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Abstract

Mechanisms of S-Nitrosation and S-Glutathiolation and Expression and Purification of
Human Calbindin D,gy

Limei Tao, Ph.D.

Concordia University, 2004

How nitric oxide (NO) reacts with free thiols to form S-nitrosothiols (RSNOs) in
vivo is a question of much debate. The effects of different chelators and added metals
ions on NO and O, consumption, and S-nitrosocysteine (CysNO) formation in cystein;
soiutions were studied using amperometric (NO and O, electrodes) measurements and
UV-vis absorption. The results support a free radical mechanism for CysNO formation
that involves Cys" generation by reaction with "NO, at higher NO concentrations and
with copper ions at lower NO concentrations.

The mechanism of recombinant human brain calbindin Djg (rHCaBP) S-
nitrosation by CysNO or S-nitrosoglutathione (GSNO) was investigated in detail. First,
an efficient rHCaBP expression and purification system was set up by subcloning the
HCaBP gene into the pET15b vector and expressing the protein in BL21(DE3)pLysS host
cells. A protein yield of >30 mg/L culture with >95% purity was obtained. UV-vis and
circular dichroism absorption, intrinsic fluorescence and mass spectrometry
measurements indicate that rHCaBP is S-nitrosated by CysNO. Of a total of five free
cysteine residues 2.6 + 0.05 and 4.4 + 0.09 are S-nitrosated in Ca’*-loaded and Ca*'-free

rHCaBP, respectively, as determined by the Saville assay. Intrinsic protein fluorescence
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was demonstrated to be a sensitive probe of protein S-nitrosation due to efficient Férster
energy transfer (Rg ~ 17 A) between tryptophan donors and RSNO acceptors.

Mass spectrometry and UV—vis absorption resulfs support a mechanism for NO
transfer from GSNO to rHCaBP that requires trace copper added as either Cu,Zn-
superoxide dismutase (CuZnSOD) or CuSO,; CuZnSOD is an efficient catalyst of
rHCaBP S-nitrosation via a mechanism involving reduction of its active-site Cu" by a
number of the thiols in rHCaBP, giving rise to Cys® radicals. The Cu'ZnSOD formed
cétalyzes the reductive cleavage of GSNO to release NO, which reacts with the Cys®
radical to yield the S-nitrosoprotein.

Since exposure of tHCaBP to either CysNO or GSNO also leads to rapid S-
thiolatiqn, the mechanism of protein S-glutathiolation was investigated in detail.
rHCaBP, human CuZnSOD (HCuZnSOD), rabbit muscle glyceraldehyde-3-phosphate
‘dehydrogenase (GAPDH), and bovine serum albumin (BSA) were found to be S-
glutathiolated in decomposed GSNO solutions. Fresh GSNO, reduced glutathione (GSH)
or oxidized glutathione (GSSG) are not efficient S-glutathiolating agents for the proteins
examined here. Based on analysis by mass spectrometry and UV-vis absorption, GSNO
decomposition in the dark at room temperature yields glutathione disulfide S-oxide
[GS(O)SG], glutathione disulfide -S-dioxide (GSO,SG), and GSSG as products. A
hydrolysis pathway yielding GSOH and nitroxyl HNO/NO™ as intermediates is proposed
based on inhibition of GSN,O breakdown by dimedone, and nitroxyl scavenging by
metmyoglobin. Cys111, Cys187, Cys149 and Cys34 were tentatively identified as the S-

glutathiolation sites in HCuZnSOD, tHCaBP, GAPDH and BSA, respectively.
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1.0 Introduction

1.1 Nitric oxide (NO)

NO is a reactive diatomic radical that is biosynthesized from L-arginine (Figure
1.1) by NO synthases (NOSs) (/). Three forms of NOS have been identified: endothelial
NOS (eNOS) which generates NO in the endothelial lining of blood vessels, neuronal
NOS (nNOS) which is present in neurons in the brain and generates NO to act as a
neurotransmiitter, and inducible NOS (iNOS) expressed in macrophages as a response to
bacterial and viral infections. The activity of both nNOS and eNOS are Ca’*/calmodulin-

‘dependent, while iNOS activity is Ca**/calmodulin-independent (2).

NHZ\T/NH2 NHZ\]/N-OH NH, o
NH NOS NH NOS NH

NADPH NADPH
/\ m + NO
0, H,0 0, H,0

+ - + - + -

NHj3 CO, NHg CO, NH3 CO,

L-arginine N-hydroxy-arginine L-citrulline

Figure 1.1. The biosynthesis of NO

NO has been definitively identified within endothelial cells as an endothelial-
derived relaxing factor (EDRF), which is necessary for smooth muscle relaxation and the
resulting vasodilation (3). A wide range of other functions of NO in bioregulation include

roles in neurotransmission, inflammation, immunity, and programmed cell death (4). In



addition, NO has been implicated in neurodegenerative diseases such as AIDS dementia,
and Huntington’s and Parkinson’s diseases ().

NO is about 70 times more soluble in hydrophobic solvents than in aqueous
solution (6). This feature allows NO to easily diffuse among cellular compartments and
transmit information to its targets. However, NO has been proven to be very reactive; it
reacts with other reactive oxygen species, metals, as well as with cysteine and tyrosine
residues in proteins (2). It is now widely accepted that once NO is generated, it is short-
lived with a half-life of only 0.05-1 s in blood (7, &) and diffuses only a short distance.
The hypothesis that NO is stabilized by a carrier molecule that prolongs its half-life and
preserves its biological activity has been proposed (9) and demonstrated (/0). The current
belief (/1) is that NO is transported in the body as S-nitrosothiols (RSNOs), from which
NO can be released under certain conditions. RSNO species are generally much more

stable than NO in solution (/2).

1.2 RSNOs

RSNOs have been found to exhibit much the same physiological properties as NO
itself (2), particularly in vasodilation (/3) and in their antiplatelet properties (/4). The
RSNOs identified in vivo include S-nitrosoglutathione (GSNO) (/5), S-nitrosocysteine
" (CysNO) (11) and S-nitrosoalbumin (8). Although RSNOs continue to receive much
attention as intermediates in the transport, storage, and delivery of NO, as post-
translational protein modifications in cell signalling and inflammatory processes, and as
biochemical markers of reactive nitrogen oxides species (RNOS), the mechanism of

RSNO formation in vivo is not clearly understood (76).



1.2.1 S-nitrosation (NO + RSH = RSNQO)

It is generally accepted that the NO radical does not directly react with a thiol to
yiéld RSNO (17, 18). The mechanism of RSNO formation from NO in vivo is a question
of much debate (16, 19, 20). Proposed pathways include the reaction of thiols with NO in
the presence of an electron acceptor such as NAD™ (20), the autoxidation of NO to higher
oxides of nitrogen (NO,) which are effective S-nitrosating species, metal-catalyzed S-
nitrosation (21, 22), and the reaction of dinitrosyl-iron complexes with thiols (23) (see
Section 2.2). So far no enzyme has been conclusively identified as being involved in

- RSNOQs formation in vivo.

1.2.2 Trans-S-nitrosation (RSNO + R’SH = R’SNO + RSH)

In a trans-S-nitrosation reaction the NO group is transferred from a RSNO to a
different thiol (R’SH) thus generating another R’SNO (2). Trans-S-nitrosation has been
suggested to be a mechanism of signal transduction in cells (24), but the mechanism of
NO donation from RSNO to R’SH has received little attention. It was reported that in the
presence of a chelator such as DTPA, trans-S-nitrosation follows reversible second-order
kinetics with rate constants of 1-100 M's™ and equilibrium constants close to unity (23).
It is proposed that NO transfer occurs by nucleophillic attack of the thiolate anion on the
nitrogen of the RSNO, and that no intermediate is involved (2). But recently Houk and
coworkers (26) But recently Houk and coworkers explored computationally a novel
anionic RSN(O)SR species (eq 1.1), the intermediate in transnitrosation reactions (26).

Results from our lab are not consistent with such a mechanism. For example (27), we



have shown that S-nitrosation of thiols in hemoglobin by GSNO requires the presence of

redox-active copper (see Section 5.2).

R'S‘\JrR-/s-y:\cl) === R‘-S-lTI-SR —_— R‘-S—Iﬁl + TSR (L.1)
-0 0
1.2.3 S-glutathiolation (GSX + R’SH = R’SSG + XH)

In many instances where frans-S-nitrosation has been described, the protein
cysteines involved are also oxidized, and tend to form disulfides (72, 28) and nitroxyl
(HNO) as primary products (29). Since the most abundant thiol in the cytoplasm is
glutathione, it was assumed that S-nitrosation by GSNO is likely to promote S-
glutathiolation, the incorporation of glutathione into proteins via mixed disulfide bond
formation. S-glutathiolation is increasingly recognized as an important post-translational
modification, and as an intracellular response to oxidaﬁve stress (30, 31). How GSNO, or
some GSNO-derived species (GSX), triggers protein S-glutathiolation is far from

understood, and explored here in Chapter 6.

1.3  Calbindin Dygk (CaBP)

Calbindin D,gx was first described in 1966 by Wasserman and Taylor. The
protein was initially termed CaBP (used in this thesis) for calcium-binding protein. In
1985 it was renamed calbindin Dygy in reference to its calcium-binding properties, its
vitamin D dependence, and its molecular size of 28 kDa (32).

CaBP has been found in diverse species including fish, amphibians, reptiles, birds,
rats, and humans. It has been localized in a variety of tissues including the intestine,

kidney and bone, and also in tissues which are not regulators of serum calcium such as



brain, placenta and pancreas (32). Since CaBP was found to be present in fish brain but
not in fish kidney or intestine, it was suggested that CaBP evolved originally as a
neuronal protein and that its presence in other tissues (kidney and intestine) occurred only
with the development of higher species (33). CaBP is noted for its abundance and
specific distribution in mammalian brain and sensory neurons (34). It constitutes as much
as 0.1-1.5% of the total soluble protein in brain and in some cells it may be present at
intracellular concentrations of up to 2 mM (35). Mammalian brain. CaBP is no longer
considered to be regulated by vitamin D in adults (36).

CaBP belongs to a family of intracellular proteins that have high affinities for
calcium. Members of this family include calmodulin, parvalbumiﬁ, troponin C and the S
100 proteins (33). A common structural feature of all these proteins is the presence of an
octahedral calcium binding structure formed by a helix-loop-helix conformation of the
polypeptide chain termed an EF hand (33) (Figure 1.2). CaBP contains 6 EF hands and 4
of them bind Ca** with high affinity (37). The three-dimensional structure of CaBP is
unknown.

CaBPs have ~261 residues and are highly conserved throughout their sequence.
Mammalian CaBPs are about 98% homologous and 79% homologous to chicken CaBP
(33) (Figure 1.3). It is widely accepted that a protein’s evolutionary raté is inversely
related to its functional significance. CaBP has an evolutionary rate which is similar to

that of cytochrome c (0.3 x 10” amino acid™ year'l), a functionally important protein (38).



Ca?t
binding
site

Figure 1.2. EF-hand motif (helix-loop-helix). Diagram provided by David Yong-Hoi Yeung, Concordia

University.



Table 1.1.
domains are the middle blocks of 28-29 residues. The GenBank accession numbers for human, bovine,'rat

mouse and chick CaBP are NP_004920, P04467, AAA40852, NP_033918 and KLCHI, respectively.

Domain

1

Human
Bovine
Rat
Mouse
Chick

Human
Bovine
Rat
Mouse
Chick

Human
Bovine
Rat
Mouse
Chick

Human
Bovine
Rat
Mouse
Chick

Human
Bovine
Rat
Mouse
Chick

Human
Bovine
Rat
Mouse
Chick

1 MAESHLQSSLITASQ
1 AESHLQSSLITASQ

1 MAESHLQSSLITASQ
1 MAESHLQSSLITASQ
1 MTAETHLQGVEISAAQ

93
92
93
93
94

138
137
138
138
139

182
181
182
182
183

51
50
51
51
52

GLELSP
GLELSP
GLELSP
GLELSP
GLDLTP

RCQQLKSCEE
RCQQLKSCEE
RCQOLKSCEE
RCQQLKSCEE
RCQQLKSSED

VDDTKLAEY
VDDTKLAEY
VHDTKLAEY
VDDTKLAEY
IEDSKLTEY

QGIKMCGKE
QGVKMCGKE
QGIKMCGKE
QGIKMCGKE
QGVKMCAKE

226
225
226
226
227

LDINNT
LDINNI
LDINNI
LDINNI
LDINNL

FFEIWLHFDADGSGYLEGKELQNLIQEL
FFEIWLHFDADGSGYLEGKELONLIQEL
FFEIWLHFDADGSGYLEGKELQONLIQEL

" FFEIWLHFDADGSGYLEGKELQONLIQEL

FFEIWHHYDSDGNGYMDGKELQNFIQEL

EMKTFVDQYGQRDDGKIGIVELAHVLPTE
EMKTFVDQYGERDDGKIGIVELAHVLPTE
EMKTFVDQYGQRDDGKIGIVELAHVLPTE
EMKSFVDQYGORDDGKIGIVELAHVLPTE
EMKAFVDQYGKATDGKIGIVELAQVLPTE

FMKTWRKYDTDHSGFIETEELKNFLKDL

- FMKTWRKYDTDHSGFIETEELKNFLKDL

FMKTWRKYDTDHSGFIETEELKNFLKDL
FMKTWRKYDTDHSGFIETEELKNFLKDL
FMOTWRKYDSDHSGFIDSEELKSFLKDL

TDLMLKLFDSNNDGKLELTEMARLLPVQ
TDLMLKLFDSNNDGKLELTEMARLLPVQ
TDLMLKLFDSNNDGKLELTEMARLLPVQ
TDLMLKLFDSNNDGKLELTEMARLLPVQ
TEIMLRMFDANNDGKLELTELARLLPVQ

FNKAFELYDODGNGYIDENELDALLKDL
FNKAFELYDODGDGYIDENELDALLKDL
FNKAFELYDQDGNGYIDENELDALLKDL
FNKAFELYDQDGNGYIDENELDALLKDL
FNKAFEMYDODGNGYIDENELDALLKDL

TTYKKNIMALSDGGKLYRTDLALILCAG
PTYKKSIMALSDGGKLYRTDLALILSAG
STYKKNIMALSDGGKLYRTDLALILSAG
TTYKKNIMALSDGGKLYRTDLALILSAG
ATYKKSIMALSDGGKLYRAELALILCAE

Sequence comparison of human, bovine, rat, mouse and chick CaBPs. The EF hand

QQARKKA 50
QQARKKA 49
LOARKKA 50
LOARKKA 50
QQARKKA 51

ENFLLLF
ENFLLLF
ENFLLLF 92
ENFLLLF 92
ENFLLFF 93

92
91

LEKANKT
LEKANKT
LEKANKT
LEKANKT
LQKANKQ

137
136
137
137
138

ENFLLKF
ENFLLKF
ENFLLKF
ENFLLKF
ENFLIKF

181
180
181
181
182

CEKNKQD
CEKNKQD
CEKNKQE
CEKNKQE
CEKNKKE

225
224
225
225
226

261
260
261
261
262

DN
DN
DN
DN
EN



~ Its high abundance, conservation and low evolution rate indicate that CaBP plays
an important physiological role or roles. It is reported that neurodegenerative diseases
such as Alzheimer’s and Parkinson’s are linked to deficiencies in CaBP, which exhibité
diminished expression with age (39). Human CaBP (HCaBP) seems to be also linked to
epilepsy, amyotrophic lateral sclerosis and Huntington’s disease (40-42).
The exact physiological function of CaBP is unknown. There is evidence that
CaBP has a Ca2+—buffering function in ne;uroﬁs thereby maintaining intracellular Ca*
homeostasis .and prevénting cell death (43, 44). The structure of a Caz+—buffeﬁng protein
is expected to . be insensitive to Caz+~binding, but spectroscopic investigations and in vitro
studies using antibodies have shown that CaBP undergoes a conformational shift upon
Ca**-binding (45, 46). Thﬁé, in this aspect CaBP behaves more like a Ca**-sensor protein
such as calmodulin than a Ca®*-buffer such as parvalbumin. Very recently, Linse and
coworkers provided evidence that CaBP does have properties characteristic of a Ca®'-
sensor (47). These findings are important since they suggest that CaBP may have an as
yet unidentified function in interacting with and regulating the activity of specific
proteins in a calcium-dependent manner. Indeed it has been reported tha;t chick intestinal
CaBP interacts with chick intestinal alkaline phosphatase (48), rat renal CaBP activates
Ca,Mg—ATPase in vitro (49), rat CaBP inhibits caspase-2 activity in osteoblastic cells
(50), and interacts with Ran-binding protein M (51), and HCaBP activates myo-inositol

monophosphatase (35).

1.4  Possible relationships between CaBP and NO biochemistry



Since HCaBP is especially abundant in the brain and it possesses five free
cysteine residues, it contributes significantly to the intracellular thiol concentration. Very
interestingly, using a novel proteomics approach, CaBP was identified to be one of the
proteins S-nitrosated when rat brain tissue was treated with GSNO (52). Moreover, CaBP
is found coexistent with NO synthase in the cerebellum (53) and hypothalamus (54). Also,
intercellular Ca** waves in rat hippocampal slices and dissociated glial-neuron cultures
afe mediated by NO (55). Ca**-regulated protein S-nitrosation and denitrosation has been
demonstrated for tissue transglutaminase (56). Therefore, a study of CaBP S-nitrosation
would not only provide a good model system to probe mechanisms of protein S-

nitrosation, but it also may shed light on the function of CaBP.

1.5 Cu,Zn-superoxide dismutase (CuZnSOD)

SOD is an essential component of the antioxidant defense of aerobic organisms.
The primary function of CuZnSOD in vivo is proposed to be the efficient catalysis of
superoxide (07 °) dismutation (57). The mechanism involves reactions 1.1 and 1.2.

CuZnSOD + 0, * > Cu'ZnSOD + O, 1.1

Cu'ZnSOD + O, * + 2H" — CuZnSOD + H,0, (1.2)

CuZnSOD is a homodimer with molecular weight of ~32 kDa. Each monomer
hosts an active site where one Cu(Il) ion and one Zn(II) ion are bound. The catalytic
center is the copper ion, which is coordinated in the Cu(II) form by four histidine residues
and by a weakly bound water molecule. The equilibrium constants for dissociation of
copper from the copper site (6.0 x 107'®) and of zinc from the zinc-binding site (4.2 x 107

)y were determined at pH 7.4 by equilibrium dialysis for human CuZnSOD (58).



The intracellular concentration of CuZnSOD has been reported to be 10 uM in
yeast cells, 10-30 uM in erythrocytes and hepatocytes, and exceptionally high in motor
neurons (59). CuZnSOD is one of the major cuproenzymes found in mammals (60).
CuZnSOD is becoming recognized as an important player in NO biochemistry not only
because it scavenge; 0O, °, which will react at the diffusion limit with NO to form
peroxynitrite (61), but also because it has been reported that CuZnSOD mediates NO
release from RSNOs (59, 60), and catalyzes the interconversion of NO and nitroxyl anion

(62).

1.6  Hypotheses, scope and organization of this thesis

The objectives of the research conducted for this thesis were to study the
mechanism of RSNO formation with emphasis on the role of copper in S-nitrosation.
Cysteine and HCaBP were chosen as model reagents to carry out this work. Cysteine was
chosen because it is the smallest free thiol in biologiéal systems and CysNO has been
identified in vivo. The effects of different metal chelators and added metals ions on NO
and O, consumption, as well as CysNO formation in cysteine solutions were studied
using amperometric (NO and O, electrodes) measurements and UV-vis ‘absorption
(Chapter 2). This study sheds light on the mechanisms of RSNO formation from reactions
involving NO and RSH.

As discussed above, HCaBP was chosen because it possesses five free cysteine -
residues and because of its abundance in human brain. CaBP is considered to be a
functionally important protein, but its exact function is unknown. Thus, exploring the

mechanism of HCaBP S-nitrosation by low-molecular weight RSNOs will contribute to
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our -understanding of trans-S-nitrosation reactions (RSNO + R’SH = R’SNO + RSH) and
perhaps brovide more information on CaBP function. Previous results from our lab (63)
have shown that S-nitrosation of hemoglobin by GSNO requires the presence of redox-
active copper (egs 5.1 and 5.2). Since essentially no free copper exists in vivo, the focus
of the present work was to investigate if HCaBP S-nitrosation is catalyzed by protein-
bound copper. |

To carry out the HCaBP S-nitrosation study, a highly efficient HCaBP expression
and purification system was set up (Chapter 3). Several techniques for the detection of S-
nitrosated HCaBP were evaluated, including UV-vis and circular dichroism absorption,
intrinsic fluorescence and mass spectrometry measurements, as well as the Saville assay
for RSNO quantification. Thernumber of cysteine residues S-nitrosated in Ca**-loaded
and Ca**-free HCaBP was compared (Chapter 4). HCaBP S-nitrosation was carried out in
the presence and absence of CuZnSOD, an abundant copper protein in vivo. Mass
spectrometric measurements were used to probe S-NO formation in the protein. UV-vis
absorption was used to detect scavenging by myoglobin of NO released from GSNO, and
to detect the redox state of copper in the active site of CuZnSOD (Chapter 5). From the
combined data, a mechaniém for protein S-nitrosation is proposed. |

HCaBP S-thiolation was observed while performing the experiments on S-
nitrosation described in Chapters 4 and 5. Initially, we assumed that GSNO was directly
involved as suggested in the literature (64). The mechanism of HCaBP S-glutathiolation
in GSNO solutions under different reaction conditions was investigated. Since a GSNO

decomposition product, GS(O)SG, was found to S-glutathiolate proteins, the pathway of
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GSNO decomposition to GS(O)SG was investigated by mass spectrometry and UV-vis

absorption (Chapter 6).

1.7 Contributions of colleagues

Chapters 4, 5 and 6 are published manuscripts. Chapters 2 and 3 are currently
being prepared for publication. All abbreviations, citations, figures vand table humbering
. systems in the published works were changed to the format of this thesis.

Chapter 4 was published in Biochemistry [Tao L., Murphy M. E. P. and English A.
M. (2002), Biochemistry 41, 6185-6192] and is reproduced with the .permission of the
journal. I carried out all the work reported in this publication and prepared the manuscript.
Both A. English and M. Murphy provided intellectual support and A. English edited the
manuscript.

Chapter 5 was published in Biochemistry [Tao L. and English A. M. (2003),
Biochemistry 42, 3326-3334] and is reproduced with the permission of the journal. I
carried out all the work reported in this publication and prepared the manuscript. A.
English provided intellectual support and edited the manuscript.

Chapter 6 was also published in Biochemistry [Tao L. and English A. M. (2004),
Biochemistry 43, 4028-4038] and is reproduced with the permission of the journal. I
carried out all the work reported in this publication and prepared the manuscript. A.
English provided intellectual support and edited the manuscript.

Chapter 2 is currently being prepared for publication in Journal of Bialogical

Chemistry. 1 carried out all the experimental work.

12



Chapter 3 is currently being prepared for publication in Protein Expression and
Purification. A portion of the experimental work described in Chapter 3 was performed
in collaboration with David Yong-Hoi Yeung and Adamo Petosa since both of these

students are working on HCaBP in our lab.
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2.0 Effects of metal ions on NO and O, consumption in cysteine
solutions: Implications for mechanism of S-nitrosocysteine

formation in vivo

2.1 Abstract

The effects of different metal chelators and added metals ions on NO and O,
éonsumption, as well as S-nitrosocysteine (CysNQ) formation in cysteine solutions were
studied using amperometric (NO and O, electrodes) measurements and UV-vis
absorption. Low concentrations of NO (0.4 — 60 | uM), coﬁlpatible with the detection
limits of the techniques employed, were used since physiological concentrations of NO
are low (0.1-1.0 pM). The results support a free-radical mechanism (/6) for CysNO
formation that involves Cys® generation by reaction of cysteine with "NO, at higher NO
concentrations (>15 pM) and with copper ions at lower NO concentrations (<1 uM).
Since CysNO formation via *NO, consumes 3 molecules of NO, it is proposed that a

copper-catalyzed pathway involving protein-bound copper occurs in vivo.

2.2  Introduction

In vivo, CysNO is found to be a critical neuroprotective molecule (65). However,
in vitro CysNO is one of the most unstable S-nitrosothiols. In the dark and in the absencbe
of metal ions, its half-life is 9 h at 37°C (66, 67). CysNO can be synthesized

quantitatively by combining equimolar L-cysteine and sodium nitrite in 1 M HCl in vitro.
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The mechanism of S-nitrosothiol formation in vivo is a question of much debate
(16, 19, 20). It has been shown previously that the reaction of NO with sulthydryl groups
under anaerobic conditions at neutral pH does not produce S-nitrosothiols (/7, 18). This
has led to the conclusion that S-nitrosothiols are formed following the autoxidation of NO
to higher oxides of nitrogen (NO,) (a sécond—order reaction with respect to NO, egs 2.1-

2.3), by metal catalysis (27, 22), or by the action of dinitrosyl-iron complexes (eq 2.4)(23).

2NO’+ 0, =2"°NO, (2.1)
‘NO, +NO* - N,0; (2.2)
RSH +N,0; - RSNO +NO, +H" (2.3)
- +
RS _NO | N
Fe(I) + R'SH —» R'SNO + decomposition products 2.4)
rs” NG |

However, the reaction of NO and oxygen is slow (eq 2.1), ~3-300 pM/s, at
physiological concentrations of NO (0.1-1.0 uM), and the availability in vivo of free
redox-active metals is unlikely (68, 69). Although reactions involving dinitrosyl-iron
complexes represent a possible mechanism for the formation of S-nitrosothiols, the
mechanism under physiological conditions remains unclear (61).

Gow and coworkers (20) proposed a novel mechanism for S-nitrosothiol
formation that could operate at physiological concentrations of NO. In this mechanism
NO reacts directly with a thiol (RSH) to produce a radical intermediate, RSNOH (eq 2.5).
In the presence of an electron acceptor, such as oxygen, the intermediate is converted to a
S-nitrosothiol and superoxide is formed (eq 2.6), which will react at the diffusion Iimit

with NO to form peroxynitrite (6/) (eq 2.7). The overall reaction of RSNO formation in
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aerobic solutions at NO concentrations (< 50 uM) proposed by Gow et al. is given by eq

2.8 below.
RSH + NO® = RS—"N-O-H (2.5)
RS—"N-O-H+ 0, - RS-N=0+ 0, "+ H" (2.6)
0; *+NO* - ONOO™ — NO;~ (2.7)

RSH + 2NO* + O, — RS-N=0 + ONOO™ + H" (2.8)
More recently Feelisch and coworkers proposed that RSNOs may be formed via
intermediate one-electron oxidation of thiols mediated by the nitrogen dioxide radical

("NO,), and the subsequent reaction of thiyl radicals with NO° (egs 2.1, 2.9 and 2.10) (/6).

2 NO' + 0, = 2 °NO, @.1)
RSH + *NO, - RS® + NO,” + H' 2.9)
RS® + NO* —> RSNO (2.10)

In the published work (16, 20, 21), the possibility of metal catalysis in RSNO
formation was not fully explored. A metal chelator, DTPA or EDTA, was present in all
reaction solutions, but the effects of omitting the chelators were not investigated. It is not
clear if EDTA and/or DTPA can fully inhibit metal-catalyzed RSNO formation. For
example, Fe(EDTA)  is reportedly a better Fenton reagent than iron salts (70). Also, Cu"
bound to an amino acid, a tripeptide or serum albumin can catalyze the generation of NO
from S-nitrosothiols (67). In this chapter, the effects of different chelators and added
metals ions on NO and O, consumption, as well as CysNO formation in cysteine

solutions, are studied and the mechanism of CysNO formation discussed.
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2.3 Experimental procedures

Materials: NO gas was purchased from Praxair. L—Cysteine and deferoxamine
mesylate (desferal) were purchased from Sigma; diethylenetriaminepentaacetic acid
(DTPA) and ethylenediamine tetraacetic acid (EDTA) from ICN Pharmaceuticals;
CuSO45H,O from Anachemia; 2,9-dimethyl-1,10-phenanthroline  hydrochloride
(neocuproine) from Fluka; Cu,Zn-superoxide dismutase (CuZnSOD) from Roche
Molecular Biochemicals; 1,10-phenanthroline (o-phen) from G. Frederick Smith; and
FeCl;-6H,0 from BDH Chemicals.

Preparation of NO solutions: The NO gas purge system shown in Figure 2.2 was
constructed to prepare saturated NO solutions. MilliQ water in the rubber-stoppered
collection vial was purged for 30 min with N, and 30 min with NO gas. Higher oxides of
nitrogen were removed by passage of the gas through a 10% KOH trap before the

collection vial (77). This resulted in a saturated solution of NO (~1.5 mM) as measured

N, purge c==

Pressure regulator
Tee purge valve -2 () ()

NO tank 10% KOH Collection vial

Figure 2.1. Preparing a saturated NO aqueous solution in a fume hood. Adapted from the ISO-NO
Mark I Instruction Manual, World Precision Instruments, Inc.
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by an NO meter (Model ISO-NO, World Precision Instruments, Sarasota, FL). The meter
was calibrated by the chemical generation of NO from NaNO, according to the
instruction manual provided with the meter.

Preparation of cysteine solutions: Cysteine (10-1000 mM) was dissolved in 100
mM phosphate buffer (pH 7.4) with or without chelators and immediately degassed for
30 min with N,. Fresh cysteine solutions were prepared each day.

Amperometric analysis of NO consumption: NO concentrations were continuously
monitored using a NO—selective electrode in 10 mL of 100 mM phosphate buffer (pH 7.4)
with or without added chelators (100 uM DTPA, 20 pM neocuproine, 500 uM desferal,
or 250 uM o-phen), CuZnSOD (15 uM) or metals salts (10 pM CuSOj4 or 10 uM FeCls).
An aliquot (3~10 pL) of saturated NO solution was added to a 20-mL reaction vial with
constant stirring at room temperature. Cysteine from a freshly prepared stock solution or
the same amount of buffer (blank) was added to the vial once the electrode reading
reached the maximum (at the arrow shown in Figure 2.2).

Amperometric analysis of O, consumption: The O, concentration was
continuously monitored by electrochemical reduction to H,O, using a computer-
interfaced O, electrode (Hansatech DW1). The electrode was calibrated before ecach
experiment by a 2-point calibration. Brieﬂy, two crystals of sodium dithionite were added

- with stirring to 1 mL of water in the 1-mL electrochemical chamber. After 2~3 min the
output was stable and provided the signal for 0 mM O, at 25 °C. The O, concentration of
air-saturated water at 25 °C (0.253 mM) was used as the second calibration point.

UV-vis studies: Cysteine (4.5 mM) was incubated with 40-60 uM authentic NO

for 1.5 min at room temperature in 100 mM phosphate buffer (pH 7.4) * chelators, +
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added metals. The reaction solutions were shielded from light and their absorbance
between 300-400 nm was measured at 25°C on Cary Varian 1 UV-vis spectrophotometer
with the following settings: 0.1 nm interval, 0.1 nm/s scan rate (6 nm/min), 1.0 nm band
width, 1.0 s signal averaging time. Appropriate blanks, run under the same conditions

without NO, were subtracted from the sample spectra; ‘

24  Results
2.4.1 Amperometric analysis of N O consumption

Effects of metal chelators: Tt was reported by Gow and coworkers (20) that
cysteine accelerates the consumption. of NO in air-saturated buffer in the presence of
DTPA. Consistent with this report, we found that cysteine does accelerate the
decomposition of NO (Figure 2.2 solid line VS dashed line).

In order to investigate the possible role of copper ions in NO consumption, we
examined the loss of NO from an open aerobic solution with and without copper
chelators (DTPA or neocuproine) in the presence and absence of cysteine. Figuré 23
shows that in the absence of copper chelators, cysteine accelerates by a factor of 3 the
NO consumption. The copper chelators, DTPA (specific for Cu') and ‘neocuproine
(specific for Cu), inhibit NO decay by a factor of 2 in the presence but not in the absence
of cysteine (Figure 2.3). The rates of NO decay were calculated from the decrease in NO
concentration in the 100-s interval following the maximum NO-meter reading (see Figure
2.2).

It has been reported that iron catalyzes both the decomposition and synthesis of S-

nitrosothiols (72). Hence, the possible role of iron in NO consumption was also
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"y and o-phen (specific for Fe',

investigated. The iron chelators, desferal (specific for Fe

also inhibit NO decay in the presence but not in the absence of cysteine (Figure 2.4).
Effects of added metal ions on NO decay rates: Interestingly, the addition of

FeClz and CuSOy increases the NO decay rate 2- and 4-fold in the presence but not in the

absence of cysteine (F iguré 2.5).

400 -

[NO} nM

200 4

- T T y
150 200 250 300
Time (s)

Figure 2.2. Cysteine increases the rate of NO consumption in air-saturated buffer. Continuous
monitoring of the NO concentration with 2 NO-specific electrode was cam’ed out following addition of a
saturated NO solution (1.5 mM) to 10 mL of air-saturated 100 mM phosphate buffer (pH 7.4) at time 0 s.
The stirring velocity and temperature (25°C) were kept constant, and 70 pl. of 100 mM cysteine (700 uM
final concentration) was added at the arrow. The dashed and solid lines represent the NO-meter readings in
the presence and absence of cysteine, respectively. Note that no chelators were added to the buffer in this

experiment. This was a single-point determination under the conditions specified here.
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Y without cysteine

3.0 /274 with 700 uM cysteine
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1 3
+430 nM NO +430 nM NO + 430 nM NO
+100 uM DTPA  + 100 uM DTPA
+ 20 pM neocuproine

Figure 2.3. Amperometric measurements of the effects of copper chelators on NO decay rates (nM(/s)
in air-saturated buffer with and without cysteine. Nitric oxide from a saturated solution (1.5 mM) was
added to 10 mL of air-saturated 100 mM phosphate buffer (pH 7.4) containing chelators where indicated.
The stirring velocity and temperature (25°C) were kept constant, and 70 uL. of 100 mM cysteine (700 uM
final concentration) 6r 70 pL buffer was added when the peak electrode output had been reached as shown
in Figure 2.2. The rates of NO decay were measured during the 100-s interval following cysteine or buffer

addition. This was a single-point determination under the conditions specified here.
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+380nM NO  +380 sM NO + 380 nM NO
+ 500 uM desferal + 250 uM o-phen

Figure 2.4. Amperometric measurements of the effects of iron chelators on NO decay rates (nM/s) in
air-saturated buffer with and without cysteine. Experimental conditions are given in the legend of

Figure 2.3. This was a single-point determination under the conditions specified here.

ESSS without cysteine
16 — VA with 80 uM cysteine

[
l

Rate of NO consumption (nM/s)
-
i

1 2 A 3 4
+423nM NO  + 423 nM NO +423nMNO  +423 nM NO
+ 20 uM neocuproine + 10 uM cu®' + 10 uM Fe’

Figure 2.5. Amperometric measurements of the effects of added metal ions on NO decay rates (nM/s)
in air-saturated buffer with and without cysteine. The experimental conditions are given in the legend

of Figure 2.3. This was a single-point determination under the conditions specified here.
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Effects of CuZnSOD: Superoxide, which may be produced by reaction 2.6, reacts
with NO at the diffusion limit (k = 5 x 10° M's™) (73). Hence, CuZnSOD was added to
the reaction solution to compete with NO® for any O, ° formed (reaction 2.7). Cysteine
accelerates the consumption of NO under aerobic conditions to a similar extent in the
presence or absence of 15 uM CuZnSOD (Figure 2.6), but the acceleration is less due to
the larger concentration of NO in these samples than in the ﬁrevious samples (Figures
2.3-2.5) as discussed in Section 2.5. Importantly, Figure 2.7 shows that when NO was
added to buffer containing CuZnSOD alone, the detectable concentration of free NO was

less than that in the absence of enzyme.

N without cysteine
VA4 with 80 pM cysteine

7

+ 815 nM NO +815nM NO
+ 15 pM CuZnSOD

Figure 2.6 Amperometric measurements of the effects of added CuZnSOD on NO decay rates (nM/s)
in air-saturated buffer with and without cysteine. The experimental conditions are given in the legend

of Figure 2.3. This was a single-point determination under the conditions specified here.
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Figure 2.7. Amperometric measurements of .the effects of CuZnSOD on the free NO concentration in
air-saturated buffer. Nitric oxide from a saturated solution was added to 2 mL of 100 mM phosphate
buffer (pH 7.4) containing 15 pM CuZnSOD where indicated, and the NO concentrations given are those at
the peak electrode output with constant stirring at 25°C. This was a single-point determination under the

conditions specified here.

2.4.2 UV-vis studies

The absorption of reaction mixtures containing cysteine and NO was examined
between 300-400 nm where S-nitrosothiols absorb (8). The molar absorptivity of CysNO
1s low, ga3¢ = 725 Mlem™ (74), so to detect a 336-nm band the concentration of NO
added had to be increased. However, thiols were reported to accelerate NO consumption
rates only at [NO] <50 uM (20). At higher NO concentrations the addition of thiols does
not alter the consumption of NO (/7) since the reaction of NO with Oz,r which is second-
order with respect to NO (eq 2.1), becomes dominant (69). Moreover, the thiol
concentration reportedly has to exceed the NO concentration by approximately 100-fold
to influence the NO consumption rates (20). To work within these limitations, the
spectrum of a solution containing ~ 40 uM of NO and 4.5 mM of cysteine was examined

and a difference peak centered at 340 nm was observed (Figure 2.8). This indicates the
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formation of CysNO, and the amount formed decreased in the presence of chelators,
including 100 pM DTPA, 20 uM neocuproine or 1 mM EDTA (Figure 2.8). However,
the iron chelators (desferal and o-phen) did not inhibit CysNO formation (Figure 2.9),
which may be due to the higher concentration of NO (58 pM) or the less effect of iron
chelators on CysNO formation (see Section 2.5.1).

When CuSO4 (10 puM) or FeCly (10 pM) was added to cysteine alone, metal
complex formation gave rise to an absorbance that would interfere with CysNO
absorbance (Figilre 2.10). Also in the difference spectra [(cysteine + NO) — (cysteine)] it

is difficult to identify any SNO absorption (Figures 2.10A, B; spectrum 3).

0.03 ~

no chelator

---- +100 pM DTPA

...... +100 uM DTPA + 20 uM neocuproine
e +1 mM EDTA

0.02 5

Absorbance

0.01

0,00 e e
300 320 340 360 380 400 420 440
wavelength (nm)

Figure 2.8. Effects of metal chelators on (cysteine + NO) — (cysteine) difference spectra in air-
saturated buffer. Cysteine (4.5 mM) was incubated with 40 pM NO in the absence (solid line) and in the
presence of 100 uM DTPA (dashed line), 100 uM DTPA + 20 uM neocuproine (dotted line), or 1 mM
EDTA (dashed-dotted line). All samples were prepared in 100 mM phosphate buffer (pH 7.4) at room
temperature in the dark. Blanks were prepared with the same reagents except NO was omitted. The spectra
were tecorded in a 1-cm cuvette 1.5 min after the reagents were mixed and the appropriate blanks were

subtracted from the sample spectra. This was a single-point determination under the conditions specified

here.
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Figure 2.9. Effects of iron chelators on (cysteine + NO) — (cysteine) difference spectra in air-saturated
buffer. Cysteine (4.5 mM) was incubated with 58 uM NO in the absence (solid line) or in the presence of
500 uM desferal (dotted line), 250 uM o-phen (dashed—dotted line), or 500 uM desferal + 250 uM o-phen
(dashed line). The experimental conditions are given in the legend of Figure 2.8. This was a single-point

determination under the conditions specified here.
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Figure 2.10. Effects of added CuSO, or FeCl; on CysNQO formation in air-saturated buffer. (A)
Cysteine (4.5 mM) was incubated with 10 pM Cu®" in the presence (spectrum 1) or absence of 40 uM NO
(spectrum 2). (B) Cysteine (4.5 mM) was incubated with 10 uM Fe’* in the presence (spectrum 1) or
absence of 40 puM NO (spectrum 2). All samples were prepared in 100 mM phosphate buffer (pH 7.4) at
room temperature in the dark. The spectra were recorded in a 1-cm cuvette 1.5 min after the reagents were
mixed and a buffer-only blank was subtracted from the sample spectra. This was a single-point

determination under the conditions specified here.
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2.4.3 Amperometric analysis of O, consumption

An oxygen-electrode was used to monitor O, consumption under various
conditions. Figure 2.11 shows that the change in O, concentration A[O;] was 8.5 uM
when 15 pM NO was added to air-saturated buffer in an electrode chamber in the
presence or absence of metal chelators. The A[O,] increased by ~ 4 uM when 2 mM
cysteiné was presenf but the chelators had no detectable effects (Figure 2.11).

Figure 2.12 shows the time course over 1 min of O, consumption on NO addition
to 2 mM cysteine solutions. Within 30 s after NO addition, the O; concentration has
leveled off in the presence of chelators (Figure 2.12A). Added Fe*" has little effect on the
O, consumption (Figure 2.12B). However, added Cu* promotes O, consumption in the
cysteine solution both in the absence and presence of NO (Figure 2.12 C and D). The rate
of O, consumption is strongly dependent on the concentration of added Cu** with A[O,]
~6 uM and 11 pM in the 30 s prior to NO addition in the presence of 0.5 uM and 1 pM
Cu®*, respectively. Following 15 pM NO addition, A[O;,] values of ~20 and 30 uM were
observed in the 0.5 uM and 1 uM Cu®* solutions, respectively, before the consumption of
0, stopped (Figure 2.12 C and D).

The effect of added copper ions (1 uM final concentration) on the rate of O;
consumption by cysteine was confirmed in a separate experiment (Figure 2.13). The time
course of O, consumption by cysteine alone was examined over longer times in the
absence of NO (Figure 2.14). Over the time period studied the rates appear to be largely
independent of the O, concentration, hence the kinetics are zero order. Also the rates are
highly dependent on the presence of chelators, indicating that the observed O,

consumption is metal catalyzed. Furthermore, in the absence of NO, the consumption of
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O, does not stop after ~100 s as seen in Figure 2.12, but is continuous at the same rate
over the 1000-s (~17 min) period monitored here (Figure 2.14). Thus, it appears that NO

or an NO-derived species inhibit the metal-catalyzed consumption of O,.

NRY without cysteine
16 777 with 2 mM cysteine

+15 uM NO + 15 uM NO +15 uM NO
+100 uM DTPA  + 100 uM DTPA
+ 20 uM neocuproine

Figure 2.11. Oxygen consumption as a result of NO addition to air-saturated buffer with and without
cysteine. Oxygen consumption was monitored by an O, electrode in 1 mL of 100 mM phosphate buffer
{pH 7.4) at room temperature with constant stirring in an electrode chamber in the absence (1) and presence
(2 and 3) of chelators and 2 mM cysteine. A[O;] is the difference in the O, concentration before NO
addition and within 1 min post NO addition. A 10 uL aliquot of saturated NO solution (1.5 mM) was added
to give a final NO concentration of 15 pM. The A[O,] (2.5 uM) due to dilution on addition of the NO
solution was subtracted from the A[O,] values plotted. This was a single-point determination under the

conditions specified here.
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Figure 2.12. Time course of O, consumption on adding 15 uM NO to air-saturated cysteine under

different conditions. Oxygen consumption was monitored by an O, electrode in 1 mL of 100 mM

phosphate buffer (pH 7.4) at room temperature with constant stirring in an electrode chamber. This was a

single-point determination under the conditions specified here.



’ 1 2
+2 mM cysteine + 2 mM cysteine
+1 puM Cu®'

Figure 2.13. Oxygen consumption within 1 min in an air-saturated solution of cysteine in the absence
and presence of 1 pM CuSO, without NO. Oxygen concentrations were monitored by an O, electrode in
1 mL of 100 mM phosphate buffer (pH 7.4) containing 2 mM cysteine at room temperature with constant
stirring in an electrode chamber. A[O,] is the difference in oxygen concentration in the solutions 1 min after

addition of 1 uM Cu®" or buffer. This was a single-point determination under the conditions specified here.
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Figure 2.14. Time course of O, consumption in air-saturated solutions in the absence of NO. Oxygen
concentrations were monitored by an O, electrode in 1 mL of 100 mM phosphate buffer (pH 7.4) at room
temperature with constant stirring in an electrode chamber. Cysteine (800 uM), 100 uM DTPA and 20 uM

neocuproine were present where indicated. This was a single-point determination under the conditions

specified here.
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2.5 Discussion
2.51 NO consumption

NO will be oxidized in oxygenated aqueous solution:

2NO" + Qz =2 °NO, (2.1)

This reaction was shown, even at micromolar concentrations of NO, to follow a third-
order rate equation: d[NOJ/dt = k[NOJ[O,] (75), k = 7x 10° M?s™ (76, 77). The second-
order dependence on [NO] makes the half-life of this molecule in aqueous solution highly
dependent on its concentration (76). For example, if it is assumed that the physiological
concentration of NO is < 0.1 pM and the average intracellular O, concentration is 20-50
uM, the rate of reaction between NO and O, would be 1-3.5 pM/s (69), and the first half-
life of NO would be 8-19 h. Therefore, at low concentrations of NO, autoxidation may
not be competitive with other reactions of NO, which could be the case in vivo.

In this study, the NO concentrations used were dictated by the detection limits of
the techniques employed. For example, 40-60 uM NO was added to cysteine in order to
detect SNO absorbance, and 15 pM NO was required in the O, consumption
measurements to obtain reasonable signal-to—nois¢ ratios. The direct amperometric
detection of NO is the most sensitive method used in this study, so lower concentrations
of NO (~ 400 nM) could be used in these experiments.

Figure 2.15 summarizes the known reactions between GSH and NO in aerobic
solutions (76, 78-85). The reaction of "NO, with GSH dominates when [GSH]»NO, and
produces GSNO, GSSG and NO;™ as stable productsv. Also, the rate-limiting step ("NO,

production) is second-order in NO and first-order in GSH. Assuming that cysteine and
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NO undergo similar reactions with comparable rates, we will attempt to interpret the

results obtained here,

In the experiment shown in Figure 2.2, ~ 400 nM of NO and 700 pM of cysteine

were present. Therefore, based on rate constants given in Figure 2.15 for the reactions of

"NO,, the pseudo-first-order rate constants under the present experimental conditions are

k’no = 400 st and K¢ s = 1.4 x 10 s, Hence, in the presence of >10°-fold excess
y

cysteine, NO should be consumed more rapidly via reactions 2.12 and 2.7 than via N>O;

formation, the route of "NO, consumption in the absence of cysteine.

Cys + "NO, = Cys*+NO, +H"
Cys® +NO®— CysNO

0, *+NO* - ONOO — NO;~

&
Z
@)
o P
{0.0
&,
o ’

&, I

GS' +NO,”
Q8
&S

7 x 108 M-25-1 '\/+
2NO + 0, ——— 2'NO,
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Figure 2.15. Reactions of NO and GSH in aerobic solutions without metal ions. The literature rate

constants were obtained from (76, 78-85).
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The metal chelators decrease NO decay rates in the presence of cysteine but not in
its absence (Figures 2.3 and 2.4). Thus, metal-ion impurities increase NO consumption by
cysteine-dependent routes but do not alter the reaction between NO and O,. Consistent
with this, addition of Fe’" or Cu** increased the NO decay rates only in the presence of |
cysteine (Figure 2.5). Also, copper chelators decrease the intensity of 340-nm absorption
peak in difference spectra due to CysNO formation (Figure 2.8). These results indicate
that copper increases NO consumption by promoting CysNO formation. However, the
iron chelators have no effect on the observed intensity of the 340-nm difference peak
(Figure 2.9), suggesting that trace iron does not give rise to detectable amounts of CysNO.

The proposed reactions initiated by Cu®* or Fe*" in aerobic solutions containing
NO and cysteine are given in Figure 2.16. The metal is reduced by cysteine and the Cys®
radical either reacts with NO® to yield CysNO or with another cysteine and O, to give
cystine (Cys;) and O, °. If the reduced metal MO D" is reoxidized by O, the cycle can

start over.

I\V' CysNO

M™+Cys ——> MOV 4 CystHY  cygi0,

Cys, +O, "+ H' _NO', NO;~

NO

MO0, === M"+0," 2, o

Figure 2.16. Reactions initiated by metal ions M"" in aerobic solutions containing cysteine and NO.
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Redox cycling is more likely for M™ = Cu** given ‘;he relative ease with which Cu" is
oxidized. For example, the reduction potentials of the Cu**/Cu” and Fe’*/Fe** couples in
aqueous solution are (86):

Cu"+1e »>Cu"  E=0.159V (2.13)

Fe*' +1le > Fe™™ E’=0771V (2.14)

Thus, trace copper has a larger impact on CysNO formation (Figure 2.8 vs 2.9), and on
NO (Figure 2.5) and O, consumption (Figure 2.12) because Cu®* will be reformed more
readily than Fe’" by autoxidation. The impact of added Fe’* on NO consumption seen .in
Figure 2.5 does not require redox cycling of the metal because of the large concentration
of Fe** added (10 pM) compared to NO (423 nM). Thus, in this case sufficient Cys’
would be formed to compete with O, for NO and significantly iﬁcrease the measured NO
consumption rafe. However, the impact of trace Fe’* impurity (< 1 pM) in a solution
containing 58 uM NO is expected to be negligible in the absence of redox cycling of the
metal, consistent with the negligible effects of the iron chelators on the spectra inF igure
2.9.

Both Cu®* and Fe’* form complexes with cysteine (87, 88). When 10 uM CuSO,
or FeCl; was added to an aerobic solution of cysteine alone, formation of a M(Cys)
complex was indicated by the absorption spectra (Figure 2.10). When NO was added the
spectra changed suggesting that M(Cys), (L), may form, where L is NO or an NO-
derived ligand.

- CuZnSOD catalyzes the dismutation of superoxide, O,", to dioxygen and
hydrogen peroxide with high efficiency (57). Therefore, CuZnSOD shpuld decrease

’ superokide—dependent NO consumption in the presence of added thiol. However,
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CuZnSOD addition has little overall effect on the acceleration of NO consumption by
cysteine (Figure 2.6) probably because the reduction of Cu'"ZnSOD by cysteine (Figure
5.6, Chapter 5) generates Cys’ radicals, which can react with NO as proposed in Figure
2.17. Thus, increased NO consumption by Cys’ radicals counterbalances decrf;ased NO
consumption by O, * radicals when CuZnSOD is present. Gow and coworkers (20)
demonstrated that H,O, was produced on addition of CuZnSOD and claimed that this
supports O, production via reaction 2.6. However, Figure 2.17 predicts greater H,O,
production in aerobic solutions of cysteine and CuZnSOD in the abseﬁce of added NO

since NO competes with cysteine for the Cys”® radicals formed.

Cvs II
Y Cu“ZnSOD H202
—e Oz —e Cys U I —e
Cysy; + Oy «=—=— Cys; «—2—Cys Cu'ZnSOD 0;
l lNO

H,0, CysNO

Figure 2.17. Proposed reactions in cysteine/NO solution containing CuZnSOD.

- The reversible reduction of NO to nitroxyl (HNO) by Cu'ZnSOD has been
reported (89, 90). This may also contribute mto NO consumption in the presence of
CuZnSOD depending on the vrates of NO and HNO reaction with the reduced and
oxidized enzyme. In this context it is of interest that the NO concentration measurements

in the absence of cysteine showed that NO binds to Cu"ZnSOD (Figure 2.7).

2.5.2 O, consumption
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Free cysteine is not stable in air-saturated aqueous solutions since it undergoes
oxidation to cystine (97). Cysteine. oxidation is proposed to be a copper-catalyzed
reaction (87), and we observed here that added copper promotes oxygen consumption in
.cysteine solutions (Figures 2.13 and 2.14). Moreover, the copper chelators DTPA and
neocuproine decrease oxygen consumption in cysteine solutions (Figure 2.14). The

proposed mechanism of copper-catalyzed cysteine oxidation is as follows (87):

Cu®* +2Cys = [Cu'(Cys),] = [Cul(Cys")Cys] + 2H" (2.15)
[Cu'(Cys")Cys] + O, = [Cu™(Cys")Cys]+ O, (2.16)
[Cu"(Cys")Cys]" = [Cu'(Cys )Cys']" = Cys, + Cu” (2.17)
Cu'+0,= Cu +0;,° (2.18)

The products of reactions 2.15-2.18 (O, * + Cys,) are the same as those predicted
from the reaction scheme in Figure 2.16 in the absence of NO (INO] = 0 M). Redox
cycling of copper explains the catalysis of O, consumption by added Cu’* in Figures
2.12-2.14 in the absence of NO. Moreover, Figure 2.14 reveals that the chelators decrease
the rate of O, consumption but do not completely inhibit the redox turnover of trace
copper present as an impurity. This is particularly evident for the cysteine + DTPA
sample, and reveals that reactions 2.15-2.18 can occur even in the presence of added
DTPA.

When NO is added, Figure 2.16 predicts that it can either react \;vith Cys® (eq 2.12)
(19) and/or O, ° (eq 2.7) at the diffuéion limit (92).

Cys® + NO* — CysNO (2.12)

O; "+ NO" — ONOO™ — NO;” 2.7)
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However, the time course of O, consumption in Figure 2.12 indicates that NO is largely
consumed via direct reaction with O (eq 2.1). Addition of ~15 pM NO should consume
~7.5 uM O, to generate 15 pM °NO;. The immediate A[O;] of ~8 uM observed in
Figures 2.12 A, B on NO addition is consistent with reaction 2.1 being the main NO
consumption path. The reaction with cysteine of “NO, generated by reaction 2.1 will give
rise to the Cys® radical and NO[ (eq 2.9). The Cys" radical can react with any remaining
NO to give CysNO (eq 2.12). However, from the O, consumption time courses in Figure
2.12 it appears that most of the added NO reacted with O, and was subsequently
converted to NO, . This is consistent with the results published for GSH nitrosation
under similar conditions (/6). In the latter study, addition of 12.5 uM NO to 1 mM GSH
in éir—saturated buffer gave 1.2 uyM GSNO, 8.4 yM NO;™ and 2.2 pM NOs™.

The slow O, consumption 10-20 s after NO addition in Figure 2.12 A, B can be
attributed to the reaction of Cys’-derived species with O, (Figure 2.15). Importantly, 0.5
uM Fe’* has little effect on O, consumption, which is likely due to the absence of
Fe*/Fe’* redox cycling as discussed in Section 2.5.1. The spike in O, consumption on
NO addition to the solutions containing added copper (Figure 2.12 C, D) reveals that NO
is largely consumed via reaction 2.1 also in these solutions. This likely occurs because
the O; concentration exceeds the Cys® or O, concentrations. Consistent with this, there
is no detectable difference in O, consumption in cysteine/NO in the presence or absence
of chelators (Figure 2.11). However, oxidation of added Cu" species by O, to give O, * is
a detectable pathway for O, consumption before NO addition (Figure 2.12 C, D). O,
consumption appears to stop at ~ 40 s after NO addition, but continues for over 1000 s in

the absence of NO (Figure 2.14). Figure 2.10 reveals that there are different metal
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complexes in solution before and after NO addition. The natures of the copper species
formed following NO consumption are of interest. These species do not appear to
undergo sustainable reactions of the type given by eqs 2.15 — 2.18 since the O,

consumption levels off at ~ 100 s in Figure 2.12 C, D.

2.6  Conclusions
The variation in NO and O, consumption observed here is consistent with the

reaction schemes given ivn,Figures 2.15 and 2.16. The well-documented reaction between
NO and O, generates "NO, which oxidizes cysteine to Cys’. The subsequent reaction of
the thiyl radical with the remaining NO gives rise to CysNO. However, at the NO
concentration (15 pM) used in the O,-monitoring experiments most of the NO is
converted to NO;", as reported for GSH S-nitrosation under similar condition (16).
Copper ions can increase the Cys® concentration under aerobic conditions by consuming
0,. Thus, increased Cys® is generated to react with NO to form CysNO. At the lower NO
concentration (~ 400 nM) used in the NO-electrode experiments the addition of copper
has a dramatic effect on the NO consumption rate (Figure 2.5) presumably by increasing
the Cys"® concentration (Figure 2.16). The effects of copper can also be seen in the spectra
in Figure 2.8, where the CysNO concentration increased in the absence of copper
chelators due, presumably, to increased Cys® production. Copper ions also catalyze the
reductive cleavage of CysNO (93) but this must occur on a slower time scale here to
allow CysNO build up.

The mechanism proposed by Gow et al. (20) for CysNO formation (eqs 2.5-2.8) is

consistent with some of the results observed here. Assuming that NO reacts directly with
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cystveine (eq 2.8) then increasing the cysteine concentration should increase ‘the thiol-
induced acceleration of NO consumption (Figure 2.3 vs 2.6). However, Gow et al. report
a 2.4-fold increase in NO consumption in the presence of cysteine whereas we observed
typically a 1.5-fold increase or less in the presence of a chelator (Figures 2.3-2.6). For
example, at 815 nM NO (Figure 2.6), the accéleration of NO consumption by cysteine
even in the absence of a chelator is only 1.3-fold although Gow et al. state that the effects
of thiol on NO decay were relevant at NO concentrations up to 50 pM. Clearly, this is
unlikely the case since the Os-electrode measurements reveal a rapid spike in Os-
consumption consistent with reaction 2.15 occurring on addition of 145 uM NO to air-
saturated cysteine (Figure 2.12). The discrepancy between the present results and those of
Gow et al. may be due in part to differences in experimental set up. NO measurements
were performed in our studies using 10 mL of solution in a 20-mL glass reaction vial.
Gow et al. carried out their NO measurements in 46-well plastic plates using 1 mL of
solution per well (20). Loss of NO by diffusion from the plastic wells was probably
greater than from the glass reaction vials employed here. Gow er al. also state that the
generation of HyO; in the presence of CuZnSOD provides evidence for the direct reaction
of cysteine with NO. However, generation of H,O, on CuZnSOD addition will occur in
the absence of NO (Figure 2.17). Thus, H,O, production does not provide definitive
evidence for RSNOH oxidation by O, (eq 2.6).

In summary, Figure 2.15 predicts that addition of NO to thiols/O, will give rise
largely to NO;~ via *NO; reduction or hydrolysis of N,O3 or N,O4. However, a copper-

catalyzed scheme such as that shown in Figure 2.16 can form Cys® radicals by O,

consumption, and these radicals should compete favourably with O, for low
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concentrations of NO to form CysNO. The mechanism given in Chapter 5 for S-
nitrosation of protein-based (HCaBP) thiols by GSNO follows a similar copper-catalyzed
thiyl-radical pathway (eqs 5.5-5.7), except that GSNO is both the copper oxidant and
source of NO, and the copper catalyst (CuZnSOD) and cysteine are protein-bound.

CysNO formation via a similar copper-catalyzed pathway requires just one molecule of
NO (Figure 2.16). In contrast, CysNO formation via the *NO, pathway consumes 3
molecules of NO (Figure 2.15). Thus, Cu”* should be the preferred reagent over *NO, at
low NO' concentrations. Furthefmore, protein-bound copper could lead to a selective S-

nitrosation catalyst unlike freely diffusing “NO,.
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3.0 Construction, expression and purification of recombinant human

brain calbindin D,g, (rHCaBP) as a His-tagged protein

31 Introduction
3.1.1 Fusion proteins

A fusion protein consists of a protein of interest linked to an affinity tag. The tag
may either be a small peptide (e.g., His-tag, hexa-histidine or FLAG-tag, the octapeptide,
N-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-C), or a full-length protein (e.g., maltose-binding
protein, glutahione S-transferase or thioredoxin). Fusion proteiné are chosen because of
their high level of expression and their ease of purification. A fusion protein usually can
be purified to >90% in a single affinity chromatography step, and recovered from the
matrix under mild elution conditions that preserve its antigenicity and functionality.

In this study the His-tag system was chosen because it is small and normally does
not interfere with the structure or function of the puriﬁed protein (94-96). The presence
of a His-tag can even increase the activity of éxpressed proteins (97), probably because
the purification is faster (98). Using commercially available vectors, the His-tag can be
placed at the C- or N-terminal of the target protein along with a protease recognition site
to facilitate removal of the affinity tag from the purified protein upon addition of the
protease. In addition, the Ni-NTA affinity matrix for His-tagged proteins is cheaper than
the anti-FLAG or the glutathione Sepharose 4B matrixes used for FLLAG- and GST-
fusion proteins, respectively.

Nitrilotriacetic acid (NTA) i‘s a tetradentate chelating agent that occupies four of

the six ligand binding sites in the coordination sphere of a metal ion such as Ni*" (Figure
g g
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3.1). This leaves two sites available on Ni*" to interact with a hex-His-tag, and the high
affinity that the His-tag possesses for the immobilized metal gives rise to rapid and
effective purification of the target protein. Hence, this approach is named immobilized
metal affinity chromatography (IMAC). Ni-NTA is coupled in high density to a stable,
solid resin such as Sepharose CL-6B resulting in high bihding capacity for hexa-His-
tagged proteins; These proteins can be eluted from the resin by the inclusion of imidazole
in the buffer (Figure 3.1). This technology reported by Janknecht allows the purification
- of proteins present at less than 1% of total cell extract to greater than 95% homogeneity
in one step (97). The construction and expression of recombinant His-tagged human brain

calbindin D»g (tHCaBP) and its purification using Ni-NTA are described in this chapter.

3.1.2 Recombinant forms of CaBP

In 1994 Kumar et al. set up a system to express and purify recombinant rat brain
CaBP (99). The cDNA for rat CaBP was cloned into the pETBa vector and the protein
was expressed in BL21(DE3)pLysS E. coli cells. Although this system expresses gram
amounts of rat CaBP, the purification method was somewhat cumbersome and the final
purified protein contained 5% of a degradation product plus higher molecular weight
aggregates. In 2003, this system was improved by (/00) expressing rat CaBP as a GST
fusion protein based on the same vector and expression-cell line mentioned above. The
purification procedure relied primarily on a GST column with glutathione elution

followed by thrombin cleavage, but the yield and purity were not reported (/00).
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In 1999, Thulin and Linse reported the first purification of rtHCaBP (/07). HCaBP
was cloned into a pET3a vector and expressed in E. coli BL21 cells. The purification
procedure consisted of heating the cell lysate to 75°C to precipitate bacterial proteins,
ion-exchange chromatography on a DEAE-cellulose column in the presence of calcium,
and ion-exchange chromatography on a DEAE-Sephacel column in the presence of
EDTA to remove the contaminants that coeluted with HCaBP from the cellulose column.
The final yield was 20-50 mg pure protein per liter of culture. As mentioned above this
method includes a 75°C heating step and the isolation buffer is 10 mM MES at pH 5.6 to
reduce deamidation. Given that the conformational stability of HCaBP is not known
(100), exposure of the protein to high temperature and low pH is not desirable.

pGYMX-HCaBP was constructed by professor Michael Murphy’s group at the
University of British Columbia. This plasmid contained a ¢DNA clone of HCaBP (102)
inserted into the Nkhel and Xbal sites of the expression vector pGYMX (103) to prbduce a
fusion protein with an N-terminal His-tag followed by a factor Xa cleavage site.
Expression from pGYMX-HCaBP is not genetically stable so the HCaBP gene along
with a DNA fragment encoding the His-tag was subcloned into pTrc99A using the Ncol
and Xbal restriction sites. Purification procedurés relied primarily on a Ni-NTA affinity
chromatography, and expression from both pPGYMX-HCaBP and pTrc99A-HCaBP yield
up to 15 mg pure protein per liter of culture (M. Murphy, personal communication).
Details on the expression of these recombinant forms of HCaBP have not been published
by the UBC group.

Because many HCaBP mutants are to be prepared in our lab in the future, a high

yield and economical expression and purification system was desirable. We initially
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chose the pTrc99A-HCaBP system because this system was tested at UBC and it gives a
reasonable yield of protein. Unfortunately, the pTrc99A-HCaBP plasmid was no longer
available from UBC, but we were able to obtain pGYMX-HCaBP. Both pGYMX and
pTrc99A have the same restriction sites, Ncol and Xbal, which facilitated transfer of the
insert. JM 105 is a recommended host for pTrc99A (104).

Both reported recombinant forms of HCaBP (99, 107) were cloned into the pET3a
vector and expressed in BL21 or BL21(DE3)pLysS céll lines. These systems can yield up
to 20-50 mg of protein per liter of culture, which is about double that expected from the‘
pTrc99A-HCaBP-JM105 system. Since pET3a does not carry a tag sequence such as
hexa-His or GST, affinity purification can not be used in protein isolation and the
purification procedure is cumbersome. Thus, another pET vector, pET15b, which carries
an N-terminal His-tag foﬂowed by a thrombin cut site was selected as an alternative to
the pTrc99A vector. The HCaBP insert was subcloned into pET15b, and pET15b-HCaBP
was expressed in E. coli BL21 cell lines as outlined in the following sections.

Two goals were met in this study. First the yield of protein expression in the
BL21-pET15b-HCaBP system was increased over pTrc99A-HCaBP system. Second, by
changing the factor Xa recognition site to a thrombin site the cost was decreased as factor
Xa is more expensive than thrombin. Hdwever, more importantly, factor Xa does not
work efficiently in the presence of reductant (/05) and imidazole (106). HCaBP has 5
free thiols and reportedly has a propensity to form disulfide crosslinks (/07). In order to
protect the free thiols during protein purification a reducing environment is necessary.
Thrombin is a better choice since it can function in 500 mM imidazole and in 5 mM §-

mercaptoethanol (J. Bonvin, Concordia University, personal communication).
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3.2 Experimental procedures
3.2.1 Materials

Oligonucleotides of standard purity were obtained from Biocorp Inc. Restriction
enzymes were from MBI Fermentas, and the Rapid DNA Ligation Kit was from Roche.
DNA ladders were from Roche or Fermentas. Isopropyl 3-D-thiogalactoside (IPTG) and
ampicillin (sodium salt) were obtained from BioShop Canada Inc. BugBuster protein
extraction reagent, benzonase nuclease, and factor Xa kits were from Novagen. Complete
EDTA-ffee protease inhibitor cocktail tablets were from Roche. Ni-NTA Agarose was
from Qiagen. Thrombin was generously provided by Dr. Joanne Turnbull, Concordia
University. p-mercaptoethanol was from ICN. Dialysis membrane (MW cut-off 12-14
kDa) from Spectrapor was washed according to the manufacturer’s instructions. NAP-5
and NAP-10 were from Amersham Pharmacia Biotech. Ultrafree-0.5 centrifugal filters
were from Millipore. The Gelcode Blue Stain Reagent was from Pierce. All other

chemical reagents were obtained commercially and were of the highest quality available.

3.2.2 Strains and plasmids

E. coli strains BL21 and BL21(DE3)pLysS were purchased from Novagen.
IM105 cell ine was a generous gift from Dr. Paul Joyce, Concordia University. These
strains were used for both plasmid production and for protein expression. The HCaBP
gene from human brain in plasmid pGYMX was generously provided by Dr. Michael

Murphy, University of British Columbia. The plasmids pTrc99A and pET15b, generous
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gifts from Dr. Susan Aitken (Carleton University) and Dr. Joanne Turnbull (Concordia

University), respectively, were used as vectors for the HCaBP gene.

3.23 Cloning of the HCaBP gene into the expression vectors
3.2.3.1 Cloning into the pTrc99A plasmid

DNA digestion and purification: Expression from pGYMX-HCaBP was not
genetically stable, so the HCaBP gene along with a DNA fragment encoding the His-tag
and factor Xa cutting site were subcloned into pTrc99A (Figure 3.2). The pGYMX-
HCaBP vector was digested with both X#al and Ncol in Y'/TANGO buffer (supplied
with the digestion enzymes; MBI Fermentas) for 16 h at 37°C, and the HCaBP insert (782
bp) was gel isolated from a 1% agarose gel using the QIAquick Gel Extraction kit from
- QIAGEN. The pTrc99A vector was also doubly digested with XAal and Ncol, purified
on a QIAquick spin column (QIAGEN), and eluted with 45 pL MilliQ water. Xhal/Ncol-
digested pTrc99A (~ 30 pg in 45 pl) was dephosphorylated by incubating with 5 pL of
10X dephosphate buffer (supplied with the phosphatase; MBI Fermentas) and 2 pl of
alkaline phosphatase at 37 °C for 1 h. The dephosphorylated vector was purified using a
QIAGEN PCR purification kit and eluted in 30 pL H,O.

DNA Ligation: The HCaBP insert (~50 ng in 1 pL) was mixed with
dephosphorylated pTrc99A vector (~50 ng in 2 pL. ), 2 uL of 5X sample buffer, and 5 pL
of sterile H,O. Then 10 pL of 2X ligase buffer and 1 pL of T4 DNA ligase (Roche) were
added, and the ligation solution was incubated for 10 min at 22°C. Ligase inactivation is

not recommended for the Rapid DNA Ligation Kit from Roche.
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Transformation: Competent JM105 cells were prepared according to the Inoue
method (/08) as follows: A single JM105 colony was picked from a plate that had been
incubated for 16-20 h at 37°C, transferred into 25 mL of LB media (prepared according
to (109)) in a 250-mL flask, and incubated for 6-8 h at 37°C with vigorous shaking (250-
300 rpm). To three 500-mL flasks containing 100 mL of SOB media (prepared according
to (109)), 0.2 mL, 0.8 mL, and 1.6 mL of starter culture were added, and all three flasks
were incubated at 18°C with shaking at 200 rpm. After ~15 h, the ODgq of the cultures
was recorded and growth was continued until one of the cultures reached an ODggy of
0.55. This culture flask was transferred to an ice-water bath for 10 min and the two other
cultures were discarded. The cells were harvested by centrifugation at 2500g for 10 min
at 4°C. The supernatant was discarded and Kimwipes were used to remove any drops
trapped in the necks of the centrifuge tubes to ensure that no liquid remained. The cells
were gently resuspended in 30 mL of ice-cold Inoue transformation buffer (10 mM
PIPES (pH 6.7), 55 mM MnCl,, 15 mM CaCl,, and 250 mM KCI) that was sterilized
prior to use by filtration on a 0.22 puM filter (Millipore). The cells were harvested by
centrifugation at 1500¢g for 10 min at 4°C. The supematant‘ was discarded carefully, and
the cells resuspended gently in 8 mL of ice-cold Inoue transformation buffer. DMSO (0.6
mL) was added, the bacterial suspension was mixed by swirling, and stored on ice for 10
min. Working quickly, aliquots of the cell suspension were dispensed into sterile
microfuge tubes that had been pre-chilled in an ethanol dry ice bath. The competent
JM105 cells were stored at —-80°C until use. |

Between 1 and 10 pL of ligation mixture was added to transform 100 pL of

competent JM105 cells. After addition of the foreign DNA, the cells were incubated on
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ice for 30 min. ‘The vial was then placed at 42°C for 30 s and immediately on ice for 2
min. This heat-shock treatment ensures that the DNA 1is transformed into the bacterial
cells. SOC media (900 pL) prepared according to (/09) was added and the cells were
incubated for 45 min at 37°C with shaking at 200 rpm. To screen for ampicillin resistant
colonies, the transformed F. coli were pelleted (2500g, 5 min), the supertnant (~800 pL)
was decanted and the cells (~200 pL) wére plated onto an agar plate containing
ampicillin. The cells were grown overnight (~16 h) at 37°C.

Plasmid analysis: Twelve colonies were picked from a pléte containing JM105
cells transformed with pTrc99A-HCaBP. The cells were transferred into twelve sterile
culture tubes (Fisher) containing 3 mL of LB-ampicillin media. Cultures were grown
overnight in an incubator-shaker at 37°C and 200 rpm, and 500 uL of culture from each
tube was mixed with 500 pL of 50% sterilized glycerol, rapidly frozen in liquid N,, and
stored at —80°C. Plasmid DNA was extracted from 2.5 mL of each culture using the
QIAGEN Plasmid Miniprep kit and eluted with 50 uL water from the spin columns. An
aliquot o-f DNA from each colony was digested with both Xhal and Ncol. The digestion
reaction was carried out using 5 pL of DNA, 1 pL of 10X buffer, 3 uL of HyO, 0.5 uL of
Xhal, and 0.5 pL of Ncol. Samples were incubated at 37 °C for 1 h and analyzed on a
0.8% agarose gel.
3.2.3.2  Cloning into the pET15b plasmid

PCR to engineer DNA insert: The nucleotide sequence of the open reading
frame denoted as the HCaBP gene was retrieved from GenBank using accession number
NM_004929. Primers P1 (5’-CAA CTC GAG ATG GCA GAA TCC CAC CTG-3’) and

P2 (5’-CAT TGG ATC CGT TAT CCC CAG CAC AG-3’), complementary to the 5°- and
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3’- ends of the HCaBP gene, respectively, were constructed to allow the incorporation of
ﬁanking Xhol (underlined in P1) and BamHI (underlined in P2) restriction sites. The
HCaBP gene was amplified by PCR from plasmid pGYMX-HCaBP using high fidelity
Taq polymerase (Roche). This DNA fragment was cloned behind the lacl promoter (for
expression in £. coli) in plasmid pET15b to create HCaBP with an N-terminal hexa-His-
tag followed by a thrombin recognition site (Figure 3.3). A typical PCR reaction
consisted of the following reagents in a reaction volume of 50 puL: 5 puL of 10X reaction
buffer (Roche), 1 puL of each primer at 50 pmol/uL, 1 QL of 10 mM dNTP mix, 1 puL of
DNA template (50 fmol/pL, 0.1~0.2 pg), 1 pL. Tag DNA polymerase (2.5 p/ul; Roche),
and 40 pL of milliQ water. The conditions used for PCR were: cycle 1 (denaturation) 5
min at 94°C,‘ then Taq DNA polymerase was added; cycles 2~31 (amplification) 1 min at
94°C, 1 min at 55-60 °C, 1 min at 72°C; cycle 32 (extension) 10 min at 72°C.

DNA digestion and purification: The PCR product was cleaned on a QIAquick
spin column (QIAGEN), eluted with 30 pL H,O, doubly digested with XAol and BamHI
restriction enzymes, and purified using a QIAGEN PCR purification kit again. The
pET15b plasmid stored in DH5a was extracted using a QIAGEN Plasmid Maxiprep Kit,
doubly digested with Xhol and BamH]I, purified using a QIAGEN PCR purification kit,
and dephosphorylated as described in Section 3.2.3.1.

DNA ligation: The procedure was the same as that given in Section 3.2.3.1.

Transformation: Approximately 1~10 pL ligation mixture was used to transform
100 pL of competent BL21 or BL21(DE3)pLysS E. coli cells. The procedure was the

same as that given in Section 3.2.3.1.
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Plasmids analysis: The procedure was the same as that given in Section 3.2.3.1.

Nceol

Xhal
pTrc99A
4.1kb
pBR322 ori
Xhal
Digest with Ncol Digest with Ncol
and Xhal and Xhal

pTrc99A-
HCaBP

pBR322 ori

Figure 3.2. Construction of pTrc99A-HCaBP. MCS = multi-cloning site

52



thrombin
cleavage site

BamHI
. ori 3882
template
Digest with
Xhol and
BamHI PCR

Xhol HCaBP gene  BamHI
Ligation l

thrombin
cleavage site

HCaBP
6.4 kb

ori 3882

Figure 3.3. Construction of pET15b-HCaBP. MCS = multi-cloning site
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3.2.3.3 Construction of pET15b-HCaBP(GSH)

P1 (Section 3.2.3.2) added 6 residues (GSHMLE) to the N-terminus of HCaBP
following the thrombin cut site. Also, a stop codon (TAG) was erroneously omitted from
P2. To add a stop codon at the end of the HCaBP gene and to decrease the number of
amino acid residues added to the HCaBP N-terminus to 3 residues (GSH), two new
primers were designed as follows: P3 (sense): 5’-ATA TGC TCC ATA TGG CAG AAT
CCC ACC TG-3’; P4 (antisense): 5’-TAG GAT CCG GAT CAG TTA TCC CCA GC-3".
‘P3 and P4 are complementary to the 5’- and 3’- ends of the HCaBP gene, respectively,
and allow the incorporation of the flanking restriction sites Ndel (underlined in P3) and
BamHI (underlined in P4). The HCaBP gene was amplified by PCR from plasmid
pET15b-HCaBP (Figure 3.3) using Taq DNA polymerase (Fermentas). pETle-
HCaBP(GSH) (Figure 3.4) was constructed using the steps described in Section 3.2.3.2.
3.2.3.4 DNA sequencing

The pET15b-HCaBP construct from Section 3.2.3.2 was sequenced in the
‘Center for Structural and Functional Genomics (Concordia University). This was carried

on a CEQ 2000XL DNA sequencer and the DNA was prepared from cells using a
Promega Wizard™ ﬁlasmid preparation kit. The set of primers used for sequencing were:
P5 (sense): 5-GCA GCA GCC ATC ATC ATC ATC A-3’ and P6 (antisense): 5’-CAA
AAA ACC CCT CAA GAC CCG-3’. Since the first 10-50 bases in the sequence may be
of poor quality due to the “salt front” the designed primers are ~50 bases away from the
sequence frame. The CEQ 2000XL DNA sequencer can sequence on average 600 bases

for each primer. Since the HCaBP gene is 786 bp, two primers are needed to cover the
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coding sequence. Use of sense and antisence primers allows for maximum overlap of the

" regions sequenced (~400 bases) on each strand.

thrombin

thrombin
cleavage

BamHI

template

ori 3882

Digest with PCR
Ndel and C
BamHI

Ndel HCaBP gene stop coc|10n BamHI

Ligation l 1 I

thrombin
cleavage
site

HCaBP(GSH)
6.4 kb

ori 3882

Figure 3.4. Censtruction of pET15b-HCaBP(GSH). MCS = nulti-cloning site
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3.2.4 Overexpression of rHCaBP

Frozen JM105 cells containing the pTrc99A-HCaBP plasmid were used to
inoculate 50 mL of LB/ampicillin medium. The culture was grown at 37°C for ~14 h, and
10 mlL were transferred to 1 L of LB/ampicillin and grown at 37°C until the ODgg
reached 0.55~0.6. Then 1 mL of 1 M IPTG was added to 1 L of culture, and the cells
were grown overnight (16~20 h). The cells were harvested at 6000g for 15 min at 4°C
and frozen at -20°C until needed. Overexpression of HCaBP from BL21 or
BL21(DE3)pLysS cells containing pET15b-HCaBP was carried out using the.same
procedure except that after adding IPTG the culture was grown for only 3 h before the
cells were harvested by centrifugation. |

To check for protein expression, 3 mL of LB/ampicillin was added to 15-mL
sterile culture tubes. Using a sterile pipet tip, a single bacterial colony was transferred
from a freshly streaked plate into each tube containing 3 mL LB/ampicillin. The tubes
were capped and placed in an incubator-shaker for 4 h at 37°C and 220 rpm. A 1-mL
aliquot was removed for the uninduced control for each sample and 2 uL of 1 M IPTG
was added to the remaining 2-mL samples, and the cells were grown for an additional 2 h
before harvesting by centrifugation for 4 min at 13000g. The cells were washed with ice-
cold phosphate buffer (pH 7.4) and resuspended in 300 pL of lysis solution (20 mM
TrisHCl, pH 7.4). An equal volume of 0.5-mm glass beads was added and the samples
were vortexed vigorously for 4X 30-s intervals with a 30-s break for cooling on ice
between each vortexing. Cell debris was removed by centrifugation at 5000g for 10 s and
the supernatants were transferred to pre-chilled (0°C) phosphate buffer containing

DNAase. The tubes were incubated on ice for 6 min and then 10 uL of each supernatant
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was mixed with 10 pL of 2X SDS sample loading buffer (see Section 3.2.6). The samples
were heated at 95°C for 5 min, spun at 13000g for 1 min, and 18 pL of each supernatant

was loaded on a 10% SDS gel for SDS-PAGE analysis.

3.2.5 Purification of His-tagged rHCaBP

Purification under nétive conditions: BugBuster Extraction Reagent (5 mL) was
added per gram culture pellet to resuspend the cells. One pl (25 units) of Benzonase
Nuclease was added per mL of BugBuster reagent, and one protease tablet per 50 mL
solution. The cell suspension was incubated on a shaking platform at 10 rpm for 10-20
min at room temperature. Since Benzonase was added, the extract was not viscous at the
end of the incubation. The insoluble cell debris was removed by centrifugation at 16,000g
for 20 min at 4°C, and the supernatant was transferred to a fresh tube. Ni-NTA matrix (1
mL of matrix per 5-10 mg of His-tagged protein) in phosphate buffer was mixed with the
supernatant. Imidazole was added to a final concentration of 5 mM, and the mixture
rotated on a rotator for 1 h at 4°C. The sample was poured into an empty 20x2-cm
column and the flow-through collected for SDS-PAGE analysis. The 1-mL Ni-NTA
matrix bed was washed with 100 mL of wash buffer (20 mM sodium phosphate, 0.5 M
NaCl, 5% glycerol, 10 mM B-mercaptoethanol, 5 mM imidazole, pH 7.4), followed by 15
mL of wash buffer with 10 mM imidazole, and then 15 mL of wash buffer with 50 mM
imidazole. HCaBP was eluted with 3 mL of elution buffer (20 mM sodium phosphate, 0.5
M NaCl, 5% glycerol, 10 mM B-mercaptoethanol, 300 mM imidazole, pH 6.0) and

aliquots of 1 mL were collected. Finally, the matrix bed was washed with2 mL of elution
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buffer with 200 mM imidazole (i.e., 500 mM imidazole total). SDS-PAGE was used to
monitor each step of the purification.

Purification under denaturing conditions: His-tagged HCaBP was also purified
under denaturing conditions according to the procedure in the QIAexpressionist (94).
Briefly, cells were lysed in buffer A (100 mM sodium phosphate, 10 mM TrisHCI, 8 M
urea, pH 8.0). Following centrifugation the supernatant was mixed with the Ni-NTA
matrix and the sample was poured on the 20x2-cm column as described above. The
matrix bed was washed successively with 4 bed volumes of each of buffers B, C and D
(buffers B, C and D were prepared by adjusting buffer A to pH 6.3, 5.9 and 4.5,
respectively, with HCI). Fractions from each step were collected for SDS-PAGE analysis.

Removal of the His-tag: The His-tag was cleaved by factor Xa in HCaBP
expressed in JM105 cells since there is a factor Xa recognition site [IE(or D)GRT]
between the N-terminal hexa-His-tag and the protein. The Ni-NTA purified protein was
dialyzed against 20 mM TrisHCI (pH 8.0) containing 100 mM NaCl and 2 mM CaCl,,
and digested with 100:1 (w/w) protein to factor Xa (Promega) for 18 h at room
temperature to remove the His-tag. Any remaining His-tagged HCaBP was removed by
rebinding the sample to the Ni-NTA beads.

The His-tag was cleaved by thrombin in HCaBP expressed in the BL21 cell types
since there is a thrombin recognition site [LVPRTGS] following the N-terminal hexa-
