supernatant was injected. The
retention times of the sample peaks were compared against the retention

times of dansylamino acids standards (Sigma).

Table 7.1: HPLC Conditions for the determination of Dansyl amino acids

Dansylamino acids standards 1-10 pmols
Solvent A 30 mM NaPi buffer pH 6.5
Solvent B Acetonitrile 100 %
Injection volume 20 uL
Gradient from 10% B to 22% B in 45 minutes,

keep 22% B for 13 minutes, from 22%
B to 40% B in 20 minutes and keep
40% B for 12 minutes

Flow rate 1 mL/min
Temperature Room temperature
Detector settings Range 0.005
Recorder Settings Attenuation "1, chart speed 0.2

Threshold 3, peak width 0.60
Area reject 0
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For the run, column should be equilibrated in 10 % solvent B.
Centrifuge the sample for 5 minutes and inject 20 pl.. Run under the
following conditions: gradient: from 10% B to 22% B in 45 minutes, keep 22%
B for 13 minutes, from 22% B to 40% B in 20 minutes and keep 40% B for 12
minutes; flow rate: 1 mL/min; fluorometer: range 0.2, recorder: attenuation 3,
chart speed: 0.2; room temperature.

For the analysis of the results: compare the retention time of the
sample peaks against the retention time of the standards. If a polypeptide is
dansylated and then hydrolyzed, only the N-terminal amino acid would show
a fluorescent peak; however, the following peaks are also observed due to the
nature of the mixture: dansylsulfonic acid, dansylammonium, o-
dansylthreonine, and e-dansyllysine. This last peak can also be employed to
verify that dansylation has taken place in a protein sample because the N-
terminal amino acid can be blocked and show no dansylation, but at least one

lysine residue is present in most proteins.

Preparation of the Sample for MS Sequencing
In order to verify its purity, the sample after isoelectric focusing was
run in a SDS-PAGE as described in the section electrophoresis of proteins of
the purification experimental procedure. The enzyme band from SDS-PAGE
was submitted for MS sequencing. The following are the considerations for
the preparation of a good gel band for MS sequencing: as much as possible

protein should be committed in a gel well in order to obtain a high protein/gel
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ratio; the heavier the protein the darker the band should be because the
molar quantities would be smaller. The preferred gel thickness is 1 mm, and
non-fixing staining methods are recommended; also destaining of the gel
must be done until a clear background is obtained. Contamination should be
minimized by employing reagents of the highest purity available; also,
keratin contamination, which can not be avoided, must be minimized by
minimizing the handling steps after the gel has been run.

The electrophoretic band of the enzyme obtained taking into account
all these considerations was excised tightly from the gel, washed twice with
50% acetonitrile and frozen at -70° C for storage. These washing steps were
also done for an equivalent protein-free area of the same gel in order to

obtain a background control.

MS Sequencing by Harvard Microchemistry and Proteomics Analysis Facility

The sample submitted to Harvard Microchemistry and Proteomics
Analysis Facility Proteolytic was sequenced using mass spectrometry
(Taniguchi et al. 2002). First, proteins were in gel digested with Trypsin; the
obtained fragments were separated by microcapillary reverse-phase HPLC
and directly injected into the mass spectrometer; the fragments were
subjected to nano electrospray ionization (ESI) and analyzed in an ion trap
and/or orbitrap mass spectrometer. The obtained MS/MS sequence spectra
were analyzed using the algorithm Sequest (Eng et al. 1994) and programs

developed by Harvard microchemistry (Chittum et al. 1998), and manually
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reviewed in order to obtain the possible proteins present in the sample.

Figure 7.2 summarizes the procedure for MS sequencing in this work.

In gel
proteflytic __, Microcapillary __ | Nano-ESI Ion Trap
digestion HPLC MS/MS
Review and Review and
— «—
pOSt'_ Sequest pre-processing
processing

Figure 7.2: Scheme of the MS sequencing of yYGACT

Analysis of Reported Proteins

A report of all possible proteins present in the sample was the result of
the MS sequencing; from these reported proteins the one most likely to be
YGACT was selected. To accomplish this, the characteristics of the reported
proteins were compared with those of YGACT.

Initially the complete sequence of the proteins was withdrawn from the
National Center for Biotechnology Information (NCBI), and with these
sequences the predicted molecular mass and pl were calculated using
calculators like the Protein Calculator V3.3 from the Scripps Research
Institute. This protein calculator estimates the charge of the protein at a
given pH using the Henderson-Hasselbalch equation with the following pKa
values for charged residues: N-terminus 8.0, C-terminus 3.1, Lys 10.0, Arg

12.0, His 6.5, Glu 4.4, Asp 4.4, Tyr 10.0, and Cys 8.5. As the number (n) of
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these amino acids present in the protein is known, the charge is calculated at
different pH values until the pH at which the total charge of the protein is
zero, the pl value. After this, the obvious contaminations were discarded and
the best enzyme candidates were chosen.

The secondary structure for the best candidates was predicted using
the SwissModel (Schwede et al., 2003 and Guex and Peitsch, 1997). The
structure of the proteins employed by the SwissModel to predict the
candidate’s structure was obtained from the NCBI and the Research
Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB)
(Berman et. al., 2000). The secondary structure was described using the
Structural Classification of Proteins (SCOP) (Murzin et. al., 1995). Finally,
structural similarities and the mechanism of these candidate enzymes were
compared to that of yGACT and related enzymes (table 1.1 and 1.2).

The chosen candidates were sent to Dr. Baker (Baylor University) to
compare with the human and plant glutaminyl cyclase enzymes based on the
observed similarities of their catalytic mechanism with that of yGACT.
Various pairwise alignments, BLAST and PSI-BLAST, and EST surveys as
well as a 3D similarity tool for secondary and tertiary structure similarity

were run for these proteins.



CHAPTER EIGHT

Experimental Procedure for the Affinity Column Design

Determination of Ligand Inhibition Constant
An estimated Ki of the inhibitor of the enzyme is requiered in order to
verify that the inhibitor will be a suitable ligand for affinity chromatography.
The dissociation constant of the enzyme-inhibitor complex (K;) should be in
the range of 104 to 10-® M during the capture and close to 10-2 M during the

elution.

Percent of Inhibition by Glutarylhexylamine

To determine the inhibition power of glutarylhexylamine, the enzyme
was quantified in presence of this inhibitor at an equal concentration to that
of the substrate. Glutarylhexylamine was synthesized (Sam Chen); the
reagents and equipment for the quantitative method for tracking the enzyme
were employed. A mixture of 20 uL. of 20 mM phosphate buffer pH 7.50, 12 pL
of 5 mM inhibitor (glutarylhexylamine), and 12 pL of 5 mM substrate (N*-
(y—glutamyl)lysine) was preheated at 37°C for 5 minutes; 5 uL of 1 U/mL of
enzyme was added, and then the mixture was incubated for 20 minutes at
37°C; after this time, 60 pL of ice cold TCA 20% was added to quench the
reaction; this solution was kept on ice for 30 minutes and centrifuged at

13,000 rpm at 4° C in a microcentrifuge (eppendorf 5414R) for 2 minutes.

94



95

Aliquots of the reaction were assayed as describe in the quantification of
YGACT method.

The percentage of inhibition was calculated using equation (IX)

Activity with Inhibitor
Activity of substrate alone

% Inhibition = (1 - ]X 100 (IX)

Determination of Ki for Glutarylhexylamine

For the determination of the K; of glutarylhexylamine in the inhibition
of YGACT, the reaction of the enzyme was carried out over six concentrations
of the substrate at five different concentration of inhibitor. The range of
inhibition concentrations employed was the same employed for Bowser (1997)
for a similar inhibitor, glutaryl-e-lysine, and by Gonzalez (2005) for
glutarylhexylamine; these inhibitor concentrations are 0.2K; to 5K;. Table 8.1
summarizes the concentrations of substrate and inhibitor employed.

The reagents and equipment for the quantitative method for tracking
the enzyme were employed. A mixture of 20 ul. of 20 mM phosphate buffer
pH 7.50, 15 pL of inhibitor (glutarylhexylamine), and 20 uL of substrate (N°-
(y—glutamyl)lysine) was preheated at 37°C for 5 minutes; 5 uLi of 1 U/mL of
enzyme was added, and then the mixture was incubated for 20 minutes at
37°C; after this time, 60 pL of ice cold TCA 20% was added to quench the
reaction; this solution was kept on ice for 30 minutes and centrifuged at

13,000 rpm at 4° C in a microcentrifuge (eppendorf 5414R) for 2 minutes.
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Aliquots of the reaction were assayed as describe in the quantification of

YGACT method.

Table 8.1: Concentration of substrate (N°-(y—glutamyl)lysine) and inhibitor
(glutarylhexylamine) in the reaction for the determination of K;

M mM) To() 11(0.03) 12(0.75) 13(0.15) 14(0.225) 15 (0.3)

S1(mM)  0.05 0.05 0.05 0.05 0.1 0.1
S2(mM)  0.10 0.1 0.1 0.1 0.5 0.5
S3 (mM) 0.5 0.5 0.5 0.5 0.75 1
S4 (mM) 1 0.75 0.75 1 1.2 2
S5 (mM) 2 1.2 1.5 2 2.5 3

The concentration of product per hour represents the velocity of the
reaction; the obtained velocities were analyzed by plotting the data as a
double-reciprocal form of the Michaelis-Menten equation or the Lineweaver-
Burke equation, while K; can be obtained by plotting the different Kipps
obtained at different concentrations of inhibitor against the concentration of

inhibitor.

Synthesis of Glutarylhexylamine Affinity Column

Tracking of the Free Primary Amine
The formation of glutarylhexylamine affinity column was monitored by
the disappearance of the free primary amine using the fluorescamine

reagent. The formation of the product consumes free primary amine; this fact
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can be used to attack the advance of the reaction. One of the most sensitive
and practical methods for observing primary amines is the use of
fluorescamine (Udenfriend et al., 1972). This non-fluorescent reagent forms
an instantaneous fluorescent product (390 nm excitation and 475 nm
emission) with primary amines, reaction 11 with sensitivity in the range of

picomoles.

11
NH,-R — (an

Fluorescamine Primary amine Fluorescente product

The following reagents and equipment were employed: 0.03%
fluorescamine (Roche) in acetone, 0.2 mL microcentrifuge tubes, UV lamp
(UVP model UVL-21), automatic pipette 0.5 to 10 uL with tips (Mettler
Toledo model Volumate), sucrose (Sigma), and glycylglycine (Sigma).

To assay, the sample was mixed in a microcentrifuge tube with 0.1 mL
of fluorescamine reagent; the mixture was let stand at room temperature for

5 min, and then visualized under UV light (366 nm). The observable
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fluorescence indicates the presence of free primary amine; sucrose was used

for a negative blank and glycylglycine as a positive blank.

Coupling Methods

Two coupling methods were compared; the first one was the
manufacture recommended coupling between a carboxylic acid and the
terminal amine from the solid support using the carbodiimide method
(Seghal and Vijay, 1994). The second method tried was the coupling of the
anhydride with the free amine from the solid support (Sudesh and Lyddiatt,
1997). Figures 8.1 and 8.2 show the coupling using the carbodiimide method
and the anhydride method, respectively.

A carbodiimide can activate a carboxylic acid and make it suitable for
attack by the amine; carbodiimide should be in excess over the ligand, and
the obvious disadvantage of this method when using a diacid molecule is the
possibility of a second carbodiimide activation and crosslinkage of the solid
support, figure 8.3.

The coupling method that employs an anhydride will form the
glutarylhexylamine ligand in a nucleophilic attack of the amine on one of the
carbonyl carbons of the anhydride; the formed carboxylic acid is not active
enough to react with another amino group, so crosslink formation is less

likely to happen.
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Figure 8.2: Glutaryl anhydride and hexylamine coupling
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Figure 8.3: Possible crosslink in affinity column synthesis

The following reagents and equipment were employed: Roto-shaker
(Scientific Industries), disposable chromatography column 30 um porous (Bio-
Rad) connected to suction, 15 mL plastic tube (WVR), 1 mLL EAH Sepharose
4B (Amersham) equal to 10 pmols of active groups (see Appendix A for the
characteristics of this matrix), 100-fold excess of glutaryl anhydride (Acros)
over active groups on matrix, this is 1.2 mmols (137 mg), 100-fold excess of
glutaric acid and solid N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC, from) for a final 0.1 M concentration in reaction volume,
distilled water pH 4.5 (HCl adjusted), 80 mL NaCl 0.5 M,0.1 M and 0.5 M
NaOH, 0.1 M acetate buffer pH 4 with 0.5 M NaCl, 0.1 M tris buffer pH 8
with 0.5 M NaCl.

For the assay, 1 mL of EAH Sepharose 4B slurry was taken into a
plastic disposable column and washed with distilled water pH 4.5 followed by
80 mL of 0.5 M NaCl. The washer matrix was transferred into a plastic tube
with 1 column volume of 0.5 M NaCl to prevent ionic adsorption. For the
coupling using the EDC method the glutaric acid solution was added and the
solid EDC was added in parts; while for the coupling using the anhydride

method, solid glutaryl anhydride was added. The mixture was gently rotated
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at room temperature for 12 h; the pH was measured every 5 min during the
first hour and adjusted to pH 6 using 20 % NaOH. Aliquots of the reaction
were removed for tracking of the reaction with fluorescamine reagent. The
matrix was washed in a disposable column with alternating buffers pH 4 and
pH 8, then with water. For storage the matrix was kept in 20% ethanol with

0.5 M NaCl.

Characterization of the Glutarylhexylamine Affinity Column

After coupling, ligand leaching must be characterized in order to know
the workable range of the parameters during separation as well as for storage
and cleaning of the column. For the determination of these safe conditions,
the derivatized solid support was incubated for 1 h at pH 2, 5, 7, 9, and 12;
temperatures of 4, 15, 25, 35, and 45 °C; and NaCl concentrations of 0, 0.1,
0.25, 0.5, and 1 M. The release of ligand was observed as the fluorescence

formed by addition of fluorescamine reagent.

Purification of yGACT in Glutarylhexylamine Sepharose 4B
The following reagents and equipments were employed: Glutaryl-
hexylamine Sepharose 4B affinity, empty column shirt of 0.5 x 5 cm, 0.05 to 1
M NaCl in 10 mM phosphate buffer pH 7.5, 20 % methanol with 0.5 M NaCl,
FPLC system (AKTA Amersham), 1 mL syringe (Hamilton).
In order to bind the protein it is needed to know if the protein will be

able to be recovered; hence, in the initial attempt of chromatography
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separation the sample was loaded in a buffer containing 1M NaCl. For the
binding of the enzyme, the sample was loaded in buffer containing 0.05 M
NaCl and for elution the salt concentration was increasing to 1 M. Fractions
of 0.2 mL were collected on ice and assayed for enzyme activity as described

in the method for quantification of YGACT.
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RESULTS AND DISCUSSION
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CHAPTER NINE

Results and Discussion of the Purification of yYGACT

Results of the Gross Purification

An average 4,498 units of activity and 7.2 g of proteins were extracted
from bovine kidney. After centrifugation approximately 1,000 units were
found in the pellet; this activity is attributed to the action of y-glutamyl
transpeptidase on the substrate N°-(y-glutamyl)lysine; while the 3,262 units
recovered in the supernatant are attributed to the action of yGACT. The
main loss in activity at this point is attributed to yYGACT degradation by the
action of proteases.

From DEAE-Sepharose ion exchange chromatography 1,350 units and
520 mg of proteins were recovered. A typical activity elution profile in this
column and the quantitative assay of this chromatography run are shown in
figure 9.1; the recovery from this column was 41%.

Fractionation and precipitation of the enzyme with ammonium sulfate
showed complete precipitation of the protein because no activity could be

detected in the supernatant. 87 % was the average recovery from this step.
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Figure 9.1: Typical results from DEAE-Sepharose. A) Elution profile of
YGACT purification on DEAE-Sepharose. Solid line represents
the UV absorption at 280 nm; broken line represents the units of
activity of YyGACT. The squares show that the activity elutes

close to 5 mS/cm. B) TLC assay

The sample recovered from size exclusion chromatography showed an

average of 694 units of activity and 12 mg of protein. The recovery form this

column was 59%. This pool showed no activity of yGAACT; the activity
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elution profile from this column is showen in figure 9.2. It can be seen that
the major colored contaminants elute completely before activity begins to
elute. Sephacryl S100 is described by equation (X); see Appendix A for the

details on this calibration.

MWs100 = 10°(-0.0069 mL + 3.3347) X)

Using this equation, it can be seen that contaminants removed by
Sephacryl S100 chromatography have molecular masses between 200 and 56
KD, since their elution volumes are between 150 and 230 mL. Activity was
observed in the range of molecular masses from 35 to 17 KD, with maximum
activity for the molecular mass of 25 KD, which corresponds to a elution
volume of 280 mL.

Although heavy proteins should elute first during size exclusion,
sometimes non specific interactions between the sample and the matrix of the
column occurs; in order to diminish this effect 0.15 M NaCl was added to the
buffer. However, in this experiment a heavy molecular mass protein of ~ 40
KD was observed to elute at low molecular masses; figure 9.2 shows the
electrophoresis of the fractions from size exclusion in Sephacryl S100. Even
in fraction 105 where the main protein size is 8 KD, the 40 KD contaminant

1s observed.
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Figure 9.2: A) Elution profiles of activity eluted from Sephacryl S100; solid
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After the gross purification presented in this work 50 U/mg was
obtained; this result doubles the values reported by Gowda and Bowser, who
obtained 20 U/mg and 25 U/mg respectively. In addition, size exclusion
chromatography on Sephacryl S100 removed yGAACT; this result was not
observed with Sephadex G50; instead, the contaminant enzyme was removed

by Bowser by Mono-Q ion exchange chromatography.

Results of the Polishing Purification Studies on Superdex S75

Figure 9.3 shows the elution profile of the sample from Sephacryl S100
run on a Superdex HR 75 size exclusion chromatography. Three peaks are
differentiated in each graph; it is notable that heavy peaks elute faster in the
presence of reducing agent. Similarly, the enzyme activity eluted
approximately at 11.8 mL under non-reducing conditions and at 11.5 under
reducing conditions. The reading of these elution volumes in equation (XI)
obtained for the calibration curve for Superdex S75, see Appendix A for
detailed calibration of this column, gives 19.2 and 22.3 KD as the range of

molecular masses for YGACT.

MWs7s= 107(-0.2154 mL + 3.8251) (XI)

If the protein were a dimer of molecular mass 22 KD, the activity peak
that is observed at 11.5 mL under non reducing conditions, would be observed
to elute at 13 mL under reducing conditions, indicating a molecular mass of

11 KD. Because no shift in activity was observed by changing the reducing
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conditions of the run, it can be concluded that the protein is not a dimer in
contrast to Gowdas’ observations. It must be remarked that no dimer
associated with the enzyme activity was observed by SDS-PAGE at any step
of the purification.

In each case 38 U and 0.6 mg (60 Units/mg) were loaded into the
column. Under non reducing conditions the activity peak was broader than
under reducing condition; however, the total recovery is approximately the
same, recovery without reducing agent was 32.7U (86 %) and with reducing
agent was 36.7 U (97 %).

Electrophoresis of the fractions from this column, figure 9.4, shows
that the addition of reducing agent has a sharpening effect in the peak;
however, the Superdex HR 75 column i1s unable to resolve proteins in the
molecular mass range of 26 to 14 KD, fractions #12 and #11.

The molecular mass of the protein observed in Sephacryl S100 was of
25 KD and of 22 KD in Superdex HR 75. The sample does not look to be a
dimer because no peak of half mass was observed under reduction conditions

in size exclusion chromatography.
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Figure 9.3: Effect of reducing agent on the elution profile of sample in
Superdex S75. Solid line represents the UV absorption at 254
nm, broken line represents the units of activity of yGACT. A)
non reducing conditions, B) reducing conditions.
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Non-reduced Reduced
#9 12 14 17Std Load 6 11 13 19

Figure 9.4: SDS-PAGE of the Superdex HR 75 fractions; molecular mass of
the bands are shown.

Results from the Intermediate-Polishing Purification Studies on Mono @ GL

Mono @ GL Separation of yGACT in Phosphate Buffer

Although the recommended running buffer for Mono Q GL at pH close
to 7 is Tris buffer, the sample was run in phosphate buffer, since in the past
(Bowser, 1997) rabbit yGACT had shown instability in Tris buffer.
Nevertheless, using phosphate buffer the majority of the enzyme does not
separate from the contaminants, even when the phosphate concentration was
decreased to 0.5 mM. Figures 9.5 and 9.6 compare the elution of the sample
at 2 mM and 0.5 mM KPi concentration. Two peaks of activity were
observed; the first one contained the majority of the activity. This shows that

the enzyme is able to bind to the column at low ionic strength, but it is not
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preferentially retained by the column since it eluted with the contaminants.
When elution was attempted by increasing the phosphate concentration, and
not by introducing NaCl, not even the standards bound to the column; this
result shows that phosphate is not an appropriate buffer to run the Mono Q
GL column.

Base on this result the enzyme must be resolved on Mono Q GL using

Tris buffer, so the stability of the enzyme was tested in this buffer.

Stability of yGACT in Tris Buffer

The sample from size exclusion in Sephacryl S100 was concentrated to
approximately 40 units /mL, and the stability of this concentration of sample
was tested at different times in 10 mM Tris buffer pH 7.5. The activities

obtained were normalized (Results in Tris/ Results in KPi) using the controls

in 5 mM KPi pH 7.5.
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The graphs in figure 9.7 show the effect of incubating the sample in
Tris buffer during different times. It was observed that enzyme activity
(graph A), total concentration of proteins (graph B), and specific activity
(graph C) remained unaltered in 10 mM Tris buffer pH 7.5 for samples as
concentrated as 39 U/mL. Only a slightly deviation was observed at low
concentration of enzyme, but it must be remembered that at the lower the

concentration the higher the error of the assays.

Effect of Alkylation on the Enzyme Activity

Reduction with 1% of 2-mercaptoethanol showed approximately 20%
decrease in activity; however, the specific activity slightly increased.

Table 9.1 summarizes the effect of reduction by DTT and alkylation
with IAA of the sample from Sephacryl S100; the values from previous work
are compared. It can be seen that in general reduction affects more

significantly the lost of activity than alkylation.
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Figure 9.7: Effect of Tris buffer on the activity, protein measurement and
specific activity, in comparison to KPi. ¢ 4.3 U/mL, m 22 U/mL,
A 39U/mL
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Table 9.1: Effect of reduction and alkylation on the enzyme activity

Experimental conditions Relative activity (%)
(reference)
DTT IAA
1 mM DTT, 15 mM IAA 35 54

(bovine enzyme in this work)

10 mM of each reagent 81 44
(bovine enzyme by Gowda, 1985)

1 mM of each reagent 85 82
(bovine enzyme by Gowda, 1985)

2.5 mM of each reagent 73 96
(Rabbit enzyme by Fink and Folk, 1981)

Mono @ GL Separation in Tris Buffer

The recommended conditions for the separation in this column, linear
gradient from 0 to 100 % 1M NaCl in 20 mM Tris buffer pH 8 in 20 CV at 1
ml/min gave no resolution of the activity from the contaminants; loaded
specific activity was the same as the collected one. The elution profile of this
separation is shown in figure 9.8.

After several screening experiments, the initial conditions chosen for
the purification were the following: 0.5 mL of sample injected, flow rate of 1.5
mL/min, initial buffer 10 mM Tris pH 8, elution buffer 10 mM Tris pH 8 with
0.3 M NaCl, gradient program: wash out of unbound proteins with 5 CV of 10
% elution buffer followed by a linear gradient to 30 % elution buffer in 30 CV
(condition #1 are low Tris concentration, slow gradient, without reducing

agent). Gradient, concentration of Tris, and presence of reducing agent were
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optimized in specific activity increase and recovery of activity by changing the
buffer concentration, gradient length, and adding reducing agent.

Under condition #1 (figure 9.9), the activity eluted at 6.6 mS/cm which
corresponds to pl 6.89; see in Appendix A the calibration of Mono Q GL
column. The increase of buffer concentration from 10 mM to 20 mM Tris at
pH 8 showed narrowing the activity peak width. As can be seen in figure
9.10, with 20 mM buffer (condition #2 corresponds to high Tris concentration,
slow gradient, without reducing agent) activity elutes between 14 and 17 mL
at ~ 6.2 mS/cm; specific activity rose from 32 to 250 (8 fold); while, with 10
mM Tris (condition #1), activity elutes between 18 and 23 mL at ~ 6.6 mS/cm;
specific activity rose from 39 to 69 (2 fold). On the other hand, recovery with
10 mM Tris was 37 % and with 20 mM Tris was only 17%.

Under condition #2, the activity eluted at 6.2 mS/cm which corresponds
to a pl 6.96. A steeper gradient increases the recovery of activity although
the purification fold decreases. A shallower gradient (figure 9.11), from 10 to
30% elution buffer in 30 CV (condition #2), showed a specific activity
increased from 32 to 250 (8 fold) and a recovery of 17%; in contrast, a steeper
gradient, from 10 to 30% elution buffer in 10 CV (condition #3 corresponds to
high Tris concentration, steeper gradient, without reducing agent), showed
activity increased from 71 to 230 (3 fold), and recovery of 30 %; figure 9.12

shows this result. Under condition #3 activity eluted at 6.86 mS/cm which
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corresponds to a pl 6.86 and the presence of a second peak of activity of lower
pl begun to be evident at 8 mS/cm which corresponds to a pl of 6.65.

By addition of reducing agent the activity eluted at lower pl, and the
second peak increased in presence of 2-ME; the peak eluted at 8.2 mS/cm,
which corresponds to pl 6.62. When the sample was treated with 2-ME and
run in buffer containing 2-ME (condition #4 are high Tris concentration,
stepper gradient, with reducing agent), specific activity and purification fold
increased; specific activity increased from 22 to 173 (8 fold) and recovery was
47%; figure 9.13 shows this result.

The oxidation of cysteine forms disulfide bridges; pl heterogeneity is
observed for a protein when it is partially oxidized. This is observed for
YGACT activity in the presence and absence of reducing agent when run on
the Mono Q GL column. Two main forms of the protein were observed one
with pl 6.6 presumed to be the reduced forms (reduced form needs more acid
to neutralize thiol groups) and one with pl 6.9 presumed to be the oxidized
form (oxidized form needs less acid for neutralization because disulfide
bridges are neutral), both with molecular mass of ~ 22 KDa (figure 9.14).
Although, both forms show activity, the intermediate species are less active.
It is also observed that the enzyme becomes less stable while it becomes more
pure; oxidized cysteine groups are known to contribute in the stability of the

protein.



120

K£1AT300 og10ads -4- ‘(Y/sArT [own) £JTATIOR JO SjTUN -0- ‘WU §C7 Je o[dwres a3 Jo uorydiosqe

uorjoed

O‘

00T —

008 —

Tw 91T 61 #1 €T &I 11 OI

O |

0T —

0¢ —

sjup) -o-
S
<t
\

S
Yoy
\

09 —

- 002

- 00v

- 009

nv

- 008

- 000T

‘AJTATIONPUOD ,, SUOIIIPUOD POPUSWWOIDI B UNJI OUON uo opdwres [HYOL Jo orgord uonn[y :8°'¢ oIn3ryg

- 01

- 0¢

WO/SUW gy

- 0¥

- 0§




121

(y/sArT Town) A31A1300
Jo sjmun -0- ‘wu $¢g Je ordures ay) Jo uonydrIosqy ‘A1AT3ONPUO)) . “(T# UOTIIPUO))) JUSSE SUIONPAI
INOYIIM JUSIPBIS MO[[BYS ‘SLLJ, JO UOIJRIJUSOU0D MO ‘T ) OUOJA Uo ojdwres [ )L Jo o[goad uonn(y :¢°'¢ oIn3iq

UorjoRL| 0L ¢9 09 ¢S 0¢ ¢ Oy <€ 0 ¢¢ 0¢ ¢S1 OI

T 8¢ 9¢ ¥€ ¢€ 0€ 8¢ 9¢ ¥6 ¢¢ 06 81 9T ¥I 2L OI 8 9 ¥ & O

O | | | | | | | | | | | | | | | | | | | O \O
\ AT R I
\ON \N
1 Y
i
-7
H\\
- 09
2 9 %
. |
<o Wo/SUW 9°9 o | .
Ww. G - g 3B
- 001 3
N\\
- 01
- 021
QT +
4! - el




122

£y1AT308 o1J100dg -+- ‘(Y/SAT Jowrr) £)TATIOR JO sjTUN
-0- ‘wu $¢g e o[duwres ay) jo uorydiosqy ‘A1TATIONPUO)) 4, *(Z# UOTITPUOD) JUsSe FUIONPAL JNOYIIM
‘JustpeIS MO[[BUS ‘SLI], JO UOIIBIIUSDU0D Y3IY JB 19 { ouoy uo ojdwes [HVOA Jo a[goxd uonnyy :01'¢ 9IN3I]

uorpoesy IL 99 19 99 1¢ 9% 1y 9¢€ 1€ 9¢ 1¢ 91 11 9 1

T 9¢ ¥€ € 0€ 8% 9¢ ¥¢ ¢6 0% 81 9T ¥I1 ¢1 0T 8 9 ¥ & O

o — O | | | | | | | | | | | | | | | | | O _ o
0g a0 - _ - 0%
00T + . < - oF g
0ST + 09
o1 |
003 + - 08 -0t
+ .o | i
o 09 + ° - 00T _V 8
= < og S &
2008 = “o0z1 -¢Gr®
% € -+ Wo/QUL 7°
" o0gE + Llakd - oF1
00y —  S€ 7 09T 0%
0S¥y + v - 081




123

£91A1308 o1y100dg -+- ‘(Y/SAT Jowr) £JTATIOR JO sjTUN
‘A11ATIONPUO)) 4, (E# UOTITPUO))) Jusde SUIONPATL JNOYIIM

-0- ‘wu $¢g e o[dures 9y Jo uonydrosqy

‘yuetpead Jodeo)s ‘SLI, JO UOIIRIIULOU0D YSIY Je ) & OuoJy uo ordwes [HVOA Jo ogoxd uornyy
UOT)ORL ] ¥€ ¢¢ 0€ 8¢ 9¢ ¥¢ ¢¢ 0¢ 8T 91 ¥1
TH0Z 6T ST LTOT ST PIETIGTIITOL 6 8 L 9 ¢ ¥ € 3 1 0
0+ 0 -0
00T + - 01
-6
00¢ + - 0¢
00€ + -
0¢ \w
Oow 1 _ Q“V
Fooe o 9
- > 0G + - 09 .
5 c | c
Z 009 2 * : - 09
g S Wo/SW §°9 - g
- 00L + - 0L
0g — # c
008 + Wo/SW 8 -
( 08 - 01
006 + gt - 06

IT°6 2INn3T

IHO/SIH ¥



124

A1A1308 O[Y100dg -4- ‘(Y/sArT [owr) £)1AT30€ JO syrun
-0- ‘wu ¢g e ordwes ay) jo uonydiosqy ‘AITATIONPUO)) 44 (F# UOTIIPUO0D) JUSSE SUIONPAI [ITM
‘yustpeas 10desls ‘SLIJ, JO UOTIRIIUSOU0D YSIY 1B 1Y) & ouofy uo ojdwes [HyHi jo orgord uonnyy :g1'6 oIn3iq

UuoT)oRI| €€ 1€ 6¢ Lc G¢ €¢ 16 61
qu 06 6T 8T LTI9T ST VI ETLGLITOT 6 8 L 9 ¢ ¥ € ¢ 1T O
0+ 0 | | | | | | | | | | | | | | | | | | | -0 -0
! -G
- 0¢
T+
00 z
-V
S - 00T
003 - L
+ ¥ _ %
- < - 0gT | 5
=2 g =h g &
@ 00e + = =
m w
o 9 + - 00¢
- 0T
oor + LT
098 | g
8 + wo/SW g8 ﬁ




- —
A | K20mM N
30 31 32 W 3

88

1
20, - T
1
B .
- &

K3F
24 26 3 23 30

125

Figure 9.13: SDS-PAGE of Mono Q GL fractions. A) peak of pl 6.9 at
condition #2 and B) peak of pI 6.6 condition #4

Figure 9.14 is a representation (recovery*purification fold) of the

improvement in specific activity and recovery gained by changing the buffer

concentration, gradient speed, and reduction of the sample.

400
350
300
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50 ~

Recovery* Purification fold

10 to 20 mM Tris Steep gradient

Reducing conditions

Figure 9.14: Optimization of yYGACT purification on Mono Q GL column

3
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Ion exchange chromatography on Mono-Q done by Bowser showed 7 %
recovery and only three fold in the increase of specific activity; while in this
work, by optimizing the conditions of the separation a 47 % recovery and up
to eight fold in purification by Mono-Q were obtained.

The addition of chelating agents as well as the alkylation of cysteine
groups did not improve the purification. The addition of EGTA to the sample
prevented the binding of the enzyme to the column, as can be seen in figure
9.15. Activity eluted at 15 mL and contaminants at 10 mL, when the sample
was alkylated with iodoacetamide contaminants and activity eluted at 12 mL.
The effect of alkylation of the sample brought together the enzyme and the
contaminants, as can be seen in figure 9.16.

Based upon these observations, it is believed that the enzyme has
cysteine groups responsible for the stability of the enzyme; however, it is

likely that the thiol groups are not involved in the enzyme activity.
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Results from Isoelectric Focusing

Isoelectric focusing was carried out for the sample from the Mono Q GL
column run under the optimal conditions and for the same sample after
alkylation with iodoacetamide. The stained IEF gels from these runs are
shown in figure 9.17; the samples recovered from isoelectric focusing were
tested for activity and run on SDS-PAGE.

Figure 9.18 shows the SDS-PAGE after IEF. Ampholites are observed
as smear stain at the top of lanes 11, 12.5, 13 and 13.5; when ampholites
were not removed the observation of the protein bands was impossible. The
sample loaded onto the IEF gel showed a band at ~22 KD.

For the non-alkylated sample, activity was observed at pH 6.18, 6.54,
and 6.76; while, for the alkylated sample the main activity was observed at
pH 6.45 and a trace of activity at pH 6.72. This result is comparable to that
of Gowda; she observed a pl shift from 6.15 to 7.10 by alkylating the sample
before IEF. By alkylation of cysteine groups a shift towards higher pl is
expected because acidic thiols become neutral thioesters.

The molecular mass of the protein corresponds to 22 KD as calculated
with equation (XII) obtained from the calibration curve of standard molecular

masses and their migration distances in the gel, Figure 9.19.

MWagps-page= 107(-0.192 cm + 2.3129) (XIT)
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Figure 9.17: Isoelectric
focusing of the non
alkylated sample (A) and
Alkylated sample (B),
with measured pH. The
migration distances are
measured with the scale
shown at the left. Arrows
indicate the position of
the bands.
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Figure 9.18: SDS-PAGE of the protein from IEF. Molecular masses of the
bands are marked. Load 1s the sample loaded onto the IEF, ppt
was the precipitated protein in water before IEF gel loading; the
numbers correspond to the migration distances (cm) on the IEF
gel
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Figure 9.19: LogMW vs migration distance (cm). Calibration curve of SDS-
PAGE gel for the measurement of the molecular mass of
proteins.
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Summary of yGACT Purification

The purification of yYGACT was continued until an single
electrophoretic band was observed; figure 9.20 shows the advance of the
purification observed by SDS-PAGE; and figure 9.21 and table 9.2 summarize
YGACT purification in this work.

The behavior of the protein under reduction conditions was useful to
observe other properties of the enzyme; great information was gained about
the possible isoforms of the enzyme. This information was used to improve

resolution and recovery on ion exchange chromatography and IEF

=2 W il
2 328 &
A ©w g =
98
52 =
40
-
- 25
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_— 11
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Figure 9.20: Purification followed by SDS-PAGE; molecular mass of the
bands are indicated



Bovine Kidney

Ultracentrifugation

DEAE Sepharose IEC

Ammonium sulfate
40 % fractionation/ 90% precipitation

Centrifugation

Sephacryl S100 SEC

Reduction with 2-ME

Mono @ IEC

Alkylation with IAA

IEF

Extraction

Homogenate
4498U, 7200 mg, 0.6 U/mg

A 4

Supernatant
3262U, 2455 mg, 1.3 U/mg

A 4

Active pool
1350U, 520 mg, 3 U/mg

Pellets
1174U, 499 mg, 2 U/mg

A 4

Active pool
694U, 12 mg, 58U/mg

A 4

Reduced proteins
520U, 8.3 mg, 63U/mg

A 4

Active pool
156U, 0.65 mg, 240 U/mg

A 4

Alkylated proteins
16U, 0.23 mg, 68U/mg

IEF
1.3U, <1 pg, >1300 U/mg

Figure 9.21: Scheme of yYGACT purification
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Table 9.2: Purification of yGACT, from 50 g of bovine kidney tissue

Volume Total Total  Specific Recover
Step (mL) protein  Units  Activity %) Y Fold
(mg)  (umol/h) (U/mg) °
Homogenate 200 7,200 4,498 0.6 100
Ultracentrifugation 150 2,455 3,262 1.3 72 2
Supernatant
DEAE Pool 250 520 1,350 3 30 5
Ammonium sulfate 10 499 1,174 2 26 3
Sephacryl S100 80 12 694 58 15 97
Mono Q GL 2 0.2 48 240 5* 400
(of 160U)
Alkylation (of 48U) 3.3 0.072 4.9 68 0.11 113
IEF 0.05 <0.001 1.3 >1300 0.03 2166

* Recovery from the Mono Q GL chromatography of 160 U is 1.1 %



CHAPTER TEN

Results and Discussion of the Sequencing

N-Terminal Determination

With the conditions described in table 7.1, the resolution and
observation of 1 to 10 pmol of dansylamino acids was possible; figure 10.1
shows the separation of dansylamino acid standards by HPLC. Before
attempting dansylation and hydrolysis of the sample, a protein control was
run to verify that the procedure was working. Bovine carbonic anhydrase,
which has a close molecular mass (29,000 D) and isoelectric point (5.8) to that
of yGACT, was dansylated and hydrolyzed; the observation of dansyl-¢-lysine
(figure 10.2) at 42.7 min and probably dansyl-arginine at 32.9 minutes proves
that the procedure worked.

The dansylation and hydrolysis of the sample extracted from SDS-
PAGE showed no peaks (figure 10.3). Since not even the dansyl-g-lysine peak
was observed, it can be said than not enough protein was recovered from the
gel in order to measure any dansylation; consequently, that the protein is N-

terminal blocked can not be assumed.
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Dansyl amino acid standard resolved by HPLC, detected by
fluorescence. A) 20 nmol of the indicated standards, B) 0.1 nmol
of e-dansyl-lysine standard
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a0 Dansylation and Hydrolysis of
e Carbonic Anhydrase, 2 nmols
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Figure 10.2: Elution profile of dansylated and hydrolyzed carbonic anhydrase
standard protein
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Figure 10.3: Elution profile of dansylated and hydrolyzed gel extracted
YGACT
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MS Sequencing

The determination of protein by MS spectrometry has a sensitivity of
less than a fmol, so almost any contamination can be observed. A list of 42
proteins was reported (table 10.1 and Appendix C) by Harvard
Microchemistry and Proteomic Analysis Facility to be present in the
elctrophoretically pure protein band of SDS-PAGE.

The reported identification number of the protein was used to search
the sequence of the protein in the National Center for Biotechnology
Information; with the obtained sequences the predicted molecular masses
and isoelectric points were obtained. The obvious contaminations like protein
“C” albumin bovine or protein “I” human keratin, were discarded. Other
proteins were discarded base on those characteristics that do not correlate
with YGACT behavior; for example, protein “Q” Biliverdin reductase, was
discarded because YGACT does not present reductase activity.

Similarly, special attention was given to those proteins that act on
peptide bonds or whose substrate or product resemble YyGACT’s ones; for
example, protein “P” Similar to peptidylproplyl isomerase-like protein 3

(PPIL3Db), which acts on a peptidylproline substrate.

Analysis of Candidate Proteins
Five candidate proteins, from Bos Taurus, were selected as the most
probable YGACT; these are protein “P” similar to peptidylproplyl isomerase-

like protein 3 , protein “U” hypothetical protein LOC515270 and similar to
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[Pl

Guanidinoacetate N-methyltransferase , protein “a” hypothetical protein
LOC537221, “1” protein unknown (protein for MGC:134378), and “5”
Prostaglandin H2 D-isomerase. Tables 10.2 and 10.3 summarize the

characteristics of these candidate proteins.

Table 10.1: Reported Proteins

# Protein ID number

A Similar to Troponin C akin-1-protein [Bos taurus] XP_590139.1
B RAB11A member RAS oncogene family AAV38958.1

C Albumin [Bos taurus] NP_851335.1
D Chain B, Human Adp-Ribosylation factor 1 1HURB

E Similar to cytoglobin [Bos taurus] XP_58727.2

F  Transgelin 2 [Bos taurus] NP_001013617.1
G Hypothetical protein LOC613749 [Bos taurus] NP_001029915.1
H Similar to SAR1a gene homolog 1 isoform 2 XP_536379.1

I Keratin 1 [Homo sapiens] NP_006112.2
J  Galactose mutarotase AAI02447.1

K Similar to retinol binding protein 5 XP_587041.2
L Rab7 [Mus musculus] CAA61797.1
M  Similar to core-binding factor XP _871348.1
N Similar to Mark3 homolog XP_595378.1
O Similar to ADP-ribosylation factor-like 3 AAI09566.1

P Similar to peptidylpropyl isomerase-like protein 3 XP_87272.1

Q Biliverdi reductase B AAI02270.1

R Chain I, P13 alanine variant of antithrombin 10YH

g Chain B, Human Vh1-related dual-specificity 1VHR

phosphatase
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Protein

ID number

N < X 2 < g 3 |#®

o ®

o

o

50 H» @

(S

o N & Ot s~ W N

Unknown protein for MGC:127550 [Bos taurus]

Similar to Guanidinoacetate N-methyltransferase
Ribohorin II, precursor [Homo sapiens]

Similar to oxidation resistance 1

Cytokeratine 9 [Homo sapiens]

Carbonyl reductase 1

Protein tyrosine kinase 9

Ufm1-conjugating enzyme 1

Similar to Y55F3AM.10

Similar to alpha 1 type XVII collagen isoform 1
precursor

Similar to cytoskeleton-associated protein 4
Unnamed protein product [Homo sapiens]
Rho GDP dissociation inhibitor beta
Angiogenin-2

Beta-amylase

Similar to disabled homolog 2 isoform b isoform 1
Unknown for MGC:133592

Galacto mutarotase [Sus scrofa]

Unknown protein from MGC:134378
Inter-alpha-trypsin inhibitor

Prostaglandin H2 D-isomerase

Epidermal cytokeratin 2 [Homo sapiens]

Ig AH

Similar to cathepsin S preprotein

AAI05348.1

AAT09826.1
AAHO03560.1
XP_584759.2
CAA82315.1
AAI02944.1
NP_00102049.1
NP_001015663.1
XP_872147.1

XP_592628.2

AAH25341.1
CAA32649.1
AAT02110.1
ANG2_BOVIN
AAA33898.1
XP_586135.2
NP_001032563.1
GALM_PIG
g1:83405412
AMBP_BOVIN
PTGDS_BOVIN
K22E_HUMAN
g1:229537+71
AAT02246.1
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Table 10.3: Amino acid sequence of the candidate proteins

Unknown )
.. .. . Prostaglandin
" Similar to Similar to Ufm1 protein for Ho D.
PPIL3b GAMT MGC {somerase
:134378
1 matpnrlwma msapaatpif madeatrrvv msgpfelsvg matpnrlwma
11 lllgvlgvl apgencspaw seipvlktna  dlndllsdgs  1lllgvlgvl
21 qtpapaqaal raapaaydas gprdrelwvq gcyslpsqpc qtpapaqaal
31 gqpnfeedkfl dthlqilgkp rlkeeyqsli nevtpriyvg  qpnfeedkfl
41 grwftsglas vmerwetpym ryvennknad naiestmlde grwftsglas
51 nsswflekkk  halaaaaasr  ndwfrlesnk geirkccqgr  nsswflekkk
61 vlsmcksvva  ggrvlevgfg egtrwfgkew svaqdipklq vlsmcksvva
71 paadgglnlt maiaatkvqe yihdllkyef  klgithvlna  paadgglnlt
81 stflrkdqce apieehwiie diefdipity aegrsfmhvn stflrkdqce
91 trtlllrpag cnegvfqrlq pttapeiavp tnanfykdsg trtlllrpag
101 ppgcysytsp dwalqgphkv eldgktakmy itylgikand  ppgcysytsp
111 hwssthevsyv  vplkglweev  rggkicltdh  tqefnlsayf  hwssthevs
121 aetdyetyal aptlpdshfd fkplwarnvp ekaadfidqa aetdyetyal
131 lytegvrgpg gilydtypls kfglahlmal lagkngrvlv lytegvrgpg
141 qdfrmatlys eetwhthqfn  glgpwlavei  hcregysrsp qdfrmatlys
151 rsqnpraevk  firdhafrll pdligkgviq  tlviaylmmr rsqnpraevk
161 ehfttfaksl kpggvltycn hkekesq gkmdvksals ehfttfaksl
171 gfteegivfl ltswgelmkt ivrqnreigp  gfteegivil
181 pktdkcmeeh kysdittmfe ndgflagleq  pktdkemeeh
191 P etqvpallea Indrlvkegk p
201 gfrrdnirtq 1kl
211 vmelvppanc
291 ryyafprmit
231 plvtkh

Reactions, Mechanism, and Structures of Candidate Enzymes

Similar to PPIL3b: Peptidylproplyl isomerase-like protein 3 (PPIL3b) was

initially

known as

cyclophilin,

which binds the

Immunosuppressant

cyclosporine A; the enzyme has also been related to the facilitation of protein

folding.
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PPIL3b catalyzes the cis-trans isomerization of peptidylproline
polypeptides (reaction 12). The mechanism for this reaction was reported by
Hur and Bruice in 2002; they showed that the substrate forms three
hydrogen bonds with GIn63, Arg55, and Asn102, while substrate amide bond
to become modified forms hydrophobic contacts with His126, Phel13, and

Phe60, and electrostatic interaction with Argh5 and Asn102.

R

0] R HN)LL"v

H
NJM’H PPIL3b N 0 (12)
H —_—
NH
Cis-conformation Trans-conformation

Figure 10.4 shows the crystal structure of PPIL3b and the binding of
the polypeptide HAGPILA to the strand and surface representation of the
enzyme, as well as the structure for protein similar to PPIL3b believed to be
YGACT. The structure of the protein is of the class alpha-beta protein with a
folding called cyclophilin-like; the structure shows a closed barrel of 8 beta

strands.
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A and B) Crystal structure of PPIL3b with polypeptide
HAGPILA (PDB code: 1AWQ from Vajdos et al., 1997). C)
Predicted secondary structure of similar to PPIL3b protein
obtained using the Swiss View modeler (Guex and Peitsch, 1997)

Figure 10.4:
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Similar to GAMT: Guanidinoacetate N-methyltransferase (GAMT, EC
2.1.1.2) participates in the urea cycle and metabolism of amino groups,
glycine, serine, and threonine metabolism, arginine and proline metabolism.
GAMT catalyzes the last step in creatine biosynthesis (reaction 13);
the enzyme converts S-adenosylmethionine (SAM) into S-

adenosylhomocysteine (SAH).

- SAM SAH (|3H3
"00C N NH
~_ 2 LZ, 000 __N NH, g
GAMT T
NH,*
2 NH,"
Guanidinoacetate Creatine

The mechanism for this reaction (figure 10.5) was reported by Komoto
et al. in 2004. The guanidine group of guanidinoacetate forms two pairs of
hydrogen bonds with Glu45 and Asp134, while the carboxylate group of the
substrate interacts with the backbone amide groups of Leul70 and Thr171.

The crystal structures of GMAT and of similar to GMAT protein are
shown in figure 10.6. The enzyme is of the class of alpha-beta proteins with

mainly antiparallel a—p—a units.
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o
o NH,*
SAH
S
Ado™
H
/
H—N’ /CH3
Creatine \>7N (0]
H—N \—<
\ _
H 0

Figure 10.5: Mechanism of methyl transfer by GAMT (Komoto et al., 2004)

Ufm1: The eukaryotic ubiquitin-fold modifier-conjugating enzyme 1 (Ufm1)

targets molecules in a similar manner to that of the ubiquitin molecule in the

ubiquitylation pathway. Ubiquitin is covalently conjugated to the target

protein by isopeptide linkage between the carboxyl termini and e-amino

group of lysine of the target protein.

The bovine enzyme was reported by Sonstegard and coworkers in 2002.

In figure 10.7 the crystal structure of this protein is shown. The predicted

structure for the unknown protein is obviously just a fragment of Ufm 1.
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Figure 10.6: A) Crystal structure of GMAT with substrates SAM and GAA
(crystal structure 1XCdJ) (Komoto et al., 2004); B) predicted
secondary structure for similar to GAMT protein obtained using

the Swiss View modeler (Guex and Peitsch, 1997)
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Figure 10.7: Predicted secondary structure of Umf1 protein obtained using
the Swiss View modeler (Guex and Peitsch, 1997)
Unknown Protein for MGC :134378: Unknown protein for MGC:134378,
MGC (Mammalian gene collection), was obtained by computational
translation of the bovine genome by the BCCA, Canada. The Vhl-related
dual-specificity phosphatase (EC 3.1.3.16) was employed to predict the
structure of this protein; these secondary structures are shown in figure 10.8.
The structure is of the class of alpha beta proteins, mainly antiparallel beta
sheets and o/p/a units. Vhl-related dual-specificity phosphatase was reported
as one of the proteins present in the sequenced sample, as protein S.
Vhil-related dual-specificity phosphatase belongs to a group of enzymes
that removes the serine- or threonine-bound phosphate group from a wide

range of phosphoproteins, as shown in reaction (14).

Phosphoprotein + H2O - Protein + Orthophosphate (14)
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Figure 10.8: A) Human Vhl-Related Dual-Specificity Phosphatase (crystal
structure 1J4X) (Yuvaniyama et al., 1996). B) Predicted
secondary structure of unknown protein for MGC :134378
obtained using the Swiss View modeler (Guex and Peitsch, 1997)
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The mechanism for the hydrolysis catalyzed by dual-specificity
phosphatase is shown in figure 10.9. The active group is Cys124, which
directly attacks the phosphate atom of the phosphorylated protein and

releases the protein.
Asp96

H H/O—Ser131

< )

oM T S—Cys124
\"0- OH
0O-

Asp96
_ I_{/O—Ser131
0 (6] o = (0]
NG 4
P—S—Cys124 _,. HO—P.,
oV Y \ "O-
H\(l') 0 -
H

Figure 10.9: Mechanism of Dual-specificity phosphatase. The catalytic trial
1s the catalytic thiol (Cys124) general acid (Asp92) and hydroxyl
group (Ser131) (Denu and Dixon, 1995)

Prostaglandin H2 D-isomerase: Prostaglandin H2 D-isomerase catalyzes

reaction 15. The predicted secondary structure of the bovine enzyme is of the

class of all beta proteins; its fold is classified as lipocalins; a barrel of 8 beta

strand binds hydrophobic ligands in its interior, figure 10.10.
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Prostaglandin H2 Prostaglandin D2

Figure 10.10: Predicted secondary structure of Prostaglandin H2 D-
isomerase complexed with carboxymycobactin T obtained using

the Swiss View modeler (Guex and Peitsch, 1997)
It should be noticed that the main contaminant is Similar to Troponin
C-akin-1 protein; Troponin C-akin-1 complex senses calcium increase and
triggers muscles contraction. The single protein has a molecular mass of 19

KD and a pI of 6.72; it is possible that dimerization of this protein is the ~ 40

KD contaminant observed during intermediate and polishing steps.
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Also many fragments of high molecular mass proteins like BSA were
observed; this indicates that proteolytic degradation creates contaminants of
similar characteristics to that of yYGACT during the purification procedure.

Based on molecular mass calculated for these five candidates it can be
said that the Unknown protein for MGC :134378, of molecular mass 22.5 KD,
has the closest molecular mass to the one observed for YGACT, 22KD.

Based on the calculated pl of the candidate proteins it can be said that
Prostaglandin H2 D-isomerase, of pl 6.91 has the closest pl to the one
observed for yGACT, although, this pl is just a prediction and can not be
given a specific degree of confidence, because pl will be influenced by the
folding of the protein; consequently, the calculated pl value can not be use to
discriminate between the five candidate proteins.

Based on number of cysteine residues, groups that have been of great
important in the purification of yGACT, for these five candidates it can be
said that the Unknown protein for MGC :134378, which has 6 cysteine
residues, may be closer to the number of cysteine of yGACT; it must be
recalled that YGAACT was reported to have 7 cysteine groups (Taniguchi and
Meister, 1978)

Based on molecular mass calculated for these five candidates it can be
said that the Unknown protein for MGC:134378, of molecular mass 22.5 KD,

has the closest molecular mass to the one observed for YGACT, 22KD.
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Based on the reaction that the enzyme catalyzes it can be said that
Unknown protein for MGC:134378, which has the structure of Vh1-Related
Dual-Specificity Phosphatase, it the one whose reaction is closer to YGACT.
Similar to PPIL3b and Prostaglandin H2 D-isomerase catalyze isomerization
reaction on substrates that possess a five member ring. The one similar to
GAMT catalyzes a transfer reaction from two substrate to form two products,
while yGACT acts on a single substrate; similarly, Ufm1 must catalyze the
binding of two proteins acting on two substrates. Even though, Unknown
protein for MGC:134378 acts on two substrates, the phosphorylated protein
and water the reaction is a covalent bond breakage and not an isomerization
or formation of new bonds; for this reason the reaction of Unknown protein
for MGC :134378 is matched better over all other four candidates to the
reaction of YGACT.

Finally, based on the structure of the enzyme related to yYGACT it can
be said that Prostaglandin H2 D-isomerase, which is of the class of all beta
proteins, is the candidate with the poorest structure similarity to the
probable structure of yYGACT because the yGACT related enzymes,
mammalian QC, yGTP, and pyroglutamidase, all are of the alpha-beta class.
Prostaglandin H2 D-isomerase is not further considered as a candidate
protein.

None of the four remaining candidate proteins used histidine or lysine

for their catalysis, except for Ufm1, whose mechanism has not been reported.
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Trying to compared the active site of the predicted structure will be more a
speculation than a valid result because the actual structure of the active
protein should be optimized. The fact that in the predicted structure cysteine
residues do not forms disulfide bridges, which contribute to the stability of
the protein, indicates that the actual structure of these predicted proteins
must rotate and become more compact in order to bring together the thiol
groups. For example for Unknown protein for MGC:134378, which has 6

cysteine residues, none of them are linked as it can be seen in figure 10.11.

Figure 10.11: Predicted secondary structure of unknown protein for
MGC:134378 showing the unbridged thiol groups. Structure

obtained using the Swiss View modeler (Guex and Peitsch, 1997)

The active site of each candidate protein was searched for histidine,
lysine, N-terminal amino and tyrosine, which form the proposed active site

residues for YGACT (Gonzalez, 2005). Figures 10.12, 10.13, and 10.14 show

the probable active site of the candidate proteins with these residues.
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Figure 10.12: Predicted secondary structure of Similar to PPIL3b protein
showing the probable active site formed by His84, Tyr89, and
Lys88. Structure obtained using the Swiss View modeler (Guex
and Peitsch, 1997)

Figure 10.13: Predicted secondary structure of Similar to GAMT protein
showing the probable active site formed by His144, Tyr136, and
Lys180. Structure obtained using the Swiss View modeler
(Guex and Peitsch, 1997)
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Figure 10.14: Predicted secondary structure of unknown protein for MGC
1134378 showing the probable active site formed by His139,
Lys105, Tyr94, and Tyr101. Structure obtained using the Swiss
View modeler (Guex and Peitsch, 1997)

Most likely the N-terminal amine of the protein is modified and can
not participate in the catalysis. The predicted structure of Ufm1 is too poorly
assembled and that active site is not proposed for this candidate.

A similarities search between the candidate proteins and bovine QC
gave not positive results; this result can only be used to say that yYGACT and
QC are no related enzymes although they catalyze a similar reaction.

At this point unknown protein for MGC:134378 is chosen as the most
likely enzyme to be YGACT based on the different characteristics and the

finding of a putative active site. However, similar to PPIL3b protein and

similar to GAMT protein also must be considered.



CHAPTER ELEVEN

Results and Discussion of Affinity Column Design

Determination of Ligand Inhibition Constant

It was observed that 93 % inhibition of yYGACT activity occurs when
equal concentrations (1mM) of substrate and inhibitor were present in the
reaction. Figure 11.1A shows the Lineweaver-Burke plot with gluraryl-
hexylamine as inhibitor. This graph shows a common intersection of each line
at the 1/v axis, which corresponds to the 1/Vmax value. As was expected
glutarylhexylamine appeared to be a competitive inhibitor; its inhibition is
caused by decreasing the amount of available enzyme for reaction, so Km
seems to be higher but Vmax 1s not affected because the enzyme-substrate
complex is not altered. From figure 11.1B the K; and Ku can be calculated;
based on equation V, the slope of this graph is Kn/Ki, while the interception
at the Kipp axis is K. The calculated K; for glutarylhexylamine was of

11.6 uM of inhibitor and the Ky was 0.183 mM with N°—(y-glutamyl)lysine.

Results of the Two Coupling Methods
The manufacture recommended coupling method employing a
carbodiimide as an activator shows incomplete coupling when observed with

fluorescamine even after 24 h, figure 11.2.
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A o []= 0 mM 1/v (U/mL)
+ [I]= 0.03 mM 0.7 7
A [[]=0.075 mM 0.6 -
n [T]= 0.225 mM
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[ I \VJ I 1
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3 _|
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z |
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1- v =15.485x + 0.1831
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Figure 11.1: A) Lineweaver-Burke plot with glurarylhexylamine as yGACT
inhibitor, B) Kapps versus [I] for the determination of K;
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Figure 11.2: Tracking of the coupling reaction using a carbodiimide. From
left to right: Negative control, positive control, EAH Sepharose
4B, 1h coupling, 12 h coupling.

Although the carbodiimide reaction is straightforward there are
several side reactions that complicate it. The carboxylic acid will react with
the carbodimiide to produce an activated carboxylic ester; the reaction of this
intermediate with the amine will form the amide and the urea product, route
1 in figure 11.3. However, the rearrangement of the intermediate will from a
stable N-acylurea, route 2 in figure 11.3.

The coupling of acids and amines using a carbodiimide activator has
been reported to be extremely variable and to produce low yields not only
because the o-acylurea intermediate rapidly undergoes hydrolysis or
rearrangement into a more stable N-acylurea but also because the formation
of the o-acylurea occurs at pH 4-5; at this pH primary amines are protonated
and act poorly as nuclueophiles (Sehgal and Vijay, 1994).

When the reaction was carried out by the direct reaction of the
anhydride on the solid support amine, total coupling was observed in 1 h

because no fluorescence was observable, figure 11.4.
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Q R R
+ 0\ /
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Ry OH
Carboxylic acid l Carbodiimide
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R
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R, o~ >nu” | H
0O-Acylisourea N-Acylurea R
HzN_Rz
1 Amine
0 0]
U
Ry N/ \N N/
H H H
New peptide bond Urea derivate

Figure 11.3: Scheme of the carbodimide reactions; 1) new peptide bond
formation, 2) intermediate rearrangement into a stable N-
acylurea

Figure 11.4: Coupling reaction using glutaryl anhydride. From left to right:
Negative control, positive control, EAH Sepharose 4B, 1h
coupling, 12 h coupling, 24h coupling
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Ligand Leaching under Different Conditions
After incubation of 1 h of the derivatized matrix at different
temperatures, pHs and salt concentrations, it can be concluded that ligand
leaching is minimized at low temperatures, acidic pH, and at any
concentration of salt, figures 11.5, 11.6 and 11.7, respectively, show this
result. The derivatized column was also stable during weekend storage at

4°C in 20% methanol containing 0.5 M NaCl, figure 11.8.

Figure 11.5: Temperature effect on GH Sepharose 4B stability. From left to
right: Negative control, positive control, 4, 15, 25, 35, and 45 °C

Figure 11.6: pH effect on GH Sepharose 4B stability. From left to right:
Negative control, positive control, pH 2, 5, 7, 9, and 12
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Figure 11.7: Salt concentration effect on GH Sepharose 4B stability. From left
to right: Negative control, positive control, 0, 0.1, 0.25, 0.5, and 1
M NaCl

Figure 11.8: Weekend storage of GH Sepharose 4B stability. From left to
right: Negative control, positive control, EAH Sepharose 4B,
20% methanol stored, and 20% methanol with 0.5 M NaCl
stored
Results of the Purification of yGACToin Glutarylhexylamine Sepharose 4B
The column was packed in a 0.5 x 5 cm column shirt and connected to
the FPLC apparatus; no retention of the sample was observed in 1 M NaCl,
so this concentration of salt can be use to removed the enzyme from the
column.
When the enzyme was run initially with buffer with 0.05 M NaCl

followed by salt increase to 1 M of salt, the elution profile figure 11.9 was

observed for 13 Units and figure 11.10 for 3 Units.
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The area for the first absorption peak is approximately 313 mAU*mL,
while the second peak area is ~ 17 mAU*mL; this mean that 95 % of the total
protein is unretained by the column, while only 5 % is retained. On the other
hand, the activity area of the first peak is 7.1 Units, and for the second peak
is 2.7 Units; this result says that more than 27% of the enzyme is retained by
the column. A total recovery of 75% was observed for this column.

When the sample was run diluted, only 3 Units a smaller total
recovery of 57% was observed; however, the amount of enzyme retained by
the column was of 56% of the total recovered. This result shows that the
enzyme binds to the column; however, no increase in the specific activity was

gained because the protein still remains attached to other contaminants.



CHAPTER TWELVE

Discussion and Conclusions

Purification

In this purification of the bovine yGACT, the enzyme was purified
more than 2,000 fold for a final specific activity of more than 1,300U/mg of
enzyme; which is the highest reported specific activity for the bovine enzyme.
Table 12.1 contrasts the results obtained in this work and those obtained by
Gowda (1985) in the purification of the 50 g of bovine enzyme.

The 1on exchange chromatography step in the gross purification as well
as the size exclusion chromatography step in the intermediate purification
showed significant improvement of the purification. During the gross
purification, Gowda (1985) used DEAE cellulose and recovered 1230 units of
enzyme of specific activity 0.79 U/mg, while in this work using DEAE-
Sepharose the recovered enzyme was 1350 Units of specific activity of 3
U/mg. Similarly, for the intermediate purification size exclusion
chromatography carried out by Gowda (1985) on a Sephadex G100 the
recovered protein was 915 Units of activity of a 20.2 U/mg specific activity; in
this work the 694 Units of activity were recovered of a three times more pure

enzyme of 58 U/mg specific activity.

166
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Table 12.1: Comparison of the results for the purification of 50 g of bovine
enzyme

Total Total  Specific

Gowda purification Volume protein  Units  Activity

Recovery Fold

(1989 L mg)  (umolh) (Umg

Homogenate 152 8,360 2,882 0.34 100
Ultracentrifugation 95 2,867 1,714 0.6 59.5 2

Supernatant
DEAE Cellulose 410 1,590 1,230 0.79 43 2
Sephadex G100 44 45.3 915 20.2 32 59
IEF 0.04 0.012 5.84 487
Volume Total Total  Specific Recovery o

This purification protein  Units  Activity

D mg)  molh) Umg Y
Homogenate 200 7,200 4,498 0.6 100
Ultracentrifugation 150 2,455 3,262 1.3 72 2
Supernatant
DEAE Sepharose 250 520 1,350 3 30 5
Sephacryl S100 80 12 694 58 15 97
IEF 0.05  <0.001 1.3 >1300 0.03 2166

Gowda (1985) found a dimeric protein of molecular mass 27,000 D for
the enzyme under non-denaturing conditions and of 12,700 D wunder
denaturing conditions. The molecular mass of the protein determined here by
size exclusion chromatography on a calibrated Superdex HR 75 and SDS-

PAGE was of 22,000 D under reducing and non-reducing conditions.
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In this purification yGAACT is removed in the intermediate
purification by Sephacryl S100; the fact that the enzyme can be separated by
size exclusion chromatography indicates that they have different molecular
masses; the molecular mass of YGAACT was reported by Taniguchi and
Meister (1978) to be 27,000 D, which should elute before yYGACT on the
Sephacryl S100 column.

The use of phosphate buffer for ion exchange chromatography is not
appropriate because the buffer and the enzyme will have the same charge to
bind to the column; both phosphate buffer and the enzyme will compete for
binding sites in the column, in consequence the protein does not
preferentially bind to the column and purification can not be obtained.
Although the purification on Mono Q GL column presented many difficulties
like the preparation of the sample in a buffer that has shown to cause
problems not only to YGACT (Browser, 1997) but also to glutamyl cyclase
(Wintjens et al., 2006) the enzyme as concentrated as 39 U / mL was stable in
Tris buffer for as long as 100 minutes, which is enough time for a separation
on a Mono Q GL column and assay of specific activity.

Although EGTA does not have a negative effect on the activity of the
enzyme, it prevents the binding of the enzyme to the Mono Q GL column, so
this additive can not be used in this conditions. The reduction of the sample
using 1% 2-ME caused less activity lost that reduction with 1 mM DTT;

activity lost was ~20% with 2-ME and 65% with DTT. Hence, 2-ME was
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employed for the study of the effect of reducing agents in Mono Q GL column
separation.

For the optimization of the separation on a Mono Q GL column a
progressive change of the parameters available, pH, gradient, injection
volume, flow rate, concentration of buffer, and presence of reducing agent
were varied one at the time to observe the effect.

Some parameters can not be changed too drastically without altering
the nature of the separation; for example, pH can not be increased or
decreased to far from pH 8 because at higher pH the protein is inactivated,
and a lower pH the protein become neutral or positive; also the increase of
enzyme concentration can cause salting out of the enzyme, while dilution can
cause lost of the enzyme due to its binding to the contained. Other parameter
as flow rate did not produce any change, as expected for an ion exchange
chromatography.

The best purification in Mono Q GL column using Tris buffer pH 8 as
running buffer and salt increased to induce the elution was the one
containing reducing agent. Under non-reducing conditions a broad peak of
activity is observed; in contrast, under reducing conditions several peaks of
activity were observed; the fact that the best purification was gained under
reducing condition, where one peak of activity grows over the other, indicates

that the protein is been concentrated in one form.
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The main form of the enzyme of pl 6.86 and 6.62 were under non-
reducing conditions; by adding reducing agent the enzyme of pl 6.62 is
enriched. This observation agrees with the rationalization that the addition
of reducing agent that breaks disulfides bridges into thiol groups creates a
more acidic protein; consequently, the pl of the protein should decrease. A
more acidic protein will bind stronger to the anion exchange and require
more salt concentration to be eluted than a less acidic protein.

Alkylation of the sample with a low concentration of alkylating agent
showed poor effect on the inactivation of the enzyme (Gowda, 1985); however,
a greater concentration of alkylating agent decreased the activity.
Iodocadetamide alkylates cysteine thiol groups, and at a much smaller rate,
it alkylates the imidazole ring of histidine.

The fact than inactivation is obtained at high concentration of TAA is
not enough to think that histidine and not cysteine is present in the active
site of the enzyme; it must be also be considered that cysteine groups are
involved in the stability of the enzyme, and this can be the cause of activity
loss. This second though is supported by the fact that 2-ME does not caused
as much activity loss as DTT, which i1s a stronger reducing agent due to the
formation of an intramolecular disulfide ring when oxidized.

Although alkylation did not improved the purification with ion

exchange chromatography this was useful for the recovery of a single band
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from IEF. The non-alkylated sample showed activity in IEF at pH 6.18, 6.54,
and 6.76; while, the alkylated sample showed activity at pH 6.45.

Electroelution of the IEF gel allowed the recovery of the sample that
Gowda (1985) tried to obtain by dialysis. Electroelution has many more
advantages over dialysis because the protein is not allowed to diffuse and
equilibrate in a medium, action that takes days, instead the protein is forced
out from the gel by a current in a electric field. Electroelution takes only 1
hour, but it does not remove ampholites; nevertheless, ampholites are washed
out from the sample in minutes by ultralfiltration, which can concentrate the
sample into a volume as small as 0.1mL.

DEAE Sepharose and Sephacryl S100 really improved the purification
procedure of Fink and Folk (1983) with contributions from Gowda’s (1985)
and Bowser’s (1997) procedures. Additionally the use of electroelution, and
ultrafiltration for the handling of proteins also helps to increase the efficiency
of the purification. This work proves again that the purification of an enzyme
is dependent of the information that can be gained during its development;
all the work is done only to come back to the initial point and repeat it again
but this time taking into account the knowledge gained in the previous
purification.

The protein was obtained as pure as the techniques allows us to
determine its purity; the electrophoretically pure band that seems to be a

single protein is actually composed of a number of proteins. From these
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estimates, the pure protein is expected to be more active, perhaps 10,000 -

60,000 U/mg.

Sequencing

Edman degradation is the preferred sequencing methodology since it
sequentially counts the amino acids from the N-terminus of the protein
toward the C-terminus; although the requirement of a free N-terminal is not
accomplished by many cytosolic enzymes.

No free N-terminal amino group for y-GACT was found by dansylation
of the gel extracted enzyme, followed by hydrolysis and finally resolution by
HPLC with detection of the fluorescent dansyl group. It can be said that the
methodology works because the standard amino acids and the standard
protein, carbonic anhydrase, showed signal of typical amino acid dansylation
of proteins.

The fact that gel extracted yGACT did not show peaks of typical
dansylation can only be used to conclude that there was not enough protein to
do the assay; the conclusion of a blocked or free N-terminal for yYGACT can
not be concluded from this experiment.

The enzyme of higher purity was sent for sequencing by an external
laboratory, Harvard Microchemistry and Proteomic Analysis Facility; the
report from the amino acid sequencing using internal trypsin digestion of the

proteins, microcapillary HPLC, nano ESI, and Ion Trap MS/MS revealed that
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the electrophoretically pure band contained 42 proteins and proteins
fragments of similar mass and pl as that a of YGACT.

A list of the physical characteristics of the reported proteins was
compiled and the proteins were analyzed as obvious contaminations, or
selected for further studies if they had similarities to yYGACT. From this
selection the following five candidate proteins, from Bos Taurus, were
selected: (1) similar to peptidylproplyl isomerase-like protein 3 , (2)
hypothetical protein LOC515270 also similar to Guanidinoacetate N-
methyltransferase, (3) hypothetical protein LOC537221 also Ufml-
conjugating enzyme 1, (4) unknown protein for MGC:134378, and (5)
Prostaglandin H2 D-isomerase.

Information on the sequences of these candidates proteins were sent to
Dr. Baker (Baylor University) to compare with the human and plant
glutaminyl cyclase enzymes base on the observed similarities of their
catalysis with yGACT catalysis.

Similarities were not found between the candidates and QC enzyme,
but considering that the mammalian and the plant QC enzymes are so poorly
related, this is a not an unexpected result. Mammalian QC used zinc for its
catalysis while the plant enzyme activity is independent of the metal.

From the analysis of the properties of these candidates enzymes and

YGACT the unknown protein for MGC:134378 is proposed as the most likely
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protein in the mixture to be YGACT and as second options similar to PPIL3Db

protein and similar to GAMT protein.

Affinity Column

The calculated Ku of the substrate reaction was 0.183 mM with N°*—(y-
glutamyl)lysine; this Ku is almost half the value reported by Gowda (1985) of
0.385 mM; although, the protein purified by her was not proved yGAACT
free.

Glutarylhexylamine showed 93 % inhibition of yYGACT at equalmolar
concentration of substrate and inhibitor, 1 mM; the calculated K; for this
inhibitor was of 11.6 uM; this value is in the range of the one reported by
Gonzalez (2005) of 7.2 uM for the action of rabbit yGACT on the same
inhibitor. Glutarylhexylamine shows to be a good inhibitor of the enzyme; its
structure resembles the one of the substrate N*-(y-glutamyl)lysine but it does
not have the a-amine of the glutamyl moiety. This a-amine is required for
nucleophilic attack onto the y-carbonyl group, which is the proposed first step
in the cyclotransferase reaction. This high binding affinity of the enzyme
toward glutarylhexylamine implies that the a-amino group is not very
important for binding of the substrate.

The K; of glutarylhexylamine is suitable for the interaction required in
affinity chromatography, which is in the range of 104 to 10-8 M during the

binding step. K; of free glutarylhexylamine is of 1.2 x 10-> M, but it must be
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kept in mind that the dissociation constant is expected to increase when the
ligand is attached to the column due to steric effect.

The fluorescamine procedure was employed to follow the synthesis of
the column by the disappearance of free amine groups was shown to be quick
and easy, but insufficient for the quantification of the reaction. The synthesis
of the matrix was obtained by direct reaction of glutaryl anhydride and the
amine group of the EAH Sepharose 4B column in aqueous media. Glutaryl
anhydride will be readily hydrolyzed in water to form the diacid that will not
react with the amine; since hydrolysis can not be prevented excess glutaryl
anhydride was added to ensure reaction. Even though, the recommended
methodology for the coupling of the acid ligand and the amine solid support
employs the carbodiimide reaction, this reaction was not efficient for this
preparation.

Ligand leaching has been observed even for the very stable amide bond
(Sudesh and Lyddiatt, 1997). Ligand leaching was studied under different
conditions of pH, temperature, and salt concentration, which are the
parameters to modify in order to obtain elution of the protein from the
affinity column just by changing the affinity interaction. Elution can be
obtained by adding the free ligand because the dissociation constant of the
enzyme with the free ligand is always smaller than the dissociation constant
of the enzyme with the immobilized ligand; however, elution with ligand will

require the removal of the ligand for further studies of the enzyme.
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The matrix showed to be more stable at low temperatures, acidic pH,
and at any concentration of salt. The addition of 0.05 M NaCl in 20% ethanol
was enough to conserve the column for 4 weeks. However, the leaching of
the ligand so readily in an hour seems suspicious; perhaps not all the ligand
was covalently attached to the solid support and it may have masked the
fluorescamine signal.

A trial experiment for the future application of this
glutarylhexylmamine affinity column in the purification of yGACT was to
verify the binding and release of the enzyme to the column. The column has a
negative charge because the terminal group i1s a carboxylic acid; salt
concentration in the buffer is always required to prevent cation exchanger
behavior of the column. When the sample was loaded a big UV peak of
protein eluted unbound to the column; this peak showed the majority of the
activity; a second peak of activity was observed to elute when ion strength
was increased. Diluted sample still showed elution of unbound activity, but
more relative retention of the enzyme showing that the enzyme binds to the
column. The fact that specific activity did not increase shows that
contaminants are also retained with yGACT, perhaps the column act on them

as a cation exchanger.

Future Work
The purification of the enzyme to an electrophoretically pure band does

not ensure that the enzyme is completely pure. This work reveals the
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identity of many contaminants of yGACT. The characteristics and nature of
these contaminants must be studied in order to revise the purification
procedure and introduce the pertinent modifications.

Also, the characteristics of the candidate enzymes likely to be yYGACT
must be taken into account for the design of discriminatory experiments; for
example, the assay of the enzyme activity with substrates of these candidate
enzymes. Nevertheless, only the cloning and expression of the candidate
enzyme can assure that YGACT gene has been identified.

For future work, much care has to be taken about proteolytic
degradation since during the purification procedure contaminants of similar
characteristics to that of yGACT are introduced. Inhibitor cocktails can be
added during the gross purification and much care has to be taken when
keeping the enzyme on ice during the polishing steps carried out at room
temperature like the chromatographic steps in the FPLC system and the
digestion procedures like reduction and alkylation.

Glutarylhexylamine affinity column showed binding of the enzyme
although contaminants are also retained. Conditions for the selective binding
of yGACT have to be optimized in order to use this column not only for the
purification of the enzyme but also for the study of the interaction enzyme-

inhibitor.
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DEAE Sepharose Fast Flow Anion Exchange Column

Table A1: DEAE Sepharose column characteristics (From Amersham)

DEAE Dimethylaminoethyl
Dimensions 26 x 4.8 cm
Column volume (CV) 470 mL
Total 1onic Capacity 0.11-0.16 mmmols / mL gel
Bead structure 6% highly cross-linked agarose
Bead size range 45-165 pm
Mean particle size 90 um
Maximum linear flow rate 750 cm/h at 25 °C, 100 KPa
Maximum operating pressure 0.3 MPa (3 bar, 42 psi)
pH working range 3-9
Chemical stability All commonly used aquous buffers,

1M acetic acid, 1 M NaOH, 8 M Urea,
8M Guanidine HCI, ethanol,
methanol

Reagents and Equipment

DEAE Sepharose anion exchanger column (Amersham), buffer A = 5
mM KPi pH 7.5 of conductivity ~ 1.1 mS/cm, buffer B = 10 mM phosphate
buffer pH 7.5 with 0.3 M NaCl of conductivity ~ 28 mS/cm, 20% Ethanol, 2 M
NaCl (Sigma), 1 M NaOH (Sigma), peristaltic pump (Amersham), fraction

collector (Gilson FC203), gradient maker (Amersham)
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Running and Cleaning Procedure

The column is stored in 20% methanol; ethanol is removed by passing
8 CV of water; then the matrix is activated with 1 CV of buffer B, and
equilibrate with 40 CV of buffer A (until eluent’s pH and conductivity are the
same than the pH and conductivity of buffer A).

In order to load the sample, remove the liquid at the top of the column
without letting the column run dried; add the sample without disturbing the
top of the column, and introduce this at the maximum flow rate of the
peristaltic pump, ~ 8mL/min when the thick pump hose is employed. When
the entire sample has entered into the matrix, add buffer without disturbing
the top of the column and replace the cap; wash out unbound proteins with
1CV of buffer A. In order to elute the sample, connect the gradient maker
with 250 mL of buffer A and 250 mL of buffer B; begin gradient and add
more buffer B after the gradient has finished. Collect 8 mL/tube at
1min/tube.

For cleaning of the column after elution of the sample, reverse the flow
rate and introduce 0.5 CV of NaCl solution followed by 0.5 CV of NaOH; next
wash the column with water until neutral pH elutes. For storage of the
column, pass 3 CV of methanol solution (eluent should smell like ethanol); if
the column is going to be reused, reverse flow rate and activate and

equilibrate as previously mentioned.
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Sephacryl S100 Size Exclusion Column

Table A2: Sephacryl S100 column characteristics (From Amersham)

Matrix Cross-linked copolymer of allyl
dextran and N,N-
methylenebisacrylamide

Dimensions 2.6 x 82 cm
Column volume (CV) 435 mL
Void Volume (Vo) 174 mL
Separation range (M) 1x103-1x 105
Mean particle size 47 um
Theoretical plates > 5000 m-!
Recommended flow rate 15 cm/h at room temperature
Maximum operating pressure 0.15 MPa (1.5bar, 21 psi)
pH working range 3-11

Reagents and Equipment

Sephacryl S100 column, running buffer= 50 mM KPi pH 7.5 with 0.15
M NaCl), 0.2 M NaOH (Sigma), peristaltic pump (Amersham), fraction
collector (Gilson FC203), 10 % Blue dextran (sigma) and 1% of the following
standards from sigma: Hemoglobin (66 KD), Lactic dehydrogenase (36 KD),
Carbonic anhydrase (29 KD), Myoglobin (17 KD), Cytochrome C (12.4 KD),

refrigerated microcentrifuge (eppendorf 5415R).
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Running and Cleaning Procedure

The column is stored in 20% methanol; remove ethanol by passing 1.5
CV of water then equilibrate with 2 CV of running buffer (until eluent pH
and conductivity equal the pH and conductivity of running buffer).

In order to load the sample, remove the liquid at the top of the column
without letting the column run dried; add the sample without disturbing the
top of the column at 0.5 mL/min. When the entire sample has entered into
the matrix, add buffer without disturbing the top of the column, and replace
the cap; set flow rate at 0.2 mL/min and collection and 20 min/tube.

For cleaning of the column after elution of the sample pass 0.5 CV
NaOH at 0.5 mL/min; next wash the column with water until neutral pH
elutes. For storage of the column, pass 2 CV of methanol solution (eluent
should smell like ethanol); if the column is going to be reused requilibrate as

previously mentioned.

Calibration

Blue dextran elution volume defines the void volume. Standards are
loaded into the column and run. The calibration curve of molecular mass
versus elution volume gave the linear equation for the separation in this

column: MWsi00= 10 *(-0.0069 mL + 3.3347)
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Standards Elution Profile in Sephacryl S100

Mb 17 KD
0.6 - CA29KD 305mL
' 276 mL
0.5 Hb 66 KD Cyt C 12.4KD
217 mL 322mL
0.4 LDA 36 KD
19} 259 mL
é 0.3 1
0.2
0.1 1
O — T T T T T T T T T T T 1
150 170 190 210 230 250 270 290 310 330 350 370 mL
Fractions 40 44 48 53 57 61 66 70

Molecular Mass Calibration Curve inSephacryl S100

2.0 -

1.8 - y = -0.0069x + 3.3347
E R = 0.9944
1.6 -
o
=

1.4 -

1.2 -

1.0 T T T T T T T

200 290 240 260 280 300 320 mL

Figure A1l: Calibration of Sephacryl S100
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Superdex HR 75HR 10/30 Size Exclusion Column

Table A3: Superdex HR 75column characteristics (From Amersham)

Matrix Dextran covalent bound to highly
cross-linked porous agarose
Dimensions 1x 30 cm
Column volume (CV) 25 mL
Void Volume (Vo) 7 mL
Exclusion limit (M,) 100000
Separation range (M) 3000 - 70000
Mean particle size 13 um
Theoretical plates > 30000 m-!
Maximum flow rate 110 cm/h (1mL/min)
Maximum operating pressure 1.8 MPa (18 bar, 260 psi)
pH working range 3-12

Reagents and Equipment

Superdex HR 75HR 10/30 column, running buffer= 50 mM KPi pH 7.5
with 0.15 M NaCl), 0.2 M NaOH (Sigma), FPLC system with UV detector
AKTA (Amersham), 1% Blue dextran (sigma) and 0.25 % of the following
standards from sigma: Carbonic anhydrase (29 KD), Myoglobin (17 KD),

Aprotinin (6.5 KD), refrigerated microcentrifuge.
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Running and Cleaning Procedure

The column is stored in 20% methanol; remove ethanol by passing 1.5
CV of water; then equilibrate with 2 CV of running buffer (until eluent pH
and conductivity equal the pH and conductivity of running buffer).

0.1 mL of sample is injected and run at 0.2 mL/min; for size exclusion
everything should elute in 1CV. For cleaning of the column after elution of
the sample pass 0.5 CV NaOH at 0.5 mL/min; next wash the column with
water until neutral pH elutes. For storage of the column, pass 2 CV of
methanol solution (eluent should smell like ethanol); if the column is going to

be reused requilibrate as previously mentioned.

Calibration
Standards are loaded into the column and run. The calibration curve of
molecular mass versus elution volume gave the linear equation for the

separation in this column: MWg75= 107(-0.2154 mL + 3.8251)
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Standards Elution Profile in S75

Mb 17 KD
400 - 12 mL Aprotin
6.5 KD

Carb. Anh 14 mL

350
300 A
250 ~
200 ~
150 A
100 A

50 A

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 mL

Molecular Mass Calibration Curve in Superdex S75

1.5
1.4
1.3 1
1.2
1.1+
1.0
0.9 1

0.8 T T T T 1
10 11 12 13 14 mL

y = -0.2154x + 3.8251
R’ = 0.9993

Log MW

Figure A2: Calibration of Superdex S75
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Mono @ GL 5/50 Anion Exchange Column

Table A4: Mono Q GL column characteristics (From Amersham)

Matrix Polystyrene/divinyl benzene
Dimensions 0.5x5cm
Column volume (CV) 1 mL
Total 1onic Capacity 0.27-0.37 mmmols Cl-/ mL gel
Bead structure Rigid, spherical, porous monodisperse
Mean particle size 10 pm
Maximum linear flow rate 3 mL/min at 25 °C
Maximum operating pressure 4 MPa (40 bar, 580 psi)

pH working range 2-12

Reagents and Equipment

Mono Q GL strong anion exchanger column (Amersham), initial
buffers: 5 mM KPi pH 7.5 or 20 mM Tris pH 8, elution buffers: 10 mM
phosphate buffer pH 7.5 with 0.3 M NaCl or 20 mM Tris pH 8 with 0.3 M
NaCl, 20% Ethanol, 2 M NaCl (Sigma), 1 M NaOH (Sigma), 75% acetic acid,

FPLC system AKTA (Amersham).

Calibration
One mg of individual standard was injected in the column and run

under condition # 1: buffer A=10 mM Tris buffer pH 8 and buffer B=A+0.3 M

NaCl. Gradient: 10% B for 5CV, then to 30% B in 30 CV.
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Table A5: Results for the calibration standards of Mono Q GL

Standard pl Conductivity (mS/cm)
Carbonic Anhydrase (human) 7.3 4.3
Phosphorylase B 6.3 10
o-Lactalbumin 5.1 17
18 A
14
HQi 10 -
61  y=-5.774Tx + 46.429
R*=1
2 T T T T 1
5 5.5 6 6.5 7 7.5

Conductivity (mS/cm)

Figure A3: Calibration curve of Mono Q GL

Running and Cleaning Procedure

The column is stored in 20% methanol, for running remove ethanol by
passing 5 CV of water; then activate the matrix with 5 CV of elution buffer,
and equilibrate with 5 CV of initial buffer (until eluent pH and conductivity
equal the pH and conductivity of initial buffer).

0.5 to 2 mL of sample is injected and run at 0.5 to 1.5 mL/min. The
sample is loaded and unbound proteins are washed out with initial buffer;
when baseline returns to zero lineal or step gradients are started in order to

elute the bound proteins. For cleaning of the column after elution of the



190
sample, flow rate is reversed and the column is cleaned with 2 mL of NaCl,
water, NaOH, water, acetic acid, 10 CV of water. For storage of the column,
pass 10 CV of methanol solution (eluent should smell like ethanol); if the

column is going to be reused requilibrate as previously mentioned.

EAH Sepharose 4B, Affinity Chromatography Solid Support

Table A6: EAH Sepharose 4B matrix characteristics (From Amersham)

Active concentration 7-12 pmoles of amino group/mL drained matrix
Active Group Amino group
Spacer 1,6-diaminohexane (10 atoms)
Coupling Capacity Application dependent
Bead structure 4%Agarose
Mean bead size 90 um
Max linear flow rate 75 cm/h at 25°C, in 5 cm height column
pH stability 3-14

Chemical stability Stable to all commonly use aqueous buffers




APPENDIX B

Summary of Purification of yGACT from Bovine Kidney

191



192

Sample Measure 2 3 4 5 6
Units 896 2520 4460
Homogenate mg 675 13500
U/mg 1.3 0.2
Units 3588 4716 *621 3888 2500
Supernatant mg *553 3791 4110
U/mg 1.1 1.0 0.6
Units 278 0 1000
Pellets mg 2100
U/mg 0.5
Units *315 2150 1650
DEAE
mg 747 857 364
Sepharose
U/mg 0.4 2.5 4.5
Units 80 14 64
Pellets 40% mg 4 30 25
U/mg 20 0.5 2.3
Units 1499 1150 2958 1794
Supernatant
mg 273 1000 320
40%
U/mg 4.2 3.0 5.6
Units 2224 1390 599 711 994
Pellets 90% mg 20 860 244
U/mg 30 0.8 4.1
Units 0 394 1900 0 0
Supernatant
mg 114 0 89.6
90%
U/mg 0 2.4
Units 156 638 978
S100 pool mg 4 100

U/mg 39.0 6.4
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Sample Measure 7 8 9 10 11
Units 4320 2600 4820 4956 5080
Homogenate mg 7020 6500 10060 13677 12007
U/mg 0.6 0.4 0.5 0.4 0.4
Units 3030 1334 2783 3532 1533
Supernatant mg 2688 1306 4075 4476 3013
U/mg 1.1 1.0 0.7 0.8 0.5
Units 883 3910 439 480 985
Pellets mg 1560 570 1070 2480 468
U/mg 0.6 6.9 0.4 0.2 2.1
Units 1862 709 707 1936 1763
DEAE
mg 490 290 400 836 587
Sepharose
U/mg 3.8 2.4 1.8 2.3 3
Units 29 27.5 7.1 61
Pellets 40% mg 44 26 3.6 162
U/mg 0.7 1.1 2.0 0.4
Units 1733 844 546 1200
Supernatant
mg 432 307 175 600
40%
U/mg 4.0 2.7 3.1 2.0
Units 1550 693 398 1701 418
Pellets 90% mg 304 367 72 596 622
U/mg 5.1 19 5.5 2.9 0.7
Units 215 0 197 330 0
Supernatant
mg 143 143 41 55 46
90%
U/mg 0 0 4.8 6.0 0
Units 823 420 400 785
S100 pool mg 160 100 100.8
U/mg 5.1 4.0 8
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Sample Measure 12 13 14 15 16
Units 5460 3552 2549 1537 3402
Homogenate mg 10478 9570 4294 7182 7800
U/mg 0.5 0.4 0.6 0.2 0.4
Units 4057 1855 1626 1777 3354
Supernatant mg 3123 2367 3328 3692 2548
U/mg 1.3 0.8 0.5 0.5 1.0
Units 806 289 310 360 557
Pellets mg 770 1470 852 1450 1850
U/mg 1.0 0.2 3.6 0.2 0.3
Units 1800 724 1073 1043 1756
DEAE
mg 792 500 346 620 784
Sepharose
U/mg 2.3 1.4 3.1 1.7 2.0
Units
Pellets 40% mg
U/mg
Units
Supernatant
mg
40%
U/mg
Units 1065 867 1732 1481 1354
Pellets 90% mg 563 500 372 551 480
U/mg 0.9 1.7 4.7 2.7 2.8
Units 0 0 0 0 151
Supernatant
mg 428 0 84 32
90%
U/mg 0 0 0 0 4.7
Units 372 552 222 486 960
S100 pool mg

U/mg
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Sample Measure 18 19 20 21 22
Units 8230 5635 6114 2460 11500
Homogenate mg 7016 5379 6000 6420 5130
U/mg 1.2 1.0 1.0 0.4 2.2
Units 2726 4173 4180 1730 6125
Supernatant mg 2622 2843 1980 2129 1628
U/mg 1.0 1.5 2.1 0.8 3.8
Units 882 0 107 0 162
Pellets mg 1059 1075 1000 0 1736
U/mg 0.8 0.0 0.1 0 0.9
Units 2411 1500 1050 1045 1597
DEAE
mg 1240 714 370 437 400
Sepharose
U/mg 1.9 2.1 2.8 2.4 4.0
Units
Pellets 40% mg
U/mg
Units
Supernatant
mg
40%
U/mg
Units 2322 1395 1400 978 1400
Pellets 90% mg 1412 798 240 269 301
U/mg 1.6 1.7 5.8 3.6 4.7
Units 741 94 101 111
Supernatant
mg 49 9 306 16
90%
U/mg 15.1 10.4 3.3 6.9
Units 919 750 1212 842
S100 pool mg

U/mg
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Sample Measure 23 24 25 26 27
Units 4651 1975 14100 6603 583
Homogenate mg 5657 6097 10884 595
U/mg 0.88 2.3 0.6 1.1
Units 3945 1514 9624 3303 3718
Supernatant mg 2118 1026 1026 2591 2123
U/mg 1.9 1.5 3.7 1.1 1.8
Units 248 1030 988 699
Pellets mg 1324 2725 2186 448
U/mg 0.2 0.4 0.5 1.6
Units 1441 686 1781 500 605
DEAE
mg 244 182 644 520 307
Sepharose
U/mg 5.9 3.8 2.8 1.0 2.0
Units
Pellet 40% mg
U/mg
Units
Supernatant
mg
40%
U/mg
Units 970 2300 11517 927 679
Pellets 90% mg 480 500 717 790 370
U/mg 2.0 4.4 2.1 1.2 1.8
Units 0
Supernatant
mg 47
90%
U/mg 0
Units 850 408 410 440
S100 pool mg 21 13 21 8

U/mg 40.5 31.4 19.5 55
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Sample Measure 28 29 30 31 32
Units 4764 11700 5337 3374
Homogenate mg 8136 8410 8434 11148
U/mg 0.3 1.4 0.6 0.3
Units 2237 2600 675 3212 3298
Supernatant mg 2240 2400 32541 3212 3912
U/mg 1.0 1.1 2.1 1.0 0.8
Units 308 817 1518 1281 552
Pellets mg 240 550 1648 2796 913
U/mg 1.3 1.5 0.9 0.5 0.6
Units 907 1130 1705
DEAE
mg 350 314 183
Sepharose
U/mg 2.6 3.6 0.9
Units
Pellets 40% mg
U/mg
Units
Supernatant
mg
40%
U/mg
Units 663 893 953 1008
Pellets 90% mg 416 348 395 266
U/mg 1.6 2.6 2.4 3.8
Units 147 97
Supernatant
mg 20 0
90%
U/mg 7.4
Units 1219 646 366 144 305
S100 pool mg 22 15 15 2 5.5
U/mg 55.4 43.1 24 72 55
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Sample Measure 33 34 35 36 37
Units 6879 5727 3829 5185 2984
Homogenate mg 8249 8192 5987 6312 6175
U/mg 0.8 0.7 0.6 0.8 0.5
Units 3476 3863 2838 3450 1780
Supernatant mg 2894 3141 2052 1906 1599
U/mg 1.2 1.2 1.4 1.8 1.1
Units 1813 1557 800 953 768
Pellets mg 3763 3798 1616 1251 2040
U/mg 0.5 0.4 0.5 0.8 0.4
Units 2036 2793 1451 1576 684
DEAE
mg 649 175 119 488 333
Sepharose
U/mg 3.1 1.6 1.2 3.2 2.1
Units
Pellets 40% mg
U/mg
Units
Supernatant
mg
40%
U/mg
Units 1534 2445 1147 1379 546
Pellets 90% mg 669 1550 848 367 318
U/mg 2.3 1.6 1.4 3.8 1.7
Units 232 110 0 56 55
Supernatant
mg 67 30 95 40 11
90%
U/mg 3.5 3.7 0 1.4 5
Units 706 834 466 370 161
S100 pool mg 12 26 8 9 3.4
U/mg 58.8 32 58 41 47
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Sample Measure 38 39 40 41 42
Units 3397 4650 3565 4057 5805
Homogenate mg 5454 3680 5671 6150 3828
U/mg 0.6 1.3 0.6 0.7 1.5
Units 2253 2470 2778 2492 4530
Supernatant mg 2075 1608 2083 2136 3014
U/mg 1.1 1.5 1.3 1.2 1.5
Units 753 768 441 511 825
Pellets mg 1604 1367 1109 1941 20145
U/mg 0.5 0.6 0.4 0.3 0.4
Units 1208 1333 1275 421
DEAE
mg 319 422 391 490
Sepharose
U/mg 3.8 3.2 3.3 9.2
Units 39
Pellets 40% mg 21
U/mg 1.9
Units 538
Supernatant
mg 335
40%
U/mg 1.6
Units 891 403 1851 662
Pellets 90% mg 574 299
U/mg 1.6 2.2
Units 119 298
Supernatant
mg 54
90%
U/mg 2.2
Units 279 719 641
S100 pool mg 30 7.9
U/mg 21 81
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Sample Measure 43 44 45 46
Units 5155 5554 3185 11673
Homogenate mg 8788 7757 6251 5565
U/mg 0.6 0.7 0.5 2.1
Units 4088 4008 2008 5641
Supernatant mg 4699 2874 2675 2297
U/mg 0.9 1.4 0.8 2.5
Units 1791 1762 646
Pellets mg 2172 1729 1611
U/mg 0.8 1.0 0.4
Units 2995 2662 1205 1775
DEAE
mg 938 648 334 590
Sepharose
U/mg 3.2 4.1 3.6 3.6
Units 95 106 96
Pelet 40% mg 64 81 39
U/mg 1.5 1.3 2.5
Units 2388 3637 552
Supernatant
mg 775 494 275
40%
U/mg 3.1 7.4 2
Units 650 318 705 993
Pellets 90% mg 70 339 357 172
U/mg 0.9 0.9 2 6
Units 31 0 157
Supernatant
mg 19 4 16
90%
U/mg 2.1 0 9.6
Units 172 378 291
S100 pool mg 5.7 15.7 5.7

U/mg 30 24 51
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