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Abstract

Role of Copper, Zinc-Superoxide Dismutase in S-Nitrosation and

Denitrosation of Cysteine Residues

Mengwei Ye, Ph.D.

Concordia University, 2007

Selective inhibition of the S-nitroso-L-glutathione (GSNO) reductase activity but
not the superoxide dismutase (SOD) activity of Cu,Zn-superoxide dismutase (CuZnSOD)
by the commonly used polyaminocarboxylate metal-ion chelators, EDTA and DTPA, is
systematically investigated here. The effects of EDTA and DTPA on the cu' dd
absorption of Cu"ZnSOD at 680-nm, on the reduction of Cu''ZnSOD by GSH, on the
metal-loading of the enzyme, on the chemical modification of catalytic Argl41, and on
the SOD and GSNO-reductase activities were studied. Binding to the enzyme was probed
by measuring heat changes with ITC on titration of CuZnSOD and the metal-free EESOD
with the chelators. The results reveal that EDTA and DTPA bind to the solvent-exposed
active-site copper of one subunit without removing the metal. This induces a
conformational change at the second active site that inhibits the GSNO-reductase but not
the SOD activity of the enzyme.

The effects of the copper colorimetric reagents, neocuproine (neo),
diethyldithiocarbamate (DDC), and cuprizone (cup), on the GSNO-reductase and the

SOD activities of CuZnSOD were also examined. These chelators alter the CuII d-d
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absorption of Cu"ZnSOD at 680 nm and give the absorption characteristic of their Cul,
complexes. The GSNO-reductase activity of CuZnSOD was inhibited by the three
colorimetric reagents in the order: DDC > neo > cup which mirrors the extent of Cul,
formation. Incubation of CuZnSOD with 5 mM DDC also resulted in 90% loss of its
SOD activity due to removal of ~73% of the active-site copper. No loss of SOD activity
resulted from CuZnSOD exposure to neo or cup. These results indicate that removal of
the active-site copper is necessary for loss of SOD activity whereas association of the
chelators with the active-site copper is sufficient for loss of GSNO-reductase activity.

Chemical modification at pH 8.0 of Arg- and Cys-containing peptides and
CuZnSOD by phenylglyoxal (PGO), an arginine specific reagent, was re-evaluated. ESI-
MS analysis shows that doubly PGO-labelled Arg and Cys residues were formed in the
peptides but only singly PGO-labelled Arg residues formed in CuZnSOD. Loss of SOD
activity of PGO-modified CuZnSOD was observed due to derivatization of its Arg
residues by PGO. Labelling of multiple Arg residues in the enzyme is in disagreement
with previous reports that Argl41, which is essential for SOD activity, was selectively
PGO-modified.

Two to four free Cys residues per tetramer of commercial rat hemoglobin (Hb)
from Sigma and of Hb isolated from rat red blood cells (RBCs) were determined by 5,5’-
dithiolbis(2-nitrobenzoic acid) (DTNB) titration and by ESI mass spectrometry using N-
ethylmaleimide (NEM). Both Cysp125 and Cys393 in rat RBC oxyHb were S-nitrosated
and S-glutathiolated in GSNO/oxyHb (10:1) incubations with and without 20 pM bovine
CuZnSOD indicating that this enzyme is not essential for S-nitrosation of rat Hb under

the conditions used here. Based on the Saville assay, NO release from rat Hb-SNO in the
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presence of GSH was catalyzed by free copper ions and by CuZnSOD. As observed for
the GSNO-reductase activity of CuZnSOD, Hb-SNO denitrosation was inhibited by the
metal chelators confirming a catalytic role for copper. Combining the results presented in
thesis with those obtained from the literature helps us understand the role of CuZnSOD in

the formation of Hb-SNO and the release of NO from Hb-SNO.
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1.0 Introduction

1.1 Nitric oxide (NO) — an important signaling molecule

NO is a free radical that can transmit signals in cells. Endogenous NO is
synthesized from L-arginine by NO synthases (NOSs), an enzyme family present in
endothelial cells and in a variety of other mammalian tissues (Reaction 1.1). NO is about
70 times more soluble in hydrophobic solvents than in water (/), which allows it to easily

diffuse among cellular compartments and transmit information to its targets.

HZN\(NH H,N.__N—OH HZNYO

4<

NH 0, NH  12NADPH NH
\ S, + NO° (1.1)
7N
NADPH 0,
+ ) + ] + ]
HN" "o, HN" co; HN" "Co,
L-arginine NC-hydroxy-arginine L-citrulline

The major effect of NO is the activation of soluble guanylate cyclase (sGC),
which catalyzes the conversion of guanosine triphosphate (GTP) to 3',5'-cyclic guanosine
monophosphate (¢cGMP). cGMP is a second messenger molecule that activates a number
of proteins including protein kinases (PKG), phosphodiesterases (PDE), and ion
channels. One important function of NO is the mediation of smooth muscle relaxation
shown in Figure 1.1. In response to circulatory signals, NOS can be stimulated to

produce high levels of NO (up to 5 M) in arterial endothelial cells (2). The gas then



diffuses into adjacent smooth muscle cells, activates sGC, and triggers a cascade of
metabolic events that culminate in smooth muscle relaxation (3, 4). NO, as an
endothelium-derived relaxing factor (EDRF), regulates blood vessel tone and blood flow
by inhibiting smooth muscle contraction and platelet aggregation. A wide range of other
functions in bioregulation include roles in inflammation, immunity, programmed cell
death, and neurotransmission (2). To regulate these diverse and important processes in
biological systems, NO has to function not only at its site of generation but also its

bioactivity has to be transported to distant targets.
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Figure 1.1 Nitric oxide and c¢GMP signaling in smooth musecle cells. [Adapted from

http://www.biomedicale.univ-paris5.fr/umr747/presentation_equipe4 _eng.html and Ref (5)]




The estimated half-life of NO ranges from 0.05 to 1.8 ms due to its reaction
with molecular oxygen (6-8). The diffusion rate of NO is 50 ums™ in a single direction in
biological systems (9). These properties require that free NO exert its effects within a few
microns from its site of generation. The hypothesis that NO is stabilized by a carrier
molecule that prolongs its half-life and preserves its biological activity has been proposed
(10) and has been demonstrated (11, 12). S-nitrosothiols (RSNOs) have been shown to be
potent smooth muscle relaxants and inhibitors of platelet aggregation and are currently
the best candidates for the endogenous storage and transport of NO (13-18). For example,
experiments from Rassaf and coworkers (//) have demonstrated that intra-arterially
applied NO can be transported in a bioactive form for significant distances along the
vascular bed, and most of the systemic effects of NO administered intravenously are

mediated by its conversion into plasma RSNOs (12).

1.2 RSNOs — a NO reservoir in vivo

RSNOs are considered to play important roles in storing, transporting, and
releasing NO in vivo (13, 19). Some RSNOs, such as S-nitrosoalbumin (Alb-SNO) (/4),
S-nitroso-L-cysteine (CysNO) (20), and S-nitrosoglutathione (GSNO) (10, 19, 21, 22)
have been detected in vivo. Stamler et al. (14) reported that NO circulates in the plasma
of healthy humans primarily as Alb-SNO, suggesting that Alb-SNO may be a
physiological reservoir of NO. The levels of RSNOs reported in rat and human plasma
vary from micromolar to nanomolar depending on the measurement methodology (23).

The mechanism of RSNO formation in vivo is not clear. It is unlikely to involve

the direct reaction of NO with free thiol groups as this is actually a very slow oxidation



that yields thiol disulfide and nitroxyl (2NO + 2RSH — RSSR + 2HNO) (24, 25). The
production of RSNOs in oxygenated buffers (5) is probably due to oxidation of NO to
dinitrogen trioxide (N,O3), a potent nitrosating agent that reacts with thiols to yield

RSNOs and nitrate (/6):

4NO + 0y = 2N,04 (1.2)

RSH + N,03+ H;0 = RSNO +NO; + 3H" (1.3)

Several other routes of RSNOs formation have been proposed. For example, the reaction
of thiols with peroxynitrite (ONOO") or with the nitrosonium cation (NO") formed on the

oxidation of NO by transition metals (5, 26-28).

RSNOs regulate physiological functions by donating NO*, NO, and HNO.
These properties make RSNOs EDRF-like in their activity (20). Low-molecular-weight
RSNOs are generally less stable than S-nitrosoproteins (23), and trans-S-nitrosation

reactions are possible such as that between GSNO and a protein thiol (P-SH):

GSNO + P-SH = GSH + P-SNO (1.4)

This exchange of an NO" moiety provides further pathways for NO metabolism and
action (29). Thus, as NO reservoirs in vivo, RSNOs act as physiological mediators,
intermediates in the excretion of NO and as storage forms of NO (29, 30). Despite their
biological importance, it is still uncertain how small thiols and protein thiols (P-SH) are
initially S-nitrosated as mentioned above, or how RSNOs are involved in multiple trans-

S-nitrosations.



1.3 S-Nitrosoglutathione (GSNO) and the mechanism of NO release

GSNO (Figure 1.2) is the most important low-molecular-weight RSNO found in
vivo (10, 19, 31, 32), and is a rélatively stable compound in aqueous media in the dark
(33-35). Previous results indicate that GSNO is a potent nitrovasodilator, an inhibitor of
platelet aggregation (36-38), and provides significant protection to the ischemic

myocardium (39, 40).
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Figure 1.2 Structure of GSNO. Reproduced from www.cambridgesoft.com.

The factors affecting GSNO decomposition in solution include light,
temperature, pH, and contaminating transition metal ions. As GSNO has the most EDRF-
like activity (23), NO release should be related to its biological activity. Efficient
homolytic cleavage of the S-NO bond (Reactions 1.5 and 1.6) only happens via

photolysis at physiological temperatures (33):

hv

GSNO GS* +NO* (1.5)
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2GS GSSG (1.6)



GSNO reductive decomposition with NO release is accelerated by contaminating or

exogenously added copper ions (33-35):

GSNO + Cu'+ H* = GSH +NO"* + Cu" (1.7)

2GSH +2Cu" =— GSSG +2Cu'+ 2H" (1.8)

The chelation of copper by GSH and the GSSG product (Figure 1.3) complicates the
kinetics of this process (34, 4/). Since Cu' is the active species in GSNO decomposition,
reducing agents such as GSH and ascorbate accelerate copper-catalyzed GSNO
breakdown by chemical reduction of the metal (Reaction 1.8) (42, 43). Interestingly, no
GS® radical formation was detected during copper-catalyzed GSNO breakdown (33),
suggesting that the reaction intermediates are copper-bound species. Heterolytic cleavage
of RSNO to NO" or NO™ was also reported since in some cases RSNOs mediate their

biological actions independent of NO generation (26, 44-46).
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Figure 1.3 GSSG acts as a Cu" chelator. Reproduced from Ref (34).



1.4 Copper,zinc-superoxide dismutase (CuZnSOD)

CuZnSOD is a homodimer with molecular weight of ~32 kDa and an isoelectric
point of 4.8 (47-49). There is one copper and one zinc in each subunit, and the imidazole
rings of His44, 46, 61, and 118 are ligated to the Cu"" ion. Zn" lies 6 A from the copper
and is ligated to the imidazoles of His61 (which ligates both metals giving rise to an
imidazolate bridge), 69, and 78, and to the carboxylate of Asp81 (Figure 1.4A). A total of
10 lysine and 4 arginine residues are present in each subunit of bovine erythrocyte
CuZnSOD (50). Argl41, Lys120, and Lys134, are 5, 12 and 13 A from the copper,
respectively, forming a positively charged access channel to the active site (Figure 1.4B)
(50).

1.4.1 Superoxide dismutase (SOD) activity of CuZnSOD

The primary function in vivo of CuZnSOD is proposed to be the efficient
catalysis of superoxide (0,") dismutation (47, 57). Rapid removal of the O, radical is
important in antioxidant defence. The rate constant for enzyme-catalyzed O;"

dismutation is 2 x 10° M s at pH 7.0 and 20-25°C (52, 53). The mechanism involves

Reaction 1.9 and 1.10:

Cu''ZnSOD + 0, =— Cu'ZnSOD + 0, (1.9)
Cu'ZnSOD + 0, +2 H' — Cu''ZnSOD + H,0, (1.10)
The reduction of the enzyme by O, (Reaction 1.9) is the rate-limiting step (33),

and the site of reactivity for O, is the copper ion. This metal functions in catalysis by

alternate reduction (Reaction 1.9) and reoxidation (Reaction 1.10) during successive



encounters with O, (52, 54). In the oxidized enzyme, His61 ligates copper and zinc to
form an imidazolate bridge, but during the process of copper reduction by O,", the
imidazolate bridge is protonated and does not ligate the copper. The proton is released
upon copper oxidation and the imidazolate bridge reforms. The positively charged side
chains of Argl41, Lys120, and Lys134 (Figure 1.4B) are responsible for the electrostatic
guidance of O, to the active site (50, 55).
1.4.2 GSNO-reductase activity of CuZnSOD

In the presence of an electron donor such as GSH, CuZnSOD catalyzes the

reductive decomposition of RSNOs such as GSNO (Reactions 1.11 and 1.12) (56, 57):

Cu'ZnSOD + GSNO + H™ = GSH +NO' + Cu'ZnSOD (1.11)

Cu"ZnSOD + GSH — Cu'ZnSOD +GS' +H" (1.12)

This mechanism also involves alternate reduction (Reaction 1.12) and reoxidation
(Reaction 1.11) of the active-site copper. It has been demonstrated that the GS® radicals
formed in Reaction 1.12 dimerize to yield GSSG rather than reform GSNO by reacting
with NO (57). The GSSG product may function as an inhibitor of the GSNO-reductase
activity of CuZnSOD as it attenuates the Cu"'-catalyzed NO release from GSNO due to its
strong chelation of copper ions (34).
1.43  Modulators of the SOD and GSNQO-reductase activities of CuZnSOD

Both the SOD and GSNO-reductase activity of CuZnSOD require redox
turnover of the active-site copper. Thus, factors that could inhibit or attenuate catalysis by

CuZnSOD include: (i) removal of copper from the active site; (ii) alteration of the Cu'!



reduction potential; (iii) prevention of substrate access to the active site; and (iv)

neutralisation of the positively charged side chains of Argl41, Lys120, or Lys134. Metal

Glu131

“ Thr135

e

Lys120

Figure 1.4 (A) X-ray structure of the metal binding region, and (B) the copper active-site channel of
one subunit of bovine CuZnSOD. Structure drawn using RasMol V2.6
(http://www.umass.edu/microbio/rasmol/) and the PDB file 1CBJ from the published x-ray structure in the

Research Collaboratory for Structural Bioinformatics (RCSB).




chelators, such as EDTA, DTPA, DDC, cuprizone, and neocuproine could be potential
modulations of CuZnSOD activity. Possible physiological modulators include redox-
active species such as GSH and GSSG, and anions such as phosphate (58), 2,3-

diphosphoglycerate (2,3-DPG), and inositol hexaphosphate (IHP).

Table 1.1 Comparison of sequences of human, bovine, and rat erythrocyte

CuZnSODs*

human ATKAVCVLKG DGPVQGIINF EQKESNGPVK VWGSIKGLTE GLHGFHVHEF50

bovine ATKAVCVLKG DGPVQGTIHF EAK--GDTVV VTGSITGLTE GDHGFHVHQF48
hhkkkdkkkkkx Khkkhkkd * * * K * ok kkk kkkk k kkkkkk *

rat AMKAVCVLKG DGPVQGVIHF EQKASGEPVV VSGQITGLTE GEHGFHVHQY50
* kKhkkhkhkkhkhhkk khkhkkhkkk * Kk Kkkk Xk * % *x Kk Kk kkhkkhkk * Khkkkkk

human GDNTAGCTSA GPHFNPLSRK HGGPKDEERH VGDLGNVTAD KDGVADVSIE100

bovine GDNTQGCTSA GPHFNPLSKK HGGPKDEERH VGDLGNVTAD KNGVAIVDIV9S
Khhkhk hhkhhdk KAAKAKAF K AhkAAFAAAAK* AhFAAAKAKAA * *kx * K

rat GDNTQGCTTA GPHFNPHSKK HGGPADEERH VGDLGNVAAG KDGVANVSIE100
Jhdekd dhhkk Kk kkkkhkhk Kk Kk hkkk Kkkhkk Ahkkkkkk K*  Kkkkkk kkkk

human DSVISILSGDH CIIGRTLVVH EKADDLGKGG NEESTKTGNA GSRLACGVIG150

bovine DPLISLSGEY SIIGRTMVVH EKPDDLGRGG NEESTKTGNA GSRLACGVIG148
* kokk Kok kkhkhkdh hkk kk hkhkk Kk khkkrkkkkhk khkkkkhkk kK

rat DRVISLSGEH SIIGRTMVVH EKQDDLGKGG NEESTKTGNA GSRLACGVIG150
* KhkkhkkKk Kk Ahkhkkk hhkk kk *Ahkhkhkhkhkkhk KAhhkhkkhkhkrA kit Ahkhkkhkkkhkkhkkk

human IAQ153

bovine IAK151
* *

rat IAQ153

* kK

“Sequences from NP_000445 (human), 1CBJB (bovine) and NP_058746 (rat) (http://www.ncbi.nlm.nih.
gov/). The amino acids forming the metal binding regions and the positively charged side chains located in
the active-site channel in the three enzymes are in bold font. The identical sequences in bovine and rat vs

human are presented by “*” symbols. SIM (http://www.expasy.ch/tools/sim-prot.html) was used to align

the protein sequences.
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1.4.4 Comparison of human, bovine, and rat CuZnSODs

The sequences and SOD activities of human, bovine and rat erythrocyte
CuZnSOD are compared in Tables 1.1 and 1.2, respectively. Human and rat CuZnSOD
exhibit 83% sequence identity, and human and bovine CuZnSOD exhibit 81% sequence
identity. In the three proteins, the positively charged side chains of Argl43, Lys122, and
Lys136 in the human and rat enzyme (Argl4l, Lys120, and Lys134 in the bovine
enzyme; Figure 1.4) and the metal binding residues are conserved (Table 1.1 residues in
bold font). Higher SOD activity was measured in rat (59) as compared to human

erythrocytes (Table 1.2).

Table 1.2 SOD activity and quantities in human, bovine, and rat erythrocytes

Species SOD activity” Assay method (ref) | [copper] in erythrocyte (ref)

Increased autoxidation of

Human | ~91 units /mL extracted sample 5-10 pM (60)

BXT-01050 (59)

Increased autoxidation of

Rat ~123 units/mL extracted sample Not reported
BXT-01050 (59)

decreased cytochrome c

Bovine 90 units/mL whole blood ~10 uM (60)
reduction (47)

“The extracted sample was prepared by resuspending the erythrocyte pellet from at least 200 pL of whole
blood in four times its volume of ice-cold water. After centrifugation, 250 pL of the lysate supernatant was
mixed with 400 pL of ice-cold chloroform/ethanol (37.5/62.5, v/v) for at least 30 s, centrifuged at 4°C and
2500 g for 10 min, and the resulting supernatant was stored between 2—-8°C for SOD activity assay (59).
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1.5 Hemoglobin (Hb)

Hb is a tetrameric protein (~64 kDa) which is composed of 2o and 2 chains
that each contains a heme prosthetic group. The o and B chains combine to form stable
of dimers, and the dimers associate to form the Hb tetramer (Figure 1.5). The best
characterized physiological function of Hb in red blood cells (RBCs) is the transport of
O, by its heme iron for tissue respiration. The transport capacity is governed by a cycle of
allosteric transitions in which Hb assumes the R state (relaxed, high O, affinity or
oxyHb) to bind O, in the lungs and, on partial deoxygenation, the T state (tense, low O,

affinity or deoxyHb) to efficiently deliver O to tissues.

Figure 1.5 X-ray structure of human oxyHb. The four polypeptide chains and hemes (red with iron in
yellow) are indicated. This structure was drawn using RasMol V2.6 and the PDB file 2DN2 from Research
Collaboratory for Structural Bioinformatics (RCSB).
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Cysteine residues in Hb from different species are not identical except for the
highly conserved cysteine on the [ chain at position 93 (CysB93) (Table 1.3, Section
1.5.4). The R-T transition also controls the reactivity of Cysp93 such that the thiol can
react with an NO donor to form S-nitrosohemoglobin (Hb-SNO) in the R state, and
unload NO from the sulfhydryl group in the T state (/9, 61-66). As NO is also captured
by heme (Section 1.5.1), there is considerable debate over the nature and chemistry of the
interaction between NO and RBCs, in particular, whether Hb consumes or conserves NO
bioactivity (67-69).

1.5.1 Reactions of NO with deoxy and oxyHb

A model (/9) has been proposed by Stamler and coworkers suggesting that NO
is transported by Hb on binding to the highly conserved Cysp93 residue, forming Hb-
SNO. The heme group in deoxyHb is an efficient scavenger of free NO (64, 70), and
forms a stable heme-NO complex (K; = 4 pM) (68) to give nitrosylHb (HbFe"™NO or Hb-

NO). Binding of NO to the deoxy heme is rapid (2.6 x 10’ M"'s™, Reaction 1.13) (64):
NO + HbFe" —= HbFe'NO (1.13)

Alternatively, NO can convert oxyHb to metHb with its parallel oxidation to nitrate (3.7

x 10" M's™!, Reaction 1.14) (64, 71):
NO + HbFe"'0, = HbFe''+NO;y (1.14)

Given the presence of a highly conserved sulfhydryl group at position B93, it
was proposed that human Hb undergoes NO exchange (trans-S-nitrosation) with low-

molecular-weight S-nitrosothiols such as GSNO in vivo (19, 72).
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1.5.2 The proposed action of Hb-SNO in vivo

The well-known physiological actions of NO in the blood stream are
vasodilatation and inhibition of platelet aggregation (23). The endogenous levels and
corresponding half-lives of high-molecular-weight RSNOs, such as Alb-SNO and Hb-
SNO may be much higher than the concentration of free NO (0.1-100 nM) produced by
eNOS (23, 69, 73). Interest in these protein RSNOs is intense since they elicit
physiological responses similar to those evoked by NO including vasodilation and
platelet inhibition (/6, 74, 75). Regulation of vascular tone by Hb-SNO via the delivery
and release of NO has been reported (63). A model (6/) of Hb S-nitrosation and
denitrosation that promotes NO transport and control of blood flow is shown in Figure
1.6. As described in Section 1.1, NO is a vasodilator that increases the diameter of blood
vessels and hence blood flow by relaxing vascular smooth muscle cells. In the human
respiratory cycle, NO binds to CysB93 of adult Hb (HbA) in regions of high O,
concentration (e.g., lungs) to form Hb-SNO. On O, release from the heme, NO is released
from CysP93, which relaxes the vessels and aids in O delivery to tissues (67). In
contrast, in T-state Hb (low O, pressure) extra NO is picked up by the heme to form Hb-
NO to mitigate the cytotoxic effects of NO (Figure 1.6). This model is discussed further
in Section 1.5.5.
1.5.3 Mechanism of Hb S-nitrosation

Different mechanisms have been proposed for Hb S-nitrosation. These include:
(i) Trans-S-nitrosation involving direct NO™ transfer from an NO donor (such as GSNO)
to Cysp93 of oxyHb:

GSNO + oxyHb-SH — GSH + oxyHb-SNO (1.15)
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Figure 1.6 NO in the human respiratory cycle. Cited from Ref (67).

(ii) Intramolecular transfer of NO from the heme of deoxyHb to CysP93 in the presence
of O, Recent evidence indicates that nitrosylHb is formed via the nitrite-reductase
activity of deoxyHb (2HbFe" + NO, + H" — HbFe'" + HbFe'™NO + OH') (76-80). Under
high O, pressures, O, displaces NO from the heme to form oxyHb, and the released NO

moves to the relatively exposed sulfhydryl groups of CysB93 (78, 81):

Hb[Fe"NOB93-SH] + 4 + O, = Hb[Fe"0,$93-SNO] + 4"+ H' (1.16)



where 4 is an electron acceptor such as an oxidized heme, another metal ion, oxygen, or
other organic acceptors (817).

(iii) Copper-catalyzed Hb S-nitrosation involving the following reactions:

GSNO +Cu' + H" —= GSH+NO' + Cu" 1.7)
oxyHb-SH + Cu —= oxyHb-S" + Cu' (1.17)
oxyHb-S + NO" = oxyHb-SNO (1.18)

Cu' catalyzes breakdown of GSNO (Reaction 1.7) and NO reacts directly with the
nascent Cysf93 radical formed in Reaction 1.17.

(iv) CuZnSQOD-catalyzed S-nitrosation. We have demonstrated that CuZnSOD posesses
NO-transferase activity (57, 82), and based on our observation that thiols in calbindin

Dask (P-SH) reduce the Cu" center in Cu"ZnSOD, the following mechanism was

proposed (82):
Cu'ZnSOD + P-SH — Cu'ZnSOD +P-S'+ H* (1.19)
Cu'ZnSOD + GSNO + H* == GSH + NO' + Cu'"ZnSOD (1.11)

NO'+P-S" — P-SNO (1.20)

Furthermore, we proposed (57) that erythrocyte CuZnSOD plays a critical role in
preserving the biological activity of NO by targeting it from GSNO to Cysf93 of human
oxyHb. CysB93 was fully S-nitrosated when oxyHbA containing CuZnSOD was

incubated with GSNO (CysB93/GSNO = 1) at physiological concentrations of the
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proteins (5 mM Hb, 10 pM CuZnSOD). In contrast, removal of CuZnSOD by anion-
exchange chromatography or dilution of Hb to micromolar concentrations resulted in
metHb formation (57). These results revealed that the NO from CuZnSOD-catalyzed
GSNO decomposition is likely channeled to CysB93 within an oxyHb-CuZnSOD
encounter complex. The formation of this complex in vivo may allow Cysp93 in oxyHb
to compete with GSH (present in human RBCs at >5 mM) as an electron donor to
Cu''ZnSOD (Reaction 1.19). The thiyl radical formed on CysB93 acts as an efficient

scavenger of the released NO to preserve its bioactivity.

Table 1.3 Cysteine residues in rat Hb and human HbA"

Rat Hb
Human HbA
Major form Minor form
Cysp93 Cysp93 Cysp93
Cysp112 Cysp125 -
- Cysa13 Cysa13
Cysa104 Cysa104 Cysa 104
- Cysa111 Cysa111

“From the sequences of rat (Accession #: P02091, AAA41308, S00840 ) and human (Accession #: P01922

and P02023) Hb in the NCBI protein database (http://www.ncbi.nlm.nih.gov).

1.5.4 Reactivity of cysteine rsidues in rat vs human Hb

The major isoform of rat Hb has ten cysteine residues per tetramer (Table 1.3)
and six of these are reactive with DTNB (29). The two Cysp125 residues are 100-times

more reactive than GSH and the half-life (t;) for their reaction with excess DTNB (0.5
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mM) under pseudo-first-order conditions is < 100 ms. The other two families of reactive
thiols, Cysp93 and Cysa13, are slow reacting (t;2 =30 — 50 s) (83). HbA has six cysteine
residues per tetramer (Table 1.3) and only CysB93 is reactive with DTNB with at;, of ~
305 (0.5 mM DTNB) (83), corresponding to the slow reacting thiols in rat Hb.

1.5.,5  S-Nitrosation of rat vs human Hb

The fast-reacting thiols in rat blood will likely influence the pharmacokinetics,
toxicity, and action of NO donors. To fully understand differences in the S-
nitrosation/denitrosation of rat Hb compared to human HbA is critical since a rat model is
frequently used in studies of NO biochemistry (/9, 72).

The allosteric model of human Hb S-nitrosation was first proposed by Stamler’s
group (19, 63, 65). They suggested that the rates of S-nitrosation/denitrosation of Hb
were markedly dependent on its conformational state. The dynamic cycle in which Hb is
S-nitrosated in the lungs and the NO group is released during arterial-venous transit
(Figure 1.6) was based on endogenous levels of Hb-SNO and Hb-NO in arterial and
venous rat blood (/9). However, data from humans reported by Gladwin ez al. (84-86)
weaken the suggested allosteric-regulated model of NO/O, delivery since no significant
differences between arterial and venous Hb-SNO levels in human blood were revealed in
their measurements (Table 1.4).

S-Nitrosation of Cysp93 of human HbA only occurs in the oxy form (635, 87,
88), but the reactivity of Cysp125 in rat Hb is independent of quaternary structure (Table
1.5) (29). Rossi et al. (83) proposed that, because of its low pKj (~6.9, the cysteinyl anion
being stabilized by hydrogen bond donation from Serf123) and large surface exposure

(as estimated by computer analysis of a model of the molecular surface of rat Hb),
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CysB125 in rat erythrocytes is the kinetically preferred site of S-conjugation. Only the
slow-reacting thiols in rat Hb, Cysp93 and Cysal3, became more reactive in the presence

of O,, like Cysp93 in human Hb (29).

Table 1.4 Endogenous levels of Hb-SNO and Hb-NO

Hb form Arterial Venous Blood Refs
Hb-SNO 311 nM 32 nM (19)

Hb-NO 536 nM 894 nM Rat Stamler & coworkers
Hb-SNO 2.5uM 0.8 uM (61)

Hb-NO 2.5 uM 5 uM Human Stamler & coworkers
Hb-SNO 161 nM 142 nM (85, 86)

Human .
Hb-NO 150 nM 160 nM Gladwin & coworkers
(89

Hb-SNO 46 nM 69 nM Human

Gladwin & coworkers

1.5.6  Hb-SNO denitrosation and possible regulators

Preservation of the bioactivity of NO and delivery of NO to distant targets are
proposed functions of Hb-SNO in vivo. Investigation of NO release from Hb-SNO
(denitrosation) is thus another key step in fully understanding how Hb-SNO behaves like
NO in the regulation of blood vessel tone and in inhibiting aggregation of platelets.

Hb-SNO bioactivity is promoted by low pO,, thiols, and heme oxidation (/6,
19, 62). Jia et al. found that during arterial-venous transit in rat blood (Table 1.4) (19),
NO release from deoxyHb-SNO is favored. Hb-SNO is less stable in the T structure since
Cysp93-NO is solvent exposed but it is located in a protected pocket in the R

conformation (62).
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Table 1.5 Rate constants (M''s?) for S-nitrosation and S-thiolation of rat Hb and

human HbA
Reaction S-nitrosation® (29) S-thiolation® (83)
Cys residue 93 B125 al3 125
0, + - + - + - + -
Rat 0.304 0.093 | 112 116 | 2.04 097 | 2.94x10* 2.91x10*
Human 0.365 0.101 - - - - —~ -

“The S-nitrosating reagent was 400 ptM GSNO and the reaction was carried out using 10-50 pM Hb in 100
mM phosphate buffer/2 mM DTPA (pH 7.4) prepared from human or rat blood. Kinetics of Hb-SNO

formation in the presence and absence of oxygen by trans-S-nitrosation was determined by three methods:
spectrophotometric assay, the Saville assay, and spectral deconvolution as described in (29). The rate
constants were determined by fitting the experimental data to exponential growth curves for Hb-SNO (29).
5The S-thiolating reagent was 340 uM DTNB (Reaction 6.2, Section 6.3.2.8) and its reaction with 6.8 uM
Hb (in heme) in 100 mM phosphate buffer (pH 7) at 20°C was monitored at 450 nm (¢ = 7.0 mM'em™)

following mixing of the reagents in a stopped-flow apparatus.

McMahon et al. (65) demonstrated allosteric regulation of NO release from Hb-
SNO by observing NO group transfer between Hb-SNO and GSH. They showed that Hb-
SNO was stable in its R state in the presence of GSH, but decomposed upon
deoxygenation (Reaction 1.21). Allosteric modulators that shift the position of the R/T

equilibrium toward the T state would increase NO transfer to GSH and thereby increase

the bioactivity of Hb-SNO (Reaction 1.21).

Hb[[Fe"0,],893-SNO] + GSH <~ Hb[[Fe"0,],-p93-SH] + GSNO + (x-x ) 0, (1.21)
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B-SNO is also less stable when the hemes in Hb-SNO are oxidized to the met
form (89-91). Reactions 1.22 and 1.23 describe coupling between heme deoxygenation
and fPheme/SNO redox chemistry that could lead to liberation of NO from a nascent SNO

anion radical (92):

Hb[BFe"0,p$93-SNO] — Hb[PFe393-SNO*"] + O, (1.22)

Hb[BFe"$93-SNO"] + H" — Hb[pFe'"'$93-SH] + NO (1.23)

Free thiols also facilitate NO release from Hb-SNO (65, 72). Results from
Woltz et al. revealed that Hb-SNO decays within 30 min in the presence of GSH or L-
cysteine vs <5% decomposition over 4 h at 25° and 37°C in phosphate-buffered saline
(72). Furthermore, they demonstrated that Hb-SNO-induced relaxation was dependent
entirely on the availability of GSH and cysteine but not GSSG or bovine serum albumin
(72). One explanation is that high concentrations of GSH could shift the R/T equilibrium
in favor of the deoxy structure (79, 93). This is supported by the observations that at
millimolar GSH, the Hb-SNO/GSNO equilibrium shifts toward GSNO regardless of the
Hb quaternary structure (Reaction 1.24) (65). Thus, in the presence of GSH relaxation
caused by Hb-SNO in hypoxia is comparable to that seen in normoxia (65), which may

be due to the enhancement of vasodilation by GSNO.
HbFe"0,-SNO + GSH = HbFe" + GSNO + O, (1.24)

In agreement with free-thiol-mediated decomposition of Hb-SNO, Gladwin et

al. (84) proposed that Hb-SNO undergoes reductive decomposition in erythrocytes rather
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than allosterically-linked NO release. Reductive decomposition could be a concomitant
pathway in the modulation of Hb-SNO bioactivity in vivo since GSH, ascorbate, and
other naturally occurring reductants are abundant in the RBC (94, 95).

CuZnSOD as a catalyst of GSNO reductive decomposition has been confirmed
(56). However, data obtained by Jourd’heuil ef al. show that it does not catalyze the
decomposition of S-nitrosoproteins such as AIbNO (56). The effects of CuZnSOD as a

regulator of NO release from Hb-SNO will be investigated here.

1.6 Hypotheses, scope and organization of thesis

The objectives of the research conducted for this thesis were to fully understand
the effects of various copper chelators on the GSNO-reductase activity of CuZnSOD, and
to establish the role of CuZnSOD in the S-nitrosation/denitrosation of human and rat Hb.

CuZnSOD is the major intracellular copper binding protein accounting for ~95%
of the copper in RBCs (60). Its function as a GSNO-reductase in reductive decomposition
of GSNO has been proposed (56). Experiments were carried out to determine how
chelators decrease the GSNO-reductase activity of CuZnSOD. Binding to the active-site
copper of CuZnSOD was examined by UV-Vis absorption, ICP-MS, enzyme activity
assay, and isothermal titration calorimetry (Chapters 2 and 3). The interactions proposed
from the experimental data involve Argl4l, a key residue in bovine CuZnSOD that
affects its SOD activity. To explore the role of Argl41 in the GSNO-reductase activity of
CuZnSOD, the arginine-specific agent, phenylglyoxal, was employed, coupled with mass
spectrometry, to characterize the modification of arginine-containing peptides and

CuZnSOD (Chapter 4). In order to specifically modify the human enzyme at Argl43
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(corresponding to Argl41 of bovine CuZnSOD) expression of wild-type and site-directed
mutants of human CuZnSOD was also attempted (Chapter 5). CuZnSOD has been
proposed to function as a GSNO-transferase in S-nitrosation of Cysp93 of human Hb
(57). The role of CuZnSOD in the formation of Hb-SNO and in NO release from rat Hb-
SNO was investigated using the Saville assay, UV-Vis absorption, and mass
spectrometry (Chapter 6). Possible differences in how CuZnSOD might function in NO

signalling in rat and in human blood are also discussed in Chapter 6.

1.7 Contributions of colleagues

Chapter 2 was published in Biochemistry [Ye M., and English A. M. (2006),
Biochemistry 45 (42), 12723-12732] and is reproduced with the permission of the journal.
All abbreviations, citations, figures and table numbering systems in the published work
were changed to the format of this thesis. I carried out all the work reported in this
publication and prepared the first draft of the manuscript. Megan Marshall helped with
the ICP-MS measurements, and Figure 2.9 was prepared by Dr. Qadir Timerghazin. A.
M. English provided intellectual support and edited the manuscript.

Chapter 3 extents the chelator work to non-anionic compounds. I carried out all
the experimental work. This chapter is being prepared for publication in The Journal of
Inorganic Biochemistry.

Chapter 4 is also being prepared for publication. I carried out all the work

reported in this chapter and wrote the first draft of the manuscript. A. M. English

provided intellectual support and edited the manuscript.
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The work in Chapter 5 was carried out with the help of Dr. Heng Jiang. I carried
out all the experimental work except Figure 5.17 was prepared by Lily Zhang,.

Chapter 6 is currently being prepared for the publication. I carried out all the

experimental work and wrote the manuscript.
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2.0 Binding of polyaminocarboxylate chelators to the active-site
copper inhibits the GSNO-reductase activity but not the

superoxide dismutase activity of Cu,Zn-superoxide dismutase

2.1 Abstract

In addition to its superoxide dismutase (SOD) activity, Cu,Zn-superoxide
dismutase (CuZnSOD) catalyzes the reductive decomposition of S-nitroso-L-glutathione
(GSNO) in the presence of thiols such as L-glutathione (GSH). The GSNO-reductase
activity but not the SOD activity of CuZnSOD is inhibited by the commonly used
polyaminocarboxylate metal-ion chelators, EDTA and DTPA. The basis for this selective
inhibition is systematically investigated here. Incubation with EDTA or DTPA caused a
time-dependent decrease in the 680-nm d-d absorption of Cu"ZnSOD but no loss in SOD
activity or in metal-loading of the enzyme as determined by ICP-MS. The chelators also
protected the SOD activity against inhibition by the arginine-specific reagent,
phenylglyoxal. Measurements of both the time course of SNO absorption decay at 333
nm and oxymyoglobin scavenging of the NO that is released confirmed that the chelators
inhibit CuZnSOD catalysis of GSNO reductive decomposition by GSH. The decreased
GSNO-reductase activity is correlated with decreased rates of Cu"ZnSOD reduction by
GSH in the presence of the chelators as monitored spectrophotometrically at 680 nm. The
aggregate data suggest binding of the chelators to CuZnSOD, which was detected by
isothermal titration calorimetry (ITC). Dissociation constants of 0.08+0.02 uM and
8.320.2 uM were calculated from the ITC thermograms for the binding of a single EDTA

and DTPA, respectively, to the CuZnSOD homodimer. No association was detected
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under the same conditions with the metal-free enzyme (EESOD). Thus, EDTA and
DTPA must bind to the solvent-exposed active-site copper of one subunit without
removing the metal. This induces a conformational change at the second active site that

inhibits the GSNO-reductase but not the SOD activity of the enzyme.

2.2 Introduction

Trace copper impurities found in aqueous buffers catalyze the reductive
decomposition of S-nitrosothiols (RSNOs) (27, 33-35, 96, 97). Recently, Dicks et al.
demonstrated that NO generation from RSNOs was also catalyzed by peptide- and
protein-bound copper (98) providing a mechanism for intracellular RSNO breakdown
(99) since cells harbour no free copper (/00). Jourd’heuil et al. reported that CuZnSOD

exhibits GSNO-reductase activity yielding free NO in the presence of GSH (56):

Cu"ZnSOD + GSH =— Cu'ZnSOD + GS’ + H* 2.1)
Cu'ZnSOD + GSNO + H" = Cu"ZnSOD + GSH + NO’ (2.2)
GS +GS" — GSSG (2.3)

We previously demonstrated that CuZnSOD is an efficient catalyst of NO
transfer between S-nitrosoglutathione (GSNO) and Cysp93 of oxyhemoglobin (oxyHb)
(57) and cysteine residues in calbindin Dagk (82) at physiological concentrations of the
proteins. We observed that both GSH and calbindin reduce Cu'ZnSOD (82) and
proposed the following mechanism for CuZnSOD-catalyzed S-nitrosation of the protein-

based thiols (P-SH) in calbindin (82) and oxyHb (57) by GSNO:
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Cu"ZnSOD + P-SH — Cu'ZnSOD +P-S" + H" 2.1
Cu'ZnSOD + GSNO + H" == Cu"ZnSOD + GSH + NO’ (2.2)

NO' +P-§° —= P-SNO (2.4)

Unlike GS’ (Reaction 2.3) (82, 101), dimerization of P-S’ is suppressed by steric bulk
allowing efficient protein S-nitrosation by combination of P-S' radicals with NO'
(Reaction 2.4) (57, 82). We further hypothesised (57) that the GSNO-derived NO is
channelled to oxyHb Cysp93 within a CuZnSOD/oxyHb encounter complex to prevent
its scavenging by oxyheme (Fe"0O,).

The SOD activity of CuZnSOD (Reactions 2.5, 2.6) also requires redox

turnover of the active-site copper(47, 102, 103):

Cu''ZnSOD + 0, — Cu'ZnSOD + 0, (2.5)

Cu'ZnSOD + 0, + 2 H" =— Cu''ZnSOD + H,0, (2.6)

Jourd’heuil ef al. reported that 1 mM neocuproine, a Cu’-specific chelator, had no effect
on the SOD activity of CuZnSOD (Reactions 2.5, 2.6) but inhibited its GSNO-reductase
activity (Reactions 2.1, 2.2). Inhibition of the latter activity by the Cu'-specific chelators,
EDTA and DTPA, was also reported (56) but no data or mechanism were provided. Since
EDTA and DTPA are used routinely in SOD assays (47, 104, 105) and in RSNO
investigations (/9, 101, 106), the purpose of this study is to explore the mechanism by
which these anionic polyaminocarboxylate metal chelators selectively inhibit the GSNO-

reductase activity of CuZnSOD.
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The effects of EDTA and DTPA on (i) the d-d absorption of Cu"ZnSOD, (i) the
reduction of Cu"ZnSOD by GSH, (iii) the metal-ion content of the enzyme and its (iv)
SOD and (v) GSNO-reductase activities were investigated here. The ability of EDTA and
DTPA to protect the SOD activity of CuZnSOD from phenylglyoxal-induced inactivation
was also evaluated. Argl4l at 5 A from the catalytic copper (/07) is critical for SOD
activity (49, 50, 55, 58, 107-112), which is lost on modification of Argl41 with the
arginine-specific reagent, phenylglyoxal (PGO) (50, 55, 112). Finally, isothermal titration
calorimetry (ITC) was used to directly probe association of EDTA and DTPA with
CuZnSOD and its metal-free form, EESOD (47, 113-115).

Reaction 2.2 is likely a key common step in the S-nitrosation of protein thiols
(P-SH) by GSNO, the most physiologically relevant NO donor identified to date (36, 44,
116-118). Thus, the GSNO-reductase activity of CuZnSOD may play a vital role in NO
signaling in vivo, and the data presented here provide critical information on how the
polyaminocarboxylate chelators modulate this activity in vitro, and suggest possible

mechanisms for its in vivo modulation.

23 Materials and methods
2.3.1  Materials

Bovine erythrocyte CuZnSOD (Roche Molecular Biochemicals) was used
without further purification except where indicated. All reagents were of analytical grade
or higher. GSNO [glycine N-(N-L-y-glutamyl-S-nitroso-L-cysteinyl)] was obtained from
Cayman. Horse heart myoglobin, horse heart cytochtome c¢ (type III), xanthine, xanthine

oxidase, PGO (phenylglyoxal hydrate), EDTA (ethylenediamine-N,N, N’ N'-tetraacetic
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acid, disodium salt), DDC (diethyldithiocarbamate, sodium salt), neocuproine (2,9-
dimethyl-1,10-phenanthroline hydrochloride), DTPA (diethylenetriamine-N,N,N,N" N""-
pentaacetic acid), GSH (glutathione, reduced form), GSSG (glutathione, oxidized form)
were purchased from Sigma and ultra high purity concentrated HNO; was from EM
Science. H;0; (30%), 1000 ppm standard solutions (Cu and Zn) were purchased from
ACP Chemicals Inc, Montreal. Nanopure water (specific resistance 18 MQ-cm) obtained
from a Millipore Simplicity water purification system was used to prepare all solutions.
The sodium phosphate buffers used in the SOD activity assay and ITC measurements
were treated with Chelex-100 resin (Bio-Rad) prior to use to remove trace metal ions.
23.2  Methods
2.3.2.1 Effects of chelators on CuZnSOD 680-nm absorption

The concentration of CuZnSOD dissolved in 50 mM sodium phosphate buffer
(pH 7.2) was determined spectrophotometrically (€255 = 10,300 M cm™ per dimer) (47).
Changes in the Cu" d-d absorption of 200 pM enzyme at 680 nm (gg0 = 300 M cm™ per
dimer) (47) vs time were monitored at 37°C in the presence of 5-10 mM EDTA, DTPA,
GSH and GSSG. All absorbance readings were carried out in 1-cm cells on an Agilent
8453 UV-visible diode-array or a Beckman DU 650 spectrophotometer equipped with
thermostated cell compartments.
2.3.2.2 CuZnSOD modification by PGO

Modification of the arginine residues in CuZnSOD by PGO was carried out as
described previously (55, 119). Briefly, 105 uM CuZnSOD with and without 1 mM
EDTA or DTPA or neocuproine was incubated with 4.2 mM PGO in 250 mM sodium

bicarbonate (pH 8.0) with gentle shaking at RT for 6 h. Aliquots were removed from the
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reaction vials every hour and the SOD activity was determined by the cytochrome c
reduction assay as described below.
2.3.2.3 Xanthine oxidase-cytc™ assay for SOD activity

The SOD activity was determined from the competition between CuZnSOD and

ferricytochrome ¢ (cytc™) for O,*-, which decreases the rate of cytc" reduction (47):
cytell CthH (27)
CuznSOD ™ H,0, + O, (2.8)
Cytc" reduction was initiated by adding xanthine oxidase to assay solutions containing 10
uM cytc", 50 uM xanthine and 3.3 nM CuZnSOD in 50 mM sodium phosphate buffer
(pH 7.8) at 25°C. The xanthine oxidase concentration was adjusted to produce an initial
AAsso of 0.025 + 0.003 absorbance unit/min in a 1-cm pathlength cuvette, and Ass was
read every 15 s over 3 min to monitor cytc" reduction. SOD activities were determined

111

from the percent inhibition (%I, Eq 2.9) of cytc™ reduction calculated from the initial

slopes of Ass vs time plots generated in the absence (Slopecyan) and presence of
CuZnSOD (Slopes). The relative SOD activities (Eq 2.10) are the ratios of %/, for the
control (untreated CuZnSOD) and %I, for the samples (CuZnSOD exposed to PGO or a

chelator):

(Slopecyicm — Slopes)
%I = x 100 2.9)
SlOpecytcm
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%l

% relative SOD activity = x 100 (2.10)

%l,
2.3.2.4 GSNO-reductase activity of CuZnSOD
Solutions containing GSNO, GSH, CuZnSOD and EDTA or DTPA were
incubated at 37°C for 30 min to establish the extent of chelator inhibition of the GSNO-
reductase activity of CuZnSOD (Reactions 2.1-2.3). The decrease in the GSNO
concentration was determined spectrophotometrically at the S-NO absorption band (€333 =
0.767 mM™"' cm™) (25).
Free NO is rapidly scavenged by oxymyoglobin (oxyMb, MbFe"0,), which is the

basis of the oxyMb assay (82) used to monitor NO release from GSNO:

NO + MbFe'0, <~ NOj + MbFe! 2.11)

OxyMb was added to GSNO/GSH/+CuZnSOD/*chelator incubates and the spectral
changes on oxyMb conversion to metMb were monitored vs time.
2.3.2.5 ICP-MS determination of metal-ion content of CuZnSOD

The copper and zinc loading of CuZnSOD following incubation with the
chelators was determined by inductively coupled plasma mass spectrometry (ICP-MS).
CuZnSOD was incubated with 5 mM EDTA, DTPA or DDC at 37°C for 30 min. Since

DDC is known to remove copper at neutral pH (/20), the DDC/CuZnSOD incubate was

included with the controls (CuZnSOD without chelators and the chelators alone).
Acetone (1.0 mL) was added to 100-uL aliquots of the incubates and after standing at —

20°C for 30 min, the precipitated protein was washed twice with cold acetone. The SOD
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activity was measured before and after acetone treatment to ensure complete enzyme
precipitation, and after centrifugation at 12000xg for 7 min, the supernatant was removed
with a micropipette and the precipitate was dried on a Speed Vac (SC 110, Savant). The
residue was transferred quantitatively to a 10-mL beaker, digested at 90°C with 1 mL of

concentrated HNOj3 plus 100 pL of 30% H,0,, and diluted to a final volume of 10.0 mL
with deionized water. Samples were introduced into the torch of a PE Sciex Elan 6000
ICP-MS via a cross-flow nebuliser/Scott-type spray chamber system. The RF power was
1000 W and the argon flow 0.85 L/min, which gave the best sensitivity as determined by
the recommended optimization procedure. The optimum lens voltage was determined by
maximizing rhodium sensitivity, and data were acquired in the pulse-count mode (/21).
2.3.2.6 Preparation of EESOD

The metal-free enzyme was prepared by 24-h dialysis at 4°C of CuZnSOD
against 50 mM sodium acetate buffer (pH 3.8) containing 10 mM EDTA (47). EDTA-
free EESOD was obtained as described (/13) by 24-h dialysis against 3 changes of 50
mM sodium acetate buffer (pH 5), 24-h dialysis against 2 changes of 0.1 M NaClQ, in 50
mM sodium phosphate buffer (pH 7.4), followed by 24-h dialysis against 3 changes of
50 mM sodium phosphate buffer (pH 7.4).
2.3.2.7 ITC analysis of CuZnSOD-chelator and EESOD-chelator association

Protein samples were prepared by overnight dialysis against Chelex-treated 50
mM sodium phosphate buffer (pH 7.4). EDTA (a 50.1-mM standard solution, Aldrich)
and DTPA (powder with > 99% purity, Sigma) were added to the dialysis buffer and the
pH was adjusted to pH 7.4 using ultra pure NaOH (Fluka) to ensure minimal background

from buffer mismatch. A known concentration of protein determined
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spectrophotometrically [€253 = 10,300 M! em! (CuZnSOD dimer) and €353 = 2920 m!
cm” (EESOD dimer)(47, 113)] was added to the cell of a VP-ITC MicroCalorimeter
(MicroCal) following degassing the protein and chelator solutions using the ThermoVac
(MicroCal). The chelator was injected with 300-rpm stirring at discrete intervals into the
cell and the heat per injection was measured. The observed heats were corrected for heat
of dilution of the chelator by performing control titrations in the absence of protein, and
the resulting thermograms were analyzed using the Origin software for ITC supplied by

MicroCal (Microcal).

2.4 Results
2.4.1  Effects of chelators on CuZnSOD 680-nm absorption

Cu''ZnSOD exhibits a weak Cu" d-d absorption band at 680 nm (e= 300 M 'em’
! per dimer) (47). This band is sensitive to changes in Cu"' ligation and geometry, and is
lost on reduction of the enzyme to Cu'ZnSOD (47, 122, 123). As we reported previously
(82), a 30-min incubation at 37°C of Cu'ZnSOD alone or with GSSG resulted in
negligible loss of 680-nm absorbance, but addition of DTPA and EDTA decreased the
absorbance at 680-nm by ~20% (Figure 2.1). This loss could be caused by copper
reduction, removal and/or by conformational changes induced by the presence of the
chelators.
2.4.2  Effects of chelators on metal-ion content of CuZnSOD

The ICP-MS results in Table 2.1 reveal that within experimental error there is
no loss of copper or zinc from CuZnSOD following preincubation with EDTA or DTPA.

Consistent with the spectrophotometric data (Figure 3.4, Section 3.4.1), DDC removed

33



0.04
£ % ® o . ° ¢ 3
c
2 4 " 7
b 1 : [ ]
= 0.03 A
QO
(3]
=
8
S 0.2
S 0.
Ko}
<
0.01 . : ,
0 10 20 30
Time (min)

Figure 2.1 Cu" d-d absorption at 680 nm vs time in incubates of 200 pM CuZnSOD with EDTA,
DTPA or GSSG. CuZnSOD only (diamonds), CuZnSOD with 10 mM DTPA (squares), 10 mM EDTA
(triangles), and 5 mM GSSG (open circles). Samples were in 50 mM sodium phosphate buffer (pH 7.2),
and absorbance at 680 nm was recorded at 5-min intervals after EDTA, DTPA or GSSG addition to
Cu"ZnSOD at 37°C.
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Figure 2.2 Cu" d-d absorption at 680 nm vs time of CuZnSOD/GSH incubates with and without
EDTA or DTPA. (A) Spectrum of 690 uM CuZnSOD plus 5 mM GSH att =0, 2.5, 5, 10, 15, 20, and 30
min. (B) Data points are the absorbance at 680 nm vs time of samples containing 400 uM CuZnSOD plus
3.3 mM GSH (closed circles) and 3.3 mM EDTA (triangles) or 3.3 mM DTPA (open circles). Absorbances
of samples in 50 mM sodium phosphate buffer (pH 7.2) were recorded in a 1-cm cuvette at 37°C
immediately after GSH, DTPA or EDTA addition to CuZnSOD (t = 0 min) and at 2.5-min intervals over 30

min.
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Table 2.1 Cu and Zn concentrations of CuZnSOD samples determined by ICP-MS

Sample” Cu (uM) + SD* Zn (uM) £SD*

0.6 uM CuZnSOD 1.41 £ 0.326 1.28 £0.233

50 WM EDTA 0.19 £ 0.036 0.42 £ 0.052

50 uM DTPA 0.24 £ 0.036 0.06 £ 0.044

50 uM DDC 0.21 £ 0.005 0.35+0.043

0.6 uM CuZnSOD + EDTA 1.40 £ 0.085 1.14 £ 0.198
0.6 uM CuZnSOD + DTPA 1.42 + 0.230 1.11£0.087
0.6 uM CuZnSOD + DDC 0.33£0.027 0.71+£0.154

“CuZnSOD (60 tM) in PBS (pH 7.4) was incubated with 5 mM EDTA, DTPA or DDC at 37°C for 30 min

and precipitated with acetone. The precipitates were acid digested and diluted 10°-fold for the ICP-MS

analysis (see text). “Values are the averages of three separate trials.

Table 2.2 SOD activity of CuZnSOD in the presence of EDTA and DTPA

[chelator]® (mM) % inhibition + SD° % Rel SOD activity?
0 49.01 +0.39 100

EDTA 0.1 49.02 + 1.45 100

EDTA 179 49.17 + 0.94 100

DTPA (.1 48.25+0.58 98.4

DIPA 929 48.59 +0.45 99.1

®Assay solutions contained 10 uM cytcm, 3.3 nM CuZnSOD, 50 uM xanthine + chelator in Chelex-100-

treated 50 mM sodium phosphate buffer (pH 7.8). The assay was triggered by the addition of ~3.5 units/L

xanthine oxidase. “Concentration of the chelator in assay solution. ‘CuZnSOD inhibition of cytc

M veduction

by O, as calculated using Eq 2.9. Values given are the averages of three measurements. “The SOD activity

of 3.3 nM CuZnSOD in the absence of chelator was taken as 100%.
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77% of the Cu from CuZnSOD as well as 44% of the Zn (Table 2.1). Unlike EDTA,
DDC is known to remove copper from the enzyme at neutral pH (120, 124).
2.43  Effects of chelators on Cu"'ZnSOD reduction

Figure 2.2A shows the decrease in the 680-nm band over 30 min after adding 5
mM GSH to Cu"ZnSOD, which can be readily reduced (Ec,™ = 0.28-0.42 V) (123,
125). Addition of 3.3 mM EDTA or DTPA significantly inhibited reduction of the active-
site Cu" (Figure 2.2B), indicating that the chelators interfere with electron transfer from
GSH to the copper possibly by interacting with CuZnSOD close to its active-site channel.
244 Effects of chelators and GSH on SOD activity

Using the xanthine oxidase-cytc" assay (Reactions 2.8, 2.9) (47, 105, 126),
SOD activity was found to be linear in CuZnSOD concentration up to 6 nM enzyme (data
not shown) as reported (/27). To avoid interference from trace metal contaminants 0.1-1
mM EDTA or DTPA is routinely added to SOD activity assays (47, 105, 128). As shown
in Table 2.2, negligible SOD activity changes were observed in the presence of 0.1-2
mM EDTA or DTPA as reported for the pyrogallol autoxidation assay (05).

Figure 2.3 shows that CuZnSOD preincubation at pH 7.2 and 37°C for 0-60
min with 2 mM EDTA, DTPA, GSSG or 5 mM GSH had no effect on its SOD activity.
Since thiols interfere with the xanthine oxidase-cytc" assay by reducing cytc" (127), 5
mM GSH was added to the assay solution just prior to triggering the measurement. The
activity of the control (CuZnSOD that was not preincubated with GSH) was also
measured in the presence of thiol. The results reveal that although GSH reduces
Cu''ZnSOD (Figure 2.2A), this does not interfere with its SOD activity (Figure 2.3).

Consistent with previous reports (120, 124), 20 min CuZnSOD preincubation with DDC
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at pH 7.2 resulted in > 90% SOD activity loss, which is attributed to Cu removal from the

enzyme (Table 2.1).
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Figure 2.3 Effects of preincubation with chelators, GSSG or GSH on SOD activity of CuZnSOD.
CuZnSOD (20 uM) was preincubated with 2 mM EDTA, DTPA, GSSG or 5 mM GSH in 50 mM sodium
phosphate buffer (pH 7.2) at 37°C for 60 min. Aliquots were removed every 20 min and assayed for SOD

activity. Assay solutions contained 10 pM cytcm, 50 uM xanthine and 3.3 nM CuZnSOD in 50 mM sodium
phosphate buffer/0.1 mM EDTA (pH 7.8). Where indicated, 2 mM chelator or GSSG was also present in
the assay solution. To trigger the assay, ~3.5 units/L xanthine oxidase was added (as well as 5 mM GSH to

the assay containing this reagent). The relative SOD activity of untreated CuZnSOD was taken as 100%.

2.4.5 Effects of chelators on PGO-inactivation of SOD activity

Aliquots removed from the PGO incubates were diluted ~10*-fold into the SOD
assay solution. After 6 h preincubation with 40-fold molar excess of PGO, CuZnSOD
exhibited ~25% SOD activity (Figure 2.4), consistent with reports that PGO modification
of Argl41 resulted in loss of 80-97% of SOD activity (55, 58, 108). Addition of EDTA
or DTPA to the incubates increased the SOD activity remaining after 6 h to ~43% (Figure
2.4), suggesting that these chelators had a protective effect on Argl41. In contrast, the
uncharged copper chelator, neocuproine, offered CuZnSOD no protection against PGO

inactivation (Figure 2.4).

37



105
:

A
A
]
o
75
.g‘
H 2
[}
3 o}
& .
2 o
45 o b Q
[
°
| |
o ]
©
15 T T T
0 2 4 6
Time (h)

Figure 2.4 Effects of preincubation with PGO without or with EDTA or DTPA on SOD activity of
CuZnSOD. CuZnSOD plus PGO only (open diamonds), and in the presence of 1 mM EDTA (triangles), 1
mM DTPA (open circles) or 1 mM neocuproine (squares). Experimental: 105 pM CuZnSOD was
incubated with 4.2 mM PGO in 250 mM Na,COs (pH 8.0) £ 1 mM chelators with gentle shaking at RT for
6 h. Aliquots were removed, diluted 70-fold and 10 pl. was added to 3-mL of 50 mM sodium

phosphate/0.1 mM EDTA (pH 7.8) and assayed for SOD activity as described in the Experimental Section.
The relative SOD activity of CuZnSOD from <1 min incubates was taken as 100%.

2.4.6  Effects of chelators and GSH on the GSNO-reductase activity of CuZnSOD

In the presence of 30 uM CuZnSOD and 5 mM GSH, ~170 uM GSNO
decomposed in 30 min at 37°C. Addition of 2 mM DTPA or EDTA decreased GSNO
decomposition to 47% and 59%, respectively (Figure 2.5), consistent with the chelators’
inhibition of Cu'"ZnSOD reduction by GSH (Figure 2.2B). The data in Figure 2.5 also
show that GSNO is decomposed by trace copper impurities in the samples but this is only
32% of GSNO decomposed in the presence of the enzyme. Thus, free copper is a less

effective catalyst of GSNO reductive cleavage by GSH than CuZnSOD-bound copper as
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we reported previously using P-SH in calbindin (82) and oxyhemoglobin (57) as

reductants. Not surprisingly, the chelators also inhibited GSNO decomposition by free

copper (Figure 2.5).
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GSNO breakdown
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Figure 2.5 Effects of EDTA and DTPA on the GSNO-reductase activity of CuZnSOD with GSH as a
donor substrate. Samples: (Control) GSNO/GSH/CuZnSOD, (1) GSNO/GSH/CuZnSOD/DTPA, (2)
GSNO/GSH/CuZnSOD/EDTA, (3) GSNO/GSH, (4) GSNO/GSH/DTPA and (5) GSNO/GSH/EDTA.
Experimental: solutions containing 470 uM GSNO, 5 mM GSH, 30 pM CuZnSOD, 2 mM DTPA, 2 mM
EDTA where indicated were incubated in 50 mM sodium phosphate buffer (pH 7.2) at 37°C for 30 min.
The GSNO remaining was determined spectrophotometrically (g3;; =0.76 mM™’ cm™) and the
decomposition of 170 uM GSNO in the control was normalized to 100%. Each bar represents the mean *

SD of triplicates.

Release of NO from GSNO (Reaction 2.2) was confirmed using oxyMb as a
scavenger (Reaction 2.11). In the presence of GSNO alone ~ 5 uM oxyMb was converted
to metMb over 20 min (Figure 2.6A) consistent with the decomposition of ~ 5 pM GSNO
over 30 min in buffer only (data not shown). Addition of CuZnSOD plus GSH to the
oxyMb/GSNO incubate resulted in the conversion of the limiting (25 uM) oxyMb present
to metMb in < 4 min (Figure 2.6B), and release of NO was retarded on addition of DTPA
or EDTA since oxyMb peaks are still clearly visible in the spectra after 20 min (Figures

2.6C.D).
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Figure 2.6 OxyMb assay of effects of metal chelators on NO release from GSNO. Incubates: (A)
oxyMb/GSNO, (B) oxyMb/GSNO/GSH/CuZnSOD, (C) oxyMb/GSNO/GSH/CuZnSOD/EDTA, and (D)
oxyMb/GSNO/GSH/CuZnSOD/DTPA. Experimental conditions: 25 uM oxyMb and 145 pM GSNO were
incubated with 1 mM GSH, 20 pM CuZnSOD and 1 mM chelator (where indicated) in 50 mM sodium

phosphate buffer (pH 7.2) at 37°C for 20 min. Spectra in (A) were recorded in a 1-cm cuvette at t = 0, 12
and 20 min; in (B) at t =0, 2 and 4 min; in (C) and (D) at t = 0, 12 and 20 min. The down arrows at 542 and
580 nm indicate oxyMb decay, and the up arrows at 502 and 632 nm indicate metMb growth.

247 Thermodynamic parameters for EDTA and DTPA association with
CuZnSOD
ITC was employed to examine the association of EDTA and DTPA with
CuZnSOD and EESOD. The heat change upon ligand binding to a protein is given by
HNHy = AHppe - &Hpgnr, Wwhere AHppe is the apparent heat of binding measured by ITC

and AHpq corrects for ligand dilution into the buffer only. The raw data obtained in the
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titration of CuZnSOD with the chelators as ligands (Figure 2.7, top panels) reveal that
DTPA binding is an endothermic process while EDTA binding is largely exothermic. The
thermograms corresponding to integrated heat vs chelator/CuZnSOD-dimer molar ratio
are displayed in the lower panels. Origin software provides three curve-fitting models
involving one or two sets of binding sites and sequential binding sites (/29). Best fits
were obtained using one set of binding sites for DTPA and two sets of sites for EDTA
(Figure 2.7, bottom panels).
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Figure 2.7 ITC analysis of DTPA and EDTA binding to CuZnSOD. (A) 5-uL aliquots of 806 uM DTPA
were injected into the 1.5-mL ITC cell containing CuZnSOD at an initial concentration of 41.0 uM at 37°C.
(B) 5-uL aliquots of 501 uM EDTA were injected into the 1.5-mL ITC cell containing CuZnSOD at an
initial concentration of 36.1 pM at 25°C. Both protein and chelators were in 50 mM phosphate buffer (pH
7.4). Top panels show the raw data for 45-48 injections of chelator into the CuZnSOD solution at 4-min
intervals. The data points in the bottom panels are the integrated heats of binding (AH,) after subtraction of
blank (AHy.q). The solid lines correspond to the best fits of the data to (A) one set of binding sites and (B)

two sets of binding sites using Origin Software.
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Figure 2.8 ITC analysis of EDTA and DTPA binding to EESOD. 5-uL aliquots of 1 mM DTPA (A) or
806 uM EDTA (B) were injected into the 1.5-mL ITC cell containing EESOD at an initial concentration of
55.4 uM at 37°C, respectively. Both protein and chelators were in 50 mM phosphate buffer (pH 7.4). Top

panels show the raw data for 30-50 injections of chelator into the EESOD solution at 4-min intervals. The

data points in the bottom panels show the integrated heats.

The apparent number of chelator binding sites (n) per CuZnSOD dimer and the
thermodynamic parameters, including the dissociation constant (K;), the enthalpy (4H)
and the entropy (AS) of binding are listed in Table 2.3. One EDTA molecule per
CuZnSOD dimer binds to the high-affinity site with a K; of ~80 nM. Thus, a single
EDTA molecule interacts with both monomers or EDTA binding to one monomer
inhibits binding of a second EDTA molecule binding to the dimer. The stoichiometry of

the ETDA low-affinity site K; (~4 micromolar) is 0.2—-0.4 chelator molecules per dimer,
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which suggests that binding of EDTA to the high-affinity site inhibits binding of a second
EDTA. Based on the K, values (Table 2.3), DTPA affinity for the CuZnSOD dimer is
two orders of magnitude lower than that for EDTA at 25°C. Furthermore, the negative
AH, and positive AS;, values reveal that EDTA binding to CuZnSOD is both enthalpically
and entropically favourable whereas both AH, and AS, values are positive for DTPA
indicating that DTPA binding is entropically driven. Significantly, binding to the low-
affinity EDTA site exhibits binding parameters similar to those obtained for DTPA
especially at 37°C. Also, since the 25°C and 37°C enthalpy and entropy values vary, the

chelator/CuZnSOD complexes may undergo temperature-dependent rearrangement.

Table 2.3 Thermodynamic parameters from the titration of CuZnSOD with EDTA

and DTPA*
Chelator’ (7) n Kq AH, ASp
(uUM) (kcal/mol) (cal/K-mol)

EDTAY  (25°C) 1.09£0.16 0.08 £ 0.02 -3.42 £ 0.02 21.05+0.7
(37°C) 0.83 £0.16 0.03 +0.02 -2.59 +0.41 242949

EDTA® (25°C) 0.2340.01 425+11.1 3.65+0.07 3639 +2.1
(37°C) 0.38 +0.03 325+3.12 2.21+0.28 3224+18

DTPA  (25°C) 0.97 £ 0.04 8.26 +0.20 1.19+0.24 2723+0.8
(37°C) 1.04 +0.02 7.58+0.99 2.43+020 31.25+04

“Data were fit to two binding sites (EDTA) and one binding site (DTPA) models using Origin Software.
The binding parameters given are the average of three measurements. *The experimental conditions are
given in the legend of Figure 2.7. EDTA® and EDTA® refer to the two binding sites detected and the ITC
experiments were performed at the temperatures indicated (7). “The stoichiometry of binding is the

chelator/CuZnSOD dimer molar ratio.
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Chelator association with metal-free EESOD was also examined. Contrary to
expectation, the same heat changes were recorded on titration of the buffer (A Hp,.i) (data
not shown) and EESOD with both EDTA and DTPA (AH;r¢) (Figure 2.8). Thus, the
EESOD thermograms show no heat changes revealing that the metals promote the

association of the chelators with CuZnSOD.

Figure 2.9 Docking of EDTA into the active-site channel of bovine CuZnSOD. (A) Molecular surface
and electrostatic potential map of the active-site channel of CuZnSOD. Thr56 and Glul31 form the opening
of the active-site cavity. An electrostatic loop consisting of the positively charged side chains of Argl4i,
Lys120 and Lys134 guides the anionic superoxide substrate to the copper center. Argl41 with Thr135 act
as a ‘bottleneck’ for the active site, limiting the access of bulky anions to the copper shown as a yellow
sphere at the bottom of the active-site channel (/30). (B) Docking of the EDTA molecule into the active-
site channel demonstrates that a carboxylic group of EDTA can access the active-site copper. The
electrostatic potential surface of CuZnSOD was obtained using the reported crystal structure (/3/7), which
was pre-processed with PDB2PQR program (/32), and the electrostatic potential was calculated by the
APBS package (/33) and visualized with PyMOL (134).

2.5 Discussion
The ITC data summarized in Table 2.3 reveal that the CuZnSOD homodimer

binds a single polyaminocarboxylate chelator. K; values of 0.08 uM and 8.3 pM,
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respectively, at 25°C, where obtained for EDTA and DTPA association with the enzyme
and a second low-affinity EDTA site was also detected but with low binding
stoichometry (Table 2.2). Since it was previously reported that Argl41 is a phosphate
binding site in CuZnSOD (58) and EESOD binds EDTA (/13), we presumed that the
chelator binding site included Argl41 and possibly Lys134 and/or Lys120 (Figure 2.9A).
However, no evidence for association of the chelators with metal-free EESOD was
obtained by ITC (Figure 2.8), indicating that the active-site copper is necessary for the
high-affinity binding observed here.

The x-ray structure shows that active-site cavity of bovine CuZnSOD is ~15-A
deep, 12-A wide near the protein surface and narrows to ~3 A at the catalytic copper,
which has a solvent exposed surface of ~5 A% The copper is coordinated by His44,
His46, His61 and His118 and a weakly bound water molecule which occupies the axial
position of a distorted square pyramid and is directed towards the cavity opening. Strong
ligands such as CN” and N;™ bind to Cu"ZnSOD and cause a weakening of the Cu-His46
bond (/35). The zinc, which is completely buried in the protein, is bridged to the copper
by the imidazolate side-chain of His61. Since the only access to the copper is from the
active-site cavity, the chelators must enter via the channel. This interaction would be
promoted by the positive residues lining the channel such as Argl41, Lys120 and Lys134
(Figure 2.9A). In fact, it has been suggested that phosphate bridges Argi41 and cobalt in
the CoZnSOD metalloderivative leading to cleavage of the imidazolate bridge and
movement of the tetrahedral cobalt towards the cavity (/36). A similar situation can be
envisaged whereby the copper moves towards an oxygen donor atom of the chelator but

remains bound to the polypeptide, which has a high affinity for the metal (K; = 6 M)
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(100). Consistent with this proposal, the Cu"ZnSOD-chelator complexes are >10"'-fold
lower in stability than the Cu(EDTA)* and Cu(DTPA)* complexes with logK, values of
18.8 and 21.1, respectively (137). The ICP-MS analysis (Table 2.1) confirmed that
EDTA or DTPA do not sequester any metal from CuZnSOD at pH 7.4. In contrast,
incubation with DDC, which is known to remove copper from the enzyme at neutral pH
(120, 138), led to significant demetallation (Table 2.1), and EESOD was formed in
EDTA incubates at pH 3.8 (47, 113, 114) with loss of SOD activity (see Appendix 1).

A network of well-ordered water molecules is found in the active-site cavity of
CuZnSOD. This network extends from the bottom of the cavity in two directions and
connects the copper-bound water to the solvent. The large favourable entropies for
chelator binding (21-36 eu, Table 2.3) are consistent with release of water from the
cavity to the bulk solvent as well as dissociation of the aquo and histidyl ligands from the
copper. The latter bond cleavages are expected to be enthalpically unfavourable and
would contribute to the low binding enthalpies observed for the chelators. In particular,
the positive binding enthalpy for DTPA suggests that there is negative compensation
between bond making and breaking in the CuZnSOD/DTPA complex. Ionization of the
chelators, which are hexaprotic (EDTA) and octaprotic (DTPA) acids, may also
contribute to the observed heats of binding.

The data in Figures 2.1, 2 and 4 provide additional support for the binding of the
chelators in the active-site channel. The loss of the 680-nm d-d absorption (Figure 2.1)
may be due to direct Cu-EDTA and Cu'-DTPA binding as well as to additional
interaction with Argl41 since modification of this residue is known to alter the d-d

absorption (55). GSH is a poorer reductant of Cu"ZnSOD in the presence of the chelators
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(Figure 2.2B), which could reflect decreased GSH accessibility to the copper in the
enzyme-chelator complexes. Less SOD activity was lost in CuZnSOD/PGO incubates
containing EDTA or DTPA (Figure 2.4), suggesting that the chelators decreased PGO
access to Argl4l at ~5 A from the copper. Based on NMR data (/39), binding of
formate via H-bonding of its oxygens to the N° and NH; atoms of the Argl41 side chain
was proposed. The formate carboxylate carbon, also at a distance of ~5 A from the
copper, did not displace the coordinated water (/39). However, the additional carboxylate
groups in the polyaminocarboxylate chelators would allow them to bind the active-site
copper as well as Argl41, which would explain their 10°~10°-fold higher affinity for the
protein (K; = 0.08-8 pM, Table 2.3) compared to formate (K; = 0.24 M).

Relevant to the 2:1 Cu"/chelator stoichiometry observed here (Table 2.3), it was
found that both Fe(CN)s> and IrCle> bound preferentially to a single CuZnSOD subunit
rendering one of the Cu" non-titratable (/25). The iridium complex was used to form a
heavy-atom derivatives of CuZnSOD and the major IrCls> binding site involves Argl41
(140). Thus, binding of a large anion in the active-site cavity of one subunit appears to
induce conformational change at the other active site although the copper atoms are 34 A
apart (140).

Coordination of EDTA with the active site copper was visualized by manually
docking EDTA into the active-site channel with PyMol software (Figure 2.9B). Docking
the chelator into the static enzyme molecule demonstrates that, contrary to expectation,
one of EDTA’s carboxylate groups can coordinate to the active-site copper without
reorganization of groups in the active-site cavity. Furthermore, the concentration of

positive electrostatic potential (blue) around the cavity (Figure 2.9) should promote
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binding of anionic ligands in the cavity. Nonetheless, copper binding has also been
observed for uncharged ligands, which underscores its accessibility and reactivity. For
example, addition of DDC and neocuproine to Cu"ZnSOD gave rise to new absorption
bands at 450 nm and 454 nm, respectively, but on dilution of the enzyme into the assay
buffer no loss of SOD activity was observed (56, 124).

Why do the chelators selectively inhibit the GSNO reductase activity of
CuZnSOD? The inhibitory effect of DTPA and EDTA on the GSNO-reductase activity of
CuZnSOD (Reactions 2.1, 2.2) is demonstrated in Figures 2.5 and 6. Since Cu'-catalyzed
RSNO breakdown is rapid (35), the rate-limiting step in GSNO turnover by
CuZnSOD/GSH is assumed to be formation of the cuprous enzyme (Reaction 2.1). As
shown here, the chelators retard Cu"ZnSOD reduction by GSH (Figure 2.2B).
Additionally, the GSSG oxidation product, known to chelate Cu" and inhibit free-copper-
catalyzed GSNO decomposition (27, 34), likely inhibits Cu"ZnSOD reduction by GSH
since the enzyme is not fully reduced even in the presence of a large excess of this thiol
(82). Also, Jourd’heuil observed 90% decomposition of 10 uM GSNO by CuZnSOD in
the presence of 50 uM GSH whereas we observed only 36% decomposition of 470 uM
GSNO in the presence of 5 mM GSH, which is consistent with product inhibition by the
GSSG generated in GSNO turnover (Reaction 2.3). However, as we reported previously
(82), addition of 5 mM GSSG did not alter the 680-nm absorption of CuZnSOD (Figure
2.1) nor its SOD activity (Figure 2.3).

An electrostatic loop consisting of the positively charged side chains of Argl41,
Lys120 and Lys134 (Figure 2.9A) are located at 5, 12 and 13 A, respectively, from the

copper (58, 107). These residues promote access of superoxide, small anionic inhibitors
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such as cyanide and water to the copper (50, 109-111, 141). The reported bimolecular
rate constant for reduction of Cu'"ZnSOD by O,", which involves direct O," binding to
Cu, is ~2x10° M's™! at 25°C (47, 103, 142). Binding of superoxide to the enzyme is the
rate-limiting step in SOD catalysis (52, 143) and saturation is not observed in assays
carried out at low superoxide concentrations such as those used here. Since neither EDTA
nor DTPA binding alters the SOD activity (Table 2.2), the chelators must not alter the
overall rate of Cu" reduction by O,”. CuZnSOD binds one chelator per homodimer
(Table 2.3), so it is likely that only one copper is active in O, turnover in the CuZnSOD-
chelator complex. Thus, chelator binding to one copper must increase the SOD activity
and decrease the GSNO-reductase activity at the second copper. The latter observation is
in fact consistent with the negative cooperativity in the association of the chelators, as
well as Fe(CN)¢>™ and IrCl¢”, with CuZnSOD. Since the homodimer does not bind two
large ligands, it is not surprising that large substrates such as GSH and GSNO have
decreased access to the second copper in the CuZnSOD-chelator complexes.
Alternatively, CuZnSOD may exhibit half-site reactivity in both its free and chelator-
bound forms, with both forms possessing the same SOD activityvbut only the free form
possessing GSNO-reductase activity. Half-site reactivity has been demonstrated for
enzymes composed of identical subunits such as the tyrosyl-tRNA synthase homodimer

(144).
2.6 Conclusions

CuZnSOD, abundant in the red blood cell and many other cell types, likely

mediates NO metabolism by “moonlighting” as a GSNO reductase. Given its high
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affinity for a single EDTA or DTPA ligand, negatively charged metabolites such as 2,3-
diphosphoglycerate found in red blood cells (/45) may bind to CuZnSOD in vivo and
modulate NO signalling by altering its GSNO-reductase (Reactions 2.1, 2.2) or NO-
transferase (Reactions 2.1', 2.2 and 2.4) activities. CuZnSOD exhibits negative
cooperativity in binding large anions, which may serve to prevent nonproductive GSH
turnover in vivo and also control GSNO turnover. The conformational changes in the
homodimer resulting in negative cooperativity would have to double O, turnover at the
single active site in the CuZnSOD-chelator complexes unless the free enzyme exhibits
half-site reactivity. Irrespective of the mechanistic details, it is essential to consider the
effects of polyaminocarboxylate chelators on the GSNO-reductase activity of CuZnSOD

in studies on GSNO and NO biochemistry.
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Appendix 1.0 Supplementary Experimental Data for Chapter 2.0

Al.1 UV-Vis absorption spectrum of EESOD

Metal- and EDTA-free SOD (EESOD) was prepared as described by McCord and
Fridovich (47, 113) (see Section 2.3.2.6). The UV-Vis spectrum of EESOD (solid line in
Figure Al.1) was recorded on Beckman DU800 spectrophotometer. Obvious absorbance
differences were observed between the spectra of native BCuZnSOD and its apo form
(Figure A1.1B vs A)). As reported in literature (47), BCuZnSOD exhibits a unique
ultraviolet spectrum with fine structure in 250-270 nm region due to its phenylalanine
residues, and maximum absorption at 258 nm (¢ = 10.300 mM"cm™) (Figure A1.1B). In
addition, the Cu"ZnSOD form has a broad, weak visible band at 680 nm (e =300 Mlem
'Y which is attributed to copper d-d transitions (Figure Al.1B, insert). The spectrum of
the metal-free form is consistent with that reported by Fee with fine structure in the 250—
280-nm region, an extinction coefficient at 258 nm of 2.92 mM 'cm™ (146), and loss of
the d-d absorption band (insert in Figure A1.1A vs 1B) confirming removal of copper

from the active-site.

Al.2 UV-Vis absorption spectrum of the EESOD/DDC incubation

As described in Section 3.4.1, the 452-nm absorption band of Cu"(DDC), grows
in the spectrum of the CuZnSOD/DDC incubation (Figure 3.4) indicating that DDC
coordinates the active-site copper (120, 124). EESOD (55.4 uM) was also incubated with

1 mM DDC at RT over 10 min. As can be seen from Figure Al.2, the 452-nm absorption
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of the Cu"(DDC), complex was not observed confirming that copper was removed from

the active-site.
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Figure Al.1 Absorption spectrum of BCuZnSOD in its metal-free (A) and native (B) forms. EESOD
was prepared from ~120 pM native BCuZnSOD as described in Section 2.3.2.6. Spectra of ~120 uM
protein in 50 mM sodium phosphate buffer (pH 7.4) were recorded in a 1-cm quartz cuvette at RT. Inserts

in (A) and (B) are the spectra in d-d absorption region expanded 5- and 20-fold, respectively.
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Figure A1.2 Absorption spectrum vs time of the EESOD/DDC incubation. Spectrum at t= 0 min (solid
line) and t= 10 min (dashed line) of 55.4 uM EESOD with 1 mM DDC in 50 mM sodium phosphate buffer
(pH 7.4) at RT. The absorbance was recorded immediately in a 1-cm quartz cuvette after DDC addition to

EESOD and after a 10-min interval. The inset shows the spectrum in the region of the Cu'(DDC), visible

absorption band expanded 10-fold.
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Al1.3 SOD activity of EESOD

The SOD activity of the metal-free and native enzymes was compared using the
xanthine oxidase-cytc' reduction assay (see Section 2.3.2.3). The residual SOD activity
of EESOD was (6.4 = 0.28)% that of the holoenzyme (Table Al.1) suggesting that the

active-site copper was almost completely removed by dialysis against EDTA at pH 3.8.

Table A1.1 SOD activity of EESOD vs native BCuZnSOD"

4.2 nM Enzyme % inhibition + SD? % Rel SOD activity
CuZnSOD 57.89 + 1.61 100
EESOD 3.72+0.16 6.42 + 0.28

“Assay solutions contained 10 pM cytcm, 4.2 nM CuZnSOD, 50 uM xanthine in 50 mM sodium phosphate
buffer/0.1 mM EDTA (pH 7.8). The assay was triggered by the addition of ~3.5 units/L xanthine oxidase.
CuZnSOD inhibition of cytc™ reduction by O, as calculated using Eq 2.9 in Section 2.3.2.3. Values given

are the averages of three measurements.

Al.4 ESI-ToF mass spectrum of EESOD
Figure Al.3 shows the deconvolved ESI-mass spectrum recorded for ~ 5 uM

EESOD in 60% ACN/0.1% TFA. The measured mass of 15,591 u matches the calculated
mass of 15,551 u based on protein’s sequence plus an additional 42 u due to N-terminal

acetylation minus 2 u due to disulfide bond between Cys33 and Cys144 (Section 4.4.5).
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Figure A1.3 ESI mass spectrometric analysis of EESOD. EESOD was prepared as described in Section
2.3.2.6 and the protein concentration was measured using the Bio-Rad assay. A 50-uL aliquot of 1% TFA
was added to a 8-pL aliquot of 55 pM EESOD in 50 mM sodium phosphate buffer (pH 7.4) to decrease the
pH to 3-4. The sample was desalted on a ZipTipC,;, eluted from the tip into 50 pL of 60% ACN/0.1%
TFA, and directly infused at a flow rate of 2 uL./min into the Z-spray ion source of the mass spectrometer.

The mass spectrometric parameters are given in the legend of Figure 4.1.
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3.0 Effects of copper colorimetric reagents on the GSNO-reductase

and SOD activities of CuZnSOD

3.1 Abstract

The effects of the copper colorimetric reagents, neocuproine (neo),
diethyldithiocarbamate (DDC) and cuprizone (cup), on GSNO-reductase and SOD
activity of bovin CuZnSOD (BCuZnSOD) were examined. Incubation with these
chelators alters the Cu" d-d absorption of BCu''ZnSOD at 680 nm and gives absorption
characteristic of the CuL, complexes suggesting that the chelators bind to the active-site
copper. Growth of Cu'(neo), absorption at 454 nm accompanied the decrease of the 680-
nm Cu" d-d absorption when 95 pM Cu"ZnSOD was incubated with 380 pM neo in the
presence of 190 uM GSH at 37°C for 25 min. The extent of copper removal as Cu'(neo),
on extraction of the complex into isoamyl alcohol was only ~6% of total copper in
BCuZnSOD dimer. No significant SOD activity change was detected following
BCuZnSOD/neo incubation, supporting negligible removal of the active-site copper.
Also, unlike EDTA and DTPA (Chapter 2), neo did not protect BCuZnSOD from
phenylglyoxal (PGO) inactivation suggesting that it does not hinder Argl4l
modification. DDC removes ~76% of the active-site copper from BCuZnSOD as
determined spectrophotometrically and by ICP-MS, and 90% SOD activity is lost after
incubation of 61 uM BCuZnSOD with 5 mM DDC at 37°C and pH 7.2 for 20 min.
Approximately 3% of the active-site copper was converted to Cu''(cup), complex over 30
min as determined from its 600-nm absorbance. No loss of SOD activity was detected

following BCuZnSOD/cup incubation. The order of inhibition the GSNO-reductase
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activity of BCuZnSOD by the colorimetric reagents is: DDC > neo > cup. DDC is a
highly efficient inhibitor of the GSNO-reductase activity since it removes copper from
BCuZnSOD. Neo partially inhibits the GSNO-reductase activity since it binds to, but
does not remove, copper from BCuZnSOD. Cup interacts weakly with the active-site

copper consistent with its small effect on the GSNO-reductase activity.

3.2 Introduction

In Chapter 2.0, the polyaminocarboxylate metal-ion chelators, EDTA and
DTPA, were reported to inhibit the GSNO-reductase activity of BCuZnSOD due to their
association with the active-site copper and with Argl41. Since EDTA and DTPA bind to
a single active-site copper per homodimer without changing the metal loading or the
SOD activity of BCuZnSOD, we proposed that EDTA or DTPA binding prevents access
of large (e.g., GSH, GSNO) but not small (O,") substrates to the active-site copper and/or
that BCuZnSOD exhibits half-site SOD activity. It has been proposed by Fielden ef al.
(/47) and demonstrated by Lawrence et al. (125) that the two copper centers of

CuZnSOD are nonequivalent.

Chelators such as diethyldithiocarbamate (DDC, 1), cuprizone (cup, 5) and
neocuproine (neo, 3) are used widely as copper-chelating agents in the colorimetric
determination of copper in various samples including biological materials (/48-155).
They are also used in the identification of mechanisms dependent on free- vs enzyme-
bound copper as described below. DDC, a Cu'-specific reagent (156-158), is frequently
used to inhibit CuZnSOD activity in vitro and in vivo by chelating Cu” (120, 124, 138,

159-161). For example, the toxicity of superoxide radicals generated from compounds
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such as paraquat and 1,4-naphthoquinone 2-sulfonate was demonstrated in DDC-treated
erythrocytes to inhibit the SOD activity of CuZnSOD (162, 163). DDC-treated tissues
were used to investigate the inhibition of nitrergic relaxations (NO-dependent) in the

presence of CuZnSOD (164, 165).
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Figure 3.1 Visible absorption spectrum of Cu"(DDC), and calibration curve for the colormetric
determination of copper. (A) The spectrum of a sample containing 42 uM Cu" and 5 mM DDC in H,0
recorded in a 1-cm quartz cuvette at RT. (B) Calibration curve generated by adding 0-100 uM cu" from a
1000 ppm Cu" standard solution in H,O to 5 mM DDC in H,O and reading the absorbance at 451 nm

following mixing in a 1-cm quartz cuvette at RT.
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DDC (1) chelates cupric ions to form a golden brown complex, Cu'(DDC), (2)
with an absorption maximum at 450 nm (Figure 3.1A). Extinction coefficients reported in
the literature include 12.0 mM'cm™ for the Cu'-DDC species formed in the presence of
CuZnSOD (124), 8.0-12.1 mM"cm™ for 2 in aqueous solutions in the pH range 0.1-9.5
(124, 148, 152, 166), and 12.7 mMcm™ in amyl alcohol (152). DDC is not specific for
copper since it forms colored complexes with other metals, including nickelous, ferric,
ferrous, bismuth, uranyl, cobaltous, and dichromate ions (/48).

Neo (2,9-dimethyl-1,10-phenanthroline, 3) was first employed in the
colorimetric determination of copper by Smith and McCurdy (/49). Neo is specific for
the cuprous ion (/67) since no other cations react with neo to produce the bright orange
complex with an absorption maximum at 454 nm (Figure 3.2). The specificity arises
because Cu' adopts a tetrahedral geometry with the planes of the two phenanthroline
ligands at right angles to each other (4) (/49, 168). The molar extinction coefficient of
[Cul(neo),]” (@) is 7.95 mM'em™! in isoamyl alcohol (149, 167), and the colored complex
formed over the pH range 3—10 obeys Beer’s law between 2.36-166.8 pM Cu with a 0.8

ppm Cu detection limit (/49).

neo (3) [Cu'(neo),]” (4)
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Figure 3.2 Visible absorption spectrum of Cu'(neo); at RT. Solid line: spectrum in a 1-cm cuvette of 25
uM CuSOy,, 200 pM GSH, and 80 puM neo in water. Dotted line: The Cu'(neo), complex was extracted into
isoamyl alcohol by votexing the sample with an equal volume of isoamyl alcohol and the spectrum of the

organic phase was recorded in a 1-cm quartz cuvette.

Because of its specificity for Cu' and the high stability of Cul(neo), (Kyms = 1.0x10'° M?)
(169, 170), neo and its Cu'-neo complex are often used in the study of the Cu'-dependent
mechanism of NO release from RSNOs and nitrergic relaxations in response to different
stimuli (57, 171, 172).

Like DDC, cup (bis-cyclohexanone oxaldihydrazone, 5) is a Cu'-specific
chelator that reacts with the metal in alkaline solution (pH 7.0-9.0) to give a blue
complex (6) with an extinction coefficient of 16.0 mM'cm™ at 600 nm (/52, 173). Since
cup does not form a colored complex with other cations or anions commonly found in
biological materials, it was used in the determination of copper in serum (/52), whole

blood, and in rumen samples (/353).
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Figure 3.3 Visible absorption spectrum of Cu"(cup), and calibration curve for the colorimetric
determination of copper. (A) The spectrum of a sample containing 15.4 uM Cu" and 0.3 mM cup in H,O.
(B) Calibration curve generated by adding 0-20 uM Cu" from a 1000 ppm Cu" standard solution in H,O to

0.3 mM cup in H,O and reading the absorbance at 600 nm following mixing in a 1-cm quartz cuvette at RT.

As mentioned in Chapter 2, CuZnSOD-catalyzed NO release from GSNO
involves GSH reduction of the active-site copper and Cu'ZnSOD catalyzes the reductive
decomposition of GSNO to yield NO (Reactions 2.1-2.3, Section 2.2). According to this
mechanism, redox turnover of the active-site copper is a key step as in the SOD activity
of the enzyme (Reactions 2.5-2.6, Section 2.2). Jourd’heuil et al. observed that neo but

not cup inhibited the GSNO-reductase activity of CuZnSOD and of CuSO4 (Table 3.1)
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not cup inhibited the GSNO-reductase activity of CuZnSOD and of CuSO4 (Table 3.1)
(56), while it was demonstrated in Chapter 2 that EDTA and DTPA affect only the
GSNO-reductase activity but not the SOD activity of BCuZnSOD. Chelators with
different charges (EDTA -4; DTPA -5; DDC -1; neo 0; cup 0), different affinities for Cu"
or Cu!, and different structures likely interact differently with CuZnSOD. Thus, the
mechanism by which the colorimetric copper chelators, neo, DDC, and cup, inhibit the
GSNO-reductase activity (Reactions 2.1 and 2.2, Section 2.2), the NO-transferase activity
(Reactions 2.1°, 2.2 and 2.4, Section 2.2), and SOD activity of CuZnSOD (Reactions 2.5,

2.6, Section 2.2) is explored here. The interesting finding is that all three copper reagents

Table 3.1 Literature data® on the CuZnSOD- and CuSOs-induced GSNO

decomposition of GSNO in the presence of GSH, neo, and cup

Incubations? dez/; n?psg\inCt)ion Incubations® de;)/c())n?psg\slitoion
GSNO/CuZnSOD/GSH 90 GSNO/Cu'/GSH >90
GSNO/CuZnSOD/GSH/neo 20 GSNO/Cu'/GSH/neo 10
GSNO/CuzZnSOD/GSH/cup >90 GSNO/Cu/GSH/cup >90

“Jourd’heuil ef al. (56). “Samples containing 10 uM GSNO, 50 uM GSH, 10 uM CuZnSOD # 1 mM neo
or 1 mM cup were incubated at 37°C for 30 min. “Same as samples in Footnote b except 10 pM CuSO,

replaced 10 pM CuZnSOD.

(at < 5 mM) examined combine to varying degrees with the active-site copper in
CuZnSOD solutions to give visible absorption characteristic of their CulL, complexes.
Inhibition of the GSNO-reductase activity of CuZnSOD was found to be proportional to

the extent of association of the chelators with the active-site copper whereas loss of SOD
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complex. The results obtained provide further evidence that the CuZnSOD copper is

accessible and reveal how the choice of metal chelator affects the function of the enzyme.

33 Materials and methods
3.3.1 Materials

Bovine erythrocyte CuZnSOD (Roche Molecular Biochemicals) was used
without further purification except where indicated. All reagents were of analytical grade
or higher. GSNO [Glycine N-(N-L-y-glutamyl-s-nitroso-L-cysteinyl)] was obtained from
Cayman. DDC (diethyldithiocarbamate, sodium salt), neocuproine (2,9-dimethyl-1,10-
phenanthroline hydrochloride), cuprizone (bis-cyclohexanone oxaldihydrazone), EDTA
(ethylenediamine-N,N,N’ N’-tetraacetic acid, disodium salt), GSH (glutathione, reduced
form), PGO (phenylglyoxal hydrate) were purchased from Sigma, and DTPA
(diethylenetriamine-N,N,N’, N’ N "’-pentaacetic acid) and Tris [tris (hydroxymethyl)
aminomethane, base] from ICN Biomedicals. Cacodylic acid (dimethylarsenic acid) was
obtained from Aldrich and pyrogallol (1, 2, 3-trihydroxybenzene) was from Fisher.
Nanopure water (specific resistance 18 MQ-cm) obtained from a Millipore Simplicity
water purification system was used to prepare all solutions. sodium phosphate buffer was
treated with Chelex-100 resin (Bio-Rad) prior to use to remove trace metal ions.
3.3.2 Methods
3.3.2.1 Visible spectra of CuZnSOD/chelator incubations

A BCuZnSOD stock solution was prepared in 50 mM sodium phosphate buffer
(pH 7.2), and the enzyme concentration was determined spectrophotometrically (e255 =

10.3 mM"cm™ per dimer (105, 174)). Absorption characteristic of the CuL, complexes
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10.3 mMem™ per dimer (105, 174)). Absorption characteristic of the CuL, complexes
(2, 4, and 6) and changes in the d-d absorption at 680 nm of Cu"ZnSOD (50 — 690 pM)
were monitored at 37°C in the presence of 380 uM — 5 mM cup, DDC, and neo plus
GSH. Copper removal from BCuZnSOD by DDC and cup was monitored
spectrophotometrically whereas the extent of copper removal from BCuZnSOD with neo
in the presence of GSH was estimated after extracting the [Cu'(neo),]” complex with
isoamyl alcohol (g454 = 7.95 mMem™! (175)). Cul, extinction coefficients were
determined by diluting 1000 ppm Cu standard into excess chelator in H,O. Absorbance
readings were carried out in 1-cm cells on an Agilent 8453 UV-visible diode-array or a
Beckman DU 650 spectrophotometer equipped with thermostated cell compartments.
3.3.2.2 Pyrogallol autooxidation assay of SOD activity

BCuZnSOD (36 — 92 uM) in 50 mM sodium phosphate buffer (pH 7.2) was
incubated with 0.5 — 5 mM chelator + GSH at 37°C for 30 min. Aliquots were removed
from the preincubates every 10 min and the SOD activity of BCuZnSOD determined by
following its inhibition of pyrogallol (Py) autooxidation using the literature procedure
(105). Briefly, 40 mM Py stock solution was prepared in 10 mM HCI, and 50 mM Tris/1
mM DTPA was adjusted to pH 8.2 with cacodylic acid. BCuZnSOD aliquots from the
preincubates were diluted with sodium phosphate buffer (pH 7.2) before addition to the
Tris cacodylate assay buffer (pH 8.2) in a 1-cm quartz cuvette at 37°C. Py was added to a
final concentration of 200 uM and following rapid mixing, the absorbance at 320 nm was
read every 15 s over 3 min to monitor the rate of Py oxidation. The percent inhibition
(%I, Eq 3.1) of Py oxidation was calculated from the initial slopes of Az vs time plots

generated in the absence (Slopepy) and presence (Slopes) of BCuZnSOD. The relative
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SOD activities (Eq 3.2) are the ratios of the initial slopes difference for the samples of

BCuZnSOD/chelators + GSH measured at t < 1 min (Slopeo) and t = t min (Slopey).

(Slopepy — Slopes)
%I = x 100 3.1
Slopepy

(Slopepy — Slopey)
% relative SOD activity = [ ]1x 100 3.2
(Slopepy — Slopey)

3.3.2.3 GSNO-reductase activity of CuZnSOD

Experiments were performed as described in Section 2.3.2.4. That is, solutions
containing GSNO, BCuZnSOD and GSH in the presence (chel) or absence (con) of
chelators were incubated at 37°C for 30 min. The GSNO concentration was followed
spectrophotometrically (g333 = 0.76 mM"' cm™) at the S-NO absorption band (25) to

monitor the effects of the chelators on the GSNO-reductase activity of BCuZnSOD with

GSH as a donor:
AAz33 = A333(t=30) — Az33(t=0) 33
) AAjz33
% GSNO degradation = (———— ) x 100 3.4
Az33(t=0)
% Rel GSNO degradation = (AA333)chel /( AA333 )eon X 100 3.5
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34 Results

3.4.1 Cul; absorption grows in the spectra of the CuZnSOD/chelator incubations
When 5 mM DDC (1) was added to 52 uM BCuZnSOD, a new absorption band
at 451 nm due to the Cu(DDC), complex (2) was observed (Figure 3.4A). After 30 min
incubation at 37°C, ~ 76% of the BCuZnSOD copper was detected as Cu'(DDC), (Figure
3.4B). The rapid removal of copper from the active site by DDC is consistent with
previous reports (120, 138) that this chelator is a highly effective reagent in the
preparation of the copper-free enzyme, and is additionally supported by our ICP-MS
results (Table 2.1, Section 2.4.2). Also, copper removal from BCuZnSOD is biphasic,
indicating that that the affinity of the protein dimer for one Cu" is less than for the second
Cu" (Figure 3.4B). Communication between the monomers concerning the occupancy of
metal binding sites has been reported previously (/76) and will be discussed in detail

below.
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Figure 3.4 Cu“(DDC)z absorption vs time of the CuZnSOD/DDC incubation. (A) Spectrum at t =0, 2.5,
5, 10, 20, and 30 min of 52 uM BCuZnSOD with 5§ mM DDC. (B) Percent BCuZnSOD copper detected as
Cu'(DDC), calculated from absorbance at 451 nm. Samples were in 50 mM sodium phosphate buffer (pH
7.2) at 37°C, and the absorbance was recorded immediately after DDC addition to BCuZnSOD and at 0.5-

or 2.5-min intervals over 30 min.
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The absorption band of Cu"(cup); (6) at 600 nm was observed when 3 mM cup
was added to 690 uM BCuZnSOD (Figure 3.5A). However, only ~3% of the BCuZnSOD
copper was detected as Cu"(cup)z and a higher BCuZnSOD concentration was required to
observe the Cul, absorption peak compared to that for DDC (690 vs 52 uM protein)
(Figure 3.5B). Thus, the binding of cup to BCuZnSOD is weak and unlikely to remove

copper from the active site.
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Figure 3.5 Cu"(cup)z absorption vs time of the CuZnSOD/cup incubation. (A) Spectrum att =0, 2.5, 5,
10, 20, and 30 min of 690 uM BCuZnSOD with 3 mM cup. (B) Percent BCuZnSOD copper detected as

Cu"(cup), calculated from the absorbance at 600 nm in (A). Samples were in 50 mM sodium phosphate

buffer (pH 7.2) at 37°C, and absorbance was recorded immediately after cup addition to BCuZnSOD and at

2.5-min intervals over 30 min.

The Cu'-specific chelator, neo (3), was added to Cu"ZnSOD in the presence of
GSH. The 680-nm d-d absorption band of Cu"ZnSOD decreased indicating reduction of
Cu'to Cu' (Figure 3.6A insert) while a new peak appeared at 454 nm, which is assigned
to [Cu'(neo),]" (Figure 3.6A). The time course of [Cu'(neo),]" formation is given in

Figure 3.6B. Approximately 6% of the active-site copper formed a complex with neo
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during 25 min incubation at 37°C, which suggests that neo may compete with the reduced

protein (Cu'ZnSOD) for Cu'.
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Figure 3.6 [Cu'(neo);]" absorption vs time of the CuZnSOD/GSH/neo incubation. (A) Spectrum at t =
2.5, 5, 10, 15, 20, and 25 min of 95 uM BCuZnSOD with 190 uM GSH and 380 pM neo. The inset shows
the amplified Cu" d-d absorption band. (B) Percent BCuZnSOD copper detected as [Cu'(neo),] calculated
from the absorbance at 454 nm after extraction into isoamy! alcohol. Samples were in 50 mM sodium
phosphate buffer (pH 7.2) at 37°C, and the absorbance was recorded immediately after GSH and neo

addition to BCuZnSOD and at 2.5-min intervals over 25 min.

3.42  Effects of preincubation with the chelators and GSH on SOD activity
SOD activity can be measured by monitoring Py autoxidation. The oxidized
product (Pyox) has an absorption peak at 320 nm and its formation involves O,”

generation, which then acts as a chain propagating species:

Py + O — Py + 0O;” 3.6
Py +0,” — Py + 0" 3.7
Py + Py == Py 3.8
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In the presence of CuZnSOD, competition between the enzyme and Py for O, decreases

the rate of Py,x formation (Z05):

Py Pyox 3.9

02
CuZnSOD H,0,+0, 3.10

SOD activity was found to be linear in BCuZnSOD concentration up to 6 nM enzyme

(Figure 3.7). The non-zero inhibition in the absence of CuZnSOD may be due to the

existence of active components in the enzyme solution which are resistant to 1 mM

DTPA (105).
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Figure 3.7 Inhibition calibration curve for the pyrogallol autooxidation assay for SOD activity. Py
oxidation was inhibited by the presence of BCuZnSOD, and the % inhibition calculated by Eq 3.1 is plotted

vs the concentration of BCuZnSOD. Procedure: A 10-puL aliquot of 40 mM Py stock solution was added to
2 mL of BCuZnSOD in Tris-cacodylate/1 mM DTPA assay buffer (pH 8.2) in a 1-cm quartz cuvette in

thermostaticed cell holder at 37°C and mixed rapidly. The absorbance at 320 nm was read every 15 s over 3

min. The blank was Tris-cacodylate/l mM DTPA assay buffer (pH 8.2).
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Figure 3.8 shows the relative SOD activities of 5 nM BCuZnSOD after preincubation
with the Cu" chelators at 37°C over 30 min. Preincubation with cup has little effect on the
SOD activity of BCuZnSOD. In contrast, over 90% SOD activity was lost within 20 min
preincubation of BCuZnSOD with DDC (Figure 3.8), and this can largely be attributed to
copper removal from the enzyme (Table 2.1).

As described in Section 2.4, GSH reduced the active-site Cu" of BCuZnSOD to
Cu' during a 30-min preincubation (Figure 2.2A), but resulted in no activity loss (Figure
2.3). Similarly no SOD activity was lost during 30-min preincubation with neo = GSH
(Figure 3.8). This is consistent with the results of Jourd’heuil et al. (56), who also found

that the SOD activity was not inhibited by preincubation of CuZnSOD with neo.
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Figure 3.8 Effects of preincubation with the chelators £ GSH on the SOD activity of BCuZnSOD.
BCuZaSOD (61-92 uM) was preincubated with 5 mM neo, 5 mM neo plus 5 mM GSH, 0.5 mM cup or 5
mM DDC in 50 mM sodium phosphate buffer (pH 7.2) at 37°C for 30 min. Aliquots were removed every
10 min, diluted 100-fold, 10 pL. was added to 2 mL of assay buffer [50 mM Tris cacodylate/1 mM DTPA
(pH 8.2), 37°C], and assayed for SOD activity as described in the legend of Figure 3.7. The SOD activity of
BCuZnSOD from the 0 min incubates was taken as 100%. FEach bar represents the mean of two

measurements with an average error of ~1%.
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3.4.3  Effects of the chelators on the GSNO-reductase activity of CuZnSOD

As shown in Table 3.2, in the presence of 30 pM BCuZnSOD and 5 mM GSH,
36% + 2 GSNO (0.47 mM) was decomposed in 30 min at 37°C, as compared with 5.4% +
0.2 GSNO decomposition in the absence of GSH (data not shown). Less than 5% of the
GSNO decomposed when 2 mM DDC was also present. Addition of 2 mM neo inhibited
GSNO decomposition by > 50%, while 0.33 mM cup inhibited decomposition by ~20%

(Table 3.2).

Table 3.2 Effects of cup, neo, and DDC on the GSNO-reductase activity of

BCuZnSOD with GSH as a donor substrate’

Incubation GSNO/CuZnSOD/GSH + cup + neo +DDC
0,
%o GSN.O 35.6 28.5+0.3 16.2 £ 0.4 49105
degradation
Rel GSNO 100 80.0£0.9 455+ 1.1 13.7+1.3

degradation

“Solutions containing 470 uM GSNO, 5 mM GSH, 30 uM BCuZnSOD, 2 mM DDC, 2 mM neo or 0.33
mM cup were incubated in 50 mM sodium phosphate buffer (pH 7.2) at 37°C for 30 min. The GSNO
remaining was determined spectrophotometrically (g33; =0.76 mM™ cm™) and the % GSNO degradation
and Rel GSNO degradation were calculated using Eq 3.4 and 3.5, respectively, and the values represent the

mean + SD of triplicates.

3.5 Discussion

CuZnSOD is a homodimeric enzyme with one tightly bound (K; = 6 M), redox-

active copper atom per subunit (47, 100). The enzyme is stable over a wide range of pH
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values (5.2-9.5), and up to 75°C at neutral pH (177). The active-site copper, which is
coordinated to four imidazole nitrogens and a water molecule with a distorted square-
pyramidal geometry in Cu"ZnSOD (Figure 3.9), is required for SOD activity (47, 174,
178). In fact, the copper is the site of primary interaction of O, with the protein (47), and
the x-ray structure shows that the metal lies at the bottom of a narrow channel. An
electrostatic loop consisting of the positively charged side chains of Argl41, Lys120, and
Lys134, which are located at 5, 12, and 13 A, respectively, from the copper (58), guides
the anionic superoxide substrate to the active site. These residues also play a significant
role in promoting access of substrates such as water, small anions, and other ligands to

the active-site copper (141).

Figure 3.9 Metal binding site of the CuZnSOD monomer. The residues numbering is that of bovine

CuZnSOD. Figure adopted from Ref (120).

Cu'ZnSOD has a weak d-d absorption band at 680 nm [gggo = 300 M cm’’

(47)] and incubation with EDTA or DTPA was shown to decrease the 680-nm absorption
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band by < 22% (Figure 2.1, Section 2.4.1). These chelators do not decrease the SOD
activity when preincubated with the enzyme at pH 7.2 (Figure 2.3, Section 2.4.4),
indicating no removal of the active-site Cu" as confirmed by ICP-MS (Table 2.1, Section
2.4.2).

It was reported that the reaction of DDC with the active-site Cu" of CuZnSOD
is concentration-, temperature-, and pH-dependent. At 0.1-1 mM DDC, the Cu"-DDC
complex remained bound to the enzyme and the SOD activity did not decrease (124). As
shown here, 5 mM DDC (~100-fold molar excess) removed 76% of the copper from
BCuZnSOD (Figure 3.4B), and 90% SOD activity was lost after preincubation of the
enzyme with 5 mM DDC at 37°C for 20 min (Figure 3.8). The ICP-MS results showed
77% Cu and 44% Zn removal from the enzyme in this incubation (Table 2.1, Section
2.4.2).

Evidence for interactions between the two active sites in bovine CuZnSOD
dimer has been reported for many years (125, 147, 179-181). As mentioned in Chapter 2,
coulometric titration curves for BCuZnSOD exhibit a break at one equivalent of titrant
per mole of enzyme dimer. Furthermore, addition of K3Fe(CN)g or K»IrClg to the enzyme
prior to the titration caused one of the Cu" to be nontitratable (125). These results suggest
that large anions bind to only one of the copper centers, which is in accordance with our
finding that the stoichiometry of EDTA and DTPA binding to the BCuZnSOD dimer is
~1 (Figure 2.7, Section 2.4.7) and not 2 as expected for a homodimer. In addition, the
reduction potential of the first Cu" in CuZnSOD is different from that of the second Cu",
indicating that the two copper centers in the enzyme are nonequivalent or that

cooperative behavior exists between the two centers. Previously, it was reported that
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copper binding to bovine EZnSOD is a cooperative process (I81): binding of Cu' to one
subunit lowers the activation energy for Cu" binding to the second subunit (/81). Thus, it
is not surprising that copper removal is biphasic with ~50% loss within 5 min and ~76%
loss after 30 min (Figure 3.4 B). Since intersubunit interactions control Fe(CN)¢>™ or
IrCI* binding, it is also not surprising that EDTA or DTPA binding to one subunit
prevents access of large substrates such as GSNO to the second subunit.

The Cu"(cup), absorption detected after 30-min incubation of BCuZnSOD with
cup at 37°C (Figure 3.5A) corresponds to only ~3% of the copper in the incubation
(Figure 3.5B). Incubation with cup led to no effect on the SOD activity (Figure 3.8)
revealing that, like EDTA and DTPA (Chapter 2), cup does not remove copper from the
enzyme. Although the Cu'(cup), complex exhibits stronger visible absorption than
Cu(DDC); or [Cu'(neo),]* (Table 3.3), negligible binding is detected since cup is a large
neutral ligand that likely has poor access to the active-site copper via the positively

charged channel (49) (Figure 3.9).

Table 3.3 Millimolar absorptivity (€) of the copper-chelator complexes

Complex Amax (nM) e (mM'em™) Ref.
Cu'(DDC), 450 8.0-12.1 (124, 152, 166)
Cu'(cup), 600 16.0 (152, 173)
[Cu'(neo),]* 454 7.95 (149, 167)
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Gradual growth of 454-nm absorbance of the [Cul(neo)z]+ complex and decay of
the 680-nm band of Cu"ZnSOD (Figure 3.5A, insert) was detected over 25 min in the
BCuZnSOD/GSH/neo incubation (Figure 3.5A). Approximately 14% Cu"ZnSOD was
reduced to Cu'ZnSOD by 190 uM GSH in 25 min as estimated from the absorbance
change of the 680-nm band (g¢g0 = 300 M'em™, (47)). However, less than 6% of the total
active-site copper was extracted into isoamyl alcohol as the [Cu'(neo),]" complex (Figure
3.5B). Again, no loss of SOD activity was detected following preincubation with neo
(Figure 3.8), as previously shown by Jourd’heuil and coworkers (56). Thus, unless
extracted, the Cu (neo)," complex likely remains bound to the enzyme and upon dilution
into the SOD assay buffer, BCuZnSOD remains ~100% active.

A common feature among the chelators (except DDC) is that they bind to the
enzyme-associated copper without isolating the metal from the enzyme. Neither EDTA
nor DTPA changed the metal loading of BCuZnSOD (Table 2.1, Section 2.4.2) and
Jourd’heuil ef al. noted that the copper-neo complex was not separated from the enzyme
by passage through a G-25 column or by ultrafiltration (56). Thus, loss of SOD activity
occurs only when chelator addition results in copper no longer being associated with the
enzyme. We (Figure 3.8) and others (124, 182) observed that preincubation with 5-10
mM DDC inhibits the SOD activity of BCuZnSOD, but Misra reported (/24) that at < 1
mM, DDC associated with active-site copper and the Cu"ZnSOD-DDC complex had
SOD activity equivalent to that of the free enzyme. Misra also reported that > 10 mM
DDC removed copper from the active site (/24) confirming that loss of SOD activity is

caused by isolation of copper from the enzyme.
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Fielden et al. proposed a half-the-active-sites mechanism for SOD catalysis by
CuZnSOD (147), and Rigo et al. found that the enzyme half-loaded with copper
(Cu;Zn,SOD) is twice as active as the fully copper-loaded enzyme (Cu,Zn,SOD) (180).
Thus, only 50% of the copper is involved in catalysis and the involvement of one site
inhibits catalysis at the second site (/80). We observed that EDTA and DTPA bind to
half of the enzyme-bound Cu" (Figure 2.7) with no effect on SOD activity (Table 2.2).
Removal of 61% copper by DDC within 10 min resulted in 75% loss of activity (Figure
3.4B and Figure 3.8) and removal of 76% copper within 30 min resulted in 90% loss of
activity. But if Cu;Zn,SOD exhibits twice the activity as the fully copper loaded enzyme
(180), 100% loss of copper from one subunit plus 25% from a second subunit should give
rise to a dimer with greater activity than the native Cu;Zn,SOD enzyme. Loss of 90%
activity suggests that DDC removes copper from both subunits. Alternatively, DDC may
reduce the intrasubunit disulfide between Cys55—-Cysl144 that influences subunit
association (/83). The effects of DDC on CuZnSOD other than copper removal should be
investigated.

The GSNO-reductase activity of CuZnSOD was demonstrated by Jourd’heuil ez
al. (56). This activity requires the redox turnover of the active-site copper (Reactions 2.1
and 2.2, Section 2.2). Faster reduction of the active-site Cu" by cysteine or ascorbate than
GSH (56, 82) or P-SH (82) has been demonstrated suggesting that these small substrates
have easier access to the active-site copper. As revealed in Figure 2.2B (Section 2.4.3),
association of EDTA and DTPA with the enzyme decreased the rate of Cu' reduction by
GSH and consequently inhibited the GSNO-reductase activity of the enzyme (Figure 2.5,

Section 2.4.6).
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Previous studies demonstrated that Cu' in the free state or in protein- or peptide-
bound forms is the active species rather than Cu” in the decomposition of RSNOs (56, 96,
98). Thus, to function as a GSNO-reductase, the first key step is the conversion of
Cu"ZnSOD to its reduced form (Reaction 2.1, Section 2.2), which is followed by
Cu'ZnSOD-catalyzed reductive decomposition of GSNO to yield NO (Reaction 2.2,
Section 2.2). The narrow cleft leading to the active site of CuZnSOD will control access
of large reagents (reductants or chelators) to the copper as demonstrated by the fact that
cysteine and ascorbate are more efficient Cu"ZnSOD reductants than GSH (56, 82). In
some cases, the active-site copper may not directly interact with reducing agents, and
long-range electron transfer involving Argl41 has been used to explain the effects of
different redox reagents on the redox state of the copper centre (/84). Our group
observed reduction of the active-site Cu' of CuZnSOD by protein thiols in calbindin Dygx
(82) suggesting that certain protein-based thiols can access the active-site copper. This
most likely occur within a protein-protein complex, and we observed indirect evidence
for this in our studies on CuZnSOD catalyzed NO transfer from GSNO to
oxyhemoglobin (57).

Cup is a sensitive colorimetric reagent for Cu" but not a strong ligand for the
active-site copper of CuZnSOD (Figure 3.5). Only ~3% of the enzyme-bound copper
interacted with cup (Figure 3.5B) and the Cu'(cup), complex detected in the
BCuZnSOD/cup incubation was likely associated with the enzyme since no significant
change in SOD activity was measured following preincubation with cup (Figure 3.8). It
was the weakest inhibitor of the GSNO-reductase activity among the copper chelators

tested (Table 3.2; Figure 2.5, Section 2.4.4). We observed only 80% GSNO-reductase
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activity in the presence of cup whereas Jourd'heuil et al. reported 100% activity (Table
3.1). This inconsistency may result from the concentrations of reactants used in the
different studies as discussed below.

The GSNO-reductase activity of BCuZnSOD/GSH was only ~ 54% inhibited by
2 mM neo (Table 3.2) in contrast to the report (56) of 100% inhibition by 1 mM neo
(Table 3.1). Under what conditions does neo partially or fully (Tables 3.2 vs 3.1) (56)
inhibit the GSNO-reductase activity of CuZnSOD? Removal of ~6% copper should not
be sufficient to completely inhibit the GSNO-reductase activity of CuZnSOD, and unlike
EDTA and DTPA, neo did not protect Argl4l from PGO modification (Figure 2.4,
Section 2.4.5). Thus, accessibility to Argl41 in the active-site channel does not change in
the presence of neo and no binding interaction is expected between neo and the
guanidium side chain of this residue.

Previously, Noble et al. demonstrated that at millimolar GSNO, the product
GSSG is an efficient Cu" trap (Figure 1.3) and terminates metal-catalyzed GSNO
decomposition (27, 34). Our lab reported that the rate of Cu"ZnSOD reduction by GSH
depends on the thiol concentration up to 5 mM but negligible increase in Cu" reduction
was observed above 5 mM GSH (82). We suggested that GSSG inhibits reduction of
Cu"ZnSOD by GSH but adding GSSG (5 mM) had no effect on the 680-nm absorption
band or on the SOD activity of BCuZnSOD (Figures 2.1and 2.3, Section 2.4). Thus,
GSSG is unlikely to bind or to remove copper from the enzyme. Instead, the disulfide
may locate at the surface of the active-site channel and prevent access of GSH but not
0," to the active-site copper. Consistent with this view, Ciriolo ez al. reported that copper

does not transfer from the Cu"-GSSG complex to the copper-free enzyme (EZnSOD).
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They suggested that GSSG-bound copper could not pass through the < 4 A narrow neck

located at the bottom of the active-site channel to allow copper to equilibrate between the
peptide and protein (/85). In contrast to Cu-GSSG, Ciriolo et al. reported that Cu-GSH
can donate copper to EZnSOD leading to full reconstitution via a Cu'-GSH-enzyme
intermediate (/85). Since higher GSNO and GSH concentrations were used in our
experiments vs those of Jourd’heuil et al. (56), more GSSG was produced in our samples.
Thus, GSH and GSSG may associate with the enzyme and inhibit chelators such as neo
from ligating to the copper, and thereby partially rescue the GSNO-reductase activity of

the enzyme.

3.6 Conclusions

The present study provides additional evidence that chelators can access the
active-site copper of CuZnSOD. Inhibition of the GSNO-reductase activity depends on
the extent of chelator binding to the active-site copper of CuZnSOD. Furthermore, the
enzyme exhibits half-sites SOD activity which is not inhibited by preincubation with the
chelators as long as copper is not removed from the enzyme. We found that (1) DDC is a
highly efficient inhibitor of both the GSNO-reductase and SOD activities since it
removes copper from CuZnSOD; (2) neo inhibits the GSNO-reductase but preincubation
with neo does not alter the SOD activity of CuZnSOD, and (3) cup interacts weakly with
active-site copper and has little effect on the GSNO-reductase and SOD activities of
CuZnSOD. In addition, both GSH, abundant in red blood cells, and its oxidation product
GSSG control the GSNO-reductase (Reactions 2.1-2.3, Section 2.2) and NO-transferase

(Reactions 2.1', 2.2 and 2.4, Section 2.2) activities of CuZnSOD. Further studies to
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determine if GSSG decreases the GSNO-reductase activity by blocking access of GSH
and/or GSNO to the active-site copper would be interesting as would further evidence
that neo inhibition of the GSNO-reductase activity depends on the GSNO/GSH

concentrations used.
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4.0 Reevaluation based on mass spectrometric analysis of phenyl-
glyoxal as an arginine-specific reagent: Characterization of
phenylglyoxal-modified peptides and  Cu,Zn-superoxide

dismutase

4.1 Abstract

Chemical modification of arginine residues by a,a'-dicarbonyls is of interest as
a tool in enzyme-structure-function studies and in non-enzymatic glycation found with
aging and disease. Phenylglyoxal (PGO) has been used as an arginine-specific reagent for
close to 40 years but the derivatives formed are not well characterized. In this study, PGO
was reacted at pH 8.0 with the arginine-containing peptides, MRF, porcine rennin
substrate tetradecapeptide (PRS; DRVYIHPFHLLVYS), and adrenocorticotropic
hormone fragment 18-39 (ACTH; RPVKVYPNGAEDESAEAFPLEF), and the products
were characterized by ESI and MALDI mass spectrometry (MS). The observed mass
increase of the ions (2x134-18 u) indicated that each of the three peptides formed a
condensation product with two PGO molecules, and arginine was found to be the site of
PGO modification by tandem MS/MS analysis. The PGO-modified peptides were
acetylated by sulfo-NHS acetate indicating that neither the N-terminal o-amino groups
nor Lys22 of ACTH reacted with PGO. Exposure of glutathione to PGO resulted in
singly to triply PGO-labelled peptide and tandem MS/MS analysis reveals that Cys2 in
this tripeptide was the site of PGO labelling. The three exposed arginine residues, but not
buried Argl13, in the bovine copper,zinc-superoxide dismutase (BCuZnSOD) monomer

were modified in a time-dependent manner on incubation with excess PGO. Mass
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increases in intact BCuZnSOD and its tryptic peptides revealed that the protein-based
arginines reacted with a single PGO molecule unlike the double PGO-modification
observed for the peptide-based arginines. PGO-modified BCuZnSOD formed a NEM-
adduct and was fully acetylated indicating that the free Cys6 and 10 lysine residues in
each monomer are not reactive with PGO. As previously reported, loss of SOD activity

occurred in the BCuZnSOD/PGO incubations.

4.2 Introduction

Phenylglyoxal (I, PGO) reportedly demonstrates its highest reactivity with
arginines (//9) and is considered an arginine-specific reagent (/86). Although other
amino acids such as cysteines, histidine, lysines, glycine, asparagine, and N-terminal o-
amino groups of peptides were also found to be PGO modified (119, 186, 187), PGO is
used extensively to investigate the role of arginine residues in enzyme catalysis (55, 186,
188-193). For example, the decreased activity of PGO-modified bovine pancreatic
ribonuclease A, bovine copper,zinc-superoxide dismutase (BCuZnSOD), and human N-
acetyltransferase has been attributed to the derivatization of catalytically important

arginine residues (55, 186, 188).

1: PGO
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PGO was found to have advantages over other a,a'-dicarbonyl compounds as
an arginine reagent. It reacts under mild conditions (~pH 8) more rapidly and selectively
than glyoxal and methylglyoxal (119, 186). 1,2-Cyclohexanedione and malonaldehyde
are effective in strong alkaline (/94) and strong acid solutions (/95), respectively, and
although arginine is modified in 2,3-butanedione solutions under mild conditions the
reactive species was shown to be a trimer (/96, 197). Elemental analyses revealed (/19,
186) that two molecules of PGO form a condensation product with one molecule of free
or N-acetylated arginine [HN=C(NHR)-NH;] and no mono-PGO substituted derivatives
are formed. From the known reactions of PGO with amidines (HN=CR-NH,) (798, 199),
it was postulated (/79, 186) that the first molecule of PGO condenses in the rate-limiting
step with the &-guanido group to give 2a, which undergoes further loss of a water
molecule to give 2b. Addition of a second PGO to a ring nitrogen of 2a would give 3a
but since periodate (I047), which oxidatively cleaves 1,2-diols (200), did not alter the Rg
measured by TLC of the arginine-PGO derivative, 3b resulting from condensation of the
second PGO with the glyoxaline OH groups was considered the more likely structure
(186). Alternatively, PGO dimers present in the reaction mixture (/86, 201) (Figure A2.1,

Section A2.1) could condense with the 3-guanido group to yield 3b (/86).

H
/N OH /N O
R—N— R—N
H “\——OH H_<N:/I;H
H C6H5 H CBHS
2a (M+134 u) 2b (M+116 1)
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R—N R—N— He—(
ook TN b
CGH5 C6H5
3a (M+268 v) 3b (M+250 v)

PGO treatment has been proposed as a method to identify free N-terminal

residues since it induces oxidative deamination of the a-amino group of peptides and

proteins (119, 186):

R R
| - -H,0 ' - +H,0 r‘{
CH— ﬁ— ”CH + HN=C—000 —== CHi— C— 0=N—C—C00" ——2> CHy— C—CHNH, + 0=C—C00" (4.1)
0O H 0
1 4 (M+116 u) 5M-1v)

Condensation of PGO with a primary amino group forms the Schiff base 4, and
transamination on hydrolysis of 4 yields the a-ketoacid 5 (119) as shown in Reaction 4.1.

Sulfo-NHS acetate 6, which stably caps primary amino groups with an acetyl group 7

(202), was used here to probe PGO-induced oxidative deamination.

Na+ Na
0 0 N /O- o A\ /O
/( S\\ O \\0 (4 2)
O—N o + mN—p —> _[ + HO-N
NH—P
o o
6 7 M+42 u)
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Based on elemental analysis, equimolar PGO was shown to form an addition
product with GSH (/87). Nucleophilic attack of GSH at the formyl carbonyl carbon

produced the hemithioacetal 8a or hemithioketal 8a’ addition product (203):

CH— (": — ﬁ:H + RSH —» CH— f_lﬁ{:_ SR O CH— CIH —(’r SR (4.3)
O 0 O OH OH o
1 8a M+134 u) 8a’' (M+134 u)

In the presence of excess GSH, the dithioacetal 9 was formed (204):

CH— C—CH + 2RSH —>» CH—-C—-I(_:I——-SR + H,0 4.4
I U i
O O O SR
1 9 2M+116 u)

Interestingly, equimolar PGO was reported to form a condensation product with loss of
H,O with thiols such as free cysteine (but not GSH) that possess an o-amino group in
close proximity to the thiol (/87).

Typically, millimolar PGO is added to micromolar protein to target arginine
residues (50, 55, 186, 205). Despite the difficulty in controling derivatization in a site-
directed manner when excess reagent is employed, a single arginine residue was reported
PGO-modified following amino acid analysis of BCuZnSOD exposed to ~4x10*-fold
molar excess of the dicarbonyl (50, 55). Argl41 was identified as the modified site on

two-dimensional peptide mapping of tryptic peptides from the CNBr fragments. Since
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PGO-modified BCuZnSOD was found to exhibit only 10-20% residual SOD activity,
Argl4l was assumed to be critical for activity (50, 55, 58, 112), and site-directed
mutagenesis (/09) has corroborated its key role in SOD catalysis. We initially chose PGO
as an Argl41 specific reagent to investigate the possible binding of anions close to the
active-site copper but accurate mass measurements by ESI-MS of intact PGO-modified
BCuZnSOD reveal that the protein is modified at a number of sites. In addition to the
four arginine residues, Cys6 and the ten lysine residues in the BCuZnSOD monomer are
potential PGO targets (119, 187). Furthermore, lysine as well as arginine modification
could contribute to loss of SOD activity since the double K120L,K134T mutant exhibits

only 30% SOD activity (206), and acetylation of native BCuZnSOD at 7-8 lysines

decreased the activity to 15-20% (50).

If PGO-modification is to be used as a complementary tool to site-directed
mutagenesis in structure-function studies on enzymes, it is critical to identify the number
and sites of PGO-modification. In the past, the number of chemically modified residues
was determined by acid hydrolysis of the peptide bonds in 6 M HCI followed by amino-
acid analysis (207, 208). The number of PGO-derivatized arginine residues was assumed
equal to the difference in the number of arginines released from the untreated and PGO-
treated protein (50, 55, 119, 186). This approach requires that no labels are lost during
hydrolysis in 6 M HCI, and that the number of unmodified arginines or other residues are

accurately determined (50, 55).
ESI-MS and MALDI-ToF-MS are powerful techniques for identifying peptide
and protein modification from observed mass shifts. Mass measurements on the intact

protein or peptide reveal the stoichiometry of the modification reaction, and the residues
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modified are identified by sequencing the modified peptides by tandem MS (209). PGO
modification of low-mass peptides containing arginine, lysine and cysteine residues was
examined by MS to re-evaluate the use of PGO as an arginine-specific reagent. The
stability of PGO-arginine derivatives at low pH (/86) is advantageous for peptide
analysis by MS in positive-ion mode. The reactivity of the three residues in low-mass
peptides with PGO was established, the modified peptides were characterized, and the
stability of the labels to ESI-MS and MALDI-MS analysis was determined. The results
demonstrate that: (1) arginine residues are highly reactive with PGO corroborating
previous results; (2) doubly PGO-labelled species with a mass consistent with 3a/3b are
formed on incubation of arginine-containing peptides with PGO; (3) the peptides do not
undergo PGO-induced deamination of their N-terminal a-amino groups (reaction 4.1); (4)
lysine residues are not reactive with PGO; (5) singly PGO-labelled GSH with a mass
consistent with 8a/a’ and doubly to triply PGO-labelled GSH are formed in incubations

with PGO; and (6) ESI-MS is the method of choice for the analysis of PGO derivatives
since they are less stable in the MALDI source. Following MS characterization of the
PGO-peptide reactions, PGO-modified BCuZnSOD was analyzed. The results
demonstrate that PGO is specific for arginine residues in this protein. Since a,o'-
dicarbonyls are the main participants in the formation of advanced glycation end-
products (AGEs) in vivo (210-212), proteins containing arginine residues should be

particularly susceptible to AGE-induced inactivation.

4.3 Materials and methods

4.3.1 Materials
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Erythrocyte BCuZnSOD and trypsin (modified, sequencing grade) were
purchased from Roche Applied Science. Adrenocorticotropic hormone fragment 18-39
(ACTH), porcine renin substrate tetradecapeptide (PRS), glutathione (GSH; reduced
form), type III horse heart cytochtome ¢ (cytc), xanthine, xanthine oxidase (33 units/mL),
phenylglyoxal (PGO) hydrate (CsHgO2°nH,0) were obtained from Sigma. Sulfo-NHS
acetate was supplied by Pierce and the tripeptide, H-Met-Arg-Phe-OH (MRF), by
Bachem AG. Reagents were of analytical grade or higher, and all chemical and
biochemicals were used without further purification. Nanopure water (specific resistance
18 MQ-cm) from a Millipore Simplicity water purification system was used to prepare all
solutions.

43.2  Methods
4.3.2.1 PGO modification reactions

A 200-mM PGO stock solution in ethanol or methanol was prepared by weight.
Stock peptide solutions in water (unless otherwise indicated) were also prepared by
weight and BCuZnSOD was determined spectrophotometrically (553 = 10.3 mM™! em’!
per dimer) (47). The PGO modifications were carried out as described previously (55,
119). Briefly, peptide (0.05-1 mM) or BCuZnSOD (30-150 uM) was incubated with
0.6-45 mM PGO in 250 mM sodium bicarbonate (pH 8.0) at room temperature for the
times indicated in the figure legends. TFA (0.1-10%) was added to quench the reactions

by lowering the pH below 4, and the small reagents were removed from the peptides and
BCuZnSOD using Cig and C4 ZipTips (Millipore), respectively. The tips were pre-
equilibrated with 5% ACN/0.1% TFA, the tip-absorbed samples were washed three times

with the equilibrating solution, and eluted with 60% ACN/0.1% TFA for MS analysis.
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Alternatively, the small reagents were removed from BCuZnSOD with water or 0.1%
TFA by centrifugal ultrafiltration (3x10 min) at 12,000 rpm and 4°C on an Ultrafree-0.5
filter with a 10,000 MW cut-off (Millipore). Buffer exchange was also carried out by
ultrafiltration where desired.

4.3.2.2 NEM and Sulfo-NHS acetate modification reactions

BCuZnSOD or PGO-modified BCuZnSOD (10 pM) in 0.1% TFA was
incubated with 1.5 mM NEM at 4°C overnight. NEM was removed from the protein by
ultrafiltration prior to tryptic digestion.

Sulfo-NHS acetate modifications were carried out following the supplier’s
instructions. Briefly, the acetate, either as the solid or as an aqueous solution (prepared
just prior to use) was added to untreated or PGO-modified MRF, ACTH, and
BCuZnSOD in 250 mM sodium bicarbonate (pH 8.0) to give >10-fold molar excess of
the acetate over free amino groups in the substrates. The mixtures were incubated at room
temperature for 1 h, purified using C;3 or C4 ZipTips and analyzed by MS as described
below.
4.3.2.3 Tryptic digestion of BCuZnSOD

Because of its high stability, BCuZnSOD is frequently denatured by heating to
90°C prior to digestion (213, 214). To avoid loss of the PGO labels, digestion was carried
out on the less stable copper-depleted protein at 37°C. A PGO modification reaction
containing ~25 pM BCuZnSOD was quenched with 1% TFA, 2 mM DDC was added to

chelate the copper, and the sample was incubated at room temperature for 2 h. The small

reagents were removed and the solvent was changed to 10 mM TrisHCI buffer (pH 7.9)
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by ultrafiltration. Trypsin was added (20/1 w/w, protein/trypsin) and copper-depleted
BCuZnSOD (20 ng) was digested at 37°C for 3 h.
4.3.2.4 ESI-MS and ESI-MS/MS analysis

The desalted peptides or protein were diluted into 50-60% ACN/0.1% TFA to
the final concentrations indicated in the figure legends, and directly infused into the ESI
source of a Q-ToF2 (Water Micromass) operating in positive-ion mode. Unless otherwise
indicated, the mass spectrometer was operated at a capillary temperature of 80°C and
voltages of 3.2 kV (capillary), 45 V (cone), 9.1 kV (ToF), 10 V (collision), 550 V
(multiplier), and 2.1 kV (MCP). The instrument was mass calibrated to an accuracy of
5-10 ppm with human [Glu']-fibrinopetide B (M, = 1570.68 u), and the samples were
analyzed at an average resolution of 8,000.

Product-ion spectra were recorded on the Q-ToF2 by selecting the MH" or
MH,** ions of the PGO-modified peptides in the quadrupole, fragmenting these ions in
the collision cell, and analyzing the product ions in the ToF analyzer. The transmission
window of the quadrupole and the instrumental parameters (LM and EM Res, capillary
voltage, cone voltage) were selected to maximize the TIC. The collision cell was
pressurized to 5.5x10° torr with N, to affect CID, and the product-ion spectra were
recorded at the collision voltages indicated in the figure legends.
4.3.2.5 MALDI-ToF-MS analysis

Peptides were mixed with an equal volume of matrix [a-CHCA: 33%
ACN/0.1% TFA (2:1 v/v) or saturated 2,5-DHB in ethanol]. Aliquots of 1-2 pL were
spotted onto a stainless steel MALDI target plate of a Waters Micromass M@LDI™

mass spectrometer operating in reflectron, positive-ion mode with accelerating, pulse and
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detector voltages of +15 kV, 2.5 kV and 1.8 kV, respectively. External mass calibration
was performed with a standard solution containing 10 nmol/mL each of angiotensin I (M,
= 1296.6853 u), PRS (M; = 1758.9331 u) and ACTH (M, = 2465.1989 u) in an equal
volume of matrix (10 mg/mL of a-CHCA in 50% ACN/50% ethanol) and the ToF mass
analyzer was found to have a mass accuracy of 50 ppm. The samples were analyzed at an
average resolution of 10,000.
4.3.2.6 SOD activity assay

SOD activity was monitored by following the inhibition of cy‘tcIII reduction as
described previously (47). Aliquots of BCuZnSOD from the PGO incubations were
diluted 70-fold with 50 mM sodium phosphate buffer (pH 7.8) before addition to the

assay solution (10 uM cytcIII and 50 pM xanthine in the same buffer) in a 1-cm cuvette at

25°C. Xanthine oxidase was added and following rapid mixing, cytclII reduction was
monitored at 550 nm every 15 s over 3 min. The xanthine oxidase concentration was
adjusted to produce an initial AAssy of 0.025 + 0.003 absorbance unit/min (~5

munits/mL). Competition with BCuZnSOD for O,*- decreases the rate of cytcIII reduction

7).

4.4 Results
4.4.1 Modification of MRF by PGO and sulfo-NHS acetate

Following a 30-min incubation of 146 uM MRF with equimolar PGO at RT, the
MALDI mass spectrum was dominated by the protonated molecular ion, (MRF)H" at m/z
452.7. The relative abundance (RA) of the MH" ion of the 2b derivative of MRF,

(MRF2,)H", at m/z 568.8 was <2.5% (data not shown). In contrast, (MRF,,)H" and
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(MRF3;)H" ions dominated the MALDI (Figure 4.1E, Table 4.1) and ESI (Figure 4.1B,
Table 4.1) spectra, respectively, when MRF was incubated with 2.5-fold molar excess of
PGO for 1 h. The (MRF3,)H" ion at m/z 703.6 (Figure 4.1B, Table 4.1) was selected for
ESI MS/MS analysis to confirm the site(s) of PGO labelling. The b, (Met-Arg), ¢; (Met-
Arg) and y, (Arg-Phe) fragment ions were shifted by 116 u relative to those in the
MS/MS spectrum of untreated MRF, whereas no mass shifts were observed for the a;
(Met) and y; (Phe) ions (Figure 4.2A vs 4.2B), indicating that Arg2 is modified by PGO.
Significantly, the fragment ions of doubly PGO-labelled (MRF;;)H" have a mass increase
of 116 u corresponding to that expected for type 2b derivatives. Thus, type 3b ions lose a
PGO moiety to yield type 2b ions during CID and also in the MALDI source (Figure
4.1E, Table 4.1). Also, low-mass fragment ions at m/z 227.120 and 300.139 containing
the &-guanido group were mass shifted by 116 u in contrast to the unmodified Arg
fragment ions at m/z 112.093 and 185.108.

No unmodified MRF was detected in the mass spectra following incubation
with 50-fold molar excess PGO (Figures 4.1C,F, Table 4.1). In addition to the dominant
(MRF3,)H" ion, a peak with a RA <10% is present in the ESI mass spectrum at m/z 953
(Figure 4.1C, Table 4.1) corresponding to (MRF+4PGO-2H,0)H". The detection of
quadruply PGO-labled MRF suggests, as proposed by Takahashi (/86), that the PGO
dimer also condenses with the 6-guanido group since the MS/MS spectra show no
evidence for PGO labelling at additional sites in MRF. Sodiated ions (MNa") of PGO
monohydrate (PGO*H,O) and dihydrate (PGO<2H,O) at m/z 175.06 and 193.05,
respectively, and of hydrated PGO dimers, 2PGO<2H,0 2PGO+3H,0 and 2PGO+4H,0,

at m/z 327.10, 345.10, and 363.11, respectively, were observed in the ESI mass spectrum
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of PGO alone (Figure A2.1, Section A2.1), confirming that PGO dimers were present in
the reaction mixture. The 3-h MALDI spectrum (Figure 4.1F, Table 4.1) shows the same
peaks as the 1-h ESI spectrum (Figure 4.1C, Table 4.1) but with extra peaks
corresponding to the MH" ions of MRF 25, MRF 24, MRF3, and MRF+3PGO-2H,0 due to

loss of PGO or PGO-H,0 from multiply PGO-labelled MRF.

453.2 4527
1007 (A) 1007 (D)
%{ %

] ]

O e T T T T T Ol e e e T

703.8 568.7

1007 (B) 100, (B)
%] 569.5

0 L*L T '-'I'L"'l""v
100

%.«

R S S -

500 600 700 800 900 500 600 700 800 900

m/z

Figure 4.1 ESI and MALDI mass spectra of PGO-modified MRF peptide. ESI mass spectrum of: (A)
untreated MRF, (B) 0.67 mM MRF and 1.7 mM PGO after 1 h incubation; (C) 0.90 mM MRF and 45 mM
PGO after 1 h incubation. MALDI mass spectrum of: (D) untreated MRF; (E) 0.67 mM MRF and 1.7 mM
PGO after 1 h incubation; (F) 0.90 mM MRF and 45 PGO mM after 3 h incubation. Experimental
conditions: following incubation at RT in 250 mM NaHCO; (pH 8.0), 20 uL of 1% TFA was added to 110
pL of sample to quench the PGO-modification reaction by lowering the pH to 3—4. The peptide was
desaited on ZipTipC,s, eluted into 60% ACN/0.1% TFA, and directly infused at 1 plL/min into the ESI
source or 1 uL. was mixed with 9 uL of saturated 2,5-DHB in ethanol, spotted onto a 100-well MALDI
plate (1 puL per well) and air dried. The instrumental parameters were: ESI-MS:; source-block temperature
80°C, LM & HM Res 5.0, capillary voltage 3.2 kV, cone voltage 45 V, collision voltage 10 V, ToF -9.1
kV, and MCP 2.1 kV. MALDI MS: reflectron, positive-ion mode, accelerating voltage +15 kV, pulse

voltage ~2.5 kV, and detector voltage 1800 V. Peak assigments are given in Table 4.1,
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Figure 4.2 ESI MS/MS analysis of doubly PGO-labelled MRF peptide. Product-ion spectrum of the

MH" ion of (A) unmodified MRF at m/z 453, and (B) MRF3, at m/z 703. Experimental procedures: the

MH" ions were selected in Q1 and the fragment ions produced by CID in Q2 were separated in the ToF

analyzer. The same samples used in Figures 4.1A and 4.1C were directly infused at 0.5 pL/min into the

ESI source of the MS operating under the conditions given in the legend of Figure 4.1 with the exceptions:

LM Res & HM Res 16.0, collision voltage 45.0 V. Asterisks (*) denote type 2b ions. The peak intensities

in (A) the m/z 110-380 and (B) the m/z 110-340 ranges were amplified 4- and 6-fold, respectively.
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Figure 4.3 Acetylation of untreated and PGO-labelled MRF. ESI mass spectrum of: (A) 0.5 mM MRF
and 5 mM sulfo-NHS acetate after 1 h incubation; and (B) sample from Figure 1C following dilution to 0.5
mM MRF and 1 h incubation with 5 mM sulfo-NHS acetate. Experimental conditions: Samples were
incubated at RT in 250 mM NaHCO; (pH 8.0), and the MS procedures are given in the legend of Figure

4.1. Peak assignments are given in Table 4.1.

Takahashi (/86) reported that PGO readily deaminated the a-amino group of
peptides and proteins (Reaction 4.1). Thus, to assess deamination, untreated MRF and
PGO-modified MRF (the sample from Figure 4.1C) were incubated with 10-fold molar
excess of sulfo-NHS acetate. The ESI mass spectra (Figure 4.3, Table 4.1) show that after
1 h incubation, (MRF+CH,CO)H", (MRF;,+CH,CO)H", and (MRF;;+CH,CO)H" ions
were observed at m/z 495.3, 569.3, and 703.3, respectively in ESI mass spectra (Figure
4.3, Table 4.1) indicating that the free a-amino group in MRF did not react with PGO.
4.4.2  Modification of porcine renin substrate (PRS) by PGO

This 14-residue peptide (DRVYIHPFHLLVYS) contains Arg2 that reacts with
PGO at pH 8.0 (/19). The MALDI spectrum of the 1-h incubation of PRS with 50-fold
molar excess of PGO was dominated by the MH" ion of unmodified PRS (Figure A2.5A,

Appendix A2.4), whereas (PRSz;)H™ was dominant after 5 h incubation (Figure 4.4A,
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Table 4.1 ), while (PRSz,)H" was more abundant after 4 h incubation (Figure A2.5B,
Appendix A2.4). The deconvolved ESI mass spectrum of the 5-h incubation is dominated
by (PRS35)H" but, as seen for MRF, (PRS+4PGO-2H,0)H" ions are also present (Figure
4.4B, Table 4.1). The doubly charged (PRS 31,)H22+ ion at m/z 1005) was selected for ESI
MS/MS analysis, and fragment ions containing Arg2 (b2to b;3 and y;3) are mass shifted
by 116 u whereas the y,, and the ys to y;; ions that contain His6 and His9 are not mass
shifted (Figure 4.4C). Thus, Arg2 must be the site of PGO labelling and, as seen for MRF
(Figure 4.2), CID of (PRS;3;)H,>" yields type 2b fragments, providing further evidence
that di-PGO substituted derivatives readily fragment in the CID cell.
443 Modification of ACTH by PGO and sulfo-NHS acetate

This 22-residue peptide (RPVKVYPNGAEDESAEAFPLEF) contains Argl,
as well as Lys4, which also may react with PGO (/19). Like PRS, the (ACTH)H" ion at
m/z 2465.3 dominated the MALDI mass spectrum of the 1-h incubation with 50-fold
molar excess of PGO, while after 4 h (Figure A2.6, Appendix A2.4) and 5 h incubation,
(ACTH,,)H" (m/z 2581.4) is the base peak with minor (ACTH)H" and (ACTH,-H,O)H"
peaks at m/z 2465.3 and 2563.6 (Figure 4.5A, Table 4.1). The doubly PGO-labelled
(ACTH3;,)H" ions (m/z 2715.3) dominate the ESI mass spectrum of the 5-h incubation
(Figure 4.5B, Table 4.1) as observed for the MRF and PRS peptides (Figures 4.1C and
4.4B). All b ions detected in the product-ion spectrum of (ACTH3p)H,*" (m/z 1358) are

mass shifted by 116 u (Figure 4.5C). However, y», the largest y ion, was not mass

shifted, indicating that Argl but not Lys4, Asn8 or Gly9 was modified by PGO. Again,
CID of doubly-PGO labelled ACTH ions gave rise to only type 2b fragment ions as noted

for MRF and PRS (Figures 4.2A and 4.4C).
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Acetylation studies support the MS/MS data. Both native and PGO-modified
ACTH are doubly and triply acetylated by sulfo-NHS acetate (Figure 4.6, Table 4.1).
(ACTH+2CH,CO)H" and (ACTH+3CH,CO)H" ions dominate the ESI mass spectrum of
acetylated ACTH, and the corresponding ions, (ACTHZ,,/3,,+2CH2CO)H+ and
(ACTH4/3,+3CH,CO)H", dominate the spectrum of acetylated PGO-modified-ACTH,

consistent with the 3-guanido group being the only target of PGO in ACTH. Thus, the

free a-amino terminus and the €-amino of Lys4 as well as one unknown group (likely
tyrosine (213)) are targets of sulfo-NHS acetate (Reaction 4.4).
4.4.4  Modification of glutathione (GSH) by PGO

The dominant ions observed in the ESI mass spectrum of a 5-h GSH/PGO
incubation (2:1 molar ratio) are (GSH)H" at m/z 308.1, (GSHsaw)H' at m/z 442.1 and an
ion arising from doubly PGO-labelled GSH (GSH+2PGO-12)H" at m/z 563.6 (Figure
4.7A, Table 4.2). ESI MS/MS analysis of (GSHsuu)H' revealed that fragment ions
containing Cys2 (b,, b3 and y,) are mass shifted by 134 u suggesting that Cys2 is the
target of PGO. (GSH3,,)H" is unstable under the MS/MS conditions since (GSH)H" (m/z
308.25) and its by, y, and z, fragment ions at m/z 233.18, 179.15 and 162.12,
respectively, are also seen in the product-ion spectrum in Figure 4.7C. The structure of
the (GSH+2PGO-12)H" ion at m/z 563.6 was not further elucidated by MS/MS.

Following GSH incubation with 50-fold molar excess of PGO, MH" and MNa"
ions derived from addition and condensation products dominated (Figure 4.7B, Table
4.2): GSH+PGO-33 (m/z 409.1), GSH+PGO-H,0 (m/z 424.1), GSH+PGO (m/z 464.1),
GSH+2PGO-H,0 (m/z 558.2), GSH+2PGO-16 (m/z 560.2/582.1), and GSH+3PGO-16

(m/z 694.2). The latter two MH" ions (m/z 560.2, 694.2) exhibit similar product-ion
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spectra (Figures 4.7D and 4.7E) indicating that they are modified at the same site, and the
116-u mass shift in the b, and y; ions suggests that PGO targets Cys2. As seen previously
for MRF, PRS, ACTH, and here for GSH (Figures 4.2A, 4.4C, 4.5C, 4.7D), doubly PGO-
labelled peptides yield only singly PGO-labelled fragment ions, as do derivatives such as
(GSH+3PGO-16) (Figure 4.7E), which is likely formed on reaction with the PGO dimer.
Since both thiol and &-guanido groups were found to be derivatized, attempts
were made to compare by mass spectrometry the relative reactivity of PGO with GSH
and MRF. However, when equal concentrations of GSH and MRF in 60%ACN/0.1%
TFA were directly infused into the Z-spray ion source of the mass spectrometer, the RA
of (GSH)H" was <10% that of (MRF)H" in the resulting ESI mass spectrum (Figure
A2.7A, Appendix A2.4). Ion suppression is the likely reason why (MRFz)H" and
(MRF35)H" but no GSH-derived ions were observed in the ESI mass spectrum of an 80-
min GSH/MRF/PGO (1:1:50) incubation (Figure A2.7A, Appendix A2.4). A comparison
of Figure 4.1C and Figure 4.7B reveals that MRF;; is the main component in the 1-h
MREF/PGO (1:50) incubation whereas multiple derivatized ions are present in the 4-h
GSH/PGO (1:50) incubation. Thus, the 3-guanido group of arginine may be more
susceptible to PGO-labelling than cysteine. An early report (200) of complex formation
between bicarbonate and the guanidinium group, which lowers its pK, and thus promotes
nucleophilic attack at the carbonyl carbon of PGO, also suggests that this reagent is more

reactive with arginine residues than with cysteine or lysine residues.
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Figure 4.4 Mass spectrometric analysis of PGO-modified porcine renin substrate (PRS). (A) MALDI,
(B) ESI, and (C) product-ion mass spectrum of 80 uM PRS and 4 mM PGO after 5 h incubation.
Experimental conditions: the sample was incubated at RT in 250 mM NaHCO; (pH 8.0), and 10pL of 10%
TFA was added to 37 pL of sample to quench the PGO-modification reaction by lowering the pH to 3—4.
The peptide was desalted on a ZipTipC,s eluted into 60% ACN/0.1% TFA, and directly infused at 1
pL/min (B) or 0.5 uL/min (C) into the ESI source or diluted 40-fold, mixed with an equal volume of matrix
solution (10 mg/mL a~-CHCA in 1:1 ACN/EtOH), spotted (1 pL per well) onto a 100-well MALDI plate
and air-dried. The MS parameters are given in the legend of Figure 4.1. To record the product-ion spectrum
in (C), the doubly charged (PRS;+2H)*" ion at m/z 1005 was selected in Q1 and the fragment ions
produced by CID in Q2 at a collision voltage of 32 V were separated in the ToF analyzer. (B) and (C) are
the mass spectra processed using MaxEnt 3. Asterisks (*) in (C) denote type 2b ions. Peak assignments for
(A) and (B) are given in Table 4.1.
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Figure 4.5 Mass spectrometric analysis of PGO-modified ACTH. (A) MALDI, (B) ESI, and (C)
product-ion mass spectrum of 80 pM ACTH and 4 mM PGO after 5 h incubation. The experimental
conditions are given in the legend to Figure 4.4. To record the product-ion spectrum in (C), the doubly
charged (ACTH;,+2H)* ion at m/z 1358 was selected in Q1 and the fragment ions produced by CID in Q2
at a collision voltage of 65 V were separated in the ToF analyzer. (B) and (C) are the mass spectra
processed using MaxEnt 3. The peak intensity in (C) in the m/z 220-2500 range was 2-fold amplified.
Asterisks (*) in (C) denote type 2b ions. Peak assignments for (A) and (B) are given in Table 4.1.
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Figure 4.6 Acetylation of untreated and PGO-labelled ACTH. ESI mass spectrum of: (A) 56 uM ACTH
and 1.1 mM sulfo-NHS acetate after 1 h incubation; and (B) the sample from Figure 4.5 following dilution
to 60 phM ACTH and 1 h incubation with 1.2 mM sulfo-NHS acetate. Experimental conditions: Samples
were incubated at RT in 250 mM NaHCO; (pH 8.0), and the MS procedures are given in the legend of

Figure 4.1. The mass spectra were processed using MaxEnt 3, and peak assignments are given in Table 4.1.

4.4.5 Modification of BCuZnSOD by PGO and NEM

The deconvolved ESI mass spectrum of native BCuZnSOD exhibited a
dominant peak at m/z with M; = 15,592 u (Figure 4.8A, Table 4.3). This is in good
agreement with the predicted M; of 15,551 u of the apoprotein monomer calculated from
its amino acid sequence (PDB: 2SODB) with the additional mass of +42 u due to N-
terminal acetylation (2/6) and the loss of 2 u due to the single disulfide bond between
Cys55 and Cys144 (107). Following incubation of BCuZnSOD with 10-fold molar excess
of PGO at room temperature for 1 h, a weak peak appeared at 15,725 u (M; + 133)
(Figure 4.8B, Table 4.3) corresponding to the singly PGO-modified monomer. The extent
of PGO labelling increased as the PGO concentration or incubation time was increased
(Figures 4.8, 4.9) with doubly and triply PGO-labelled derivatives increasing in intensity
at the expense of singly labelled protein over 6 h (Figure 4.9, Table 4.3). Quadruply

labelled species are also clearly detectable in the 6-h spectrum although they are of low
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RA (< 20%). Table 4.3 summarizes all the peaks observed in the ESI mass spectra of
PGO-derivatized BCuZnSOD over the range of conditions examined here. Since PGO-
H,O, 2PGO, 2PGO-H,0, 3PGO, 3PGO-H,0, 3PGO-2H,0, 4PGO-H,0, and 4PGO-
2H,0 derivatives are detected, the MS results are in sharp contrast to the data from
amino-acid analysis indicating that a single arginine residue was modified by PGO in
BCuZnSOD (50, 55).

Protein from a ~7-h BCuZnSOD/PGO (1:40) incubation was digested with trypsin
to identify the residues modified by PGO. Peptides containing Arg77, Argl26, and
Argl41 exhibited a AM; of 116 u after PGO modification (Table 4.4), suggesting that
these arginines formed type 2b PGO derivatives. Previously (55), Argl41 was identified
as the modified site by two-dimensional peptide mapping of the tryptic peptides.
Evidence for labelling of Argl13, which is buried was not found in accordance with no
missed cleavages at this residue (Table 4.4). Also, unlike the PGO reactions with the
small peptides (Figures 4.1, 4.4-4.5), no doubly PGO-labelled BCuZnSOD tryptic
peptides were detected suggesting that steric hindrance may prevent double PGO-
labelling of arginine residues in the folded protein. Since only three singly PGO-labelled
arginine-containing peptides were observed (Table 4.4) and quadruply PGO-labelled
intact BCuZnSOD was detected (Figure 4.9; 16,091 and 16,108 u), the formation of
doubly PGO-labelled arginine derivatives (on reaction with two PGO molecules or with a
single PGO dimer) cannot be ruled out. Such doubly labelled derivatives may be unstable
under the conditions used for copper depletion and tryptic digestion. The less abundant

quadruple derivatives may involve labelling at less reactive sites such as Argll3,
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although is unlikely since no missed cleavages at Argl13 were detected as mentioned

above.

Table 4.1 Assignment of peaks in the derivatized MRF, PRS, and ACTH peptides”

Peptide Mr (u) Observed ions m/z Am Figure
MRF 452.2 (MRF)H* 4532 0
.
(MRF,)H 569.5 116.3 ALAC
(MRF,)H* 703.6 250.4
(MRF+4PGO-2H,0)H* 953.4 500.2
(MRF)H* 452.7 -0.5
(MRF, )H* 586.6 133.4
+
(MRF,,,)H 568.7 115.5 A1D-E
(MRF )H* 702.7 249.5
(MRF+3PGO-2H,0)H* 818.8 365.6
(MRF+4PGO-2H,0)H* 953.0 499.8
(MRF+CH,CO)H* 495.25 42.05 43A
(MRF,+CH,CO)H* 611.32 158.12 43B
(MRF ,,+CH,CO)H* 745.37 292.17 '
PRS 1757.9 (PRS)H* 1759.9 1.0 44A
(PRS,)H* 1874.9 116.0
(PRS,)H* 1874.9 116.0
(PRS, )H* 2027.0 268.1 44B
(PRS,,)H* 2009.0 250.1
(PRS+4PGO-2H,0)H* 2259.0 500.1
ACTH 2464.2 (ACTH)H* 2465.3 0.1
(ACTH,,H* 2581.4 117.2 4.5A
(ACTH,,-H,0)H* 2563.5 98.3
(ACTH, )H* 2597.2 132.0
(ACTH,,)H* 2581.2 116.0
(ACTH, )H* 2733.3 268.1 4.5B
(ACTH,)H* 2715.3 250.1
(ACTH,,-H,0)H* 2697.2 232.0
(ACTH+2CH,CO)H* 2549.40 84.2 46A
(ACTH+3CH,CO)H* 2591.42 126.22 '
(ACTH,,+2CH,CO)H* 2665.31 200.11
(ACTH,,+3CH,CO)H* 2707.33 242.13 A6B
(ACTH,,+2CH,CO)H" 2799.32 334.12 '
(ACTH,,+3CH,CO)H* 2841.28 376.08

“Peaks from the mass spectra shown in Figures 4.1, 4.3—4.5(A, B), and 4.6.
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Figure 4.7 Mass spectrometric analysis of PGO-modified GSH. ESI mass spectrum of (A) 0.9 mM GSH
and 0.45 mM PGO after 5 h incubation; and (B) 0.9 mM GSH and 45 mM PGO after 4 h incubation.
Product-ion spectrum of (C) (GSHz,)H' at m/z 442.1 in A; (D) (GSH+2PGO-16)H" at m/z 560.2 in B;
and (E) (GSH+3PGO-16)H" at m/z 694.2 in B. Experimental conditions: Samples were incubated in 250
mM NaHCO; (pH 8.0) at RT, and 10pL of 10% TFA was added to 50 pL of sample to quench the PGO-
modification reaction by lowering the pH to 3—4. The peptide was desalted on a ZipTipC,s eluted into 30
uL of 60% ACN/0.1% TFA, and directly infused at 1 pL/min (A, B) or 0.5 pL/min (C-E) into the ESI
source. To record the product-ion spectrum in (C-E), the parent ions were selected in Q1 and the fragment
ions produced by CID in Q2 at a collision voltage of 30 V were separated in the ToF analyzer. The
instrumental parameters are given in the legend of Figure 1 expect in (C-E) LM Res & HM Res were 16.0,
and the collision voltage was 30 V. The peak intensities in C the m/z 310-450 ranges were 4-fold
amplified. Asterisks (*) denote type 8a/a’ ions in C, and type 8a/a’'-H,O ions in (D, E). Peak assignments
for (A) and (B) are given in Table 4.2.
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Table 4.2 Assignment of peaks in PGO-derivatized GSH”

Peptide Mr (u) Observed ions m/z Am Figure

GSH 307.1 (GSH)H* 308.1 0
(GSHg,, JH* 442.1 134.0 47A
(GSH+2PGO-12)H* 563.6 255.5
(GSH)H* 308.1 0
(GSH+PGO-33)H* 409.1 101.0
(GSH+PGO-H,0)H* 424.1 116.0
(GSH+PGO-H,0)Na* 464.1 156.0 47R
(GSH+2PGO-H,0)H* 558.2 250.1
(GSH+2PGO-16)H* 560.2 252.1
(GSH+2PGO-16)Na* 582.1 274.0
(GSH+3PGO-16)H* 694.2 386.1

“Peaks from the mass spectra shown in Figures 4.7A, B.

To probe if the protein’s single free sulthydryl group at Cys6é was modified,
BCuZnSOD derivatized with 100-fold molar excess of PGO (Figure 4.10B) was further
incubated with 150-fold molar excess of NEM in 0.1% TFA at 4°C overnight. No loss of
PGO-labels from BCuZnSOD occurred during this incubation period (Figure 4.10B vs
C), and the spectra (Figures 4.10A, C) reveal that the native and PGO-modified protein
were singly NEM-labelled. Also, the tryptic peptide T2 (A4-K9) containing Cys6 was
mass shifted by 125 u (Figures 4.10E, F) as expected on NEM labelling of its free
sulfhydryl. Additionally, the peak of tryptic peptide T10 (T114-R126; m/z 748.9) is not
seen in the peptide map of the PGO-modified protein (Figure 4.10F) corroborating PGO-

modification of Argl26.
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Table 4.3 Assignment of peaks in PGO- and/or NEM-derivatized BCuZnSOD*

Peak Calc Mass Observed mass Am Figure
(Da) (Da)

E 15591 15592 1 4.8A
E 15591 15592 1 48B
E+PGO 15725 15725 0 '
E 15591 15592 1
E+PGO 15725 15724 -1
E+PGO-H,0 15707 15707 0 4.8C
E+2PGO 15859 15858 -1
E+2PGO-H,0 15841 15841 0
E 15591 15592 1
E+PGO 15725 15725 0
E+PGO-H,0 15707 15708 1
E+2PGO 15859 15859 0 4.8D
E+2PGO-H,0 15841 15842 1
E+3PGO 15993 15995 2
E+3PGO-H,0 15975 15975 0
E 15591 15592 1
E+PGO 15725 15724 -1 49-1h
E+PGO-H,0 15707 15708 1 '
E+2PGO-H,0 15841 15842 1
E 15591 15592 1
E+PGO 15725 15724 -1
E+PGO-H,0 15707 15708 1 4.9-2h
E+2PGO-H,0 15841 15842 1
E+3PGO-H,0O 15975 15975 0
E+PGO 15725 15723 2
E+PGO-H,0 15707 15707 0 4931
E+2PGO-H,0 15841 15841 0 '
E+3PGO-H,0 15975 15974 -1
E+PGO 15725 15724 -2
E+2PGO-H,0 15841 15840 1 4.9-4h
E+3PGO-H,0 15975 15974 -1
E+PGO 15725 15724 2
E+2PGO-H,0 15841 15841 0 49-5h
E+3PGO-H,0 15975 15974 -1
E+2PGO-H,0O 15841 15841 0
E+3PGO-H,0O 15975 15974 -1 49-6h
E+4PGO-2H,0 16091 16091 0 ’
E+4PGO-H,0 16109 16108 -1
E+NEM 15716 15716 0
E+3PGO-H,0 15975 15973 -2 4.10
(E+3PGO-H,O)+NEM 16100 16099 -1

“Peaks from the mass spectra shown in Figures 4.8-4.10. “E” presents the BCuZnSOD
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Figure 4.8 PGO-concentration-dependence of BCuZnSOD modification. Deconvolved ESI mass
spectrum of: (A) native BCuZnSOD; (B) 150 uM BCuZnSOD and 1.5 mM PGO; (C) 94 uM BCuZnSOD
and 4.7 mM PGO; and (D) 62 uM BCuZnSOD and 6.2 mM PGO. Experimental conditions: Samples were
incubated in 250 mM NaHCO, (pH 8.0) at RT for 1 h, the protein was desalted 2—3x by ultrafiltration with
0.1% TFA, diluted 10-fold into S0% ACN/0.1% TFA, and analyzed as described in the legend to Figure

4.1. Peak assignments are given in Table 4.3.

4.4.6 Modification of BCuZnSOD by sulfo-NHS acetate

The 1-2-u lower than expected mass shifts observed for some PGO derivatives
of intact BCuZnSOD (Figures 4.8, 4.9, Table 4.3) and for some of its tryptic peptides
(Table 4.4) would suggest that PGO-induced oxidative deamination of amino groups
(Reaction 4.1) in the protein. Thus, PGO-modification of free amino groups was probed
by incubating native and PGO-modified BCuZnSOD with 200-fold molar excess of
sulfo-NHS acetate for 1 h at room temperature. MS analysis revealed that acetylation of

native BCuZnSOD gave rise to predominantly 9—-10 labels with the expected mass shifts
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Figure 4.9 Time-dependence of BCuZnSOD modification by 40-fold excess PGO. Deconvolved ESI
mass spectrum of 100 uM BCuZnSOD and 4.0 mM PGO in 250 mM NaHCO; (pH 8.0) after incubation at

RT for the times indicated in the figures. A 1.4-uL aliquot was removed, desalted on a ZipTipC, eluted into

60% ACN/0.1% TFA, and analyzed as described in the legend to Figure 4.1. Peak assignments are given in

Table 4.3.

Table 4.4 Arg-containing tryptic peptides from PGO-modified BCuZnSOD*

Calc Mass Observed ions Assigned
Sequence Am T
(Da) m/z mass (Da) modification
3+
HGGPKDDERHVGDLG (778.446+3H) 23323 116 PGO-H,0
2216.1 (784.1174+3H)* 23494 133 PGO
NVTADK (69-89) (1175.674+2H)%* 23493 133 PGO
HVGDLGNVTADKNGV (927.529-+4H)* 3706.1
AIVDIVDPLISLSGEYSII 3706.0 (1236.380+3H)** 3706.1 0 none
GR (78-113) (1854.120+2H)** 3706.2
3+
NGVAIVDIVDPLISLSG 2499 4 (834.161+3H) 2499.5 0 none
EYSIIGR (90-113) (1250.733+2H)?* 2499.5
TMVVHEKPDDLGRGG 2298.1 (805.746+3H)>* 24142 116 PGO-H,0
NEESTK (114-134) (1208.110+2H)** 24142 116 PGO-H,0
TGNAGSBLACGVIGIA 1586.8 (851.973+2H)> 1702.0 116 PGO-H,0
K (135-151)

“10 pg sample containing triply PGO-labelled BCuZnSOD was digested with trypsin (20:1, w/w) in 10 mM

TrisHCI buffer (pH 7.9) at 37°C for 3 h. The experimental procedures are given in the legend of Figure

4.10.
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Figure 4.10 Thiol alkylation of native and PGO-modified BCuZnSOD. Deconvolved ESI mass
spectrum of: (A) 10 uM native BCuZnSOD and 1.5 mM NEM after overnight incubation; (B) 37 uM
BCuZnSOD and 3.7 mM PGO after 5 h incubation; (C) 12 uM PGO-modified BCuZnSOD from B after
desalting and incubation with 1.8 mM NEM for overnight. The m/z 725-775 range of the ESI mass spectra
of tryptic peptides containing Cys6 and Arg126 from digests of: (D) native BCuZnSOD, (E) Sample A, and
(F) Sample C. Experimental procedures: NEM and PGO incubations were carried out in 0.1% TFA at 4°C
and in 250 mM NaHCO; (pH 8.0) at RT, respectively. For digestion, 20 pg of copper-depleted protein was
incubated with trypsin (20:1, w/w) in 10 mM TrisHCI buffer (pH 7.9) at 37°C for 3 h, diluted into 20 pL of
60% ACN/0.1%TFA and directly infused at 1 pL/min into the Z-spray ion source of the mass spectrometer.

Samples were analyzed as described in the legend to Figure 4.1. Peak assignments for (A)—~(C) are given in
Table 4.3.
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Table 4.5 Assignment of peaks in PGO- and/or sulfo-NHS acetate-derivatived

BCuZnSOD”
Peak Calc Mass Observed mass Am | Figure
(Da) (Da)

E+8CH,CO 15927 15926 -1
E+9CH,CO 15969 15968 -1 4.12A
E+10CH,CO 16011 16010 -1
E 15591 15590 1
E+PGO 15725 15723 2
E+PGO-H,0 15707 15705 2
E+2PGO-H,0 15841 15839 2
E+2PGO-2H,0 15823 15820 3 4.12B
E+3PGO-H,0 15975 15973 2
E+3PGO-2H,0 15957 15955 2
E+4PGO-2H,0 16091 16089 2
E+9CH,CO 15969 15968 -1
E+10CH,CO 16011 16010 -1
(E+PGO)+10CH,CO 16145 16143 2
(E+PGO-H,0)+9CH,CO 16085 16084 -1
(E+PGO-H,0)+10CH,CO 16127 16126 -1 4.12C
(E+2PGO-H,0)+10CH,CO 15261 16260 -1
(E+3PGO-H,0)+10CH,CO 16395 16393 2
(E+3PGO-2H,0)+10CH,CO 16377 16376 -1
(E+4PGO-2H,0)+10CH,CO 16511 16511 0

“Peaks from the mass spectrum shown in Figures 4.11. “E” presents the BCuZnSOD

of + 42 u per acetyl label (Figure 4.11A, Table 4.5). Protein modified with only 8 labels

was in low abundance (Figure 4.11A, Table 4.5), consistent with the presence of 10
lysine residues in each subunit and with a previous study where acylation at 7-8 lysines
was reported (50). All peaks, with or without mass deficits, of PGO-modified

BCuZnSOD (Figure 4.11B, Table 4.5) were acetylated to the same extent (Figure 4.11C,
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Table 4.5) as the native protein, indicating that PGO-induced oxidative deamination of

the protein’s g-amino groups (Reaction 4.1) is unlikely, and the a-amino group is N-

acetylated (216).
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Figure 4.11 Acetylation of native and PGO-modified BCuZnSOD. Deconvolved ESI mass spectrum of:
(A) 30 uM BCuZnSOD and 6.0 mM sulfo-NHS acetate after 1 h incubation; (B) 30 uM BCuZnSOD and 3
mM PGO after 2-h incubation; and (C) sample B after 6.0 mM sulfo-NHS acetate was added and the
sample was further incubated for 1 h. Experimental conditions: Incubations were carried out in 250 mM
NaHCO; (pH 8.0) at RT, and analyzed as described in the legend to Figure 4.1. Peak assignments are given
in Table 4.5.

447 SOD activity of PGO-modified BCuZnSOD

BCuZnSOD incubated with a 40-fold molar excess of PGO for 1 h exhibited
83% residual SOD activity (Figure 4.12) whereas 50% of the protein is singly or doubly
PGO labelled under these conditions (1-h spectrum, Figure 4.9). The residual SOD
activity dropped from ~40% to ~25% during 3—6 h incubation, although essentially no
unmodified protein remained after 3 h (Figure 4.9). Previously (50, 55, 58), it was

reported that PGO-modification at Argl41 resulted in loss of 80—-90% of SOD activity
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and this residue was assumed critical for SOD activity (55, 58 112). Site-directed
mutagenesis (/09) corroborated the key role of this residue in SOD catalysis since the
R143D and R143E mutants exhibit 100-fold less activity compared to the wild-type
enzyme. Accurate mass measurements by ESI-MS of intact PGO-modified BCuZnSOD
reveal that the protein is derivatized at three of its four arginine residues, and
modification of Argl41 must occur slowly under our conditions since ~5 h are required
to reach a plateau in the PGO-induced inhibition of SOD activity (Figure 4.12). Lysine
residues also play a role in catalysis since the double K120L,K134T mutant exhibits only
30% SOD activity (206), and acylation at 7-8 lysines decreased the activity to 15-20%
(50). However, PGO-induced oxidative deamination unlikely contributed to the loss of
activity seen in Figure 4.12 since it does not alter the reactivity of the protein towards

sulfo-NHS acetate (Figure 4.11B vs 4.11C).
120
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% Rel SOD activity
3

30
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Figure 4.12 Effect of preincubation with PGO on the SOD activity of BCuZnSOD. Aliquots were
removed at the times indicated from the incubation of 100 pM BCuZnSOD with 4.0 mM PGO in Figure
4.9. After 70-fold dilution, 10 uL was added to 3 mL of assay buffer (50 mM sodium phosphate buffer, pH
7.8), and assayed for SOD activity at RT as described in Section 4.3.2.6. The SOD activity of BCuZnSOD

was taken as 100% at t=0 min.
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4.5 Discussion
4.5.1 PGO modification of small peptides

The mass spectra reported here confirm that PGO is reactive under mild
conditions (pH 8) with arginine residues in peptides and that the derivatives can be
detected by ESI-MS. An examination of Figures 4.1, 4.4, and 4.5 reveals that the PGO-
derivatives of MRF, PRS, and ACTH are less stable in the MALDI source. The
derivatives might be photosensitive to the N; laser (337 nm) since they absorb at 340 nm
(186, 217), or more energy may be transferred to the ions in the MALDI source leading
to their dissociation. This would be consistent with the unstable behavior of the multiply
PGO-labelled peptides in CID (Figured 4.2, 4.4C, 4.5C, 4.7D, and 4.7E). Their low
stability in the MALDI source clearly makes ESI the ionization method of choice in
analyzing PGO-modified peptides and proteins by MS.

The extent and nature of the PGO-derived labels were dependent on the PGO
concentration, the peptide/PGO ratio, and the incubation time. Within 1 h at a
peptide/PGO ratio of 1:50, essentially all free 8-guanido groups in the peptides examined
were detected as type 2b derivatives, and these react at longer incubation times with a
second PGO molecule to give type 3b derivatives. Type 2a and 3a ions arising from
simple 1:1 and 1:2 PGO addition products also were detected (Figures 4.1F, 4.4B and
4.5B; Table 4.1) but with RAs < 30% of those ions arising from the condensation
products. Previously, elemental analysis had revealed that following 20 h reaction at pH 8
and 25°C, PGO present at a 2.2-fold molar excess condensed with 2.4 mmoles free
arginine to give exclusively the 3b derivative (/86). This is consistent with the present

results since type 3b ions dominate the ESI mass spectra of incubations of the arginine-
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containing peptides, MRF, PRS, and ACTH, with 50-fold excess of PGO (Figures 4.1C,
4.4B, and 4.5B; Table 4.1). Loss of water from the 2a and 3a derivatives is likely due to
condensation in solution since we (Table 4.1) and others (212) observed addition (2a/3a)
as well as condensation products (2b/3b) in the ESI mass spectra. Elemental analysis
(119, 186) also indicated that condensation occurred in solution since type 3b (di-PGO
arginine) ions were reported. Also, since monosubstituted PGO derivatives are detected
in the mass spectra at shorter times (e.g., Figure 4.1B), reaction of the first molecule of
PGO with the 3-guanido group cannot be the rate-limiting step in the formation of the di-
substituted products as was previously proposed (179, 186). The results recently reported
by Saraiva et al. (212) support our observations. They found that the monosubstituted
condensation derivative (type 2b) dominates the mass spectrum of a 1-h, 70°C acetyl-
arginine/PGO (1:1) incubation with minor di-condensation and addition products (272).

PGO is known to dimerize in solution (186, 20I) and the free PGO dimer was
observed in the ESI mass spectrum (Figure A2.1, Appendix A2.1). The condensation
products of triply and quadruply labelled MRF, PRS, and GSH presumably with 3 and 4
PGO moieties bound to a single d-guanido or thiol, were also detected in the ESI mass
spectra (Figures 4.1C, 4.1F, 4.4B and 4.7B). This suggests that the PGO dimer may also
react with the d-guanido or thiol groups but these derivatives were not characterized by
MS/MS since they are unstable under the conditions used for CID (Figure 4.7E).

PGO reportedly possesses low reactivity with the g-amino side chain of free
lysine (/86) but no evidence for PGO-modification of Lys4 in ACTH was detected here.
Reaction of ACTH with PGO clearly gave rise to type 2a, 2b, 3a, 3b, and ACTH+PGO-

2H,0 derivatives (Figure 4.5B, Table 4.1) due to reaction with the 3-guanido group of
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Argl since the y;) ion remained unmodified (Figure 4.5C). Reactivity with sulfo-NHS
acetate, which blocks primary amines, confirmed that Lys4 and the N-terminus of PGO-
labelled ACTH were unmodified. The third acetylated site is unknown but it may be due
to non-covalent interaction of the —CH,CO group with the peptide in the gas phase
(communication with Pierce technical support) or due to nucleophilic attack by the -OH
group of Tyr6 on the carbonyl carbon of CH3CO- in sulfo-NHS acetate (215). A sample
containing mainly ACTH_, and ACTH3, derivatives was bis- and fris-acetylated to the
same extent as unmodified ACTH (Figure 4.6B vs 4.6A; Table 4.1), confirming that PGO
exhibits low reactivity with lysine residues (/86). However, PGO has been proposed as a
tool to determine free N-terminals in peptides and proteins since it reportedly readily
deaminated a-amino groups (Reaction 4.1) (/86). This is clearly not the case here for
MRF or ACTH since the peptides are acetylated to the same extent before and after PGO-
modification (Figures 4.3 and 4.6; Table 4.1).

Based on elemental analysis, Schubert reported that PGO reacted with GSH and
cysteine to yield a 1:1 addition product (8a/a’), and cysteine also formed a condensation
product (/87). We confirmed the formation of GSHgy, derivatives (MH' ions at m/z
442.1) on incubation with a 0.5 molar equivalent of PGO but also (GSH+2PGO-12)H"
(m/z 563.6) derived from doubly PGO-labelled GSH exhibited high RA (Figure 4.7A). In
the presence of 50-fold molar excess PGO, MH' and MNa’ ions derived from
condensation products dominated: GSH+PGO-33 (m/z 409.1), GSH+PGO-H,0 (m/z
424.1/462.1), GSH+2PGO-H,0 (m/z 558.1), GSH+2PGO-16 (m/z 560.2/582.1), and
GSH+3PGO-16 (m/z 694.2) (Figure 4.7B). Thus, contrary to Schubert’s proposal (/87),

formation of condensation products may not require the presence of a nearby a-amino
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group as in free cysteine. MS/MS analysis confirmed that Cys2 was the target in all the
PGO-modified GSH derivatives (Figures 4.7C-E). However, no evidence in the ESI mass
spectrum at m/z 731 (Figure 4.7A) was obtained for the thioketal (type 9) derivative
(Reaction 4.3) in the presence of excess GSH. In fact, the MH" ion of doubly PGO-
labelled GSH is slightly more abundant than that of GSHg,, (Figure 4.7A), suggesting
that the latter is more reactive with PGO than free GSH. Alternatively, the PGO dimer
may be more reactive than the monomer with GSH but then little GSHg,, should be
formed with 50-fold excess PGO, which is not the case (Figure 4.7B). However, mutilpy
PGO-labelled GSH may be less stable than GSHgg, in the ESI source. Loss of 16 u from
doubly (m/z 560.2) and triply (m/z 694.2) PGO-labelled GSH (Figure 4.7B) suggests
fragmentation of one of the PGO labels since (GSH+2PGO-H,0)H" (m/z 558.16, Figure
4.7E) and (GSH+PGO-H,0)H" (m/z 424.12, Figures 4.7D,E) ions are observed in the
product-ion spectra of (GSH+3PGO-16)H" and (GSH+2PGO-12)H", respectively. The
mechanism of loss of 12 and 33 u, respectively, from doubly (m/z 563.6 in Figure 4.7A)
and singly (m/z 409.1 in Figure 4.7B) PGO-labelled GSH (Figures 4.7A,B) is unknown
but is under investigation
4.5.2 PGO modification of BCuZnSOD

Examination of the crystal structure reveals that Argl26 is the most exposed
and Argl13 the most buried of the four arginine residues in the BCuZnSOD monomer.
Consistent with their accessibility, tryptic peptides containing Arg77, Argl26, and
Argl4l were found to be PGO-modified on ESI-MS analysis of a digest of
predominantly triply PGO-labelled BCuZnSOD (Table 4.4). As can be seen from Figures

4.8 and 4.9, the extent of PGO-labelling of BCuZnSOD depends on the PGO
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concentration and incubation time. However, PGO was reported to selectively modify
bovine BCuZnSOD at Argl41 (50, 55) under conditions (e.g., incubation of 4 pM of
BCuZnSOD with 15 mM PGO in 0.125 M sodium bicarbonate at pH 8.5 and room
temperature for 2 h (50)), that are expected to modify all accessible arginines. Thus, as
the present data show, ESI-MS analysis redefines the reactivity of PGO with arginine
residues in BCuZnSOD, and the results are consistent with those reported for other
proteins. For example, two to three of the four arginines in bovine pancreatic
ribonuclease A were modified within 30 min on incubation of a 0.36 mM (0.5%) solution
of the enzyme with 112 mM (1.5%) PGO at pH 8.0 and 25°C (/86). This is consistent
with the high solvent accessibility of Arg39 and Arg85 vs the low solvent accessibilities
of Argl0 and Arg33 in bovine ribonuclease A (218).

Does PGO induce modification of BCuZnSOD residues other than arginine? The
side chains of cysteine (/87) and lysine residues (/19, 186), and N-terminal o-amino
groups (/19, 186) reportedly react with PGO in addition to the &-guanido group of
arginine (/19, 186). Since Cys55 and Cys144 form an intrasubunit disulfide bond (107,
183), the side chain of Cys6 possesses the only free —SH group in the BCuZnSOD
monomer. However, Cys6 is somewhat buried and it plays an important role in the
thermostability of BCuZnSOD (740, 219). As judged from the ESI-MS of the intact
protein, both native and triply PGO-labelled BCuZnSOD were fully derivatized with a
single NEM group (Figures 4.10A, C; Table 4.3), indicating that PGO does not react with
the free thiol in the protein. To confirm the NEM-modification site, tryptic digests of the
two samples were analyzed by ESI-MS, and the peptide containing Cys6 (T2; A4-K9)

was found to be singly NEM-labelled in both cases (Figure 4.10E, F). Thus, although
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Cys6 exhibits reactivity with 150-fold excess NEM, it is unreactive with 100-fold excess
PGO. This is somewhat surprising given the high reactivity of GSH with PGO (Figure
4.7A,B).

N-termtnal acetylation is one of the most common protein modifications in
eukaryotes (220, 221). Acetylation of proteins is catalyzed by a variety of
acetyltransferases that transfer acetyl groups from acetyl-coenzyme A to the o-amino
group of the N-terminal residue or to the g-amino group of lysine residues at various
positions (220-223). The N-terminal residue of BCuZnSOD is alanine and the observed
mass of 15,592 u (Table 4.3) vs the theoretical mass of 15,551 u based on the sequence is
consistent with the a-amino group of Alal being acetylated (Am = 42 u) in vivo. The
remaining primary amino groups in BCuZnSOD are contributed by 10 lysine residues per
subunit. The results of ACTH modification (Figures 4.5C and 4.6B) indicated that PGO
is more reactive with arginine than lysine residues, and it also appears that PGO induced
negligible oxidative deamination of the 10 lysine residues in the BCuZnSOD monomer.
Following incubation with sulfo-NHS acetate, an acetylating reagent specific for primary
amino groups (Reaction 4.2) (202), the peaks of singly, doubly and triply PGO-labelled
BCuZnSOD were further mass shifted by +420 u (Figure 4.11C, Table 4.5) consistent
with the acetylation of 10 amino groups per subunit. Trypsin no longer cleaved the PGO-
modified protein at the C-terminal of Argl26 (Figure 4.10F), Arg77, or Argl41 (Table
4.4) providing further evidence that these residues are PGO modification sites.

PGO-modified MRF was singly acetylated (Figure 4.3, Table 4.1), and PGO-
modified ACTH bis- and tris-acetylated (Figure 4.6, Table 4.1) consistent with the

presence of a single primary amino in MRF (the N-terminus), and two such groups in
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ACTH (Lys4 and the N-terminus). Thus, contrary to Takahashi’s report (/86) that PGO
readily deaminated the a-amino group of peptides and proteins (Reaction 4.1), this
cannot have occurred in detectable yields under our PGO-modifying conditions.

As an electrophile, the reactivity of PGO toward primary ammonium,
guanidinium, or sulthydryl groups depends on the pK, of these groups in peptides and
proteins. The free guanidinium group has a pK, of ~12.5 vs values between 8.8 and 11.1
for sulfthydryl, e- and a-ammonium groups. Thus, on increasing the reaction pH, the N
atoms of the guanidinium group should be more susceptible to electrophilic attack by
PGO. Although Cys residues are more powerful nucleophiles than Lys or Arg residues at
pH 8.0, PGO-labelled Cys6 in BCuZnSOD was not detected probably due to its low
accessibility. The lack of PGO-labelling of ¢- and a-amino groups in the peptides and
BCuZnSOD may arise from the instability of their adducts at pH 8.0. However, it has
been observed that PGO-induced transamination (Reaction 4.1) is specific for a-amino

groups at low pH but only a single report of this was found in the literature (224).

4.6 Conclusions

The present study confirms that PGO readily modifies arginine residues in
peptides and proteins. No evidence was obtained for PGO-induced oxidative deamination
of lysine or of the free N-terminus in the MRF and ACTH peptides. The dominant
arginine derivatives in the peptides were the doubly PGO-labelled, type 3b species, but
minor triple and quadruple labelling was also detected, suggesting that the PGO dimer
may react directly with the peptides. In contrast, no doubly PGO-labelled tryptic peptides

were detected in the peptide maps of BCuZnSOD revealing that multiple PGO-labelling
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of arginines may be unfavorable in proteins, possibly for steric reasons. Thus, if this
proves to be the case for proteins in general, the number of PGO labels detected by ESI-
MS in the intact protein could be used to indicate the number of reactive and accessible
arginines under various conditions.

PGO readily reacts with the thiol in GSH to produce not only the 1:1 addition
adduct (GSHg,,) as reported previously (/87), but also multiply PGO-labelled
condensation adducts. In contrast, the partially buried free Cys6 in BCuZnSOD was not
found to react with PGO in accordance with the low yield of NEM-induced alkylation
under mild conditions (Figure A2.4A, Section A2.3).

Clearly, PGO is not a site-specific modifying reagent for Arg141 in BCuZnSOD
as previously reported (53). Furthermore, since activity loss becomes significant only
when most of the enzyme is multiply PGO-labelled, the catalytically important Argl41
clearly does not demonstrate the highest reactivity with PGO of the three accessible
arginines (Argl126, Arg77, and Argl41).

We (57, 82) and others (56) have reported that BCuZnSOD moonlights as a
GSNO reductase and that the anionic metal chelators, EDTA and DPTA, inhibit this
activity. We demonstrated in Chapter 2 that both EDTA and DTPA bind to BCuZnSOD
(225), and since Argl41l has been implicated in anion binding to CuZnSOD (58), we
attempted to selectively modify this residue following the literature procedure (55).
Unfortunately, because of its reactivity with all three exposed arginines in BCuZnSOD,
PGO-modification does not provide a homogeneous sample of protein singly PGO-
modified at Argl41. Such a derivative is required to further probe the role of Argi4l in

anion binding in the active-site channel of BCuZnSOD using techniques such as
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isothermal titration calorimetry (Chapter 2). Attempts to overexpress the human protein

in yeast and E. coli hosts are discussed in the next chapter.
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Appendix 2.0 Supplementary Experimental Data for Chapter 4.0

A2,1  Characterization of PGO dimer in solution by ESI-MS

Oligomeric glyoxal in aqueous solution was reported in the literature (226-228).
The equilibrium constant between dimeric (G,) and monomeric (G) glyoxal ([GJ/[G]) is
0.56 M! at 25°C and is little affected by changes in ionic strength and pH but increases
rapidly with increasing temperature (226). The equilibrium between the monomer, dimer,
and trimer also depends strongly on the glyoxal concentration in aqueous solution (Table

A2.1) and the hydrated monomeric, dimeric, and trimeric forms of glyoxal have the

structures below (227, 228):

HO OH HO 0™ Son
() (2)
ethane bis-gemdiol dioxolane dimer
HOL o o _OH Ho._ _O.__O._ _OH
To<L =« T IX
HO S O OH HO” Yo~ ~o~ ToH
) 4)
bis(dioxolane) trimer tricthanedial dihydrate

It is possible that the PGO dimer present in solution may react with guanido

groups (1/86) since condensation products containing three and four PGO moieties were
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detected in the ESI mass spectra (Figures 4.1C, 4.1F, 4.4B and 4.7B). To probe for
dimers, a PGO solution at the same concentration (200 mM) used in the modification
reactions was prepared and analyzed by ESI-ToF-MS. The results in Figure A2.1 indicate
that peaks corresponding to both the PGO monomer and dimer but not trimer were
present in the solution (Table A2.2). The ions detected were the mono- and dihydrated
PGO monomer and di-, tri- and tetrahydrated dimer which presumably arises by

combining the monomeric forms:

PGO - H,0 +PGO - H,0 —» 2PGO -2H,0 A2.1
PGO - H,0 +PGO - 2H,0 —= 2PGO -3H,0 A22
PGO - 2H,0 +PGO - 2H,0 —» 2PGO -4H,0 A23

Table A2.1 Concentration of glyoxal monomer vs total glyoxal

concentration in aqueous solution”

% total glyoxal®
% glyoxal monomer
(wiw)
5 39
40 11

“From http://www.inchem.org/documents/sids/sids/107222 .pdf

*Commercial glyoxal is 40% (w/w) in H,0.
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Figure A2.1 Mass spectrometric analysis of PGO. A 200 mM PGO stock solution was prepared by
dissolving the reagent in ethanol. To record the ESI mass spectrum, PGO was diluted to 500 uM with H,O
and directly infused at 1 pL/min into the Z-spray ion source of the mass spectrometer. The instrumental

parameters are given in the legend of Figure 4.1. Peak assignments are given in Table A2.2.

Table A2.2 Assignment of PGO peaks in water”

. i m/z of MNa*
Chemical | Mr (u) Observed ions Am
calculated observed

PGO 134.13 (PGOeH,0)Na* 175.15 175.04 -0.11
(PGO#2H,0)Na* 193.17 193.05 -0.12

(2PGOe2H,0)Na* 327.30 327.10 -0.2

(2PGOe3H,0)Na* 345.32 345.10 -0.22

(2PGOe4H,0)Na* 363.34 363.11 -0.23

“Peaks from the mass spectrum shown in Figure A2.1.

A2.2  Characterization of the thermal- and pH-stabilities of the PGO derivatives
in BCuZnSOD by ESI-MS

BCuZnSOD is a highly stable enzyme with essentially a pH-independent rate
constant (2x10° M s™) for the catalysis of superoxide disproportionation (53, 54) and

invariant spectroscopic properties between pH 5-9.5 (229, 230). However, PGO
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derivatives of arginine are reversible at neutral or higher pH but stable at pH <4 (55, 119,
186). To assess the stability of PGO-modified BCuZnSOD under neutral and acidic
conditions, aliquots from the same incubation were desalted by 3x ultrafiltration with
H;0 or 50 mM AcONH4 (pH 4.0) and the mass spectra were measured immediately

(Figures A2.2A,B) or after standing at RT for 24 h (Figures A2.2C,D).

15592
(A) <)

15724
%1 %

15707 15841

15858

M ‘ 15974
bl b Moo A oL . , : . ,

15600 15800 16000 16200 15600 15800 16000
100- 15725 100- 15591

(B) (D)
15724
%- 15592 %-
15707
15708
1584015857
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Mass (u)

Figure A2.2 Mass spectrometric analysis of the stability of PGO-modified BCuZnSOD at low pH.
Deconvolved ESI mass spectra of BCuZnSOD/PGO incubation recorded immediately after desalting by
(A) a H,O wash, or (B) a AcONH, (pH 4.0) wash; (C) sample washed with H,O and (D) sample washed
with AcONH, after standing at RT for 24 h. Experimental conditions: 94 uM BCuZnSOD was incubated
with 9.4 mM PGO in 250 mM NaHCO; (pH 8.0) with gentle shaking at RT for 1 h, aliquots were desalted
by ultrafiltration (12,000 rpm, 10 min, Ultrafree-0.5, Millipore) with 3x H,O or 3x AcONH, (pH 4.0), and
analyzed immediately or after 24 h storage at RT. The sample was diluted 20-fold into 50% ACN/0.1%
TFA and directly infused at | puL/min into the Z-spray ion source of the mass spectrometer. The mass

spectrometric procedures are given in the legend of Figure 4.1. Peak assignments are given in Table A2.3.
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Table A2.3 Assignment of peaks in PGO- or NEM-derivatized BCuZnSOD

alc Mas Observed mass .
Peak? ¢ S Am Figure
(Da) (Da)
E 15591 15592 1
E+PGO 15725 15724 -1
E+PGO—H20 15707 15707
A22A
E+2PGO—H20 15841 15841
E+2PGO 15859 15858 -1
E+3PGO-H20 15975 15974 -1
E 15591 15592 1
E+PGO 15725 15725 0
E+PGO-H20 15707 15708 1
E+2PGO-H20 15841 15842 1 A2.2B
E+2PGO 15859 15859 0
E+3PGO-H,0 15975 15975 0
E+3PGO 15993 15995 2
E 15591 15592 1
E+PGO 15725 15724 -1
A2.2C
E+PGO-H,0 15707 15707 0
E+2PGO-H20 15841 15840 -1
E 15591 15591 1
E+PGO 15725 15724 -1
E+PGO-H,0 15707 15707 0 A2.2D
E+2PGO-H20 15841 15840 -1
E+2PGO 15859 15857 2
E 15591 15592 1
E+PGO 15725 15724 0
E+PGO—H20 15707 15707 1
A23A
E+2PGO-H,0 15841 15841 1
E+2PGO 15859 15858 0
E+3PGO-H20 15975 15974 0
E 15591 15591 0
A2.3B
E+PGO 15725 15723 -2
E 15591 15591 0
A24
E+NEM 15716 15716/7 0/1

“Peaks from the mass spectra shown in Figures A2.2—-A2.4; E represents unmodified BCuZnSOD.
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Figure A2.3 Mass spectrometric analysis of the thermostability of PGO-modified BCuZnSOD.
Deconvolved ESI mass spectra of a BCuZnSOD/PGO incubation (A) before, (B) after heating to 90°C for 5
min. Experimental conditions: 94 uM BCuZnSOD was incubated with 9.4 mM PGO in 250 mM NaHCO;
(pH 8.0) at RT for 1 h. Samples were desalted by ultrafiltration (12,000 rpm, 10 min, Ultrafree-0.5) with 3x
H,0, diluted 10-fold into 50% ACN/0.1% TFA immediately or following heating, and directly infused at 1
pL/min into the Z-spray ion source of the mass spectrometer. The mass spectrometric procedures are given

in the legend of Figure 4.1. Peak assignments are given in Table A2.3.

The mass spectrum of PGO-modified BCuZnSOD desalted at pH 4.0 exhibits a
base peak corresponding to the singly-PGO-derivatized protein and a high abundance of
doubly- and triply-PGO-labelled protein as well as a peak from the unmodified protein
(Figure A2.2B). Desalting with H>O resulted in more extensive loss of PGO from the
protein before (Figure A2.2A vs B) or after standing at RT over 24 h (Figure A2.2C vs D)
than desalting at pH 4.0. These results are consistent with literature reports (35, 119, 186)
and indicate that PGO derivatization should be measured immediately following
desalting at low pH. Thus, the PGO-modified samples in Chapter 4 were treated at pHs <

4 and put on ice until use to avoid loss of the labels.
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Peptide mass fingerprinting using enzymatic digestion is an essential step in
locating the sites of PGO modification. BCuZnSOD is generally denatured by heating to
90°C prior to digestion (273, 214) since it has an unfolding terﬁperature > 80°C (231,
232). To test the thermal stability of PGO-modified BCuZnSOD, samples were desalted
with H,O and analyzed by MS before and after heating to 90°C for 5 min. Figure A2.3A
shows the mass spectrum of the unheated sample with peaks corresponding to doubly and
triply PGO-labelled BCuZnSOD clearly visible. However, following heating, these peaks
were diminished or lost (Figure A2.3B) indicating that high temperature results in the
loss of PGO from derivatized BCuZnSOD. Thus, trypsinolysis of demetalled BCuZnSOD

was carried out in Section 4.3.2.3 to obtain peptides that retained their PGO labels.
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X 4 15716
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=
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Figure A2.4 Reactivity of Cys6 in BCuZnSOD with NEM. Deconvolved ESI mass spectrum of (A) 40-
min BCuZnSOD/NEM incubation in H,O at RT, (B) 40-min BCuZnSOD/NEM incubation in 0.1% TFA at
RT, and (C) overnight BCuZnSOD/NEM incubation in 0.1% TFA at 4°C. Experimental conditions: 10 pM
BCuZnSOD was incubated with 1.5 mM NEM and analyzed as described in the legend of Figure 4.1. Peak

assignments are given in Table A2.3.
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A2.3  Mass spectrometric analysis of the NEM labelling of the buried free cysteine
residue in BCuZnSOD

There are three cysteine residues (Cys6, Cys55, and Cys144) in each subunit of
BCuZnSOD. Cys55 and Cys144 form an intrasubunit disulfide bond and Cysé6 is free but
buried (107, 183). Alkylation of the free sulfthydryl groups in proteins using NEM allows
reactive free cysteine residues to be identified by mass spectrometry since the resulting
NEM-adducts are mass shifted by 125 u. Steric hindrance prevents the reaction of buried
sulthydryl groups with NEM so Cys6 was only partially alkylated in a 40-min
BCuZnSOD/NEM (1:150) incubation in H>O at RT (Figure A2.4A). Full alkylation of
buried cysteines has to be performed under more severe conditions. For example, Cys6 in
2.8 umoles of BCuZnSOD in an incubation with 120 pmoles of NEM was alkylated in 6
M guanidine-hydrochloride/0.01 M EDTA (pH 6.85) at 24°C over 2 h (233).

Since PGO derivatives are more stable at pH < 4.0 (Figures A2.2B and D), the
reaction of BCuZnSOD with NEM was carried out in 0.1% TFA at different
NEM/BCuZnSOD ratios and incubation times. Complete alkylation of Cys6 was
achieved in a 1:150 BCuZnSOD/NEM incubation at 4°C overnight (Figure A2.4C vs B).
PGO-modified BCuZnSOD is stable in 0.1% TFA and Cys6 is accessible to NEM at low

pH (Figure 4.10F).

A2.4  Supplementary mass spectra of the PGO-modified peptides
The MALDI spectrum of the 1-h incubation of PRS with 50-fold molar excess

of PGO was dominated by the MH" ion of the unmodified peptide at m/z 1759.9, with a
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low abundant (< 10%) (PRSz;)H' peak at m/z 1875.2 (Figure A2.5A). The latter

(PRS2;)H" ion was dominant after 4-h incubation.
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Figure A2.5 MALDI mass spectrometric analysis of PGO-modified PRS. Spectrum recorded after (A) 1

h and (B) 4 h incubation of 80 uM PRS with 4 mM PGO. Experimental conditions and the MS parameters

are given in the legend of Figure 4.4. Peak assignments are given in Table A2.4.

Table A2.4 Assignment of peaks in the MALDI mass spectra of PGO-derivatized

PRS, ACTH, and the ESI mass spectra of the MRF/GSH mixture’

Peptide Mr (u) Observed ions m/z Am Figure
PRS 1757.9 (PRS)H* 1759.9 1.0
A2.5A
(PRS,H* 1875.0 116.1
(PRS)H* 1760.1 1.2
(PRS,)H* 1875.2 116.3 A2.5B
(PRS, H' 1898.2 250.1
ACTH 2464.2 (ACTH)H* 2466.3 1.1 Yy
(ACTH,)H* 25822 117.0 '
MRF 4520 (MRF)H 453.2 0 A2TA
(GSH)H* 308.1 0
GSH 307.1
(MRF,,)H" 569.5 116.3
(MRF,,)H* 703.3 250.1 A2.7B
(GSH-H)Na,* 3522 0

“Peaks from the mass spectra shown in Figures A2.5-2.7.

129



1004 2466.3

2465,3(2467.3

%
!

2468.3
2582.2
2469.3 2584.2
v . - o ——

T T T T Y T t Y T i T y T t Y T T y m/z
2350 2400 2450 2500 2550 2600 2650 2700 1 2750 K 2800

Figure A2.6 MALDI mass spectrometric analysis of PGO-modified ACTH. Spectrum recorded after 1 h
incubation of 80 uM ACTH with 4 mM PGO. The experimental conditions and the MS parameters are

given in the legend of Figure 4.5. Peak assignments are given in Table A2.4.
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Figure A2.7 ESI mass spectrometric analysis of the PGO derivatives in an equimolar GSH and MRF
incubation. Spectrum of (A) GSH/MRF incubation, and (B) GSH/MRF/PGO incubation. Experimental
conditions: 0.9 mM GSH and 0.9 mM MRF were incubated with 45 mM PGO (where indicated) in 250
mM NaHCO; (pH 8.0) at RT for 80 min, and 50 pL of 1% TFA was added to 42 pL of sample to quench
the PGO-modification reaction by lowering the pH to 3—4. The peptides were desalted on a ZipTipCisg,
eluted into 60 uL of 60% ACN/0.1% TFA, and directly infused at 1 pL/min into the ESI source. The MS

parameters are given in the legend of Figure 4.1, and peak assignments are given in Table A2.4.
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Like PRS, the MALDI spectrum of the 1-h incubation of ACTH with 50-fold
molar excess of PGO was dominated by the MH" ion of unmodified ACTH at m/z
2466.3. In addition, the (ACTH,5)H" ion was observed with ~30% RA at m/z 2582.2
(Figure A2.6).

When an equimolar GSH and MRF mixture was infused into the ESI mass
spectrometer, the RA of the (GSH)H" ion at m/z 308.1 was 10% that of the (MRF)H" ion
at m/z 453.2 was (Figure A2.7A). (MRFz;)H" (m/z 569.3) and (MRF;,)H" (m/z 703.3)
ions are clearly observed in the ESI mass spectrum of the 80-min GSH/MRF/PGO
incubation whereas PGO-labelled GSH derivatives were undetectable (Figure A2.7B).
The peak at m/z 352.2 is assigned to the doubly sodiated ion of GSH (Table A2.4). To
detect GSH-derived ions in the GSH/MRF mixtures, it would be necessary to separate the

peptides first by HPLC.
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5.0 Construction, expression and purification of human Cu,Zn-

superoxide dismutase (hSOD1) in yeast and E. Coli hosts

5.1 Introduction

CuZnSOD, a homodimer with one copper and one zinc per subunit, plays a
defensive role by catalyzing the dismutation of the toxic superoxide radicals to hydrogen
peroxide and dioxygen (234). In the crystal structure the zinc ion is not accessible to
solvent, whereas the copper ion is essential for catalysis (/02, 107). The positive
guanidinium group of the active-site Argl43 of human CuZnSOD (Argl4l in bovine

CuZnSOD), which is only 5 A away from the copper ion in the active-site cavity (107),

plays a crucial role in the catalytic activity and in anion binding as demonstrated by
covalent modification with o,a'-diketones (53, 112, 235, 236) and by site-directed
mutagenesis (108, 109, 237, 238). The proposed mechanism for the involvement of this
conserved active-site arginine in catalysis includes electrostatic steering of O, (49, 50,
55, 58, 107, 111, 112) and providing a docking site for the anion close to the catalytic
Cu'' (108, 239-241).

We have studied the effects of copper chelators on the GSNO-reductase and
SOD activities of bovine CuZnSOD in Chapters 2.0 and 3.0. Inhibition of the GSNO-
reductase activity of this enzyme by EDTA and DTPA is due to their association with the
active-site copper as demonstrated by ITC (Chapter 2). Since neither EDTA nor DTPA
binding alters the SOD activity but decreases PGO accessibility to Argl41 of bovine
CuZnSOD, the extent of interaction between the negatively charged chelators and the

active-site arginine remains unclear. In addition, the role of the active-site arginine in the
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GSNO-reductase activity of CuZnSOD has not been elucidated. Although the arginine-
specific reagent, PGO, was reported to specifically neutralize the positive charge of the
active-site arginine, it was demonstrated in Chapter 4.0, that three of four arginine
residues, including the active-site Argl4l in bovine CuZnSOD, were singly PGO-
labelled. Moreover, steric effects caused by the PGO labels as well as their limited
stability at neutral pH render PGO-modification less useful in identifying critical
arginines.

Thus, to further investigate the role of the active-site Argl43 of human
CuZnSOD (hSOD1) in its GSNO-reductase activity and in chelator binding, site-directed
mutagenesis was considered a better approach than chemical modification. Expression of
recombinant hSODI1 and its single-site mutants (R143A, R1431, R143K and R143E) was
the initial goal. Due to time constraints only expression and purification of wild-type

hSOD1 was undertaken and preliminary results are presented in this chapter.

5.2 Experimental procedures
5.2.1  Materials

Restriction enzymes (10 units/uL): HindllIl, Ncol and EcoRI, T4 DNA ligase (1
unit/ul), calf intestine alkaline phosphatase (1 unit/pL) and DNA ladders were from
Fermentas Life Sciences. QIAprep Spin Miniprep Kit, QIAquick PCR Purification Kit
and QIAquick Gel Extraction Kit were from QIAGEN Inc. Complete EDTA-free
protease inhibitor cocktail tablets were from Roche Applied Science. Agar, isopropyl-p-
D-thiogalactopyranoside (IPTG) and ampicillin (sodium salt) were purchased from

BioShop Canada Inc. B-Mercaptoethanol was from ICN. Dialysis membranes (MWCO:
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12-14 kDa) was from Spectrapor (Spectrum Laboratories Inc.). Sephadex G-75 and
DEAE-Sepharose CL-6B were obtained from Amersham Biosciences and DEAE-
Sephacel was from Sigma.
5.2.2 Plasmids and strains

YEp351-hSOD1 (5pg/ul, 30 uL) plasmids containing wild-type, R143A, R143E,
R143] and R143K mutants of the hSOD1 gene were generous gifts from Dr. P. John Hart,
Health Science Center at San Antonio, the University of Texas. YEp351 is a high copy
yeast/E. coli shuttle vector carrying the LEU2 selectable marker (Figure 5.1) and can
replicate autonomously in Saccharomyces cerevisiae and in E. coli. It contains the entire
sequence of the multiple cloning region of pUCI18 with single Sacl, Smal, BamHI, Xbal,
Sall, Pstl, Sphl, and HindlIII restriction sites, and double EcoRI and Kpnl sites (242). As
described in the literature (243), YEp351 encoding human wild-type CuZnSOD
expressed under the control of the yeast CuZnSOD promoter was constructed by inserting
between the EcoRI and BamHI restriction sites, a 1.1-kb DNA fragment containing the
yeast SOD1 gene and promoter with an Ncol site at the translation start site. The yeast
SOD1 coding region was removed by digestion with Ncol and Xbal, leaving the yeast
SOD1 promoter and the rest of the vector intact. cDNA clones of human wild-type SODI1
and its mutants with an Ncol site introduced at the start codon and an Xbal site 715 bases
downstream were ligated into the vector to direct the expression of the protein under the
control of its own promoter.

Saccharomyces cerevisiae strain BY4742 lacking the endogenous yeast sodl

gene (MAT « his3Al leu2A0 lys2A0 ura3A0 SODIA::Kan MX) was generously provided

by Dr. V. Titorenko, Biology Department, Concordia University. The pET-22b(+) vector,
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carrying an N-terminal pelB signal sequence that efficiently directs proteins to the
periplasm of bacteria, and E. coli strain BL21(DE3) were purchased from Novagen.
XL1-Blue E. coli cells were obtained from Dr. M. J. Kornblatt, Department of Chemistry
and Biochemistry, Concordia University.
5.2.3 Transformation of YEp351 and pET-22b(+) plasmid DNA into the non-

expression host

Competent XL1-Blue cells were prepared using CaCl, and transformed with
plasmid DNA following the protocols given in Molecular Cloning: A Laboratory Manual
(2™ Edition, Sambrook et al.). Briefly, ~50 ng plasmid DNA with and without insert was
added to 100 pL. XL1-Blue competent cells. After incubation on ice for 10 min, the tubes
were placed in a 42°C bath for 90 s, and immediately put on ice for 2 min. Cells
transformed with plasmid DNA were added to 500 pL. of LB medium and incubated at
37°C with shaking (250 rpm) for 1 h. A 100-pL aliquot of the transformation was spread
on LBA agar plates (1% tryptone, 0.5% yeast extract, 1% NaCl, and 0.1% ampicillin
containing 1.2% agar) for plasmid DNA with insert or LB agar plates (without
ampicillin) for plasmid DNA without insert, and incubated at 37°C overnight.
5.2.4  Sub-cloning the hSOD1 gene into the pET-22b(+) vector

Procedures to transfer the hSOD1 insert from the YEp351-hSOD1 (wild type)
plasmid to pET-22b(+) were performed according to the pET System Manual

downloaded from the Novagen website, www.novagen.com. The steps described below

were followed.
DNA digestion and purification: X1.1-Blue cells transformed with the YEp351-

hSOD1 and pET-22b(+) plasmids were grown overnight in LBA and LB media,
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respectively, in a shaker incubatior (37°C, 250 rmp). The plasmids were extracted from 3
mL of cell culture using the QIAprep Spin Miniprep Kit (QIAGEN), and doubly digested
with Ncol and Hindlll. The YEp351-hSOD1 digestion reaction mixture contained 5 pL
of plasmid DNA (0.59 nug/uL), 2 pL of Neol, 1 pL of HindIIl, 1 pL of H,O, and 1 pL of
10x buffer R; the pET-22b(+) digestion reaction mixture contained 30 pL of plasmid
DNA (0.13 pg/uL), 2 pL of Ncol, 1 pL of HindIll, 1 uL of H,O, and 3.7 pL of 10x
buffer R. Samples were incubated at 37°C for 2 h and analyzed on a 0.7% agarose gel.
The restriction-digested pET-22b(+) vector was purified using the QIAquick PCR
Purification Kit (QIAGEN), eluted with 28 pL MilliQ H,0, and dephosphorylated by
incubation of the eluate with 1 pL calf alkaline phosphatase plus 3.2 uL of 10x reaction
buffer (supplied with the enzyme) at 37°C for 30 min. The dephosphorylated pET vector
was purified on a 0.7% agarose gel and the desired vector band was excised and extracted
from the gel using the QIAquick Gel Extraction Kit (QIAGEN). Alternatively, a 10-puL
aliquot of the dephosphorylated pET-22b(+) vector was purified using the QIAquick PCR
Purification Kit, and eluted with 28 pl of MilliQ H,0O. The hSODI insert from the
Ncol/Hindlll digest of YEp351-hSOD1 was gel-purified in the same manner as the pET
vector.

Ligation of gel- and QIAquick-purified plamids: Parellel experiments were
carried out to test the ligation efficiency of the gel- vs QIAquick-purified vectors. Tube 1
contained 3 pL. of hSODI1 insert (240 ng), 10 pL of the dephosphorylated pET-22b(+)
vector that was QIAquick purified (430 ng), 1.5 pL of 10x sample buffer, and 0.5 pL of
T4 DNA ligase; tube 2 contained 7 pLL of hSOD1 insert (560 ng), 5 uL of the gel-purified

dephosphorylated pET-22b(+) vector (165 ng), 2 pL of 10x sample buffer, 5.5 pL of
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sterile H,O, and 0.5 pL. of T4 DNA ligase. A negative control (Tube 3) contained the
same contents as Tube 2 except that 7 pL of sterile H,O was added instead of the hSOD1
insert. The tubes were incubated at room temperature for 1 h and transformation of XL1-
Blue cells was carried out using 5 pL (tube 1) or 10 pL (tube 2 or 3) of the ligation
mixtures following the procedures given in Section 5.2.3.

Restriction-enzyme analysis: Twelve colonies were picked randomly from
plates containing the transformed XL1-Blue cells, and streaked on LBA plates and
inoculated in 5 mL of LB medium with ampicillin (100 mg/mL) in 50-mL centrifugation
tubes. The 12 plates and 12 tubes were incubated separately overnight at 37°C in an
incubator without and with 250 rpm shaking. Plasmid DNAs were extracted from 2 mL
of each of the 12 cultures using the QIAprep Spin Miniprep Kit (QIAGEN), eluted in 50
uL of buffer EB (10 mM TrisHCI, pH 8.5), and doubly digested with both Ncol and
Hindlll. The digestion reaction was carried out by incubating a mixture of 6 pL of
plasmid DNA (95 — 346 ng), 2 pL of Neol, 1 pL. of Hindlll, and 1 pL of 10x buffer R at
37°C for 1 h 20 min, and the digest was analyzed on a 0.7% agarose gel. Cells from a 2-
mL culture of the desired transformant as evidenced by DNA gel analysis were sent to
Bio S&T (Montreal) for sequencing (Appendix 3.0).

5.2.,5  Transformation of plasmids containing the hSOD1 gene into the expression
hosts

5.2.5.1 Transformation of YEp351-hSOD1 wild type and R143E plasmids into S.
cerevisiae strain BY4742

Prior to yeast transformation, the five plasmids containing hSOD1 wild-type

and mutant genes were transformed into XL1-Blue cells, harvested from 4-mL cultures,
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and sent to Bio S&T for sequencing. Plasmids in EB buffer extracted from 3-mL cultures
using the QIAprep Spin Miniprep Kit (QIAGEN) were prepared for storage, and
restriction-enzyme analysis was performed on YEp351-hSODI1 (wild type). The digestion
solutions containing 1 uL of plasmid DNA (0.76 pg/pL), 1 uL of Y/TANGO™
digestion buffer, 7 pL of HyO, and 1 pL each of EcoRI, Ncol and HindIIl (where
indicated) were incubated at 37°C for 3 h, and analyzed on a 0.7% agarose gel.
Transformation of YEp351-hSOD1 (wild type) and YEp351-hSOD1 (R143E)
into sodl” yeast in the BY4742 genetic background followed the commonly used high
efficiency transformation protocol (244). Briefly, sodl™ cells were grown in 50 mL of
YPD medium (1% yeast extract, 2% peptone and 2% glucose) at 30°C, 200 rpm to ODsgo
~0.5. The cells were harvested by centrifugation at 3,000 rpm for 5 min, washed in 25
mL of sterile water and resuspend in 500 uL of sterile water. Aliquots (250 pL) of cell
suspension were added to two 1.5-mL sterile microcentrifuge tubes, centrifuged for 30 s
and the supernatants were discarded. The cells were resuspended in 360 pL of
Transformation Mix (240 puL of PEG 3500 50% w/v, 36 uL of 1.0 M LiAc, 50 pL of
boiled SS-carrier DNA, and 14 pL of sterile H,O) with 20 uLL of 0.76 png/ pL. YEp351-
hSOD1 plasmid. To prepare control cells, 20 pL of sterile H;O were substituted for the
plasmid solution. The cell suspensions were incubated at 42°C for 40 min, centrifuged at
15,000 rpm for 30 s in a MicroMax Microcentrifuge (Thermo Electron Corporation), and
the pellets were gently suspended in 1 mL of sterile H;O using micropipette tips.
Aliquots (100 pL) were spread on plates with SC selection medium [6.7 g/L Y-0626
(yeast nitrogen base), 1.6 g/ Y-1376 (without Leu), 20g/L. D-glucose (Mallinckrodt

Canada Inc.), and 12g/L agar] and incubated at 30°C for 2-3 days.
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5.2.5.2 Transformation of the pET-hSOD1(wild type) plasmid into E. coli strain

BL21(DE3)

Preparation of competent BL21(DE3) cells: A colony of BL21(DE3) cells was
selected from an LB plate and inoculated in 10 mL of LB medium. The cells were grown
overnight in a shaker incubator at 37°C, 225 rpm, a 0.1 mL-aliquot of the overnight
culture was transferred to a sterile flask containing 10 mL of fresh LB medium, the cells
were grown under the same condition, and harvested at ODgoy ~0.4. The culture was
chilled on ice for 40 min, pelleted at 5,000 rpm for 5 min at 4°C, resuspended in 2.5 mL
of sterile ice-cold 50 mM CaCl, and incubated on ice for 15 min. The cells were
repelleted (5,000 rpm, 5 min, 4°C), the supernatant was carefully discarded, the pellet
was resuspended in 400 pL of sterile ice-cold 50 mM CaCl,, and put on ice for use or
mixed with 15% glycerol (1:1, v/v) and transferred in 0.5-mL aliquots to pre-chilled,
sterile Eppendorf tubes for storage at -80°C.

Transformation: Following identification by restriction-enzyme analysis and
sequencing, the pET-hSOD1 plasmid (~50 ng), extracted from XL1-Blue cells using the
QIAprep Spin Miniprep Kit (QIAGEN), was transformed into the expression host,
BL21(DE3). The procedure in Section 5.2.3 was followed except that heat shock was
performed 60 s at 42°C.

5.2.6 Expression of recombinant hSOD1

5.2.6.1 Expression of recombinant hSOD1 (wild type) in yeast

The sodlI strain carrying the YEp351-hSOD1 wild type plasmid was inoculated
in 50 mL of YPD medium and grown at 30°C, 220 rpm for ~48 h. Aliquots (10 mL) were

transferred to 500 mL of YPD medium (ODgy = 0.2) and grown under the same
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conditions for the times indicated in the Figure legends, and cells were harvested by
centrifugation at 7,000 rpm and 4°C for 10 min. The sodI™ strain without the YEp351-
hSODI1 plasmid was grown as a control under the same conditions to identify non-SOD1
expression in the BY4742 strain.

Yeast soluble cell extracts were prepared by glass-bead lysis as described by
Nishida ef al. (253) with minor modifications. Cells harvested from 10-mL cell cultures
were suspended in 200-300 pL of lysis buffer (200 mM TrisHCI, 0.1 mM EDTA, 50 mM
NaCl, pH 8.0) containing proteinase inhibitor (1 tablet per 100 mL of lysis buffer, Roche)
with an equal volume of acid-washed 0.5-mm glass beads, and vortexed vigorously for
4x30 s followed by 30 s cooling on ice. The mixture was centrifuged at 8,000g for 20-60
min at 4°C to remove the cellular debris and glass beads. The supernatant was collected
and the pellet was re-extracted by washing with an additional 100-200 pL of buffer.
Following centrifugation, the supernatants were combined, analyzed by SDS-PAGE, and
stored at -20°C for protein purification. Larger volumes of cells (500 mL) were processed
by increasing the volumes proportionately.
5.2.6.2 Expression of recombinant hSOD1 (wild type) in E. coli

The BL21(DE3) strain transformed with pET-hSOD1(wild type) was inoculated
in 5 mL of LBA medium with or without 200-500 pM Cu*" and 5-50 pM Zn**, and
grown in an incubation shaker at 37°C, 250 rpm overnight. Aliquots (0.6 mL) were
transferred to 60 mL of the same medium and grown under the same conditions for times
necessary to reach the ODggo values indicated in the Figure legends. To induce protein
expression, 1 mM IPTG or 1 mM IPTG with 200-500 uM Cu** and 5-50 uM Zn** was

added to the LBA medium. After 3—4 h induction, cells were harvested by centrifugation
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at 6,000 rpm and 4°C for 15 min, and cells from a non-induced culture (-IPTG) were
harvested as a control.

Protein extraction was performed using the BugBuster Protein Extraction
Reagent Kit (Novagen) according to the protocol supplied with the kit. Briefly, cells were
resuspended by pipetting in the BugBuster reagent solution (5 mL of reagent per gram of
wet cell paste), Benzonase nuclease (25 units per mL of BugBuster reagent), and
proteinase inhibitor (1 tablet per 100 mL of lysis buffer, Roche) and incubated on a
shaking platform for 20 min at room temperature. The insoluble cell debris was removed
by centrifugation at 16,000g for 20 min at 4°C, and the supernatant was kept on ice or
stored at -20°C until use. Localization of the target protein was performed following the

procedures described in pET System Manual (www.novagen.com) with minor

modifications. Samples extracted from different fractions discussed below were analyzed
by SDS-PAGE.

Total cell protein (TCP) fraction: A 1-mL aliquot of culture was removed and
centrifuged in a 1.5-mL microcentrifuge tube at 10,000g for 1 min. The cell supernatant
was discarded and removed thoroughly by inversion of the tube and tapping the excess
medium onto a Kimwipe. Proteins in the drained pellet were extracted using the
BugBuster Protein Extraction Reagent Kit as described above. The extraction solution

contained 200 pL of BugBuster, 0.5 pL. of Benzonase nuclease and protease inhibitor. A

10-uL aliquot of the cell-lysate supernatant was mixed with an equal volume of 4x SDS
sample buffer (62.5 mM TrisHCl, pH 6.8, 25% glycerol, 2% SDS, 5% -
mercaptoethanol, and 0.01% Bromophenol Blue), the mixture was immediately heated

for 5 min at 95°C to denature the proteins, and stored at -20°C for SDS-PAGE analysis.
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LBA medium fraction: A 40-mL aliquot of cell culture was harvested by
centrifugation at 10,000g for 10 min at 4°C, and the cell pellet (0.16 g) was placed on ice
for analysis of the periplasmic fraction (next section). A 1-mL aliquot of the supernatant
was transferred to a 1.5-mL microcentrifuge tube for SDS-PAGE analysis.
Approximately 20 puL of sample solution was concentrated from 500 pL of the
supernatant by centrifugal ultrafiltration at 12,000 rpm in a filter tube (cut-off 10 kDa,
Millipore), a 5-uL aliquot of the concentrated sample solution was diluted with an equal
volume of H,0O, mixed with 10 puL. of 4x SDS sample buffer, immediately heated for 5
min at 95°C to denature the proteins, and stored at -20°C for SDS-PAGE analysis.

Periplasmic fraction: The cell pellet (0.16 g from 40 mL of cell culture)
generated in the previous step was resuspended thoroughly in 30 mL of 10 mM TrisHCI
(pH 8) containing 20% sucrose, 60 pL of 0.5 M EDTA (pH 8) was added, and the
mixture was stirred slowly at room temperature for 10 min. The cells were collected by
centrifugation at 10,000g for 10 min at 4°C, the supernatant was discarded, the pellet was
resuspended thoroughly in 30 mL of ice-cold 5 mM MgSQy, and the cell suspension was
stirred slowly on ice for 10 min to release the periplasmic proteins into the buffer. The
shocked cells were repelleted by centrifugation and the pellet weight was recorded prior
to processing of the soluble cytoplasmic fraction as described in the following section. A
125-uL aliquot of the osmotic-shock supernatant was concentrated to 5 pl. as described
in the previous step, diluted with an equal volume of H,O, mixed with 10 pL of 4x SDS
sample buffer, immediately heated for 5 min at 95°C to denature the proteins, and stored

at -20°C for SDS-PAGE analysis.
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Soluble cytoplasmic fraction: Extraction of proteins from the osmotic-shocked
cell pellet (0.099 g) was performed using the BugBuster Protein Extraction Reagent Kit
as described above. The extraction mixture contained 0.099 g of cell pellet, 500 uL of
BugBurster, 0.5 pL of Benzonase nuclease, and protease inhibitor. A 10-uL aliquot of the
supernatant was mixed with 10 pL of 4x SDS sample buffer, immediately heated for 5
min at 95°C to denature the proteins, and stored at -20°C for SDS-PAGE analysis.

5.2.7  Purification of recombinant hSOD1 from yeast and E. coli hosts
5.2.7.1 Ammonium sulfate protein precipitation from yeast

Recombinant hSOD1 was purified from yeast as previously reported (245) with
minor modifications. The proteins were salted-out from the lysate supernatant. Solid
ammonium sulfate was added with gentle stirring using a magnetic stir bar to the
supernatant in an ice bath. The solution was slowly brought to 60% ammonium sulfate
saturation and incubated on ice for an additional 30 min. The precipitated proteins were
removed by centrifugation at 16,000g for 30 min at 4°C and redissolved in lysis buffer
for SDS-PAGE analysis. The supernatant was slowly adjusted to 90% ammonium sulfate
saturation and the precipitated proteins again collected by centrifugation at 16,000g for
30 min at 4°C. To further purify the precipitated hSODI1, the precipitate was dissolved in
50 mM sodium phosphate buffer/0.01 mM EDTA (pH 7.2) and dialyzed vs 2 L of the
same buffer for ~20 h with 2 changes.
5.2.7.2 Gelfiltration chromatography

A 4-x30-cm column packed with Sephadex G-75 resin (~23-mL bed volume)
was washed and equilibrated with 50 mM sodium phosphate buffer/0.01 mM EDTA (pH

7.2). The sample solution (1.3 mL) was loaded onto the gel surface and eluted at 0.14
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mL/min. Fractions were collected and monitored at 280 nm, the total protein
concentration in fractions with an OD»g value > 1.1 was measured by the Bio-Rad assay,
and the fractions were analyzed by SDS-PAGE.
5.2.7.3 Anion-exchange chromatography

DEAE-Sephacel (4-x10-cm, ~6-mL bed volume) or DEAE-Sepharose CL-6B
(1.5-x20-cm, ~20-mL bed volume) columns were packed and equilibrated with 50 mM
sodium phosphate buffer/0.01 mM EDTA (pH 7.2). Fractions from the gel-filtration
column found to contain hSOD1 were loaded onto the anion-exchange column, washed
with 7-10 mL of equilibration buffer, and eluted with a 0—1 M NaCl gradient at the flow
rates indicated in the figure legends. Fractions were collected and analyzed by SDS-
PAGE as described in the previous section.
5.2.7.4 Heat precipitation of yeast proteins

Extraction of expressed hSOD1 by heat precipitation of cell proteins was
performed according to the method described by Thulin et al. for calbindin (246) with
minor modifications. Two 1.03-g fractions of yeast cells were resuspended in 4 mL of
lysis buffer and cooled on ice. Cells in one suspension were lysed using glass beads, and
both suspensions were poured into 8 mL of boiling buffer with vigorous stirring until the
temperature of the mixture reached 75°C. The mixtures were immediately cooled on ice
with stirring to increase the speed of cooling. Cell debris and heat-precipitated proteins
were removed by centrifugation at 15,000g for 25 min at 4°C. The remaining total
protein in the supernatants was measured by the Bio-Rad assay and the supernatants were
analyzed by SDS-PAGE.

5.2.8  Gel electrophoresis
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5.2.8.1 Agarose gel electrophoresis

The plasmids and restriction-enzyme DNA digests were analyzed using agarose
gel electrophoresis. The 0.7% agarose gels were performed by dissolving 0.35 g of
agarose in 50 mL of 0.5x TBE containing 10 mg/mL ethidium bromide. The running
buffer was 0.5x TBE diluted from 5x TBE [54 g Tris base, 27.5 g boric acid and 20 mL
of 0.5 M EDTA (pH 8.0) dissolved in deionized water and brought to 1 L]. Samples were
diluted with running buffer when needed, mixed with 6x loading dye (30% glycerol,
0.2% bromophenol blue and 0.2% xylene cyanol), and subjected to electrophoresis at 70
V on 8-x10-cm gels. Fermentas Gene Ruler™ 1 kb and 100 bp DNA ladders (MBI
Fermentas) were used as size markers. The bands on the gels were visualized on a UV
light-box and photos were taken as required using Polaroid film.
5.2.8.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins from cell cultures were analyzed by performing electrophoresis under
denaturing conditions. The 8-x10-x1.5-mm slab gels consisted of resolving (10%, 12%
and 15%) and stacking (4%) gels prepared following the instructions provided with the
acrylamide/bis-acrylamide (30%/0.8% w/v, Bio-Rad). Protein samples were diluted 1:4
with SDS-sample buffer [4.0 mL of distilled water, 1.0 mL of 0.5 M TrisHCI (pH 6.8),
0.8 mL of glycerol, 1.6 mL of 10% SDS, 0.4 mL of B-mercaptoethanol, and 0.2 mL of
0.05% (w/v) bromophenol blue], and heated at 95°C for 5 min prior to loading. The gel
was run at constant current (25—-50 mA) in running buffer in a Bio-Rad Mini-PROTEIN®
II Cell. A solution of 5x SDS-PAGE running buffer (pH 8.3) was prepared by dissolving
15 g of Tris base, 5 g of SDS, and 72 g of glycine in 1 L of deionized H;O and diluted to

1x before use. Protein molecular weight markers (MBI Fermentas) were used to estimate
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the molecular weights of unknown proteins in the samples. Proteins were visualized by
staining the gels with GelCode® Blue stain reagent (Pierce).
5.2.8.3 Western blot analysis of hSOD1

The expressed hSOD1 was probed by western blotting following the procedures
as given here. Samples were electrophoresed on 10 or 12% SDS-polyacrylamide gels,
and transferred to polyvinylidene difluoride (PVDF, Bio-Rad) membranes in transfer
buffer [25 mM Tris, 192 mM glycine (pH 8.3)] at 60 V for 4 h at 4°C. After transfer,
blots were blocked at 4°C with agitation overnight. The blocking solution was 5% fat-
free milk (Instant skim milk, Nestlé Carnation) in PBS (diluted from 10x PBS prepared
by dissolving 40 g of NaCl, 1 g of KCl, 7.2 g of Na,HPO,, 1.2 g of KH,PO, in 500 mL of
H,0 and adjusting the pH to 7.4). The membrane was rinsed 5x for 5 min with wash
buffer (10 mM TrisHCl, 100 mM NaCl, and 0.1% Tween-20, pH 7.4), and incubated for
1 h at room temperature in the primary antibody [0.4 pg/mL rabbit anti-human
CuZnSOD (Stressgen) in blocking solution]. After removal of the primary antibody, the
membrane was rinsed as before, and incubated with the secondary antibody [1:3000 goat
anti-rabbit/horseradish peroxidase (Bio-Rad) in blocking solution], for 1 h with agitation
at room temperature. Blots were rinsed 4x for 5 min in wash buffer with agitation at
room temperature, and proteins were detected by incubating the membrane with TMB
(3,3",5,5"-tetramethyl benzidine) for 10 min to visualize the CuZnSOD bands. The
membrane was washed in deionized water, air dried and scanned using a scanner (Umax
PowerLook III).

5.2.9  Determination of SOD activity
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The SOD activity of the cell extracts, the purified fractions, and the
reconstituted enzyme (Section 5.2.10) was assayed by monitoring inhibition of
xanthine/xanthine oxidase-mediated reduction of cytochrome ¢, as described in Section
2.3.23.

5.2.10 Spectrophotometric analysis

UV-Vis spectra of purified and reconstituted hSOD1 samples were measured in
Beckman DU800 spectrophotometer using a 1-cm quartz cuvette. The reconstituted
enzyme was prepared by incubating 26 uM purified hSOD1 with 500 uM Cu** and 500
uM Zn®* at 4°C for 20 h. The sample was desalted on a NAP-5 column (Amersham
Biosciences), concentrated by centrifugal ultrafiltration at 12,000 rpm for 10 min at 4°C
in a 10 kDa cut-off filter tube (Millipore). The total protein was measured by the Bio-Rad
assay using bovine serum albumin (Bio-Rad) as a standard.

5.2.11 Mass spectrometry

The mass spectrum of purified hRSOD1 was measured to determine its molecular
weight. The desalted sample was diluted into 50% ACN/0.1% TFA to a final
concentration of 5~10 uM and directly infused into the Z-spray source of a Q-ToF 2 mass
spectrometer (Water Micromass) at a flow rate of 1 pL/min. The experimental details are

the same as those given in Section 4.3.2.4.
53 Results

53.1 Overexpression and purification of hNSOD1 (wild type) in yeast

5.3.1.1 Analysis of the YEp351-hSOD1 vector
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Figure 5.1 Schematic description of plasmid YEp351-hSOD1. The plasmid contains the pUC18 multiple
cloning site (MCS) and the hSOD1 gene inserted between Ncol and Sall. Engineering of this plasmid is

described in Ref (243). (E = EcoRlI, H = HindIlI).

The hSODI1 gene with upstream yeast SOD 5’ sequences and downstream

human SOD 3’ sequences was cloned into YEp351 between EcoRl and Hindlll sites
(Figure 5.1) (243). The SOD1 coding region is flanked by Ncol and Sall sites. This
construct was confirmed by restriction enzyme analysis with EcoRI, Ncol and HindIII.
Since HindlIl and Ncol are unique, linearized plasmid was seen on gel analysis of the

HindIII and Ncol digests (Lanes 4 and 5, Figure 5.2). Bands at 4.4 kbp and 2.3 kbp were
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observed for the EcoRI digest (Lane 3) as expected since EcoRI cuts the plasmid twice.
The double EcoRI/HindlIl digest released the 1.1 kbp insert together with the 4.4 kbp
fragment and an additional 1.2 kbp fragment (Lane 6). The hSOD1 coding region plus the
downstream human SOD sequences has a size of 750 bp consistent with the Ncol/HindIIl
fragment (Lane 7). The YEp351-hSODI1 insert was sequenced and the sequence is listed

in Appendix 3.0.

«wpy 1 2 3 4 5 6 7

Figure 5.2 Restriction enzyme analysis of plasmid YEp351-hSOD1. Lane 1, 1 kb Ladder; lane 2, uncut
plasmid; lane 3, plasmid cut with EcoRI; lane 4, plasmid cut with HindIIl; lane 5, plasmid cut with Ncol;
lane 6, plasmid cut with HindIIl and EcoRl; and lane 7, plasmid cut with HindIII and Ncol. Analysis was

carried out on a 0.7% agarose gel.

5.3.1.2 Expression of hSODI in yeast

Cell-lysate supernatants from sodl” BY4742 yeast and the strain transformed
with YEp351-hSOD1 (wild type) grown for 25 h (ODggg = 9) and 46 h (ODggp = 11) in
YPD were analyzed by SDS-PAGE. hSOD1 was overexpressed to a comparable extent in
the 25-h and 46-h cultures (lanes 3, 4, Figure 5.3A). No hSOD1 band was observed in the
25-h control culture (lane 8). Proteins in the 46-h cell-lysate supernatant were salted-out

and no hSOD1 band was visualized in the 60% ammonium sulfate precipitate (lane 7) but
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it was enriched in the 90% ammonium sulfate precipitate (lane 6). The bands seen for
BCuZnSOD (lane 2) are due to the monomer at 16 kDa and two closely spaced bands at
~32 kDa due to dimeric forms (/83). Western blotting (Figure 5.3B) confirmed the SDS-

A 1 2 3 4 5 6 7 8
97 kDa - oo . :
66 kDa = wevme

46 kDa
BCuZn4OD dimer

33 kDa

<+«— hSQGD1

Figure 5.3 (A) SDS-PAGE (15%) and (B) Western blot (10%) analysis of hSOD1 expression in sodI
BY4742 Cells. (A) and (B): lane 2, bovine CuZnSOD (14.7 ng); lanes 3 and 4, cell-lysate supernatants
from yeast transformed with YEp351-hSOD1 (wild type) after 46-h and 25-h growth, respectively; lanes 6
and 7, proteins precipitated from 46-h cell-lysate supernatant at 90% and 60% (NH,),SO, saturation,
respectively; lane 8, cell-lysate supernatant from 25-h culture without plasmid. A total of 55 pg of protein

was loaded per lane unless indicated. Markers as shown in lanes 1 and 5 of (A) and lane 5 of (B).

PAGE results since hSOD1 is observed only in lanes 3, 4, and 6 of both gels. Since a
10% gel was employed for Western blotting, the hSOD1 band was at the dye front and
the 16 kDa monomer band of BCuZnSOD ran off the gel. Althought hSOD1 and
BCuZnSOD have similar masses (15,846 vs 15,590 u; Figure 6.2B vs C), the human

enzyme appears at 18-22 kDa on SDS gels for unknown reasons (247-249).
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5.3.1.3 Purification of hSOD1 from yeast

After 46 h growth, 7.6 g of cells were harvested from 500 mL of cell culture.
The cell-lysate supernatant contained 309 mg/18 mL total protein and 120 mg/1.5 mL

total protein was present in the 60-90% ammonium sulfate fraction, which was applied to
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Figure 5.4 hSOD1 purification by gel filtration and anion-exchange chromatography. (A) A total of
106 mg protein in 1.5 mL of lysis buffer was applied to a 4-x30-cm Sephadex G-75 column; (B) Fractions
4, 6 and 7 (3 mL) from A containing 13.6 mg protein was combined and applied to a 4-x10-cm DEAE-
Sephacel column; (C) 4 mL of dialyzed sample containing 3.6 mg protein was applied to a 4-x10-cm
DEAE-Sephacel column; and (D) 5 mL of dialyzed sample containing 4.5 mg protein was applied to a 1.5-
x20-cm DEAE-Sepharose CL-6B column. The dialyzed sample was prepared by 20-h dialysis of fraction 5
from A combined with fractions 3—10 from B against 2 changes of 50 mM sodium phosphate buffer/0.01
mM EDTA (pH 7.2) at 4°C. Proteins were ¢luted from the Sephadex G-75 and DEAE-Sephacel columns
under gravity flow, and from the DEAE-Sepharose CL-6B column at 0.5 mL/min with the equilibration
buffer (50 mM sodium phosphate buffer/0.01 mM EDTA, pH 7.2) £ a salt gradient (0—1 M NaCl) as
indicated in Figures. The fractions inside the rectangles contained hSOD1 as revealed by SDS-PAGE
analysis (See Figure 5.5).
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Figure 5.5 SDS-PAGE (15%) analysis of hSOD1 purification from yeast cells. Fractions from (A) the
Sephadex G-75 (Figure 5.4A): lanes 1-7, fractions eluted at 8—14 mL, 20 ug protein/lane; lane 8, protein-
size markers, (B) the DEAE-Sephacel (Figure 5.4B): lanes 1-4, fractions eluted at 5-8 mL, 15 ug
protein/lane; Lane 5, protein-size markers, (C) the DEAE-Sephacel (Figure 5.4C): lane 1, protein-size
markers; lane 2, dialyzed sample, 15 pg/lane; lanes 3—6 and 7-8, fractions eluted at 3-7.5 mL and at 19.5—
21 mL, 30 pL of eluate/lane, (D) the DEAE-Sepharose CL-6B (Figure 5.4D): lane 1, same as lane 2 in C;
lanes 2—7, fractions eluted at 17—18 mL, 28-29 mL, and 37-38 mL, 30 pL of eluate/lane; lane 8, protein-

size markers. The dialyzed sample was prepared as described in the legend of Figure 5.4.

a Sephadex G-75 column. The eluate was monitored at 280 nm and the fractions with
ODago >1.1 (Figure 5.4A) were analyzed by 15% SDS-PAGE, and those eluting at 11-15
mL were found to contain ~21 mg total protein (Bio-Rad assay) and to be enriched in
hSOD1 (Figure 5.5A). No protein was detected in the fractions at 23—-28 mL (data not

shown).
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Figure 5.6 SDS-PAGE (15%) analysis of hSOD1 present in yeast cells after heat shock. Supernatants
containing 13 pg of protein without (lane 2) and with (lane 3) prior cell lysis; lane 4, 15 pg of reconstituted
hSOD1; lanes 1 and 5, protein-size markers. Experimental: Supernatants from 1 g of heat-shocked yeast
cells in 4 mL of lysis buffer were prepared as described in Section 5.2.7.4. Reconstituted hSOD1 was

prepared by incubation of purified protein with Cu?* and Zn®* as described in Section 5.2.10.

To further purify hSOD1, ~14 mg protein was applied to a DEAE-Sephacel
column (Figure 5.4B). The hSOD1 fractions (~6 mg total protein) that eluted between 3—
10 mL (no NaCl) (Rectangle in Figure 5.4B) were shown by SDS-PAGE analysis (Figure
5.5B) to be impure. The low affinity of hSOD1 (pl = 4.5) (250) for the DEAE-Sephacel
column at pH 7.2 was initially attributed to the presence of high salt since the sample was
not dialyzed prior to loading on the Sephadex G-75 column. However, when a dialyzed
sample containing 3.6 mg protein was loaded on the column, hSOD1 again eluted (~2.5
mg total protein) before starting the salt gradient (Figure 5.4C vs 5.5C) indicating that
DEAE-Sephacel does not bind hSOD1 expressed from YEp351-hSOD1 (wild type).
hSOD1 was also eluted from a DEAE-Sepharose CL-6B column at > 0.7 M NaCl (Figure

5.4D) and the total protein in the fractions containing hSOD1 (Rectangle in Figure 5.4D)
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was 1.64 mg, which is only 36% of the 4.5 mg protein loaded compared with 69% elution
from the DEAE-Sephacel column. Thus, less protein impurity was present in samples

from the DEAE-Sepharose vs the DEAE-Sephacel column (Figure 5.5D vs 5.5C).

0.08 1 ¢ Blank-1 m 25 h extract
A 46 h extract X null SOD1 strain
0.06 - . . *
o 1-60% precipitate + 60-90% precipitate * X
2 5 ¢
2 0.04 $ %
© %
% 3 A A
0.02 4 g 4 4 =
¥ 3 « ¢ ¢ +
+
of o & F 4 v+ * T .
0 0.5 1 1.5 2 2.5 3
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Figure 5.7 SOD activity in the yeast-cell extracts. Activities of the samples (4.6-10 pL) from Figure 5.3A

were determined in a 3-mL assay volume containing 110 pg of total protein. Assay details are given in
Section 2.3.2.3.

5.3.1.4 Purification of hNSOD1 from yeast after heat shock treatment

Heat precipitation of bacterial proteins was described in the purification of
human calbindin Djgx (246). Because of the high thermostability of CuZnSOD, heat
shock of yeast cells was investigated in hSODI1 purification. After heat shock,
supernatants from 1 g of cells contained 17 mg and 22 mg of total protein without and
with prior glass-bead lysis. SDS-PAGE analysis (Figure 5.6) showed that less
contaminating proteins were present in the supernatants. Thus, purification and
concentration steps should benefit from heat shock and this should be further

investigated.
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Table 5.1 Purification of recombinant hSOD1 from yeast cells

Fraction Total protein® Speciﬁ.c activity?
(mg) (units/mg)
25 h (-plasmid) ND 2.6
cell-lysate supernatant® | 25 h (+plasmid) ND 10
46 h (+plasmid) 309.1 9.1
. 60% saturation 101.7 2.6
(NH,),SO, precipitate”
90% saturation 122.2 14.8
Dialyzed sample® 13.3 150.2
304.8
After DEAE-Sepharose CL-6B/ 4.84
286.7
Reconstituted hSOD18 ND 1038.1

“Protein content obtained after each purification step was determined using the Bio-Rad assay. "The specific
SOD activity was determined using the xanthine oxidase-cyt ¢ reduction assay (Section 2.3.2.3). Assays
were carried out by diluting 4.6-10 pL of sample into the assay solution to a final volume of 3 mL.
‘Lysates from cells + YEp351-hSODI plasmid after 25 h or 46 h growth. “Precipitates obtained on
saturating the cell-lysate supernatant after 46 h growth with 60% and 90% ammonium sulfate. “The
dialyzed sample prepared as described in the legend of Figure 5.4. Fractions at 28 and 29 mL (Figure
5.4D). 8Fractions at 28-29 mL Figure 5.4D) after incubation with 500 pM Cu®" and 500 uM Zn*" at 4°C for
20 h followed by NAP-5 gel-filtration and ultrafiltration (Section 5.2.10).

5.3.1.5 Yield of hNSOD1 from yeast and specific activity of fractions
After 46-h growth, 7.65 g cells were harvested from 500 mL of culture, and 309
mg of total protein was measured in the cell-lysate supernatant. After purification, 4.84
mg of protein was obtained indicating that the yield of hSOD1 was ~10 mg/L., which is <
2% of the soluble cellular protein based on the total protein in the cell lysate..
The SOD activity of the cell-lysate supernatant and of the fractions obtained after

each purification step was measured to check the activity of the expressed enzyme
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(Figure 5.7 and Table 5.1). Consistent with the SDS-PAGE and Western blot results, low
SOD activity was detected in the cell-lysate supernatant from 25-h sodI” yeast cells
without YEp351-hSODI1. Fractions from the transformed cells exhibited increasing SOD
activity with purification but the precipitate at 60% ammonium sulfate saturation had
negligible SOD activity as expected (Figure 5.7). The specific activity of the cell-lysate
supernatant was ~10 units/mg and that of the DEAE eluate ~300 units/mg, which is

increased to 1,038 units/mg after 20 h incubation with Cu** and Zn** (Table 5.1).
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Figure 5.8 Comparison of the UV absorbance spectra of reconstituted hSOD1 produced in yeast with
apo- and reconstituted hSOD1 produced in E. coli (249). (A) A 2-mg/mL sample of reconstituted
hSOD1 was prepared as described Section 5.2.10. (B) Samples (1 mg/mL) in H,O of hSOD1 purified from
E. coli. Cells were grown on standard medium (solid line) or on medium supplemented with 2 ppm of Zn>*
and 200 ppm of Cu®* (dashed line); reconstituted hSOD1 (dotted line), and apohSODI1 (symbol and line).
hSOD1 was expressed in E. coli strain A1645 transformed with pSODB1T11, and details of the media and

the cell growth conditions are given in (249).

5.3.1.6 UV absorption spectrum of reconstituted hSOD1
The UV spectra of recombinant hSODI1 isolated from E. coli grown with and

without added Cu** and Zn**, and of the apo- and reconstituted recombinant enzyme as
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reported by Hartman et al. (249) are shown in Figure 5.8B. The reconstituted hSOD1
prepared here exhibits a spectrum (Figure 5.8A) similar to that reported for the enzyme
isolated from non-metal-supplemented media (Figure 5.8B). This suggests that
reconstitution (Section 5.2.10) did not lead to full metal loading of the protein. Hence, the
copper content of reconstituted hSOD1 was determined colorimetrically with DDC [g450
=12.0 mMem™ (124)]. From the reading at 450 nm after 30 min incubation (Figure
5.9), 19.6 uM copper was determined in 51.5 uM hSODI, revealing that only ~20% of
the copper sites in the enzyme were loaded with metal following the attempted

reconstitution.
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Figure 5.9 Absorbance spectra vs time of reconstituted hSOD1 following DDC addition. DDC (750
pM) was added to 51.5 pM reconstituted hSOD1 in 10 mM sodium phosphate buffer (pH 7.2), and spectra
were recorded att =0, 2.5, 5, 10, 15, 20, and 30 min at RT in a 1-cm quartz cuvette. Reconstituted hSOD1

was prepared as described in Section 5.2.10.

5.3.1.7 ESI-mass spectrum of recombinant hSOD1 from yeast
The mass of purified protein was determined by ESI mass spectrometry (Figure
5.10). The main component had a mass of 15,846 u, matching the expected mass of

15,845 u of hSOD1 with a N-acetylated N-terminus (247). A low abundant peak with a
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mass of 31,692 u is assigned to the hSOD1 dimer, while the peak with a mass of 24,168 u

arises from an unidentified protein.

hSOD1
100~ 15846

1

%_
5561 unknown hSOD1 dimer

1 24168 31692

L L L L B L S B B S L's" et~ mass
10000 15000 20000 25000 30000 35000 40000

Figure 5.10 ESI mass spectrum of recombinant hSOD1 from yeast. Purified hSODI1 (lane 4 in Figure
5.5D) was desalted on a ZipTipC,s and was eluted with 60% ACN/0.1 TFA. The eluate (5 uM hSOD1) was

directly infused at 1 pL/min into the ESI source. The MS parameters are given in the legend of Figure 4.1.

5.3.2  Overexpression of hSOD1 in E. coli
5.3.2.1 Transfer of hSODI1 from YEp351-hSOD1 to pET-22b(+)

To construct the pET-hSOD1(wild type) plasmid (Figure 5.11), the hSODI1 insert was
cut from YEp351-hSODI1 by HindIIl/Ncol digestion (Figure 5.12), and ligated into the
HindIll/Ncol digested (Figure 5.12) and dephosphorylated pET-22b(+) vector. XL 1-Blue
transformants were observed on LBA agar plates for ligation mixtures containing gel-
purified or QIAquick-purified pET-22b(+). Plasmids extracted from twelve colonies
following overnight growth were analyzed by HindIIl and Ncol digestion. As shown in

Figure 5.13, the uncut plasmids had the expected size (> 6 kbp) (Lanes 2, 4, 6 in Figures
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5.13A B) and the doubly digested plasmids yielded the expected hSODI1 insert at 750 bp
(Lanes 3, 5 and 7 in Figures 5.13A,B), indicating that the XL1-Blue cells were

transformed with the desired pET-hSODI1 construct.

hSOD1 insert from Hindll)/Ncol digested YEp351.hSOD

Hindit 173 —:l
Neol 220 , Human SOD coding Human SOD

Ncol 3'sequences Hindll

1 origin MCS

Hindlili/Ncol
digestion

PET-22b(+)
5.49 kb

Ligation

Hindgill

1 origin

pPET-hSOD1
6.24 kb

Figure 5.11 Construction of pET-hSOD1 plasmid. The hSODI insert was transferred from YEp351-
hSOD1 to pET-22b(+) as described in Section 5.2.4.

159



: g
o NvOW

0.75 <+——hSOD1 insert

Fig 5.12 Restriction digestion analysis of the YEp351-hSOD1 and pET-22b(+) plasmids. Lane 1, 1 kb
DNA Ladder; lane 2, uncut YEp351-hSOD1 (600 ng); lanes 3-5, YEp351-hSOD1 cut with Hindlll and
Ncol (600, 900, and 900 ng/lane); lane 6, uncut pET-22b(+) (650 ng) and lanes 7-8, pET-22b(+) cut with
Hindlll and Ncol (1000 ng/lane).

Fig 5.13 Restriction digestion analysis of the pET-hSOD1(wild type) vector. Lanes 2, 4 and 6 in (A)
and (B), uncut pET-hSODI; lanes 3, 5 and 7 in (A) and (B), pET-hSOD1 cut with Hindlll and Ncol; lanes

1(A) and 8(B) 1 kb Ladders (Fermentas); lanes 1(B) and 8(A), 100 bp Ladders (Fermentas).
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97 kDa
66 kDa

45 kDa 1

31 kDa 1

22 kDa ]

14 kDa 1

Fig 5.14 SDS-PAGE (15%) analysis of hSOD1 expression in BL21(DE3) cells. Lane 1, protein size
markers; lane 2, cell-lysate supernatant following IPTG induction; lane 3, cell-lysate supernatant from

uninduced cells. The cell-lysate supernatants were prepared as described in Section 5.2.6.2.

97 kDa
66 kDa

45 kDa

31kDa

hSOD1 22 kDa

. |14 kDa

Fig 5.15 SDS-PAGE (15%) analysis of hSODI1 localization in BL21(DE3) cells. Lane 1, total cell
protein extracted from 0.1 mg cells; lane 2, proteins in 62.5 L of the culture growth medium; lane 3,
proteins in the periplasmic fraction extracted from 0.33 mg cells; lane 4, proteins in cytoplasmic fraction
extracted from 1.6 mg cells; lane 5, protein size markers. Cells were grown in 40 mL of LBA at 37°C, 250
rpm until ODgg = 0.84, 1 mM IPTG together with 200 pM Cu*" and 50 uM Zn** were added into the
culture followed by 4 h induction (ODgg = 2.23), and 0.16 g cells were harvested from the 40-mL culture.
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5.3.2.2 Expression of hSOD1 in BL21(DE3)

BL21(DE3) cells transformed with pET-hSOD1 were grown in 60 mL of LBA
medium to ODggo = 1. A 30-mL aliquot of the culture was induced with IPTG and grown
for additional 4 h (ODgoo = 2.69; 0.30 g cell harvest) while another 30-mL aliquot was
grown under the same conditions without IPTG induction (ODgy = 3.67; 0.23 g cell
harvest). The hSOD1 band was observed by SDS-PAGE in the cell-lysate supernatant
from the induced culture but not from the uninduced culture (Figure 5.14).

Since the pET-22b(+) vector targets proteins to the periplasmic space, the
localization of hSOD1 in the host was examined. SDS-PAGE analysis revealed that
hSOD1 was present in the growth medium (lane 2) and the cytoplasmic fraction (lane 4)
but not in the periplasmic fraction (lane 3; Figure 5.15). The periplasm fraction was
prepared from less cells than the cytoplasmic fraction (0.33 mg vs 1.6 mg), but the
results, nonetheless, suggest that the target protein leaked from the periplasm into the
medium. Furthermore, as the hSOD1 band obtained from 62.5 pL of the culture growth
medium (from a 40-mL culture) and from the cytoplasmic fraction of 1.6 mg cells (from
160 mg cells per 40-ml culture) were comparable (lane 2 vs 4, Figure 5.15), more
hSOD1 must have been targeted to the periplasm than to the cytoplasm. Unfortunately,
the sample used to visualize total cell proteins (lane 1, Figure 5.15) contained less protein
than the other samples since only 0.1 mg of cells were analyzed.
5.3.2.3 Optimization hSOD1 expression in E. coli

IPTG was added at different ODggo values to establish the effect on hSOD1
leakage to the medium. Cultures were grown as indicated in Figure 5.16C, and the

hSOD1 present in the cell-lysate supernatant from 0.4 mg cells and in 50 pL of culture
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medium was compared by SDS-PAGE. Induction with IPTG at ODg < 1.4 resulted in
leakage of hSOD1 from the cells into the medium (lanes 2-4, Figure 5.16B) but
negligible leakage was detected at ODggp > 2.3 (lanes 5,6, Figure 5.16B). Hence, more

hSOD1 was present in the cell-lysate supernatant of cultures induced at higher vs lower

ODygpo (Figure 5.16A).

(A)

97 kDa
66 kDa
45 kDa

31 kDa

(C)
Lane No. 2 3 4 5 ﬂ6 7
Incubation before | time (h) 2.7 3.2 3.5 4 4.5
IPTG addition ODgyo 05 0.9 14 2.3 27
Incubation 4 hafter | o 16 26 3.3 4.1 43
IPTG addition
Cells (9) 0.17 0.2 0.22 0.25 0.24

Fig 5.16 SDS-PAGE (15%) analysis of hSOD1 in the (A) cell-lysate supernatants and (B) growth

medium under (C) different BL21(DE3) growth conditions. Lane 1, protein-size markers; lanes 2—6,
samples from the cell cultures described in (C). (A) 0.4 mg cells/lane; (B) 50 pL growth medium/lane. The
cell cultures were grown in 25 mL LBA containing 500 uM Cu** and 5 pM Zn** at 37°C, 250 rpm for the
times and ODygg, values indicated in C; 1 mM IPTG was added followed by 4-h induction, and the cells
harvested at the final ODgg values listed in C. The cell-lysate supernatants were prepared as described in

Section 5.2.6.2.
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Figure 5.17 (A) SDS-PAGE (12%) and (B) Western blot (12%) analysis of hSOD1 expression in
BL21(DE3) cells. Lane 1, protein-size markers; lanes 4 and 8, BCuZnSOD; lane 5, colored protein-size
markers; lanes 2 and 6: sample from lane 3 of Figure 5.16A; lanes 3 and 7: sample from lane 5 of Figure
5.16A.

Expression of hSOD1 in the cell-lysate supernatants from lanes 3 and 5
(Figure 5.16A) was also compared using Western blotting. The hSOD1 monomer band at
22 kDa on the SDS gel (lanes 2,3; Figure 5.17A) is also seen on the PVDF membrane
(lanes 6,7; Figure 5.17B) confirming that hSOD1 was expressed in BL21(DE3). Bands
present at > 22 and ~32 kDa (lanes 6,7; Figure 5.17B) are not likely the hSOD1 dimer
since this is generally visualized close to the 45-kDa protein-size marker (251). Both the
BCuZnSOD monomer band (M) at ~15 kDa and two faint dimer bands (D) above 31 kDa
on the SDS gel (lane 4; Figure 5.17A) are clearly seen on the PVDF membrane (lane 8;

Figure 5.17B). Unfortunately, the yield of hSOD1 expressed in BL21(DE3) cannot be
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estimated from Figure 5.17B since the amount of BCuZnSOD added to the gel was not

determined.

5.4 Discussion

A Saccharomyces cerevisiae sodl strain in the EGyl18 genetic background
(MAT oy leu2-3, 11 his3Atrpl-239 ura3-52 sodlAA::LEU2) was used previously as an
expression host for hSODI1 and its mutants (243, 245). The reported SOD activity
(assayed by inhibition of 6-hydroxydopamine autoxidation at pH 7.4) (252) in the soluble
protein extract prepared from EGyl118 cells grown to late logarithmic phase in liquid
YPD medium was 1390 £ 0.13 units/mg protein (243). This value is 100 times higher
than the SOD activity found in our crude extracts (Table 5.1) indicating that hSOD1 is
not highly overexpressed in the BY4742 strain in YPD medium (without selection) as
revealed by SDS-PAGE analysis of the cell lysates (Figure 5.3A). Also, copper is not
effectively taken up by hSOD1 in the BY4742 strain (Figures 5.8A and 5.9). Thus, to
achieve higher overexpression of active hSOD1 and its mutants, the sod/" EGy118 strain
(243, 245) may be a better host.

Protein precipitation by ammonia sulfate, anion-exchange (DEAE-cellulose,
DEAE Sephadex A-50, Sepharose CL-6B, and DE-52), gel filtration (Sephadex G-75,
Fractogel 55), hydrophobic interaction (fast-flow phenyl-Sepharose) and immobilized
metal-ion affinity (Cu'-IDA-Agarose) chromatography have been used in the purification
of recombinant hSOD1 from yeast and E. coli (245, 249, 253-255). A combination of
ammonium sulfate precipitation (Figure 5.3), Sephadex G-75 gel-filtration (Figure 5.5A)

and DEAE-Sephacel (Figures 5.5B and C) or DEAE-Sepharose CL-6B (Figure 5.5D)
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anion-exchange chromatography were used here to purify hSOD1 from yeast. Better
separation was obtained on DEAE-Sepharose CL-6B (Figure 5.5D) so this resin is
recommended for hSODI1 purification. DEAE-Sephacel did not adsorb hSODI
effectively (Figures 5.4B and C).

The SOD specific activity increased following each purification step (Table
5.1). However, minor contaminant protein bands are still visible on the gels after the
anion-exchange purification step (Figures 5.5B-D). In an early report (249), highly
purified hSOD1 was obtained from E. coli strain A1645 by running the sample twice on a
DE-52 column. In another report, a fast-flow phenyl-Sepharose hydrophobic interaction
column was used to purify hSOD1 from yeast (245). Since highly pure hSOD1 was not
obtained from the DEAE-Sepharose CL-6B column (Figure 5.5D), these alternative

methods should be considered in further work.

Table 5.2 Literature values for enzyme activity and metal content of hSODI

preparations”’
Activity mol/subunit’
Medium . Ref
units/mg Cu Zn
Standard” 167 007 1.62
+metals® 2730 0.88 0.90 (249)
Reconstituted hSOD1¢ 2931 0.81 0.88

“Values determined for highly purified hSODI preparations. *hSOD1 prepared from E. coli grown on
standard medium. hSOD1 prepared from E. coli grown on medium supplemented with 2 ppm of Zn** and
200 ppm of Cu?*. “Reconstituted hSOD1 prepared by simultaneous addition of Cu?* and Zn?" to the highly

purified apoenzyme. “Metal content determined by atomic absorption.
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Why is the SOD activity much lower in the yeast host used here than that
reported (243). Hartman et al. found a significant difference between the SOD activity
and metal content of hSOD1 purified from E. coli grown on standard medium vs medium
supplemented with 2 ppm of Zn*" and 200 ppm of Cu?* (Table 5.2) (249). Our results,
including the UV absorption spectrum of purified hSOD1 after reconstitution (Figure
5.8A), the colorimetric determination of copper in the purified enzyme (19.6 uM copper
per 51.5 uM hSOD1 dimer, Figure 5.9), and the enzyme activity measured throughout the
purification (Table 5.1) indicate that the enzyme was not fully loaded with copper. In
contrast, high SOD activity was detected in the cell-lysate supernatants from EGy118
yeast cells (243) and grown on YEPD or SD medium without additional copper (243,
245, 253, 256). Hence, the reasons for the poor copper binding properties of hSODI1 in
the BY4742 host need to be further investigated. Also, the poor expression of hSODI1 in
yeast (Figure 5.3A, lanes 3, 4, and 6) may be due to the use of YPD medium without
selection in Section 5.3.1.2. Vectors like YEp351 containing the 2p origin of replication
are often expelled by yeast during growth without selection pressure. This oversight
should be corrected in future attempts to express hSOD1 in yeast.

Since the yield of hSOD1 expressed in yeast was < 10 mg/L, overexpression of
the enzyme in E. coli was investigated. Successful expression of human and yeast
CuZnSOD and their mutants in E. coli has been reported previously (249, 253-256). For

example, Nishida et al. reported that the G85R and G93A mutants of yeast CuZnSOD

cytoplasmically expressed from the pET-3d plasmid in E. coli strain BL21(DE3) yielded

5.0 mg of pure protein per liter of culture (253). Hartman ef al. constructed the vector
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pSODBI1T11, and transformation of E. coli strain A1645 with this vector resulted in 10
mg CuZnSOD per litre (249).

Shi et al. expressed hSODI1 from the pET-22b(+) vector in BL21(DE3) cells
and hSODI1 corresponded to 30% of the total soluble bacterial protein (255). Based on
this report, the hSODI1 insert in YEp351-hSODI1 located between Ncol and HindIll
restriction sites was inserted into pET-22b(+) to yield pET-hSOD1(wild type) (Figures
5.12 and 5.13), and the enzyme was expressed under the induction of IPTG in E. coli
strain BL21(DE3), (Figure 5.14). pET-22b(+) carries an N-terminal pelB signal sequence
for periplasmic localization to facilitate protein purification (257, 258). However, hSODI
was detected in the growth medium and in the cytoplasmic fractions, but it did not
concentrate in the periplasmic space as expected (Figure 5.15). Leakage from the
periplasm into the culture medium suggests damage of the cell envelope (257), and this
appeared to be greater in samples with ODggp < 1.4 and less in samples with ODggy > 2.3
(Figures 5.16B,C).

hSOD1 was well expressed from pET-hSODI1 in E. coli strain BL21(DE3)
(Figure 5.17). Thus, optimization of hSOD1 targetting to the periplasmic space should be
investigated. Also, the SOD activity in the cell-lysate supernatant as well as copper and
zinc uptake by hSOD1 in BL21(DE3) should be further studied. The purification
procedure could be simplified by heat precipitation of bacterial proteins (246) combined
with immobilized metal-ion affinity chromatography (255). Interaction of chelators with
the active-site copper of BCuZnSOD was confirmed in Chapters 2 and 3, but it is unclear

whether Argl41l (Argl43 in hSODI1) is involved in chelator binding. Production of
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highly purified recombinant hSOD1 and mutants such as R143E will help answer this

unresolved question.
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Appendix 3.0 DNA sequences of human CuZnSOD (wild type, R143A,
R143E, R1431 and R143K) inserts in the YEp351 and

pET-22b(+) plasmids

E. coli strain XL1-Blue transformed with YEp351-hSOD1 (wild type and its
four Argl43 mutants) and with pET-hSOD1(wild type) were sent to Bio S&T (Montreal)
to confirm the sequence of each insert. The sequencing data given below indicate that all
the hSODI1 inserts, which are in bold font, possess the expected amino acid sequence.
The DNA codons and the corresponding single-letter amino acid code for residue 143 are

in bold underlined font.

A3.1 YEp351-hSOD1(wild type)

DNA Sequence: Forward

TTCACACAGGAAACAGCTATGACATGATTACGAATTCGAGCTCGGTACCCGGGGATCCCCATTGGCATGAT
GCGAAATTGGACGTAAGCATCTCTGAAGTGCAGCCGATTGGACGTGCGACTCACCCACTCAGGACATGATC
TCAGTAGCGGGTTCGATAAGGCGATGACAGCGCAAATGCCGCTTACTGGAAGTACAGAACCCGCTQCCTTA
GGGGCACCCACCCCAGCACGCCGGGGGGTTAAACCGGTGTGTCGGAATTAGTAAGCGGACATCCCTTCCGC
TGGGCTCGCCATCGCAGATATATATATAAGAAGATGGTTTTGGGCAAATGTTTAGCTGTAACTATGTTGCG
GAAAAACAGGCAAGAAAGCAATCGCGCAAACAAATAAAACATAATTAATTTACCATGGCGACGAAGGCCGT
GTGCGTGCTGAAGGGCGACGGCCCAGTGCAGGGCATCATCAATTTCGAGCAGAAGGAAAGTAATGGACCAG
TGAAGGTGTGGGGAAGCATTAAAGGACTGACTGAAGGCCTGCATGGATTCCATGTTCATGAGTTTGGAGAT
AATACAGCAGGCTGTACCAGTGCAGGTCCTCACTTTAATCCTCTATCCAGAAAACACGGTGGGCCAAAGGA

TGAAGAGAGGCATGTTGGAGACTTGGGCAATGTGACTGCTGACAAAGATGGTGTGGCCGATGTGTCTATTG

AAGATTCTGTGATCTCACTCTCAGGAGACCATTGCATCATTGGCCGCACACTGGTGGTCCATGARAARA
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DNA Sequence: Reverse

AAACGACGGCCAGTGCCAAGCTTGCATGCCTGCAGGTCGACTCTAGATGGCAARATACAGGTCATTGAAAC
AGACATTTTAACTGAGTTTTATAAAACTATACAAATCTTCCAAGTGATCATAARATCAGTTTCTCACTACAG
GTACTTTAAAGCAACTCTGAAAAAGTCACACAATTACACTTTTAAGATTACAGTGTTTAATGTTTATCAGG
ATACATTTCTACAGCTAGCAGGATAACAGATGAGTTAAGGGGCCTCAGACTACATCCAAGGGAATGTTTAT
TGGGCGATCCCAATTACACCACAAGCCAAACGACTTCCAGCGTTTCCTGTCTTTGTACTTTCTTCATTTCC
ACCTTTGCCCAAGTCATCTGCTTTTTCATGGACCACCAGTGTGCGGCCAATGATGCAATGGTCTCCTGAGA
GTGAGATCACAGAATCTTCAATAGACACATCGGCCACACCATCTTTGTCAGCAGTCACATTGCCCAAGTCT
CCAACATGCCTCTCTTCATCCTTTGGCCCACCGTGTTTTCTGGATAGAGGATTAAAGTGAGGACCTGCACT
GGTACAGCCTGCTGTATTATCTCCAAACTCATGAACATGGAATCCATGCAGGCCTTCAGTCAGTCCTTTAA
TGCTTCCCCACACCTTCACTGGTCCATTACTTTCCTTCTGCTCGAAATTGATGATGCCCTGCACTGGGCCG

TCGCCCTTCAGCACGCACACGGCCTTCGTCGCCATGGTAAATTAATTATGTTTTATTTGTTT

YEp351-hSOD1(WT): Total DNA sequence

TTCACACAGGAAACAGCTATGACATGATTACGAATTCGAGCTCGGTACCCGGGGATCCCCATTGGCATGAT
GCGAAATTGGACGTAAGCATCTCTGAAGTGCAGCCGATTGGACGTGCGACTCACCCACTCAGGACATGATC
TCAGTAGCGGGTTCGATAAGGCGATGACAGCGCAAATGCCGCTTACTGGAAGTACAGAACCCGCTCCCTTA
GGGGCACCCACCCCAGCACGCCGGGGGGETTAAACCGGTGTGTCGGAATTAGTAAGCGGACATCCCTTCCGC
TGGGCTCGCCATCGCAGATATATATATAAGAAGATGGTTTTGGGCAAATGTTTAGCTGTAACTATGTTGCG
GAARAACAGGCAAGAAAGCAATCGCGCAAACAAATAAAACATAATTAATTTACCATGGCGACGAAGGCCGT
GTGCGTGCTGAAGGGCGACGGCCCAGTGCAGGCGCATCATCAATTTCGAGCAGAAGGAAAGTAATGGACCAG
TGAAGGTGTGGGGAAGCATTAAAGGACTGACTGAAGGCCTGCATGGATTCCATGTTCATGAGTTTGGAGAT
AATACAGCAGGCTGTACCAGTGCAGGTCCTCACTTTAATCCTCTATCCAGAAARCACGGTGGGCCAAAGGA
TGAAGAGAGGCATGTTGGAGACTTGGGCAATGTGACTGCTGACAAAGATGGTGTGGCCGATGTGTCTATTG
AAGATTCTGTGATCTCACTCTCAGGACGACCATTGCATCATTGGCCGCACACTGETGGCGTCCATCAAAAAGCA
GATGACTTGGGCAAAGGTGGAAATGAAGAAAGTACAAAGACAGGAAACGCTGGAAGTCGTTTGGCTTGTGG
TGTAATTGGGATCGCCCAATAAACATTCCCTTGGATGTAGTCTGAGGCCCCTTAACTCATCTGTTATCCTG
CTAGCTGTAGAAATGTATCCTGATAAACATTAAACACTGTAATCTTAAAAGTGTAATTGTGTGACTTTTTC

AGAGTTGCTTTAAAGTACCTGTAGTGAGAAACTGATTTATGATCACTTGGAAGATTTGTATAGTTTTATAA
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AACTCAGTTAAAATGTCTGTTTCAATGACCTGTATTTTGCCATCTAGAGTCGACCTGCAGGCATGCAAGCT

TGGCACTGGCCGTCGTTT

Amino acid sequence of wild-type hSOD1: 153 aa

1 ATKAVCVLKG DGPVQGIINF EQKESNGPVK VWGSIKGLTE GLHGFHVHEF GDNTAGCTSA
61 GPHFNPLSRK HGGPKDEERH VGDLGNVTAD KDGVADVSIE DSVISLSGDH CIIGRTLVVH

121 EKADDLGKGG NEESTKTGNA GSRLACGVIG IAQ

A32 YEp351-hSOD1(R143E)

DNA Sequence: Forward

GATTACGAATTCGAGCTCGGTACCCGGGGATCCCCATTGGCATGATGCGAAATTGGACGTAAGCATCTCTG
ARGTGCAGCCGATTGGACGTGCGACTCACCCACTCAGGACATGATCTCAGTAGCGGGTTCGATAAGGCGAT
GACAGCGCAAATGCCGCTTACTGGAAGTACAGAACCCGCTCCCTTAGGGGCACCCACCCCAGCACGCCGGG
GGGTTAAACCGGTGTGTCGGAATTAGTAAGCGGACATCCCTTCCGCTGGGCTCGCCATCGCAGATATATAT
ATAAGAAGATGGTTTTGGGCAAATGTTTAGCTGTAACTATGTTGCGGAAAAACAGGCAAGAAAGCAATCGC
GCAAACAAATAAAACATAATTAATTTACCATGGCGACGAAGGCCGTGTGCGTGCTGAAGGGCGACGGCCCA

GTGCAGGGCATCATCAATTTCGAGCAGAAGGAAAGTAATGGACCAGTGAAGGTGTGGGGAAGCATTARAGG
ACTGACTGAAGGCCTGCATGGATTCCATGTTCATGAGTTTGGAGATAATACAGCAGGCTGTACCAGTGCAG

GTCCTCACTTTAATCCTCTATCCAGAAAACACGGTGGGCCAAAGGATGAAGAGAGG

DNA Sequence: Reverse

GTAAACAGCGGCCAGTGCAAGCTTGCATGCCTGCAGGTCGACTCTAGATGGCAARAATACAGGTCATTGAAA
CAGACATTTTAACTGAGTTTTATAAAACTATACAAATCTTCCAAGTGATCATAAATCAGTTTCTCACTACA
GGTACTTTAAAGCAACTCTGAAAAAGTCACACAATTACACTTTTAAGATTACAGTGTTTAATGTTTATCAG
GATACATTTCTACAGCTAGCAGGATAACAGATGAGTTAAGGGGCCTCAGACTACATCCAAGGGAATGTTTA
TTGGGCGATCCCAATTACACCACAAGCCAACTCACTTCCAGCGTTTCCTGTCTTTGTACTTTCTTCATTTC
CACCTTTGCCCAAGTCATCTGCTTTTTCATGGACCACCAGTGTGCGGCCAATGATGCAATGGTCTCCTGAG

AGTGAGATCACAGAATCTTCAATAGACACATCGGCCACACCATCTTTGTCAGCAGTCACATTGCCCAAGTC
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TCCAACATGCCTCTCTTCATCCTTTGGCCCACCGTGTTTTCTGGATAGAGGATTAAAGTGAGGACCTGCAC

TGGTACAGCCTGCTGTATTATCTCCAAACTCATGAACATGGAATCCATGCAGGCCTTCAG

YEp351-hSODI1(R143E): Total DNA sequence

GATTACGAATTCGAGCTCGGTACCCGGGGATCCCCATTGGCATGATGCGARATTGGACGTAAGCATCTCTG
AAGTGCAGCCGATTGGACGTGCGACTCACCCACTCAGGACATGATCTCAGTAGCGGGTTCGATAAGGCGAT
GACAGCGCAAATGCCGCTTACTGGAAGTACAGAACCCGCTCCCTTAGGGGCACCCACCCCAGCACGCCGGE
GGGTTAAACCGGTGTGTCGGAATTAGTAAGCGGACATCCCTTCCGCTGGGCTCGCCATCGCAGATATATAT
ATAAGAAGATGGTTTTGGGCAAATGTTTAGCTGTAACTATGTTGCGGAAAAACAGGCAAGAAAGCAATCGC
GCAAACAAATAAAACATAATTAATTTACCATGGCGACGAAGGCCGIGTGCGTGCTGAAGGGCGACGGCCCA
GTGCAGGGCATCATCAATTTCGAGCAGAAGGAAAGTAATGGACCAGTGAAGGTGTGGGGAAGCATTAAAGG
ACTGACTGAAGGCCTGCATGGATTCCATGTTCATGAGTTTGGAGATAATACAGCAGGCTGTACCAGTGCAG
GTCCTCACTTTAATCCTCTATCCAGAAAACACGGTGGGCCAAAGGATGAAGAGAGGCATGTTGGAGACTTG
GGCAATGTGACTGCTGACAAAGATGGTGTGGCCCGATGTGTCTATTGAAGATTCTGTGATCTCACTCTCAGG
AGACCATTGCATCATTGGCCGCACACTGGTGGTCCATGAAAAAGCAGATGACTTGGGCAAAGGTGGAAATG
AAGAAAGTACAAAGACAGGAAACGCTGGAAGTGAGTTGGCTTGTGGTGTAATTGGGATCGCCCAATAAACA
TTCCCTTGGATGTAGTCTGAGGCCCCTTAACTCATCTGTTATCCTGCTAGCTGTAGAAATGTATCCTGATA
AACATTAAACACTGTAATCTTAAAAGTGTAATTGTGTGACTTTTTCAGAGTTGCTTTAAAGTACCTGTAGT
GAGAAACTGATTTATGATCACTTGGAAGATTTGTATAGTTTTATAAAACTCAGTTAAAATGTCTGTTTCAA

TGACCTGTATTTTGCCATCTAGAGTCGACCTGCAGGCATGCAAGCTTGCACTGGCCGCTGTTTAC

Amino acid sequence of hSOD1(R143E): 153 aa

1 ATKAVCVLKG DGPVQGIINF EQKESNGPVK VWGSIKGLTE GLHGFHVHEF GDNTAGCTSA
61 GPHEFNPLSRK HGGPKDEERH VGDLGNVTAD KDGVADVSIE DSVISLSGDH CIIGRTLVVH

121 EKADDLGKGG NEESTKTGNA GSELACGVIG IAQ

A3.3 YEp351-hSOD1(R143K)

DNA Sequence: Forward

CAGGAAACAGCTATGACATGATTACGAATTCGAGCTCGGTACCCGGGGATCCCCATTGGCATGATGCGARA
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TTGGACGTAAGCATCTCTGAAGTGCAGCCGATTGGACGTGCGACTCACCCACTCAGGACATGATCTCAGTA
GCGGGTTCGATAAGGCGATGACAGCGCAAATGCCGCTTACTGGAAGTACAGAACCCGCTCCCTTAGGGGCA
CCCACCCCAGCACGCCGGGGGGTTAAACCGGTGTGTCGGAATTAGTAAGCGGACATCCCTTCCGCTGGGCT
CGCCATCGCAGATATATATATAAGAAGATGCTTTTGGGCAAATGTTTAGCTGTAACTATGTTGCGGAAARA
CAGGCAAGAAAGCAATCGCGCAAACAAATAAAACATAATTAATTTACCATGGCGACGAAGGCCGTGTGCGT
GCTGAAGGGCGACGGCCCAGTGCAGGGCATCATCAATTTCGAGCAGAAGGARAAGTAATGGACCAGTGAAGG
TGTGGGGAAGCATTAAAGGACTGACTGAAGGCCTGCATGGATTCCATGTTCATGAGTTTGGAGATAATACA

GCAGGCTGTACCAGTGCAGGTCCTCACTTTAATCCTCTATCCAGAARAACACGGTGGGCCARAAGG

DNA Sequence: Reverse

TGTAAACAGCGGCCAGTGCAAGCTTGCATGCCTGCAGGTCGACTCTAGATGGCAAAATACAGGTCATTGAA
ACAGACATTTTAACTGAGTTTTATAAAACTATACAAATCTTCCAAGTGATCATAAATCAGTTTCTCACTAC
AGGTACTTTAAAGCAACTCTGAAAAAGTCACACAATTACACTTTTAAGATTACAGTGTTTAATGTTTATCA
GGATACATTTCTACAGCTAGCAGGATAACAGATGAGTTAAGGGGCCTCAGACTACATCCAAGGGAATGTTT
ATTGGGCGATCCCAATTACACCACAAGCCAACTTACTTCCAGCGTTTCCTGTCTTTGTACTTTCTTCATTT
CCACCTTTGCCCAAGTCATCTGCTTTTTCATGGACCACCAGTGTGCGGCCAATGATGCAATGGTCTCCTGA
GAGTGAGATCACAGAATCTTCAATAGACACATCGGCCACACCATCTTTGTCAGCAGTCACATTGCCCAAGT
CTCCAACATGCCTCTCTTCATCCTTTGGCCCACCGTGTTTTCTGGATAGAGGATTAAAGTGAGGACCTGCA

CTGGTACAGCCTGCTGTATTATCTCCAAACTCATGAACATGGAATCCATGCAGG

YEp351-hSOD1(R143K): Total DNA sequence

CAGGAAACAGCTATGACATGATTACGAATTCGAGCTCGGTACCCGGGGATCCCCATTGGCATGATG
CGAAATTGGACGTAAGCATCTCTGAAGTGCAGCCGATTGGACGTGCGACTCACCCACTCAGGACAT
GATCTCAGTAGCGGGTTCGATAAGGCGATGACAGCGCAAATGCCGCTTACTGGAAGTACAGAACCC
GCTCCCTTAGGGGCACCCACCCCAGCACGCCGGGGGGTTAAACCGGTGTGTCGGAATTAGTAAGCG
GACATCCCTTCCGCTGGGCTCGCCATCGCAGATATATATATAAGAAGATGGTTTTGGGCAAATGTT
TAGCTGTAACTATGTTGCGGAAAAACAGGCAAGAAAGCAATCGCGCAAACAAATAAAACATAATTA
ATTTACCATGGCGACGAAGGCCGTGTGCGTGCTGAAGGGCGACGGCCCAGTGCAGGGCATCATCAA

TTTCGAGCAGAAGGAAAGTAATGGACCAGTGAAGGTGTGGGGAAGCATTAAAGGACTGACTGAAGG
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CCTGCATGGATTCCATGTTCATGAGTTTGGAGATAATACAGCAGGCTGTACCAGTGCAGGTCCTCA
CTTTAATCCTCTATCCAGAAAACACGGTGGGCCAAAGGATGAAGAGAGGCATGTTGGAGACTTGGG
CAATGTGACTGCTGACAAAGATGGTGTIGGCCGATGTGTCTATTGAAGATTCTGTGATCTCACTCTC
AGGAGACCATTGCATCATTGGCCGCACACTGGTGGTCCATGAAAAAGCAGATGACTTGGGCAAAGG
TGGAAATGAAGAAAGTACAAAGACAGGAAACGCTGGAAGTAAGTTGGCTTGTGGTGTAATTGGGAT
CGCCCAATAAACATTCCCTTGGATGTAGTCTGAGGCCCCTTAACTCATCTGTTATCCTGCTAGCTG
TAGAAATGTATCCTGATAAACATTAAACACTGTAATCTTAAAAGTGTAATTGTGTGACTTTTTCAG
AGTTGCTTTAAAGTACCTGTAGTGAGAAACTGATTTATGATCACTTGGAAGATTTGTATAGTTTTA
TAAAACTCAGTTAAAATGTCTGTTITCAATGACCTGTATTTTGCCATCTAGAGTCGACCTGCAGGCA

TGCAAGCTTGCACTGGCCGCTGTTTACA

Amino acid sequence of hSOD1 (R143K): 153 aa

1 ATKAVCVLKG DGPVQGIINF EQKESNGPVK VWGSIKGLTE GLHGFHVHEF GDNTAGCTSA
61 GPHFNPLSRK HGGPKDEERH VGDLGNVTAD KDGVADVSIE DSVISLSGDH CIIGRTLVVH

121 EKADDLGKGG NEESTKTGNA GSKLACGVIG IAQ

A3.4 YEp351-hSOD1(R143A)

DNA Sequence: Forward

CAGGAAACAGCTATGACATGATTACGAATTCGAGCTCGGTACCCGGGGATCCCCATTGGCATGATGCGAAA
TTGGACGTAAGCATCTCTGAAGTGCAGCCGATTGGACGTGCGACTCACCCACTCAGGACATGATCTCAGTA
GCGGGTTCGATAAGGCGATGACAGCGCAAATGCCGCTTACTGGAAGTACAGAACCCGCTCCCTTAGGGGCA
CCcACCCCAGCACGCCGGGGGGTTAAACCGGTGTGTCGGAATTAGTAAGCGGACATCCCTTCCGCTGGGCT
CGCCATCGCAGATATATATATAAGAAGATGGTTTTGGCCAAATGTTTAGCTGTAACTATGTTGCGGARARAA
CAGGCAAGAAAGCAATCGCGCAAACAAATAAAACATAATTAATTTACCATGGCGACGAAGGCCGTGTGCGT
GCTGAAGGGCGACGGCCCAGTGCAGGGCATCATCAATTTCGAGCAGAAGGAAAGTAATGGACCAGTGAAGG
TGTGCGGGAAGCATTAAAGCACTGACTGAAGGCCTGCATGGATTCCATGTTCATGAGTTTGGAGATAATACA

GCAGGCTGTACCAGTGCAGGTCCTCACTTTAATCCTCTATCCAGAAAACACGGTGGG

DNA Sequence: Reverse
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GTGTAAACAGCGGCCAGTGCAAGCTTGCATGCCTGCAGGTCGACTCTAGATGGCAAAATACAGGTCATTGA
AACAGACATTTTAACTGAGTTTTATAARAACTATACAAATCTTCCAAGTGATCATAAATCAGTTTCTCACTA
CAGGTACTTTAAAGCAACTCTGAAAAAGTCACACAATTACACTTTTAAGATTACAGTGTTTAATGTTTATC
AGGATACATTTCTACAGCTAGCAGGATAACAGATGAGTTAAGGGGCCTCAGACTACATCCAAGGGAATGTT
TATTGGGCGATCCCAATTACACCACAAGCCAAAGCACTTCCAGCGTTTCCTGTCTTTGTACTTTCTTCATT
TCCACCTTTGCCCAAGTCATCTGCTTTTTCATGGACCACCAGTGTGCGGCCAATGATGCAATGGTCTCCTG
AGAGTGAGATCACAGAATCTTCAATAGACACATCGGCCACACCATCTTTGTCAGCAGTCACATTGCCCAAG
TCTCCRACATGCCTCTCTTCATCCTTTGGCCCACCGTGTTTTCTGGATAGAGGATTAAAGTGAGGACCTGC

ACTGGTACAGCCTGCTGTATTATCTCCAAACTCATGAACATGGAATCCATGCAGGCCTTCAGTCAGTCCTT

TAA

YEp351-hSODI1(R143A): Total DNA sequence

CAGGAAACAGCTATGACATGATTACGAATTCGAGCTCGGTACCCGGGGATCCCCATTGGCATGATGCGARAA
TTGGACGTAAGCATCTCTGAAGTGCAGCCGATTGGACGTGCGACTCACCCACTCAGGACATGATCTCAGTA
GCGGGTTCGATAAGGCGATGACAGCGCAAATGCCGCTTACTGGAAGTACAGAACCCGCTCCCTTAGGGGCA
CCCACCCCAGCACGCCGGGGGGTTAAACCGGTGTGTCGGAATTAGTAAGCGGACATCCCTTCCGCTGGGCT
CGCCATCGCAGATATATATATAAGAAGATGGTTTTGGGCARAATGTTTAGCTGTAACTATGTTGCGGARAAAA
CAGGCAAGAAAGCAATCGCGCAAACAAATAAAACATAATTAATTTACCATGGCGACGAAGGCCGTGTGCGT
GCTGAAGGGCGACGGCCCAGTGCAGGGCATCATCAATTTCGAGCAGAAGGAAAGTAATGGACCAGTGAAGG
TGTGGGGAAGCATTAAAGGACTGACTGAAGGCCTGCATGGATTCCATGTTCATGAGTTTGGAGATAATACA
GCAGGCTGTACCAGTGCAGGTCCTCACTTTAATCCTCTATCCAGAAAACACGGTGGGCCAAAGGATGAAGA
GAGGCATGTTIGGAGACTTGGGCAATGTGACTGCTGACAAAGATGGTGTGGCCGATGTGTCTATTGAAGATT
CTGTGATCTCACTCTCAGGAGACCATTGCATCATTGGCCGCACACTGGTGGTCCATGAAAAAGCAGATGAC
TTGGGCAAAGGTGGAAATGAAGAAAGTACAAAGACAGGAAACGCTGCAAGTGCTTTGGCTTGTGGTGTAAT
TGGGATCGCCCAATAAACATTCCCTTGGATGTAGTCTGAGGCCCCTTAACTCATCTGTTATCCTGCTAGCT
GTAGAAATGTATCCTGATAAACATTAAACACTGTAATCTTAAAAGTGTAATTGTGTGACTTTTTCAGAGTT
GCTTTAAAGTACCTGTAGTGAGAAACTGATTTATGATCACTTGGAAGATTTGTATAGTTTTATAAAACTCA
GTTAAAATGTCTGTTTCAATGACCTGTATTTTGCCATCTAGAGTCGACCTGCAGGCATGCAAGCTTGCACT

GGCCGCTGTTTACAC
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Amino acid sequence of hSOD1 (R143A): 153 aa

1 ATKAVCVLKG DGPVQGIINF EQKESNGPVK VWGSIKGLTE GLHGFHVHEF GDNTAGCTSA
61 GPHEFNPLSRK HGGPKDEERH VGDLGNVTAD KDGVADVSIE DSVISLSGDH CIIGRTLVVH

121 EKADDLGKGG NEESTKTGNA GSALACGVIG IAQ

A3.5 YEp351-hSOD1(R143I)

DNA Sequence: Forward

GATTACGAATTCGAGCTCGGTACCCGGGGATCCCCATTGCCATGATGCGAAATTGGACGTAAGCATCTCTG
AAGTGCAGCCGATTGGACGTGCGACTCACCCACTCAGGACATGATCTCAGTAGCGGGTTCGATAAGGCGAT
GACAGCGCAAATGCCGCTTACTGGAAGTACAGAACCCGCTCCCTTAGGGGCACCCACCCCAGCACGCCGGEG
GGGTTAAACCGGTGTGTCGGAATTAGTAAGCGGACATCCCTTCCGCTGGGCTCGCCATCGCAGATATATAT
ATAAGAAGATGGTTTTGGGCAAATGTTTAGCTGTAACTATGTTGCGGAAAAACAGGCAAGARAGCAATCGC
GCAAACAAATAAAACATAATTAATTTACCATGGCGACGAAGGCCGTGTGCGTGCTGAAGGGCGACGGCCCA
GTGCAGGGCATCATCAATTTCGAGCAGAAGGAAAGTAATGGACCAGTGAAGGTGTGGGGAAGCATTAAAGG
ACTGACTGAAGGCCTGCATGGATTCCATGTTCATGAGTTTGGAGATAATACAGCAGGCTGTACCAGTGCAG

GTCCTCACTTTAATCCTCTATCCAGAAAACACGGTGGGCCAAAGGATGAAGAGAGG

DNA Sequence: Reverse

GTGTAAACAGCGGCCAGTGCAAGCTTGCATGCCTGCAGGTCGACTCTAGATGGCAARATACAGGTCATTGA
AACAGACATTTTAACTGAGTTTTATAAAACTATACAAATCTTCCAAGTGATCATAAATCAGTTTCTCACTA
CAGGTACTTTAAAGCAACTCTGAAAAAGTCACACAATTACACTTTTAAGATTACAGTGTTTAATGTTTATC
AGGATACATTTCTACAGCTAGCAGGATAACAGATGAGTTAAGGGGCCTCAGACTACATCCAAGGGAATGTT
TATTGGGCGATCCCAATTACACCACAAGCCAAAATACTTCCAGCGTTTCCTGTCTTTGTACTTTCTTCATT
TCCACCTTTGCCCRAAGTCATCTGCTTTTTCATGGACCACCAGTGTGCGGCCAATGATGCAATGGTCTCCTG
AGAGTGAGATCACAGAATCTTCAATAGACACATCGGCCACACCATCTTTGTCAGCAGTCACATTGCCCAAG
TCTCCAACATGCCTCTCTTCATCCTTTGGCCCACCGTGTTTTCTGGATAGAGGATTAAAGTGAGGACCTGC

ACTGGTACAGCCTGCTGTATTATCTCCAAACTCATGAACATGGAATCCATGCAGGCC
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YEp351-hSOD1(R1431): Total DNA sequence

GATTACGAATTCGAGCTCGGTACCCGGGGATCCCCATTGGCATGATGCGAAATTGGACGTAAGCATCTCTG
AAGTGCAGCCGATTGGACGTGCGACTCACCCACTCAGGACATGATCTCAGTAGCGGGTTCGATAAGGCGAT
GACAGCGCAAATGCCGCTTACTGGAAGTACAGAACCCGCTCCCTTAGGGGCACCCACCCCAGCACGCCGGG
GGGTTAAACCGGTGTGTCGGAATTAGTAAGCGGACATCCCTTCCGCTGGGCTCGCCATCGCAGATATATAT
ATAAGAAGATGGTTTTGGGCAAATGTTTAGCTGTAACTATGTTGCGGAAAAACAGGCAAGAAAGCAATCGC
GCAAACAAATAAAACATAATTAATTTACCATGGCGACGAAGGCCGTGTGCGTGCTGAAGGGCGACGGCCCA
GTGCAGGGCATCATCAATTTCGAGCAGAAGGAAAGTAATGGACCAGTGAAGGTGTGGGGAAGCATTAAAGG
ACTGACTGAAGGCCTGCATGGATTCCATGTTCATGAGTTTGGAGATAATACAGCAGGCTGTACCAGTGCAG
GTCCTCACTTTAATCCTCTATCCAGAAAACACGGTGGGCCAAAGGATGAAGAGAGGCATGTTGGAGACTTG
GGCAATGTGACTGCTGACAAAGATGGTGTGGCCGATGTGTCTATTGAAGATTCTGTGATCTCACTCTCAGG
AGACCATTGCATCATTGGCCGCACACTGGTGGTCCATGAAAAAGCAGATGACTTGGGCAAAGGTGGAAATG
AAGAAAGTACAAAGACAGGAAACGCTGGAAGTATTTTGGCTTGTGGTGTAATTGGGATCGCCCAATAAACA
TTCCCTTGGATGTAGTCTGAGGCCCCTTAACTCATCTGTTATCCTGCTAGCTGTAGAAATGTATCCTGATA
AACATTAAACACTGTAATCTTAAAAGTGTAATTGTGTGACTTTTTCAGAGTTGCTTTAAAGTACCTGTAGT
GAGAAACTGATTTATGATCACTTGGAAGATTTGTATAGTTTTATAAAACTCAGTTAAAATGTCTGTTTCAA

TGACCTGTATTTTGCCATCTAGAGTCGACCTGCAGGCATGCAAGCTTGCACTGGCCGCTGTTTACAC

Amino acid sequence of hSOD1(R1431): 153 aa

1 ATKAVCVLKG DGPVQGIINF EQKESNGPVK VWGSIKGLTE GLHGFHVHEEF GDNTAGCTSA
61 GPHFNPLSRK HGGPKDEERH VGDLGNVTAD KDGVADVSIE DSVISLSGDH CIIGRTLVVH

121 EKADDLGKGG NEESTKTGNA GSILACGVIG IAQ

A3.6 pET-hSODI1(wild type)

DNA Sequence: Forward

CTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGAAATACCTGCTGCCGACCGCTGCTGCT
GGTCTGCTGCTCCTCGCTGCCCAGCCGGCGATGGCCATGGCGACGAAGGCCGTGTGCGTGCTGAAGGGCGA

CGGCCCAGTGCAGGGCATCATCAATTTCGAGCAGAAGGARAAGTAATGGACCAGTGAAGGTGTGGGGAAGCA
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TTAAAGGACTGACTGAAGGCCTGCATGGATTCCATGTTCATGAGTTTGGAGATAATACAGCAGGCTGTACC
AGTGCAGGTCCTCACTTTAATCCTCTATCCAGAAAACACGGTGGGCCAAAGGATGAAGAGAGGCATGTTGG
AGACTTGGGCAATGTGACTGCTGACARAAGATGGTGTGGCCGATGTGTCTATTGAAGATTCTGTGATCTCAC
TCTCAGGAGACCATTGCATCATTGGCCGCACACTGGTGGTCCATGAAARAGCAGATGACTTGGGCAAAGGT
GGAAATGAAGAAAGTACAAAGACAGGAAACGCTGGAAGTCGTTTGGCTTGTGGTGTAATTGGGATCGCCCA
ATAAACATTCCCTTGGATGTAGTCTGAGGCCCCTTAACTCATCTGTTATCCTGCTAGCTGTAGAAATGTAT
CCTGATAAACATTAAACACTGTAATCTTAAAAGTGTAATTGTGTGACTTTTTCAGAGTTGCTTTAAAGTAC
CTGTAGTGAGAAACTGATTTATGATCACTTGGAAGATTTGTATAGTTTTATAAAACTCAGTTAAAATGTCT
GTTTCAATGACCTGTATTTTGCCATCTAGAGTCGACCTGCAGGCATGCAAGCTTGCGGCCGCACTCGAGCA
CCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCG

CTGAGCAATAA

DNA Sequence: Reverse

GGGCTTTGTTAGCAGCCGGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAAGCTTGCATGCC
TGCAGGTCGACTCTAGATGGCAAAATACAGGTCATTGAAACAGACATTTTAACTGAGTTTTATAAAACTAT
ACAAATCTTCCAAGTGATCATAAATCAGTTTCTCACTACAGGTACTTTAAAGCAACTCTGAAAAAGTCACA
CAATTACACTTTTAAGATTACAGTGTTTAATGTTTATCAGGATACATTITCTACAGCTAGCAGGATAACAGA
TGAGTTAAGGGGCCTCAGACTACATCCAAGGGRAATGTTTATTGGGCGATCCCAATTACACCACAAGCCARA
CGACTTCCAGCGTTTCCTGTCTTTGTACTTTCTTCATTTCCACCTTTGCCCAAGTCATCTGCTTTTTCATG
GACCACCAGTGTGCGGCCAATGATGCAATGGTCTCCTGAGAGTGAGATCACAGAATCTTCAATAGACACAT
CGGCCACACCATCTTTGTCAGCAGTCACATTGCCCAAGTCTCCAACATGCCTCTCTTCATCCTTTGGCCCA
CCGTGTTTTCTGGATAGAGGATTAAAGTGAGGACCTGCACTGGTACAGCCTGCTGTATTATCTCCAAACTC
ATGAACATGGAATCCATGCAGGCCTTCAGTCAGTCCTTTAATGCTTCCCCACACCTTCACTGGTCCATTAC
TTTCCTTCTGCTCGARAATTGATGATGCCCTGCACTGGGCCGTCGCCCTTCAGCACGCACACGGCCTTCGTC
GCCATGGCCATCGCCGGCTGGGCAGCGAGGAGCAGCAGACCAGCAGCAGCGGTCGGCAGCAGGTATTTCAT
ATGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGGGGAATTGTTATCCGCTCACAATTCCCC

TATAGTGAGTCG

pET-hSOD1(WT): Total DNA sequence
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CGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAA
GGAGATATACATATGAAATACCTGCTGCCGACCGCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCAGCCGGL
GATGGCCATGGCGACGAAGGCCGTGTGCGTGCTGAAGGGCGACGGCCCAGTGCAGGGCATCATCAATTTCG
AGCAGAAGGAAAGTAATGGACCAGTGAAGGTGTGGGGAAGCATTAAAGGACTGACTGAAGGCCTGCATGGA
TTCCATGTTCATGAGTTTGGAGATAATACAGCAGGCTGTACCAGTGCAGGTCCTCACTTTAATCCTCTATC
CAGAAAACACGGTGGGCCAAAGGATGAAGAGAGGCATGTTGGAGACTTGGGCAATGTGACTGCTGACAAAG
ATGGTGTGGCCGATGTGTCTATTGAAGATTCTGTGATCTCACTCTCAGGAGACCATTGCATCATTGGCCGC
ACACTGGTGGTCCATGAAAAAGCAGATGACTTGGGCAAAGGTGGAAATGAAGAAAGTACAAAGACAGGAAA
CGCTGGAAGTCGTTTGGCTTGTGGTGTAATTGGGATCGCCCAATAAACATTCCCTTGGATGTAGTCTGAGG
CCCCTTAACTCATCTGTTATCCTGCTAGCTGTAGAAATGTATCCTGATAAACATTAAACACTGTAATCTTA
AAAGTGTAATTGTGTGACTTTTTCAGAGTTGCTTTARAGTACCTGTAGTGAGAAACTGATTTATGATCACT
TGGRAAGATTTGTATAGTTTTATAAAACTCAGTTAAAATGTCTGTTTCAATGACCTGTATTTTGCCATCTAG
AGTCGACCTGCAGGCATGCAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTG

CTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAA

Amino acid sequence of wild-type hSOD1: 154 aa

1 ATKAVCVLKG DGPVQGIINF EQKESNGPVK VWGSIKGLTE GLHGFHVHEF GDNTAGCTSA
61 GPHEFNPLSRK HGGPKDEERH VGDLGNVTAD KDGVADVSIE DSVISLSGDH CIIGRTLVVH

121 EKADDLGKGG NEESTKTGNA GSRLACGVIG TAQ
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6.0 The role of CuZnSOD in S-nitrosation and denitrosation of

cysteine residues in rat Hb

6.1 Abstract

Mass spectrometric analysis revealed that two $-Cys and one o-Cys in Hb from
rat RBCs are alkylated by NEM as compared to one -Cys and one a-Cys in Sigma rat
Hb. DTNB titration revealed 3.97 £ 0.30 and 2.28 £ 0.13 free cysteine residues/tetramer
in rat Hb from the two sources, and 0.72 + 0.04 cysteine residues/tetramer for human Hb.
Trans-S-nitrosation occurred on incubating the oxygenated protein (oxyHb) with the low-
molecular-weight S-nitrosothiols, GSNO and CysNO. Up to 4 cysteines in rat oxyHb
were S-nitrosated by CysNO as determined by the Saville assay, and the extent of Hb-
SNO formation was proportional to the CysNO/oxyHb ratio. Using GSNO as a NO
donor, the SNO content measured by the Saville assay suggested that rat Hb is more
readily S-nitrosated than human Hb consistent with the different DTNB reactivity of their
cysteine residues. Both CysB125 and Cysp93 in rat RBC oxyHb can be S-nitrosated and
S-glutathiolated in GSNO/oxyHb (10:1) incubations, and peptide mass fingerprinting of
Glu-C and tryptic digests reveals that Cysp125 is more reactive, consistent with the
reported DTNB data. S-nitrosation of rat oxyHb is not catalyzed by added bovine Cu,Zn-
superoxide dismutase (BCuZnSOD) in oxyHb/GSNO (1:10) incubations although 5.2 +
0.53 uM CuZnSOD (dimer) was found in rat RBCs. CuZnSOD may play a role in NO
release from rat Hb-SNO in the presence of GSH, and metal chelators inhibit the enzyme
as described with GSNO as a substrate in Chapter 2. The rate of Hb-SNO degradation

catalyzed by the active-site copper in CuZnSOD is slower than by free copper ions which
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can be attributed to steric hindrance. Our observations indicate that caution is required in
proposing mechanisms responsible for RBC-derived vasoactivity in human blood based

on the rat model.

6.2 Introduction -

Carrying O, from the lung to tissues is the main physiological function of
hemoglobin (Hb) in red blood cells (RBCs). Recent evidence has revealed that Hb also
serves to regulate the chemistry of nitric oxide (NO) and conserve, rather than consume,
its bioactivity by the formation of S-nitrosohemoglobin (Hb-SNO) (19, 57, 61-65, 72, 87,
93). Hb-SNO has been suggested to act as a physiological regulator of blood flow and
oxygen delivery (19, 61, 62, 64, 65, 72, 92, 93), a hypoxia-activated NO donor (259, 260),
and an inhibitor of platelet aggregation (/6).

The mechanism of Hb-SNO formation in vivo is incompletely understood. Until
the report by Jia et al. (19), it was generally accepted that NO was consumed or depleted
by its rapid reaction with oxyhemoglobin (oxyHb or HbO,) (k = 3.4x10” M's) to

III) and nitrate (Reaction 1.14, Section 1.5.1), or

produce methemoglobin (metHb or HbFe
with the heme in deoxyhemoglobin (deoxyHb or HbFe') (& = 2.6x10" M''s™) to form
iron-nitrosyl-hemoglobin (HbFe"™NO) (Reaction 1.13, Section 1.5.1). Neither product
exhibits the bioactivity characteristic of NO (68, 261, 262), but Jia et al. (19) reported
that a small but significant amount of circulating oxyHb is S-nitrosated at Cysf93, and
proposed that Hb-SNO may have a significant role in the transduction of NO-related

activities that control blood pressure and facilitate efficient delivery of oxygen to tissues.

Continuous cycling of Hb in vivo between oxygenated and deoxygenated states that
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influence the propensity for binding vs release of NO has been investigated in the Stamler
group (19, 62-65, 72, 87, 90, 93). Cysp93 as a site of NO binding to Hb has been
characterized by mass spectrometry (263), FTIR (264), and X-ray crystallography (89,
265). The levels of Hb-SNO (micromolar) (92) were reported to be higher in oxygenated
vs deoxygenated blood of adults (61, 266, 267) and newborns (268), although this has
been disputed. Some observations indicated no arterial-to-venous Hb-SNO gradients (84)
and very low (nanormolar) or undetectable Hb-SNO in human arterial blood (79, &4,
269). These observations do not support the proposition that Hb-SNO is a vasodilator
with activity allosterically modulated by oxygen (19, 65, 259, 270).

Mechanisms of Hb-SNO formation upon exposure of Hb to RSNOs (79, 62),
NO (63, 64), and nitrite (61, 78) have been proposed. Gow et al. observed that superoxide
dismutase (CuZnSOD) increases the yield of nitrosyl Hb (HbFe'™NO and Hb-SNO) in
reactions of human oxyHb with NO (64). Trans-S-nitrosation (Reaction 1.15, Section
1.5.3) is commonly used to synthesize S-nitrosated proteins from small RSNOs such as
GSNO or CysNO (19, 62). A copper-ion requirement for this reaction was proposed by
our group (264). Later, we proposed that CuZnSOD acts as a GSNO-transferase, and that
NO is channelled from GSNO to Cysp93 in human oxyHb within a CuZnSOD/Hb
complex. This gives rise to Hb-SNO under physiological conditions with conservation of
NO-bioactivity rather than quenching through NO; formation (Reaction 1.14, Section
1.5.1). The proposed mechanism of CuZnSOD-catalyzed Hb-SNO formation is given by
Reactions 2.1-2.4 (57).

Hb-SNO is detectable (~266 nM) in rat but not in human RBCs (< 1 nM)

using the chemiluminescence technique reported by Bryan et al. (79). The finding
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reported in this article (79) and observations from other studies (83, 27/-273) have
demonstrated that differences in Hb thiol reactivity exists among species leading to
significant differences in nitroso/nitrosyl content when rat and human Hb are mixed with
NO (79), CysNO (273), or GSNO (29).

In the present study, the reactivity of thiol groups in rat Hb isolated from
RBCs and commercial rat Hb (Sigma) toward DTNB and NEM was compared
spectrophotometrically and using mass spectrometry. The abundance of CuZnSOD in rat
RBCs was determined, and the GSNO-transferase activity of bovine CuZnSOD using
human and rat oxyHb as substrates was compared. The thiols in rat oxyHb that were S-
nitrosated and S-glutathiolated were identified and their reactivity evaluated. Since metal
chelators inhibit its GSNO-reductase activity (Chapter 2) (56, 225), the effects of metal
chelators on CuZnSOD-catalyzed NO release from rat were also investigated. MetHb-
SNO was synthesized from oxyHb by trans-S-nitrosation with excess CysNO.

The present results provide an explanation for the observation that basal levels
of NO-adducts are considerably higher in rat vs human RBCs (79). Also, CuZnSOD-
catalyzed dissociation of NO from Hb-SNO could promote transfer of NO bioactivity to
targets such as thiols in the RBC membrane prior to Hb deoxygenation. Highly conserved
Cysp93 has been associated with NO transport by human Hb, but its role may be more
limited in rat Hb due to the existence of highly reactive Cysp125. Thus, caution must be
exercised in the selection of animal models for the study of S-nitrosation chemistry and

its importance in the vascular system.

6.3 Materials and methods
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6.3.1  Materials

Rat hemoglobin (Sigma) and bovine erythrocyte CuZnSOD (BCuZnSOD)
(Roche Molecular Biochemicals) were used without further purification unless otherwise
indicated. Rat (Sprague-Dawley strain) red blood cells (RBCs) were generously supplied
by Dr. Chi Chung Chan of Merck Frosst (Montreal) and Carmen Gagnon of Hospital Ste-
Justine (Montreal). The total protein assay kit was obtained from Bio-Rad, and Drabkin’s
reagent, L-cysteine, 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB), N-(1-naphthyl)
ethylenediamine dihydrochloride (NEDA), mercuric chloride, ammonium sulfamate,
sulfanilamide, DEAE-Sephacel anion-exchanger, sodium nitrite, and N-ethylmaleimide
(NEM) were purchased from Sigma. S-nitroso-L-glutathione (GSNO) was from Cayman,
acetonitrile (HPLC grade) was from Fisher, trifluoroacetic acid (TFA, HPLC grade) was
from Aldrich, ZipTips were from Milipore, and NAP-5 and NAP-10 Sephadex G-25 gel-
filtration columns were from Amersham Bioscience. Nanopure water from a Millipore
system was used to prepare all solutions.
6.3.2  Methods
6.3.2.1 oxyHb preparation from Sigma rat Hb

Lyophilized rat metHb (HbFe") from the bottle was dissolved in 20 mM
sodium phosphate buffer/1 mM EDTA (pH 7.2) to give ~5 mM Hb. The solution was
centrifuged at 12,000 rpm for 2 min, and the supernatant was stored at 4°C prior to use.
The metHb concentration was determined spectrophotometrically (€500 nm = 10 and €630 nm
= 4.4 mM'em™ per heme) (274). NayS,04 in 5-fold molar excess was added to reduce
metHb to deoxyHb (HbFeH), and the protein was separated from low-molecular-weight

species on a 1.5-x20-cm Sephadex G-25 column. OxyHb was formed on aeration and
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identified and quantitated spectrophotometrically [esq; = 13.8 mMem™ (72) or g45 =
125 mM'em™ (275) per heme]. The iron oxidation state was monitored using the
absorbance ratio at 576/541 nm, taking 1.14 as normal value for oxyHb (83).
6.3.2.2 oxyHb preparation from rat RBCs

Rat blood was collected in heparinized tubes and centrifuged at 2,200g at 4°C
for 10 min to pellet the RBCs. The plasma was removed, the RBCs were washed twice
with 5 volumes of 0.9% NaCl, and centrifuged at 2,200g at 4°C for 10 min. Hb was
obtained from the lysate by freezing the RBCs to -80°C followed by thawing and
centrifugation at 12,000 rpm at 4°C for 10 min to remove the residual membranes. The
supernatant was dialyzed (MWCO 6,000-8,000) for 24 h against 2 changes of 50 mM
sodium phosphate buffer (pH 7.2) at 4°C to remove GSH. The concentration of oxyHb
was determined spectrophotometrically as described above or measured using Drabkin’s
reagent (57).
6.3.2.3 CuZnSOD-free Hb preparation

CuZnSOD is present in RBCs and can be removed from Hb by anion-exchange
chromatography (57). A 1.5-x7-cm DEAE-Sephacel (Sigma) anion-exchange column
preequilibrated with 50 mM sodium phosphate buffer (pH 7.5) was employed to remove
CuZnSOD. Following the procedure described in (138), briefly, 2 mM Hb in 0.5 mL of
50 mM sodium phosphate buffer (pH 7.5) was loaded onto the column. The eluent was
100 mM NaCl in the equilibration buffer, and the eluted Hb fraction was twice reapplied
to the anion-exchange column to remove CuZnSOD thoroughly. The CuZnSOD-free Hb
was desalted on a NAP-5 G-25 gel-filtration column and concentrated by ultrafiltration.

6.3.2.4 HDb-SNO Preparation
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CysNO was prepared immediately before use by combining equal volumes of
100 mM of L-cysteine in 250 mM HCl with 100 mM sodium nitrite in water. The
reaction solution turned orange red-colored instantly indicating CysNO formation. The
pH was adjusted to pH 7.2 by adding 1 M NaOH dropwise. Hb-SNO was prepared by
incubating oxyHb with GSNO or CysNO at the molar ratios indicated in the figure
legends in the presence or absence of 10-30 uM BCuZnSOD at RT for 30 min in the
dark in 10 mM PBS or 50 mM sodium phosphate buffer (pH 7.2). The reagent
concentrations used in the different experiments are indicated in the figure legends.
Excess CysNO or GSNO and other low-molecular-weight reagents were removed on
NAP-5 or NAP-10 G-25 gel-filtration columns or on ZipTipCs tips. The Hb
concentration was determined using Drabkin’s reagent or the Bio-rad protein assay.
6.3.2.5 Hb-NEM preparation

Rat oxyHb in its native form was incubated with excess NEM at room
temperature for 30 min at the concentrations indicated in the figure legends. The
denatured Hb was prepared by incubating 4.5 uM protein in 100 mM sodium phosphate
buffer (pH 7.4) containing 1% SDS for 90 min at RT. The NEM-modified Cys residues
were identified by ESI-MS and MALDI-MS. To establish the number of free thiols
following S-nitrosation, 76 uM oxyHb from rat RBCs was incubated at RT with 10-fold
molar excess of GSNO for 30 min and then with 50-fold molar excess of NEM for 30
min in 10 mM sodium phosphate buffer (pH 7.2). The NO- and NEM-adducts on the -
and B-chains were identified by ESI-MS and MALDI-MS.

6.3.2.6 Preparation of copper-free CuZnSOD (EZnSOD)
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EZnSOD was prepared as described by Cocco et al. (I126) with minor
modifications. Briefly, ~0.1 mM bovine CuZnSOD in 10 mM PBS (pH 7.4) was
incubated with 3.0 mM DDC at 37°C for 3 h, and the sample was loaded on a NAP-5
column equilibrated with 10 mM PBS (pH 7.4) to remove excess DDC. The yellow
protein eluate was centrifuged at 39,000g for 30 min to remove the neutral Cu(DDC),
complex from the enzyme by precipitating the former. EZnSOD in the colourless
supernatant was further purified by centrifugal ultrafiltration on an Ultrafree-0.5 filter
(cut-off 10K, Millipore). The concentration of EZnSOD was determined using the Bio-
Rad protein assay.
6.3.2.7 Extraction of CuZnSOD from rat RBCs

CuZnSOD was extracted following the published procedure (47) with minor
modifications. Rat RBCs (0.5 mL) from Hospital Sainte-Justine were added to 0.5-1.0
mL of deionized water, centrifuged at 12,000 rpm for 15 min, and the hemolysate was
collected. The precipitate was washed with 0.2—-1.0 mL of deionized water, centrifuged at
12,000 rpm for 15 min, the supernatant was combined with the hemolysate, and 250 puL
was added to 400 pL of chloroform/ethanol (37.5/62.5, v/v) to precipitate Hb. After
centrifugation at 2,500g for 10 min, the supernatant enriched in CuZnSOD was separated
from Hb precipitate, added to an Ultrafree-0.5 filter (cut-off 10K, Millipore), and
centrifuged at 12,000 rpm for 5x15 min at 4°C to remove low-molecular-weight species
such as GSH. The concentrated ultrafiltrate (4075 pl) was transferred to a 1-mL vial and
stored at -20°C prior to analysis by 10% SDS-PAGE (Section 5.2.8.2), and activity

analysis.
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The SOD activity was determined by xanthine oxidase-cytc" assay as described
in Section 2.3.2.3. The O, radical is generated enzymically by oxidation of xanthine in
the presence of xanthine oxidase (Reaction 6.1) (47, 127). The rate of cytc'" reduction by
the superoxide radicals is monitored at 550 nm (Reaction 2.7, Section 2.3.2.3), and
CuZnSOD competes for superoxide (Reaction 2.8, Section 2.3.2.3). Hence, the
0

CuZnSOD concentration in the sample is determined from the decreased rate of cytc

reduction (276, 277) by 1 uL of rat RBC extract (or 1 pL of 10x diluted extract).
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6.3.2.8 Spectrophotometric determination of free Cys residues using DTNB
DTNB, also called Ellman’s Reagent, is frequently used to determine free
sulthydryl groups (276). This aromatic disulfide reacts with accessible protein-SH groups

(P-SH) to form a protein mixed disulfide and TNB?*, which has an intense yellow color

due to its absorbance at 412 nm (¢ = 13.6 mM'lcm'l) (29):

NO, NO,
"00C CcoO0
(%N_<;:>}—g—s—ﬁ<:;?—N02+PSH + + (6.2)
00C COoO- S-SP S~
DTNB TNBZ
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A 34-mM stock DTNB solution was prepared prior to use by dissolving DTNB
in aqueous 95% ethanol. The TNB> product from Hb/DTNB incubations was monitored
at 450 nm (¢ = 7.0 mM-lcm-1) since the Soret band interferes at 412 nm (278). The
absorbance at 450 nm vs time at RT of 2-7 uM native and denatured (Section 6.3.2.5) rat
Hb in 0.1 M sodium phosphate buffer/l mM EDTA (pH 7.27) with 340 uM DTNB was
recorded over 30 min at 30-s intervals in a 1-cm cuvette on an Agilent 8453 diode-array
or a Beckman DU 650 spectrophotometer. Additionally, the reaction of free cysteine with
DTNB was examined under the same experimental conditions. Beer’s law plots were
prepared from the absorbance readings at 412 nm and 450 nm of standards containing
known concentrations (20—80 uM) of L-cysteine with 340 uM DTNB.
6.3.2.9 Mass spectrometric determination of free Cys residues using NEM

NEM is a highly reactive reagent with protein-based Cys residues (Reaction
6.3). Each NEM label mass shifts a protein by 125 u which is conveniently measured by

mass spectrometry.

(Fsz (I:2H5
0. _N__O O._N__0O
U + PSH =—> V (6.3)
P-S H
NEM M M+ 125 amu

OxyHb prepared from rat RBCs or rat metHb (Sigma) were incubated at the
concentration indicated in the figure legends with 50-100-fold molar excess of NEM at
RT for 30 min. Excess NEM was removed on a NAP-5 gel-filtration column or on a

ZipTipCy4, and the number of NEM-labels per a- and B-chain were measured by ESI-MS
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on a Q-ToF 2 (Waters Micromass) or SSQ 7000 (ThermoFinnigan) instrument. The sites
of NEM-labelling were identified by MALDI-MS on a Waters Micromass M@LDI
analyzer.
6.3.2.10 Tryptic and Glu-C digestion of protein samples

Tryptic digestion at a Hb/trypsin ratio of 40/1 (w/w) was carried out in 10 mM
TrisHCI buffer (pH 7.9) or 100 mM NH4HCO; (pH ~8.5) at 37°C for the times indicated
in the figure legends. Alternatively, endoproteinase Glu-C digestion was performed in 50
mM AcONH, (pH 4.0) at 35°C for 2—4 h at a Hb/Glu-C ratio of 20/1 (w/w). The digests
were analyzed using MALDI-ToF-MS or ESI-ToF-MS.
6.3.2.11 ESI-ToF-MS analysis

The desalted tryptic digests or protein samples were diluted into 50-60%
ACN/0.1% TFA to the final concentrations indicated in the figure legends and directly
infused at a flow rate of 1-2 pl/min into the ESI source of the Q-ToF 2 or at 5 pl./min
into the ESI source of the SSQ 7000. The instruments were operated in positive-ion
mode, and the Q-ToF 2 instrumental parameters were set as follows (unless otherwise
indicated): capillary 80°C, capillary 3.2 kV, cone 45 V, collision cell 10 V, multiplier 550
V, MCP 2.1 kV, ToF 9.1 kV. The instrument was calibrated using human [Glu']-
fibrinopetide B as a standard, and the average resolution and mass accuracy were 8000
and 5-10 ppm, respectively. The SSQ 7000 instrumental parameters and instrument
calibration are indicated in the figure legends. Since the B-chain signals were lower than
the a-chain signals, the Hb samples were occasionally injected via a CapLC system
(Waters) attached to the ESI source of the Q-ToF 2. The protein samples were desalted

and separated on a Symmetry300™ Cg trap column (0.18-x23.5-mm, 5-pum, Waters) to
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achieve higher signals for the B-chain. The column was equilibrated with solvent A (10%
ACN/0.1% TFA) and gradient elution (5:5:50:95:95:5% B in 3/22/5/10/5 min; solvent B:
90% ACN/0.1% TFA) was performed at a flow rate of 1 pL/min following injection of
3-5 pL of sample.
6.3.2.12 MALDI-ToF-MS analysis

Peptides were mixed with an equal volume of matrix [10 mg/mL «-CHCA in
50% ethanol/50% ACN or in 33% ACN/0.1% TFA (2:1, v/v)]. Aliquots of 1-2 pL were
spotted onto a stainless steel MALDI target plate of a Waters Micromass M@LDITM
mass spectrometer operated in reflectron, positive-ion mode with accelerating, pulse and
detector voltages of +15 kV, ~2.5 kV and 1800 V, respectively. The mass was calibrated

externally using 10 pmol/uL each of angiotensin I, PRS, and ACTH in an equal volume
of matrix (10 mg/mL a-CHCA in 50% ACN/50% ethanol).

6.3.2.13 Determination of the S-nitrosothiol content of rat Hb (Sigma) by the Saville
assay
This assay (279) is based on the colorimetric determination of HONO after
decomposition of the S-NO bond with Hg** under acidic conditions (Reactions 6.4 and
6.5). The released HONO reacts with sulfanilamide to form a diazonium cation (Reaction
6.6), which couples with N-(1-naphthyl)ethylenediamine dihydrochloride (NEDA) to

form a reddish-purple azo dye (Reaction 6.7) that absorbs at 540 nm.
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Sulfamate in 0.4 M HCI was first used to remove interfering HONO (Reaction 6.8)

present in the reactants (25):

HONO + HSO.NH, <> 180, +N, + H,0 (6.8)
3 2 2 4 2 2

Hb-SNO was prepared by incubation of rat oxyHb (Sigma) in 10 mM sodium
phosphate buffer (pH 7.2) with 2-100-fold molar excess of CysNO at RT for 30 min in
the dark and purified on a NAP-5 column to remove low-molecular-weight reagents. The
S-nitrosothiol content of purified Hb-SNO was determined from the difference in
absorbance at 540 nm in samples that were incubated with the Griess reagents with and
without Hg2+ (279). Briefly, samples from the NAP-5 column were diluted into 0.4 M

HCI to a final Hb concentration of 10-50 uM. Aliquots (420 pL) were added to 2-mL
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reaction vials, and mixed with 80 pL of 0.5 % w/v ammonium sulfamate in H,O for 1-
2 min to remove HONO (Reaction 6.8). A solution (800 uL) containing sulfanilamide
and HgCl, (1 volume of 1% w/v HgCl, in H,O and 4 volumes of 3.4% w/v sulfanilamide
in 0.4 M HCI) or just sulfanilamide (1 volume of H,O and 4 volumes of 3.4% w/v
sulfanilamide in 0.4 M HCI) was added to the vials, followed by 700 uL of 0.1% w/v of
NEDA in 0.4 M HCl to give a final volume of 2.0 mL. The samples were incubated at RT
for 10 min prior to reading the absorbance at 540 nm. Blanks (no Hb-SNO) with and
without Hg?* were prepared by the same procedure. The RSNO content of the Hb
samples was calculated using a standard curve prepared with 0-25 pM NaNO; (the
ammonium sulfamate step was omitted for the NaNO, standards) or with 0-25 uM
GSNO. The GSNO concentration was determined spectrophotometriclly assuming €333 =
767 mMcm™ (84).

Decomposition of Hb-SNO in incubates (10~70 uM) in the presence and
absence of CuSQO4 (5 uM). CuZnSOD (10 uM), GSH (125 uM) and copper chelators
(200-500 uM DTPA, EDTA, and/or neocuproine) was determined from the difference in
the RSNO concentration measured by Saville assay before and after 30-min incubation at
37°C. All reagents were prepared in Chelex-100 treated 10 mM PBS (pH 7.2) and

absorbance at 540 nm was read in a 1-cm cuvette at RT.

6.4 Results
6.4.1 CuZnSOD in rat RBCs
SDS-PAGE analysis of CuZnSOD extracted from rat RBCs. CuZnSOD was

extracted in triplicate (Table 6.1) from rat RBCs obtained from Hospital Sainte-Justine
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(Section 6.3.2.7). SDS-PAGE analysis clearly shows that CuZnSOD was enriched in the
three extracts (Figure 6.1). Minor bands on the gel indicate that contaminating proteins

were also present.
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Figure 6.1 10% SDS-PAGE analysis of CuZnSOD extracted from rat RBCs. Lanes 1 and 7: protein-
size markers (in kDa); lanes 2 and 6: 2.4 and 19 pg of BCuZnSOD; lane 3: 2.5 pL of extract 3; lane 4; 5 L
of extract 1; lane 5: 10 pL of extract 2. The volumes used in the preparation of extracts 1-3 and their SOD

activity are given in Table 6.1.

ESI-MS analysis of the CuZnSOD extracts from rat RBCs. The proteins in
extract 3 were characterized using ESI-mass spectrometry. Three main components with
masses of 15,819 u, 14,111 u (dimer: 28,222 u), and 14,664 u (dimer: 29,328 u) were
detected (Figure 6.2) consistent with the protein bands on SDS-PAGE (Figure 6.1). The
peak with a mass of 15,819 u corresponds to rat CuZnSOD (Figure 6.2A), which has a
theoretical mass of 15820 u calculated from its amino acid sequence mass (15,780.5 u)
with N-terminal acetylation (+42 u) and a single disulfide bond (-2 u) (PDB: NP_058746;
Table 1.1, Section 1.4.4). The two other peaks do not correspond to Hb and need to be
identified. Figures 6.2B and C show the deconvolved ESI mass spectra of hSODI
expressed in yeast (Chapter 5) and BCuZnSOD, respectively, with masses in good

aggrement with the calculated mass (15,845 and 15,591 u) [Section 4.4.5 and Ref (247)].
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Figure 6.2 Deconvolved ESI mass spectra of rat, human, and bovine CuZnSOD. (A) Rat
CuZnSOD in 10 uL of extract 3 (Table 6.1). The sample was desalted on a ZipTipC, and eluted from
the tip into 30 pL of 60% ACN/0.1% TFA for MS analysis. (B) Bovine and (C) human CuZnSOD
(5~10 uM) samples in 50% ACN/0.1% TFA were prepared from the commercial protein (Roche) and
that expressed in yeast (Chapter 5), respectively. To record the ESI mass spectrum, proteins were
directly infused at a flow rate of 1 uL/min into the Z-spray ion source of the Q-ToF 2 mass
spectrometer. The instrumental parameters were: source block temperature 80°C, LM & HM Res 5.0,
capillary 3.2 kV, cone 45 V, collision 10 V, ToF 9.1 kV and MCP 2.1 kV. The average resolution and
accuracy were 8000 and 5-10 ppm, respectively, and instrument calibration was achieved using human

[Glul]-fibrinopetide B.

Estimation of CuZnSOD concentration in rat RBCs To determine the amount
of CuZnSOD in rat RBCs, the SOD activity in the extracts was measured and
[CuZnSOD] was calculated using a standard curve prepared with BCuZnSOD [ez58 =
10.3 mMem™, (29, 276)] (Figure 6.3). The calibration equation of %/ vs [BCuZnSOD]

innM was y = 13.968x + 6.692 (R? = 0.979), and the average CuZnSOD concentration in

rat RBCs calculated from the %/ was 5.20 £ 0.53 uM (Table 6.1).
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Figure 6.3 Inhibition calibration curve for the determination of CuZnSOD concentration. Curve

generated by adding standards of known concentration of 0-6 nM BCuZnSOD in 50 mM sodium
phosphate buffer/0.1 mM EDTA (pH 7.8) to 3 mL of SOD assay solution. The absorbance was read at 550

nm in a 1-cm quartz cuvette at RT, and the %/ determined as described in Sections 6.3.2.7 and 2.3.2.3.

Table 6.1 Estimation of CuZnSOD concentration in rat RBCs*

Extract # 1 2 3

RBCs (mL)? 0.5 0.5 0.5

Total hemolysate (mL)* 2.05 2.07 0.8

Extract volume (uL)? 44 72 50
37.25 27.34 55.01
%l° 39.39 29.47 55.04
41.36 31.09 57.29

Average %/ 3933+2.06 | 29.30+1.88 | 55.78 £ 1.31

[CuZnSOD] in extract (uM) 7.01 4.86 14.89
[CuZnSOD] in RBCs (uM) 5.06 5.79 4.76

“The CuZnSOD concentration (uM) in rat RBCs was calculated from the change in cytc™ reduction rate

(Sections 6.3.2.7 and 2.3.2.3). *Volume of packed RBCs. “Total volume of hemolysate following addition

of deionized water (Section 6.3.2.7). “Extracted from 250 pL of hemolysate. “Percent inhibition of cytc

I

reduction measured in the presence of 1 uL of extract in 3 mL of assay solution (Sections 6.3.2.7 and

2.3.2.3).
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6.4.2  Reactive Cys residues in rat Hb

Spectrophotometric determinations. The reactivity of free sulfthydryl with
DTNB was characterized using L-cysteine. Plots of the absorbance at 412 nm and 450 nm
vs [L-cysteine] in the presence of 340 uM DTNB yielded two straight lines with good
linearity correlation coefficients (Figure 6.4). The slopes, 12.9 mM”cm™ at 412 nm and

7.2 mM'em™ at 450 nm, are in good agreement with the literature values (60).
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Figure 6.4 Plots of 412-nm and 450-nm absorbance vs L-cysteine concentration in the presence of
DTNB. 20-80 uM L-cysteine in 100 mM sodium phosphate buffer/1 mM EDTA was mixed with 340 pM
DTNB, and absorbances at 412 nm and 450 nm were read in a 1-cm cuvette at RT. The blank was 100 mM
sodium phosphate buffer/l mM EDTA; thus, the non-zero intercepts are due to DTNB absorption at the

measured wavelengths.

Reactive Cys residues in rat Hb (Table 1.3) was probed by monitoring the 450-
nm absorbance vs time in the presence of 340 uM of DTNB. A total of 3.97 + 0.30 Cys

residues per oxyHb tetramer from rat RBCs were titrated over 30 min (solid circles,
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Figure 6.5) indicating that ~6 Cys residues were inaccessible to DTNB. Only 1.68 + 0.13
Cys residues per Hb tetramer were titrated in a sample that was preincubated with 10-fold
molar excess of GSNO (opened circles, Figure 6.5) suggesting that ~2 Cys residues were
modified by GSNO. The observed decrease in absorbance at 450 nm after 5 min is likely

caused by reaction between Hb-SNO and TNB?.

0.2 1

0.0

Time (min)
Figure 6.5 Plots of 450-nm absorption vs time in the DTNB titration of Cys residues in oxyHb from
rat RBCs and its Hb-SNO derivative. The 450-nm absorbance was recorded at 30-s intervals after 340
UM DTNB was added to 6.8 uM oxyHb or 6.8 pM Hb-SNO. OxyHb prepared from rat RBCs (Section
6.3.2.2) was diluted with 100 mM sodium phosphate buffer/1 mM EDTA (pH 7.27). Hb-SNO was prepared
by incubating 75 uM oxyHb with 750 uM GSNO for 30 min at RT in 100 mM sodium phosphate buffer
(pH 7.4) in the dark. The sample was desalted and the buffer changed to 100 mM sodium phosphate
buffer/1 mM EDTA (pH 7.27) using a NAP-5 column. Protein concentrations were determined using

Drabkin’s reagent.

Under the same conditions, 2.28 + 0.13 Cys residues per Hb tetramer (solid
circles, Figure 6.6) were titrated with DTNB in Sigma rat Hb. After 90 min incubation

with 1% SDS, 6.39 £ 0.21 Cys residues (open circles, Figure 6.6) were titrated. Only 0.72
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+ 0.04 Cys residue per human Hb tetramer was titrated with DTNB (data not shown).
Thus, Sigma human Hb straight from the bottle, which is mainly in the met form, appears

not to possess two reactive Cysp93 residues as expected (280).
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a 0.1
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—e— Hb
0.0 1 -0 Denatured Hb
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Figure 6.6 Plot of 450-nm absorption vs time in the DTNB titration of Cys residues in native and
denatured Sigma rat Hb. The 450-nm absorbance was recorded at 30-s intervals after 340 uM DTNB was
added to 4.5 pM Sigma Hb from the bottle (closed circles) and 4.5 uM denatutred Hb (open circles).

Denatured Hb was prepared as described in Section 6.3.2.5, and Hb concentrations were determined using

Drabkin’s reagent.

Mass spectrometric determinations. The deconvolved ESI mass spectrum
(Figure 6.7A) reveals the presence of two isoforms of both the a- and B-chains of Hb
from rat RBCs and the corresponding amino acid sequences are listed in Table 6.2. On
incubation with 100-fold molar excess of NEM, 1-3 NEM adducts (4m = 125 per NEM)
were detected on the a-chainl and 1-2 NEM adducts on the a-chain2 (Figure 6.7C)
whereas both a-chains were singly NEM labelled when incubated with 50-fold molar

excess of NEM (Figure 6.7B). Thus, two of the three Cys residues on the a-chains are
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partially buried, presumably Cysal04 and Cysalll (Section 1.5.4). The two Cys
residues on 3-chainl (Table 1.3) are highly reactive with NEM (Figures 6.7B,C), but the
B-chain2 was only singly NEM labelled by 50- or 100-fold molar excess NEM (Figures
6.7B,C). This is consistent with the presence of only one Cys residue in the B-chain of the

minor form of rat Hb (Tables 1.3 and 6.2).
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Figure 6.7 ESI-MS analysis of reactive Cys residues in RBC rat oxyHb. Deconvolved mass spectrum of
(A) 5 uM rat oxyHb; (B) ~2 uM NEM-labelled rat oxyHb (NEM/Hb = 50); (C) 10 pM NEM-labelled rat
oxyHb (NEM/Hb = 100). Experimental procedures: (B) 76 uM and (C) 350 uM oxyHb prepared from rat
RBCs was incubated with the indicated molar excess of NEM at RT for 30 min. Excess NEM was removed
on a NAP-5 gel-filtration column or on a ZipTipC,, the samples were diluted 35-fold into 50% ACN/0.1%
TFA, and directly infused at a flow rate of 1 pL/min into the ESI source of the Q-TOF 2 mass

spectrometer. The instrument parameters are given in the legend of Figure 6.2.
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Table 6.2 Amino acid sequences of the major and minor isoforms of rat Hb*

1 VLSADDKTNIKNCWGKIGGHGGEYGEEALQ 30
31 RMFAAFPTTKTYFSHIDVSPGSAQVKAHGK 60
a-chainl 61 KVADALAKAADHVEDLPGALSTLSDLHAHK 90
(PDB:AAA41308)
91 LRVDPVNFKFLSHCLLVTLACHHPGDFTPA 120

121 MHASLDKFLASVSTVLTSKYR

Major isoform
1 VHLTDAEKAAVNGLWGKVNPDDVGGEALGR 30

31 LLVVYPWTQRYFDSFGDLSSASATMGNPKV 60
p-chainl 61 KAHGKKVINAFNDGLKHLDNLKGTFAHLSE 90
(PDB:P02091)
91 LHCDKLHVDPENFRLLGNMIVIVLGHHLGK 120

121 EFTPCAQAAFQKVVAGVASALAHKYH

1 VLSAADKTNIKNCWGKIGGHGGEYGEEALQ 30
31 RMFAAFPTTKTYFSHIDVSPGSAQVKAHGK 60
a-chain2 61 KVADALAKAADHVEDLPGALSTISDLHAHK 90
(PDB: xp_34078)
- 91 LRVDPVNFKFLSHCLLVTLACHHPGDFTPA 120

121 MHASLDKFLASVSTVLTSKYR
Minor isoform

1 VHLTDAEKATVSGLWGKVNPDNVGAEALGR 30
31 LLVVYPWTQRYFSKFGDLSSASAIMGNPQV 60
p-chain2 61 KAHGKKVINAFNDGLKHLDNLKGTFAHLSE 90
(PDB: AAB30299)
91 LHCDKLHVDPENFRLLGNMIVIVLGHHLGK 120

121 EFTPSAQAAFQKVVAGVASALAHKYH

“Sequences from the NCBI protein database (http://www.ncbi.nlm.nih.gov). Cys residues are underlined in

bold font.

The reactive Cys residues in Sigma rat Hb were also investigated. As shown in

Figure 6.8, singly NEM-labelled a- and B-chains were detected in a 60-min NEM/Hb
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(80:1) incubation, consistent with the titration of ~2 Cys residues per Sigma Hb tetramer

by DTNB (Figure 6.6).
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Figure 6.8 ESI-MS analysis of reactive Cys residues in Sigma rat oxyHb. Deconvolved mass spectrum
of (A) ~20 pM rat oxyHb; (B) ~10 puM NEM-labelled rat oxyHb (NEM/Hb = 80). Experimental
procedures: The samples were diluted 50-fold into 50% ACN/0.1% TFA, and directly infused at a flow rate
of 3 uL/min into the ESI source of the SSQ 7000 mass spectrometer. Instrument parameters: source
temperature 70°C, capillary temperature 185°C, spray 4.0 kV, cone 40 V, sheath-gas 35 psi. The mass-
scale calibration was carried out using myoglobin and L-methionyl-arginyl-phenylalanyl-alanine acetate
(MRFA) as reference compounds. Protein mass spectra were deconvoluted using BioWorks software

(ThermoFinnigan).

6.4.3  S-Nitrosation and S-thiolation of Hb from rat RBCs

S-Nitrosation of rat Hb and identification of the reactive sites were carried out
using oxyHb prepared from rat RBCs. The iron oxidation state of the Hb sample was
checked spectrophotometrically, and the absorbance ratio at 576/541 nm was 1.06

(Figure 6.9) which is close to the value of 1.14 in the oxy-state (83). The deconvolved
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mass spectra after oxyHb incubation with 10-fold molar excess GSNO + 20 uM
BCuZnSOD are shown in Figure 6.10. An NO adduct (15,227 u) with 13% abundance
relative to the unlabelled a-chainl (100%) was observed suggesting that one of the three
Cys residues was S-nitrosated. Peaks corresponding to the B-chainl plus one NO (15,878
u), plus two NO (15,907 u), plus one GS (16,153 u), plus one NO and one GS (16,183 u),
and plus two GS (16,458 u) adducts were detected (Figure 6.10) indicating that the Cys
residues were either S-nitrosated or S-thiolated in the GSNO incubation. The single Cys
residue in the B-chain2 was S-nitrosated (15,891 u). A comparison of Figures 6.10A and
B reveals that when BCuZnSOD was presented in the oxyHb/GSNO incubation the

extent of nitrosation did not increase significantly.
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Figure 6.9 UV-Vis spectra of rat oxyHb. Absorbance of 4.6 uM (solid line) and 18.4 uM (dotted line)
oxyHb in 50 mM sodium phosphate buffer (pH 7.4) was recorded in a 1-cm cuvette at RT. OxyHb was
prepared from rat RBCs and CuZnSOD was removed as described in Section 6.3.2.3
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Figure 6.10 LC-ESI-MS analysis of the RBC rat oxyHb/GSNO incubation in (A) the absence and (B)
the presence of BCuZnSOD. Rat oxyHb (670 uM) was incubated with 6.7 mM GSNO * 20 pM
BCuZnSOD at RT for 10 min in 50 mM sodium phosphate buffer (pH 7.2). Samples for MS analysis were
diluted 100-fold into 50 mM AcONH, (pH 4.0), and 3 pL was injected into the trap via the autosampler.

The CapLC system was equipped with a Symmetry300™ C4 trap column (Waters) and the sample was
eluted from the trap under a gradient of 5:5:50:95:95:5% B in 3/22/5/10/5 min at a flow rate of 1 uL/min,

where B is 90% ACN/0.1% TFA. The eluent was directly introduced into the Z-spray ESI source of the Q-

TOF 2 mass spectrometer which was operated under the conditions given in the legend of Figure 6.2.

S-Nitrosation of Sigma rat Hb. Samples were prepared by incubating 0.5 mM
rat oxyHb with CysNO at molar ratios of 0, 2, 10, 40, or 100 in 10 mM PBS (pH 7.2) at

room temperature for 30 min in the dark. Hb was purified on a Sephadex G-25 column,
and its concentration was determined using the Bio-Rad protein assay. UV-Vis spectra
measured before and after incubation with CysNO indicated that Hb had changed from

oxy to the met state (Figure 6.11).

205



Table 6.3 S-Nitrosation of Sigma rat oxyHb as determined by Saville assay

CysNO/Hb molar ratio” Nitrite/oxyHb (mol/mol) SNO/H bOzb
Without Hg™* With Hg** (mol/mol)
2 0.00 0.05 0.05
10 0.33 1.21 0.88
40 0.27 3.01 274
100 0.35 4.40 4.05

“Hb-SNO was prepared by incubation of 0.5 mM Sigma rat oxyHb with 1.0-50 mM CysNO at RT for 30
min. Samples were desalted on a NAP-5 column and treated with ammonium sulfamate prior to analysis by
the Saville assay. OxyHb exposed to the same reagents except CysNO was used as the blank. *Calculated

from the difference in the nitrite measured in the presence and absence of added Hg*" (Section 6.3.2.13).
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Figure 6.11 UV-Vis spectra of Sigma rat oxyHb and Hb-SNO derivative. Absorbance between 250 and
600 nm of 1.9 uM of oxyHb and 2.5 pM of oxyHb/CysNO incubate were recorded in a l1-cm cuvette.
OxyHb in 10 mM phosphate buffer (pH 7.2) was prepared from rat metHb (Sigma) as described in Section
6.3.2.2, and Hb-SNO in 10 mM PBS (pH 7.2) was prepared by incubation oxyHb (Sigma) with CysNO
(CysNO/Hb = 10) at RT for 30 min in the dark and purified on a NAP-10 column.
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Figure 6.12 ESI-MS analysis of GSNO and NEM-modified RBC rat oxyHb. Mass spectrum of ~2 yM
(A) Hb-SNO and (B) (Hb-SNO)-NEM. Rat oxyHb (76 uM) was incubated with 760 uM GSNO at RT for
30 min and then with 3.8 mM NEM at RT for 30 min in 10 mM sodium phosphate buffer (pH 7.2).
Samples were desalted on a NAP-5 gel filtration column, diluted 38-fold into 50% ACN/0.1% TFA, and
directly infused at a flow rate of 1 pL/min into the ESI source of the Q-TOF 2 mass spectrometer. The

mass spectrometric conditions are given in the legend of Figure 6.2.

The amounts of Hb-SNO produced in the different incubations were determined
by the Saville assay (Table 6.3). Up to 4 Cys residues in rat oxyHb were S-nitrosated and
the extent of S-nitrosation was proportional to the CysNO/oxyHb ratio.

Additionally, S-nitrosation by a 10-fold molar excess of GSNO of 0.2-0.7 mM
oxyHb from different species was compared using the Saville assay. After 30 min
incubation at room temperature, the SNO/Hb ratios (mol/mol) in Sigma rat (0.5 mM),
human adult (0.2 mM) and fetal (0.7 mM) Hb incubations were 1.48 + 0.39, 0.44 £ 0.02,
and 0.60 £ 0.10, respectively (data not shown). The result suggests that the reactivity of

the Cys residues towards S-nitrosation is comparable among different Hbs and consistent
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Table 6.4 Tryptic peptides of the two isoforms of rat Hb”

o-chainl mass = 15197.3 u o-chain2 mass = 15153.3 u

Sequence [residue number] M, (uv) Sequence [residue number] M, (v)
VLSADDK [1-7] 746.381 VLSAADK [1-7] 702.391
NCWGK [12-16] 606.258 NCWGK [12-16] 606.258
IGGHGGEYGEEALQR [17-31] 1571.733 | IGGHGGEYGEEALQR [17-31] 1571.733
MFAAFPTTK [32-40} 1012.505 MFAAFPTTK [32-40] 1012.505
TYFSHIDVSPGSAQVK [41-56) 1734858 | TYFSHIDVSPGSAQVK [41-56] 1734.858
VADALAK [62-68] 686.396 VADALAK[62-68] 686.396
AADHVEDLPGALSTLSDLHAHK [69-90] 2296145 | AADHVEDLPGALSTLSDLHAHK [69-90] 2296.145
VDPVNFK [93-99] 817.433 VDPVNFK [93-99] 817.433

FLSHCLLVTLACHHPGDFTPAMHASLDK [100-127] 3060.477 FLSHCLLVTLACHHPGDFTPAMHASLDK [100-127] 3060.477

FLASVSTVLTSK [128-139] 1251.707 FLASVSTVLTSK [128-139] 1251.707
B-chainl mass = 15848.2 u B-chainl mass = 15861.2 u

Sequence [residue number] M, (uv) Sequence [residue number] M, (v)
VHLTDAEK [1-8] 911.471 VHLTDAEK {1-8] 911471
AAVNGLWGK [9-17] 914.497 ATVSGLWGK {9-17] 917.497
VNPDDVGGEALGR [18-30] 1297.626 VNPDNVGAEALGR [18-30] 1310.658
LLVVYPWTQR [31-40] 1273.718 LLVVYPWTQR [31-40] 1273.718
YFDSFGDLSSASAIMGNPK {41-59] 2005.909 | FGDLSSASAIMGNPQVK [45-61] 1720.845
VINAFNDGLK [67-76] 1089.582 | VINAFNDGLK [67-76] 1089.582
HLDNLK [77-82] 738.402 HLDNLK [77-82) 738.402
GTFAHLSELHCDK [83-95] 1456.677 | GTFAHLSELHCDK [83-95] 1456.677
LHVDPENFR [96-104] 1125.557 | LHVDPENFR [96-104] 1125557
LLGNMIVIVLGHHLGK {105-120] 1713.012 | LLGNMIVIVLGHHLGK [105-120] 1713.012
EFTPCAQAAFQK [121-132] 1339.623 EFTPSAQAAFQK [121-132] 1323.646
VVAGVASALAHK(133-144] 1121.656 VVAGVASALAHK [133-144} 1121.656

“Peptides with masses > 600 u are listed, and those containing Cys residues (bold font) are underlined. The

data source is given in the footnote to Table 6.2.

with the greater number of free Cys residues in rat Hb (Table 3.1). The higher level of S-
nitrosation in the rat Hb/GSNO incubation compared to the incubation with 10-fold molar
excess CysNO (0.88 mol/mol, Table 6.3) may be due to incomplete removal of GSNO

which is more stable than CysNO.
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Table 6.5 Glu-C peptides of the two isoforms of rat Hb*

o-chainl mass = 151973 u o-chain2 mass = 15153.3 u
Sequence [residue number] M, (u) Sequence [residue number] M, (u)
VLSADDKTNIKNCWGKIGGHGGE [1- 23] 2398170 | VLSAADKTNIKNCWGKIGGHGGE [1-23] 2354.18
ALQRMFAAFPTTKTYFSHIDVSPGSAQVKAHGKKVA | 5009.5973 | ALQRMFAAFPTTKTYFSHIDVSPGSAQVKAHGKKVA | 5009.597
DALAKAADHVE [28-74] DALAKAADHVE [28-74]
DLPGALSTLSDLHAHKLRVDPVNFKFLSHCLLVTLAC | 7337.809 DLPGAILSTLSDLHAHKLRVDPVNFKFLSHCLLVTLAC | 7337.809
HHPGDFTPAMHASLDKFLASVSTVLTSKYR [75-141] HHPGDFTPA MHASLDKFLASYSTVLTSKYR [75-41]
B-chainl mass = 15848.2 u B-chain! mass = 15861.2 u
Sequence [residue number] M, (u) Sequence [residue number] M, (u)
VHLTDAE [1-7] 783.376 VHLTDAE [1-7] 783.376
KAAVNGLWGKVNPDDVGGE [8-26] 1924964 | KATVSGLWGKVNPDNVGAE [8-26] 1940.995
ALGRLLVVYPWTQRYFDSFGDLSSASAIMGNPKVKA | 7041.687 | ALGRLLVVYPWTQRYFSKFGDLSSASAIMGNPQVKA | 7054718
HGKKVINAFNDGLKHLDNLKGTFAHLSE [27-90] HGKKVINAFNDGLKHLDNLKGTFAHLSE [27-90]
LHCDKLHVDPE [91-101] 1304.618 LHCDKILHVDPE [91-101] 1304.618
NFRLLGNMIVIVLGHHLGKE [102-121} 2259267 | NFRLLGNMIVIVLGHHLGKE [102-121} 2259.267
FTPCAQAAFQKVVAGVASALAHKYH [122-146] 2614348 | FTPSAQAAFQKVVAGVASALAHKYH [122-146} 2598.371

“Peptides with masses > 600 u are listed, and those containing Cys residues (bold font) are underlined. The

data source is given in the footnote to Table 6.2.

6.4.4 Identification of the sites of rat Hb S-nitrosation and S-thiolation by
MALDI-ToF-MS

The sites of rat Hb S-nitrosation was first investigated in the singly S-nitrosated
and S-thiolated protein (Figure 6.12A) prepared by incubation of RBC oxyHb with 10-
fold molar excess of GSNO. Since the S-NO bond in S-nitrosated Hb is light, heat, and

pH-sensitive, the S-nitrosation site cannot be directly determined by MALDI-MS. To
overcome this problem, an indirect method was used here. Following S-nitrosation, the
remaining unreacted thiols in singly labelled Hb-SNO were blocked by incubation with a
50-fold molar excess of NEM in 10 mM PBS (pH 7.2) at room temperature for 30 min.

ESI-MS analysis of the product (Hb-SNO)-NEM (Figure 6.12B) reveals that only Cys
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residues in the B-chain were NO- or GS-labelled and the unreacted Cys residues in a- and
-chains were NEM-labelled. Untreated Hb, fully NEM-labelled Hb-NEM, Hb-SNO, and
(Hb-SNO)-NEM were digested with trypsin or Glu-C. The mass shifts of the Cys-
containing peptides were compared, and those with a 125-u mass shift in the Hb-NEM
but not the (Hb-SNO)-NEM mass fingerprint are assumed to contain a S-nitrosation site.
The a- and B-chains of the two isoforms of rat Hb from RBCs identified by ESI-
MS (Figure 6.7A) yielded the Glu-C and tryptic peptides listed in Tables 6.4 and 6.5,
respectively. Peptides with mass < 600 u are not listed and the sequence coverage from
the tryptic digest was 82%. The 4 missing peptides include a peptide containing Cysp125
(E1oiFTPCAQAAFQK 32, M; 1339.623 u) (Table 6.4). The Cys-containing tryptic
peptides from the Hb-NEM and (Hb-SNO)-NEM digests (Table 6.6) reveal that no labels
were detected on peptide F;ooLSHCLLVTLACHHPGDFTPAMHASLDK 27 (M;
3060.477 u) indicating that Cysa104 and Cysalll are unreactive towards both GSNO
and NEM. Peptide N1,CWGK ¢ (M, 606.258 u) was singly NEM labelled in both the Hb-
NEM and (Hb-SNO)-NEM fingerprints indicating that Cysa13 was not S-nitrosated by
GSNO consistent with the results shown in Figure 6.12B. Likewise, peptide
Gg; TFAHLSELHCDK g5 (M, 1456.677 u) was singly NEM-labelled in the Hb-NEM and
(Hb-SNO)-NEM fingerprints indicating that Cysp93 was not S-nitrosated or S-thiolated
by GSNO. Although tryptic peptide E;; FTPCAQAAFQK;3; was not detected in the
mass fingerprint of the B-chainl, singly-NO and GS-labelled derivatives were observed
in the spectra of intact Hb-SNO (Figure 6.12A) and (Hb-SNO)-NEM (Figure 6.12B), and

Cysp125 is considered the likely site of S-nitrosation and S-glutathiolation.

210



Table 6.6 MALDI-MS analysis of Cys-containing tryptic peptides of rat Hb-NEM

and (Hb-SNO)-NEM*

Chain Peptide sequence’ Calc MH** Observed MH* Am Assigned
(residue number) modification

al&o2 NCWGK (12-16) 607258  HO-NEM 73218 125 NEM

(Hb-SNO)-NEM 73206 125 NEM
H VTLACHHPGDFT Hb-NEM 3061.45

al&a2 FLSHCLLVTLACHHPGD 3061.477 0 none
PAMHASLDK (100-127) (Hb-SNO)-NEM  3061.45

Bl&B2  GTFAHLSELHCDK(8395) 1457677  TONEM 158301 126 NEM

(Hb-SNO)-NEM 1582.68 125 NEM

Hb-NEM ND - -

Bl EFTPCAQAAFQK(121-132) 1340.623
(Hb-SNO)-NEM  ND - -

“Proteins (3—4.6 pg/uL) in 100 mM NH,HCO; buffer (pH ~8.5) were incubated with trypsin (40:1, w/w) at
37°C overnight. Preparation of the Hb-NEM and (Hb-SNO)-NEM samples is described in the legends of
Figures 6.7B and 6.12B, respectively. “Cys-containing peptides from the Hb digests; Cys residues are in
bold underlined font. “Calculated monoisotopic masses of the singly protonated ions (MH") of the tryptic

peptides. “Observed monoisotopic masses of the MH" ions.

To further identify the reaction sites of rat oxyHb with GSNO, Glu-C was used to
digest the protein (Table 6.5). The sequence coverage was ~82% with two missing
peptides (M; > 7000 u). Table 6.7 lists the Cys-containing peptides detected in the
MALDI mass fingerprints of the a- and B-chains from the Glu-C digests of native rat Hb
and its derivatives.

The Cysal3-containing peptides in o-chainl and a-chain2 as well as the
Cysp93-containing peptide were found to be singly NEM-labelled in both the Hb-NEM
and (Hb-SNO)-NEM fingerprints (Table 6.7). However, partially S-glutathiolated
Cysp93 was detected in the Hb-SNO and (Hb-SNO)-NEM fingerprints (Table 6.7),

suggesting that this residue reacts to some extent with GSNO before incubation with
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Table 6.7 MALDI-MS analysis of the Cys-containing Glu-C peptides from rat

oxyHb and its derivatives

Peptide Sequence? Calc Observed
Sample? Am Label
(residue numbers) MH* MH*
Hb al VLSADDKTNIKNCWGKI 2399.17 2399.21 0.04 none
Hb-SNO ol 239877 -0.40 none
GGHGGE (1-23)
Hb-NEM al 2524.39 125.22 NEM
(Hb-SNO)-NEM al 2523.59 124.42 NEM
Hb . . )
a2 VLSAADKTNIKNCWGKI 2355.18 235525 0.07 none
Hb-SNO (v} 235476 -0.42 none
GGHGGE (1-23)
Hb-NEM o2 2480.38 125.20 NEM
(Hb-SNO)-NEM o2 2479.59 124.41 NEM
Hb B1&p2 1305.62 1305.68 0.06 none
LHCDKLHVDPE (91-101)
1305.47 -0.15 none
Hb-SNO Br&p2 610.50 304.88 GS
Hb-NEM p1&p2 1430.80 125.18 NEM
Hb-SNO)-NEM 1&B2 143043 124.81 NEM
(Hb-SNO)- pr&p 1610.42 304.80 GS
Hb 421 2615.35 2615.39 0.04 none
FTPCAQAAFQKVVAGVA
Hb-SNO 1 2614.86 -0.49 none
- B SALAHKYH (122-146) 2919.89 304.54 Gs
Hb-NEM Bl 2740.62 125.27 NEM
Hb-SNO 2614.72 -0.63 none
(Hb- )-NEM i 2920.63 305.28 GS

“Hb, Hb-NEM, Hb-SNO, and (Hb-SNO)-NEM samples from Figures 6.7A, 6.7B, 6.12A, and 6.12B,
respectively. Proteins were desalted on a NAP-5 column and concentrated by ultrafiltration (12,000 rpm, 8
min, Ultrafree-0.5, Millipore). Endoproteinase Glu-C digestion was carried out in 50 mM ammonium
acetate (pH 4.0) at 35°C for 2-4 h at a Hb/Glu-C ratio of 20/1(w/w), ~1 pL of the digests was mixed with 9
pL of matrix solution (10 mg/mi a-CHCA in 2:1 acetonitrile/0.1%TFA), 1 uL of the mixture was spotted
onto a 100-well MALDI plate and air-dried. “Sequences from the NCBI protein database

(http://www.ncbi.nlm.nih.gov) (Table 6.2); Cys residues are in bold underlined font. “Calculated

monoisotopic masses of the singly protonated ions (MH") of the Glu-C peptides. “Observed monoisotopic

masses of the MH" ions

NEM. NEM-Ilabelled Cysp125 peptide was not found in the (Hb-SNO)-NEM fingerprint

of isoform] but was present in the Hb-NEM fingerprint (Figure 6.12). Also, this peptide
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was found to be S-glutathiolated in Hb-SNO from the Hb/GSNO and (Hb-SNO)/NEM

incubations indicating that Cysp125 is S-nitrosated and S-glutathiolated at a GSNO/Hb

ratio of 10:1 (Figures 6.10 and 6.12).
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Figure 6.13 Effects of GSH, chelators, CuSO,, and BCuZnSOD on NO release from Sigma rat
metHb-SNO. The %Hb-SNO decomposition in incubations of 40-72 uM metHb-SNO with (A) 10 mM
PBS only, plus 200 uM EDTA, 200 uM DTPA, 500 uM neocuproine, (B) 125 uM GSH plus 5 puM CuSO,,
10 pM BCuZnSOD, 20 uM BEZnSOD. (C) [Hb-SNO] vs time of the samples in B was measured by the
Saville assay after incubation at 37°C for 0-90 min. Experimental procedures: Sigma rat oxyHb was
prepared as described in Section 6.3.2.1. Hb-SNO was prepared by incubating oxyHb (200-300 uM) with
CysNO at RT for 30 min in 10 mM PBS (pH 7.2) as described in Section 6.3.2.4. The %Hb-SNO
breakdown was calculated from the SNO concentration determined by the Saville assay before and after
30-min incubation with the reagents indicated in the figure. The results are the averages of 14

measurements.
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6.45  Determination of NO release from Sigma rat Hb-SNO

Hb-SNO was prepared by incubation of 180 uM Sigma rat oxyHb with 70-fold
molar excess of CysNO at room temperature for 30 min. After desalting on a NAP-10 G-
25 column, the S-nitroso content was determined by the Saville assay, and the NO
released from 40—70 pM Hb-SNO were examined. As indicated in the figure legends, the
solutions also contained 125 uM GSH, 10 uM BCuZnSOD, 5 uM Cu2+, 200 uM EDTA,
200 pM DTPA, or 500 pM neocuproine, and the S-nitroso content before and after 30
min incubation at 37°C was determined.

Effect of metal chelators on NO release from Hb-SNO ~10% Hb-SNO was
decomposed over 30 min incubation at 37°C. Decomposition was inhibited by ~5-22% in

the presence of the chelators (Figure 6.13A), with DTPA being more effective than the

others.

A B
- 60 < 60 4
2 o
g g
I E a0/
s g
b o
[o] [e]
5 F
g 20 4 g 20
= =

\ : I mm

Concrol +EDTA +Neo +EDTA/Neo  +DTPA Hb-SNO/Cu(ll)/GSH +EDTA/Neo +DTPA

Figure 6.14 Effects of EDTA, DTPA, and neocuproine on (A) BCuZnSOD- and (B) CuSO,-catalyzed
NO release from Sigma rat metHb-SNO. The chelators (200-500 uM) were added to the incubations and
the experimental procedures are given in the legend of Figure 6.13. “Control” in (A) denotes the Hb-

SNO/BCuZnSOD/GSH incubation.

Effects of added free copper and BCuZnSOD on NQO release from Hb-SNO.

Samples containing 40-75 pM rat metHb-SNO with/without 5 uM CuSO4 or 10 uM
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BCuZnSOD dimer were incubated with 125 uM GSH in 10 mM PBS buffer (pH 7.2) at
37°C for 30 min. Breakdown of 39.33 £ 9.46% and 56.32 + 5.44% Hb-SNO occurred in
the presence of BCuZnSOD and Cu'", respectively, compared to 10.25 + 3.74% in GSH
only and 14 + 4.42% in the presence of copper-free enzyme (EZnSOD) (Figure 6.14).
These results reveal the significant role of free copper and active-site copper in the
modulation of NO release from rat metHb-SNO in vitro.

Effects of chelators on free copper- and BCuZnSOD-catalyzed NO release
from Hb-SNO. Figure 6.14A shows that the %Hb-SNO decomposition in metHb-
SNO/GSH/BCuZnSOD was 15.2 + 3.25%, 19.2 £ 4.99%, 24.9 + 6.05%, and 114 £
1.29% in the presence of EDTA, DTPA, neocuproine, and EDTA + neocuproine,
respectively. Thus, the chelators inhibit CuZnSOD-catalyzed decomposition of metHb-
SNO in addition to inhibiting GSNO breakdown (Chapter 2.0, Figure 2.5). Free-copper-
catalyzed decomposition of metHb-SNO was also inhibited by the chelators (Figure
6.14B). Both DTPA and EDTA/neocuproine (200-500 puM) are effective inhibitors of

CuSOy-catalyzed Hb-SNO decomposition decreasing breakdown from 56% to 10%.

6.5 Discussion
6.5.1 Comparison of Cys reactivity in rat and human Hbs

Hb is a tetrameric protein composed of two a- and two p-chains and each chain
contains a heme group. Cys residues in Hb from different species are not identical but
Cysp93 is highly conserved. Human adult Hb (HbA) contains three pairs of Cys residues,

Cysp93, Cysp112, and Cysal04. Rat Hbs are unusually heterogeneous with two o-

chains and at least three P-chains that are structurally different (272, 281-285). The
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primary structure of the major B-chain and the partial sequences of two a-chains have
been reported (282, 283). The Cys residues in the a-chain at positions 13, 104, and 111
(283, 286), and in the major P-chain at positions 93 and 125 (282) have been
characterized.

It has been demonstrated that Cysf125 and Cysa13 are more reactive than
Cysp93 of human Hb. The remarkable reactivity of Cysp125 is due to its low pK, (~6.9)
and its high accessibility, which leads to its various reactions (29, 79, 83, 271-273, 287-
289). For example, mixed disulfides formed with GSH (HbSSG) when rat but not human
RBCs were treated with the intracellular thiol-oxidizing diazenes (diazenedicarboxylic
acid bis-N,N-dimethylamide and diazenedicarboxylic acid bis-N'-ethylpiperazinide)
(287). Rossi et al. (273) confirmed that diamide and other oxidizing agents such as
hydrogen peroxide, tert-butyl hydroperoxide, and menadione were more reactive with
one of the thiol groups in rat Hb than with GSH. S-Conjugation of DTNB to CysB125
(2.94 x 10* M''s™) (83) is faster than with any previously characterized protein thiol, and
an order of magnitude faster than with GSH (2.6 x 10> M'sT) (83). Also, DTNB
conjugation is independent of oxygen binding to rat Hb.

Two isoforms of the a-chain with masses of 15,197 u (a-chainl) and 15,153 u
(a-chain2) were detected in the ESI mass spectra of Hb from rat RBCs and from Sigma
(Figures 6.7A and 6.8A) in agreement with the literature report (283). Consistent with the
presence of Cysal3, Cysal04 and Cysalll (286), up to three NEM-labels were
observed in the major a-chainl but only two in the minor a-chain2 (Figure 6.7C)
indicating that the Cys residues in two different isoforms of rat Hb have different

reactivity. At low NEM/HD ratios, only a single adduct was observed (Figures 6.7B and
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6.8B) suggesting that one of the three Cys residues in the a-chains is more reactive than
the other two. Tryptic peptide mass fingerprinting of the Hb-NEM digest revealed that
Cysa13 of both a-chains was NEM-labelled (Table 6.6) indicating that this Cys residue
is far more reactive than Cysa104 or Cysal1l. This is in agreement with the literature
data that Cysal04 and Cysalll are masked sulthydryl groups located at the ayf;
interface and that their reactivity is controlled by the tetramer dissociation beyond the
dimer stage (83, 290). An important role for Cysa13 in the crystallization of rat Hb has
been reported by Chua et al. (286), who found that the protein crystallized rapidly at low
pH but this is prevented by Cysal3 ionization on raising the pH to 8.6. The ionized side
chain presumably swings to the exterior of the molecule, and this can be suppressed by
alkylation with iodoacetamide (286).

Two a- and four -chains have been characterized by reversed-phase HPLC of
Hb from Sprague-Dawley rats (272). Cysp93 is present in all four B-chain isoforms but
CysP125 exists in three of the four isoforms (83, 272, 282, 285). In the present study,
only two B-isoforms with masses of 15,848 u (B-chainl) and 15,861 u (B-chain2) were
detected in Hb from Sprague-Dawley rat RBCs (Figure 6.7A). Sigma Hb also possessed
two B-isoforms with masses of 15,927 u (B-chainl) and 15,862 u (B-chain2) (Figure
6.8A). While the B-chainl isoforms have different masses (Am = 79 u), B-chain2 from
the two Hb samples was identical in mass and contained one reactive Cys residue
(Figures 6.7B&C and 6.8B). As shown in Figures 6.7B,C vs 6.8B, singly and doubly

NEM-labelled B-chainl was observed in the rat Hb samples from Sigma and RBCs,

respectively, suggesting that Cysf125 was not present in the Sigma protein. The observed
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Am suggests that the B-chainl in the Sigma and RBC rat Hbs used here may be different
isoforms.

DTNB titrations were also carried out to determine the reactive Cys residues in
Hb from various sources. Over 30-min incubation, 3.97 + 0.30 Cys residues in rat RBC
oxyHb, and 2.28 + 0.13 Cys residues in Sigma rat Hb were titrated by DTNB (Figures 6.5
and 6.5) revealing double the number of reactive Cys residues in the former. The fast
titration of RBC Hb vs Sigma Hb (solid circles, Figures 6.5 vs 6.6) suggests that Cyspf125
is absent from the Sigma protein, consistent with the mass spectral results. In contrast to
rat Hb, only 0.72 £ 0.04 Cys residues were titrated by DTNB under the same conditions
in human HbA. Thus, in addition to the presence of highly reactive Cysp125, it is
possible that CysB93 is more reactive in rat vs human Hb. Clearly, S-nitrosation and S-
glutathiolation are expected to differ considerably in the rat and human proteins as
reported (29, 273)
6.5.2  S-Nitrosation of rat vs human Hbs

The mechanism by which Hb-SNO is formed in vivo and the route by which the
NO moiety is released are not clear. To elucidate possible mechanisms underlying these
processes, formation of Hb-SNO by incubation of oxyHb with the low-molecular-weight
RSNOs, GSNO and CysNO, as well as dissociation of NO from Hb-SNO via a thiol-
dependent mechanism were investigated (72). The present Saville assay data (Table 6.3)
indicating that ~1-4 Cys residues are S-nitrosated in the Sigma rat oxyHb incubations
with 10-100-fold molar excess CysNO are in close agreement with the Saville assay and
LC-MS results of Wolzt et al. (72). They found that 0.69 Cys residues on the B-chain are

S-nitrosated in a 1:4 human oxyHb/CysNO incubation whereas 2.34 Cys residues are
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modified in a 1:40 human oxyHb/CysNO incubation (72). Singly and doubly S-nitrosated
Cys residues on the B-chain account for most of the NO adducts but the a-chain thiols
also formed NO adducts. Our data (Table 6.3) and that of Wolzt et al. (72) clearly
indicate that CysB93 is not the only S-nitrosated residue when oxyHb is exposed to high
concentrations of CysNO (CysNO/oxyHb, 40:1) (72). Thus, S-nitrosation of human and
rat Hb is similar when Cysp125 is absent from the protein such as in the case for Sigma
Hb.

However, our data for rat Hb containing the highly reactive Cysp125 with
GSNO as NO donor are not consistent with the published data for human Hb (57, 72). In
contrast to the report from Woltz ef al. that a single NO-adduct (43%) and a single GS-
adduct (28%) formed on the B-chain (most likely at Cysp93) in 1:40 (but not 1:4) human
oxyHb/GSNO incubations (72), peaks corresponding to single and double NO adducts,
single and double GS adducts, and NO/GS mixed adducts of the f-chain were detected
here (Figure 6.10). In addition, a low abundant NO-adduct on the a-chain was detected
revealing that the Cys residues in rat Hb are more susceptible to S-nitrosation using
GSNO as a donor.
6.5.3  Role of CuZnSOD

A role for CuZnSOD in the S-nitrosation of Cys residues, especially Cysp93 in
human Hb was reported by Gow et al. (64) and a possible mechanism was proposed by
Romeo et al. (Reactions 1.19-1.20) (57). An attempt was made here to evaluate the
amount of CuZnSOD in rat RBCs and, by introducing BCuZnSOD into the reaction
mixtures, to explore the role of CuZnSOD in the S-nitrosation and denitrosation of rat

Hb. We found ~5 pM CuZnSOD dimer in rat RBCs which is close to the reported copper
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concentration (5 — 10 uM) in human erythrocytes (60) but inconsistent with a previous
report (59) that CuZnSOD level are higher in rat than in human RBCs (Table 1.2).

No significant difference in the S-nitrosation of oxyHb from rat RBCs by 10-
fold excess GSNO was observed in the presence and absence of 20 uM BCuZnSOD
(Figure 6.10A vs B). Peaks corresponding to one or two NO-adducts on the B-chainl and
one NO-adduct on the B-chain2 were detected in both incubations consistent with two
and one reactive Cys residues in isoforms 1 and 2, respectively (Figures 6.7B and C).
CysB125 and/or CysP93 appear to be susceptible to S-nitrosation by a copper-
independent mechanism suggesting that CuZnSOD may play a minimal role in the S-
nitrosation of Hb from rat RBCs. Peptide mass fingerprinting of the singly S-nitrosated -
chainl (Figure 6.12) confirmed the literature report that Cysf125 is the most reactive
thiol in rat Hb (83, 271), and the data shown in Tables 6.6 and 6.7 indicate that NO is
targeted to CysP 125 rather than Cysp93.

6.5.4 Trans-S-nitrosation and S-thiolation of rat RBC Hb

NO-group transfer between S-nitrosothiols and thiols via frans-S-nitrosation
(RSNO + R’SH =— RSH + R’SNO) has been proposed (29, 31, 291-293). This
reaction is considered to be important under physiological conditions and closely related
to the biological effects of Hb-SNO (26, 293, 294). Literature data suggest that this
reaction occurs via the thiolate anion since the rate constants are pH dependent (29/).
Moreover, the reaction is more favored for thiols with low pK, and high accessibility (3/,
291). Our results suggest that S-nitrosation of Cys residues in rat oxyHb occurs via trans-
S-nitrosation (Reaction 1.4). Cysp125 has an apparent pK, of 6.89, which is lower than of

GSH (pK, = 8.9) and of other protein thiols plus its large solvent exposure (83, 271)
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support CysP125 being the major target site for NO transfer from GSNO (Tables 6.6 and
6.7).

Our hypothesis that RBC CuZnSOD likely plays a role in channeling NO from
GSNO to Cysp93 of human oxyHb stems from observations made at physiological
concentrations of the protein (57). For example, in a solution containing 3.75 mM oxyHb
(15 mM heme, 7.5 mM Cysp93) with 3.75 mM or 7.5 mM GSNO (57), one or both
CysPp93 residues were S-nitrosated and no metHb formation caused by NO depletion
(Reaction 1.14) was observed. The data observed here for rat Hb do not support our
hypothesis derived from studies on human Hb (57). This might be due to species
differences in thiol reactivity, the lower physiological Hb concentrations and the large
excess of GSNO used in the rat Hb experiments. As the rat oxyHb concentration was < 1
mM and the CysB93/GSNO ratio was 1:5, Hb-SNO was not the exclusive product.
MetHb was detected in the reaction mixture (Figure 6.11) similar to the observations at
low concentrations of human oxyHb (57). The rat oxyHb reactioﬁ should be investigated
at high Hb concentrations and in the presence of chelators to eliminate the effects of trace
copper in the reagents. However, the gradients in circulating Hb-SNO in rodents (70-800
nM) compared to humans (< 1 nM) Hb (79) support marked differences in the reactivity
and mechanism toward NO donors between human and rat Hb. As discussed in Section
1.5.4 and repeated here (Figure 6.5 and 6.6), rat Hb possesses four reactive Cys residues
vs 0.7 in human Hb.

S-Glutathiolation by GSNO has been reported for several proteins, including
glycogen phosphorylase b, H-ras, carbonic anhydrase III, recombinant human brain

calbindin Djgx (rHCaBP), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and
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human CuZnSOD (213, 295). Tao et al. (213) and Ji et al. (295) reported more effective
S-glutathiolation in decomposed vs fresh GSNO solutions due to the presence of higher
amount of GS(O)SG (glutathione disulfide S-oxide), which is a potent S-glutathiolation
agent (213). However, the reactivity and environment of thiols in proteins is controlled
by several factors that can result in either S-nitrosation or S-thiolation. For example, S-
glutathiolated H-ras and carbonic anhydrase III have been detected in freshly prepared
solution of GSNO (295). One of the five Cys residues in rHCaBP is susceptible to S-
glutathiolation (273) as in Cysp93 of human oxyHb (72). The latter was S-glutathiolated
on incubation of human oxyHb with 40-fold excess GSNO (72). Two Cys residues in the
B-chainl of rat Hb are readily S-glutathiolated on incubation with 10-fold excess GSNO
(Figures 6.10A and B, Table 6.7). Clearly, the existence of fast reacting Cys residues in
rat but not in human Hb will influence the biochemical, pharmacological, and
toxicological activity of many drugs (83, 273).
6.5.5 Hb-SNO denitrosation

The mechanism of NO release from Hb-SNO, which is required for
vasodilation, is incompletely understood. Hb-SNO dilates blood vessels and inhibits
platelets under conditions that promote its T structure, but not under conditions that
promote its R structure (/6, 19, 62). It has been demonstrated that free Cu' and
Cu'ZnSOD catalyze the reductive decomposition of RSNOs (Reactions 1.7 and 1.11) (33-
35, 56, 97) and the activity of CuZnSOD as a GSNO-reductase is attenuated by copper
chelators (Chapter 2). In this chapter, we report that the Hb-SNO is relatively stable at
37°C over 30 min (Figure 6.13A) since the extent of its decomposition both in buffer

only and in the presence of the chelators, EDTA, DTPA, and neo, is < 10%. Both free
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copper and the active-site copper of BCuZnSOD exhibit Cu'-dependent catalysis of
release NO from Hb-SNO in the presence of GSH (56% vs 39% after 30 min at 37°C)
(Figure 6.13B). The lower Hb-SNO decomposition in the reaction with the copper-free
enzyme, EZnSOD, provides further support that the active-site copper catalyzes NO
release.

Interestingly, 5 pM free copper is a more efficient catalyst than 10 pM
BCuZnSOD (equivalent to 20 uM copper) as shown in Figure 6.13C. However, they
reach the same decomposition levels over 90 min incubation at 37°C, suggesting that
steric effects likely hinder the accessibility of GSH and Hb-SNO to the active-copper of
CuZnSOD. In agreement with observations in Chapters 2 and 3, CuZnSOD-catalyzed
protein-SNO bond decomposition was inhibited by the chelators (Figure 6.14A). As the
affinity of the chelators for free copper is stronger than for enzyme bound copper (Table
2.3), the free-copper-catalyzed Hb-SNO decomposition is inhibited more strongly than

CuZnSOD-catalyzed decomposition (Figure 6.14B vs A).

6.6 Conclusions

The differences in the S-thiolation and S-nitrosation/denitrosation reactions of rat
and human Hb are critical since a rat model is frequently used in studies of NO
biochemistry and pharmacology. We demonstrated here that rat Hb containing fast-
reacting thiols (Cysp125) and slow-reacting thiols (Cysp93 and Cysal3) does not share
the same mechanism of S-nitrosation as human Hb with GSNO as a NO donor.
Significant differences in S-thiolation of the two Cys residues on the B-chain of human

and rat Hb were also observed. This could significantly influence the biochemical,
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pharmacological, and toxicological effects of some drugs (273). CuZnSOD is
hypothesized to be an important catalyst involved in RSNO-mediated control of basal
blood flow in human blood. Its SNO-reductase activity towards high-molecular-weight
substrates, such as rat Hb-SNO, with GSH as an electron donor was identified. Full
characterization of Cu'ZnSOD-catalyzed Hb-SNO decomposition will shed light on such
controversial questions as the mechanism of NO release in the reductive environment of

the RBC cytoplasm and its modulation by the ligation state of Hb.
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7.0 Conclusions and Suggestions for Future Work

71 Chapters 2 and 3

From the data presented in these two chapters, the GSNO-reductase and SOD
activities of CuZnSOD are affected by the commonly used polyaminocarboxylate
chelators, EDTA and DTPA, the copper colorimetric reagents, cuprizone and DDC, and
the specific Cu' chelator, neocuproine, via two mechanisms: (1) inhibition of both
activities by removal of the active-site copper from CuZnSOD (e.g., DDC), and (2)
inhibition of the GSNO-reductase but not the SOD activity by chelators that associate
strongly with the active-site copper and interfere with access of large substrates to the
active site (e.g., EDTA, DTPA, and neo). Chelators such as cuprizone that interact
weakly with the active-site copper inhibit neither the GSNO-reductase activity nor the
SOD activity of CuZnSOD.

It was demonstrated spectrophotometrically that EDTA and DTPA decrease the
Cu" d-d absorption, decelerate the reduction of Cu" to Cu', and decelerate GSNO
degradation. The oxyMb NO scavenging assay provided further evidence that NO release
from GSNO was slowed down by the two chelators. Consistent with no loss of SOD
activity, the copper and zinc loading of the enzyme following incubation with EDTA and
DTPA was unaltered as determined by ICP-MS. EDTA and DTPA inhibit the GSNO-
reductase activity of CuZnSOD due to their ability to enter the active-site channel. This
was demonstrated by the protection they provided against PGO-induced inactivation of
SOD activity. Furthermore, these chelators associate with a single copper per homodimer

as revealed by isothermal calorimetric titration (ITC). Computational modeling indicated
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that one of the carboxylic groups can access the active-site copper when EDTA is docked
into the active-site channel of CuZnSOD. From the data presented, EDTA and DTPA are
proposed to bind to the solvent-exposed active-site copper of one subunit of the
CuZnSOD homodimer without removing the metal and this induces a conformational
change at the second active site that inhibits the GSNO-reductase but not the SOD
activity of the enzyme (Chapter 2).

All three copper colorimetric reagents examined, DDC, cuprizone, and
neocuproine, combine to varying degrees with the active-site copper of CuZnSOD. ICP-
MS analysis revealed that 77% copper and 44% zinc were removed from CuZnSOD on
its incubation with DDC, which is the key reason that DDC is a highly efficient inhibitor
of both the GSNO-reductase and SOD activities of CuZnSOD. Neocuproine associated
with the active-site copper and, like EDTA and DTPA, it did not remove any metal from
the enzyme. However, unlike the polyaminocarboxylates, neocuproine did not protect
Argl4l, a key residue for SOD activity in the active-site channel, from PGO
modification. The data presented in Chapter 3 support the literature report that
neocuproine inhibits the GSNO-reductase but not the SOD activity of CuZnSOD (56).
However, neocuproine was a poorer inhibitor than reported (56), and this was attributed
to the higher concentrations of GSSG formed in the present work which would compete
with neocuproine as an inhibitor of the GSNO-reductase activity of CuZnSOD. In
agreement with the literature data (56), cuprizone has little effect on GSNO-reductase
activity and no effect on the SOD activity of CuZnSOD. The high sensitivity and
selectivity of cuprizone in the determination of trace cupric ion is well established (152,

173, 296), but its interaction with active-site copper is weak over the pH range 7.0-9.0.
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The accessibility of cuprizone to the active-site of CuZnSOD may be prevented by its
hydrophobic property (Chapter 3).

Amyotrophic lateral sclerosis (ALS) is a familial neurodegenerative disease
associated with mutations in CuZnSOD (297, 298). It has been reported that the increased
GSNO-reductase activity of SOD1 mutants contributes to motor neuron death in ALS
(299). Our results raise the possibility that drugs, for example, dexrazoxane (300), that
can penetrate into the cells to give EDTA- and DTPA-like compounds, may bind to the
active-site copper of CuZnSOD. Such binding could have therapeutic efficacy in ALS by

inhibiting the GSNO reductase but not the SOD activity of CuZnSOD mutants (99, 299).

7.2 Chapter 4

Both the SOD and the GSNO-reductase activity of CuZnSOD require redox
turnover of the active-site copper. Also, Argl4l was shown to be required for SOD
activity. Thus, chemical modification of Argl41 was attempted to establish the relative
importance of this residue in the GSNO-reductase vs the SOD activity of the enzyme. A
literature procedure (53) reported to specifically target PGO to Argl41 was followed but
mass spectrometric analysis revealed three of the four Arg residues of BCuZnSOD were
singly labelled by PGO. To re-evaluate PGO as an Arg-specific reagent, its reactions with
peptides containing Arg (the tripeptide MRF and porcine rennin substrate fragment), both

Arg and Lys (adrenocorticotropic hormone fragment), and Cys (reduced glutathione,
GSH) were examined. The PGO-modified peptides and BCuZnSOD were characterized
by ESI mass spectrometry, site(s) of PGO labelling were determined by MS/MS and by

peptide mass fingerprints, and free amino groups following PGO-exposure were probed
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by acetylation. We demonstrated that PGO has high specificity for Arg residues, which is
supported by the observations that it modified no Lys residues or a-amino groups. Of the
four Arg residues in BCuZnSOD (Agr77, Argll3, Argl4l, and Argl26), the most
reactive is likely Argl26 based on the crystal structure (107, 140) and the lossing trend of
SOD activity but not Arg141 as reported (535).

We also found that PGO can react with the thiol group of GSH to produce not
only the addition adduct reported previously (/87) but also multi-PGO-labelled
condensation products. Similar to buried Argl13, the buried Cys6 in BCuZnSOD was not
labelled by PGO. A significant difference between PGO-labelling of the peptides and
BCuZnSOD is that in the latter the modified Arg residues were singly PGO-labelled but
mainly doubly PGO-labelled in the peptides. Since modification of Arg residues in
BCuZnSOD by PGO is time- and concentration-dependent, to obtain enzyme selectively
modified at Argl41 would require extensive purification of BCuZnSOD(PGO), (x = 1-3)

derivatives.

7.3 Chapter 5

Since PGO-labelling results in multiple BCuZnSOD derivatives, site-directed
mutagenesis was considered a better approach than chemical modification. Two systems
were set up for wild-type hSOD1 expression. The YEp351-hSOD1 plasmid was
introduced into S. cerevisiae strain BY4742 but the yield of expressed hSOD1 was below
2% of the total cellular protein. To raise the protein expression level, the hSOD1 gene

was transferred from YEp351 to pET-22b(+) and the protein was expressed in
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BL21(DE3) E. coli host cells. Purification by gel-filtration and anion-exchange

chromatography was evaluated.

7.4 Chapter 6

The level of CuZnSOD in rat RBCs was measured and found to be similar to
that in human RBCs. In agreement with the literature data (83), we demonstrated that
Cysp125 and CysP93 in rat Hb are more reactive than Cysf93 in human Hb. NEM reacts
readily with both BCys residues, and one of the three aCys residues in the major
isoform of rat Hb from RBCs is also NEM-labelled. Hb-SNO formation in rat vs human
Hb was compared. In accordance with their Cys reactivity, we demonstrated that GSNO
more readily S-nitrosates rat oxyHb than human oxyHb even when Cysp125 is absent
from the rat protein. Also, unlike human Hb, Cysf125 and CysB93 are S-nitrosated and
S-glutathiolated in the absence of added CuZnSOD, and CysB93 is not selectively S-
nitrosated in presence of CuZnSOD. It is possible that the GSNO-transferase activity of
CuZnSOD competes poorly with direct frans-S-nitrosation when proteins possess highly
reactive thiols such as Cysp125 of rat Hb.

The rat Hb-SNO-reductase activity of BCuZnSOD was compared to that of free
copper ions. As expected, both free and protein-bound copper effectively catalyze the
reductive denitrosation of rat Hb-SNO with free copper giving rise to faster

decomposition than BCuZnSOD. As demonstrated for GSNO in Chapter 2, free copper-

and CuZnSOD-catalyzed NO release from rat Hb-SNO was retarded by the copper

chelators.
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Suggestions for Future Work
The role of zinc and the interaction of chelators with zinc in the GSNO-redutase
activity of CuZnSOD should be further investigated.
To probe the interaction of chelators with the active-site Arg and to explore its
role in the GSNO-reductase of CuZnSOD, wild-type recombinant hSODI1 and its
Arg143 mutants should be characterized.
The therapeutic potential of compounds that inhibit the GSNO-reductase but not
the SOD activities of CuZnSOD should be investigated for ALS and other
diseases.
The interaction of GSSG with the active-site copper and its shielding of the
active-site channel to prevent the GSNO-reductase activity of CuZnSOD should
be studied.
S-Nitrosation of rat Hb should be examined in the presence of copper chelators to
eliminate possible copper-catalyzed side reactions.
S-Nitrosation of rat Hb should be carried out under the same conditions used for
human Hb to evaluate the GSNO-transferase activity of CuZnSOD with Hb from
different species. Rat Hb with free and blocked Cysp125 should be used in these
studies as well as CuZnSOD from different species.
The degradation of rat Hb-SNO under aerobic and anaerobic conditions should be
examined to determine if the alloseric transition of rat Hb controls NO release.
2,3-DPG and IHP are important modulators of the O, affinity of Hb in RBCs
(301). 2,3-DPG is a highly charged anion and it interacts electrostatically with

positively charged groups on the Hb molecule (70). The interaction of 2,3-DPG
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and IHP with the positively charged groups in the active-site channel of
CuZnSOD should be tested. Also, the function of these modulators in controlling
the GSNO-reductase activity of CuZnSOD should be investigated.

(9)  hSODI1 expression in yeast should be carried out in selective medium to increase

protein expression.
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