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ABSTRACT

Effect of air, peroxides and diabeters antioxidant enzyme localizationred blood cells

Zornitsa Stoyanova

Red blood cells (RBCs) circulate through the lung and capillaries during their
120day life span, transporting oxygen and carbon dioxide. They are exposed
continuously to reactive oxygen species (ROS) derived from hemoglobin autoxidation.
Protection of thé&kBC membrane from ROS is critical since on oxidation the cell loses its
ability to deform in narrow capillarie¥Ve investigated by Western blotting and confocal
microscopy membrane recruitment of the key antioxidant enzymes, -&p@roxide
dismutase (CZnSOD), catalase, peroxiredoxin (Prx2) and glutathione peroxidate
(Gpx1).

Prolonged air exposure of human RBCs, which likely increases th&irlévels,
resulted in less membrassociated CuZnSOD buatore membragassociated catalase
and Gpx1. Ex2 membrane levels remained unchanged.

Challengewith H,O, or cumene hydroperoxide recruited Gpx1 to the membrane
to metabolize lipid peroxides. Localization of catalase, which is always present at the
membrane, remained unchanged but membaaseciated RR decreased after peroxide
treatment.

We also investigatednembrane recruitment of thantioxidant enzymes in
diabetic vs control rat RBCs. Notably, CuZnSQfzreased at the RBC membrane in
control animals at 2 versus 4 weeks. We attributed this toltbereed increase in PTP1B

activity, suggesting that CuzZnSOD membrane localization is regulated by
i



phosphorylation of the cytoplasmic domain of B&hdCDB3). Catalase deeased at
RBC membranes of-week diabetic rats whereas Prx2 levels increased. Gpribname
levels did not change in diabetic RBCs suggesting that its membrane binding sites are
always saturated to protect againstdipxidation Our results provide evidendbat

CuzZnSOD, catalase, Prx2 and Gpx1 respond to damdagig in RBCs.
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Chapter 1: Introduction
1.1 Organization and function of red blood cels
Blood iscomposed of cells and plasma. The most abundant cells in blood are red
blood cells (RBCs, also called erythrocytes), which contain a high concentration of the
heme protein hemoglobin (Hb). Hb reversibly binds @&d greatly increases ,O
solubility in blood.

>

~2 ym I

~7 pm

Fig 1.1 Top and crosssectional view of a red blood cellRBC has a biconcave disk shape angZgim
thick with ~7 um diameter Adapted fromhttp://www.easynotecards.com/print_cards/29&Gcessedar
5,2013

Human RBCs are produced in the bone marrow. As the RBCs emerge from the
bone marrow to enter the blood, they lose their nuclei, ribosomes, and mitochondria and
therefore all capacity forcell division, protein synthesis, and mitochondhalsed
oxidative reacgbns (1, 2). The anucleated mature human RBC is one of the most
specialized cells in the body. Human RBCs are small biconaaes dith high surface
to-volume ratio (Fig 1.1) related to their main function oft@nsport to tissues and O
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transport from tissues to the lungl. Approximately 25x1€? RBCs course through the
human circulatorysystem. They travel through microcapillaries2(um in diameter) and
must undergo extensive deformation and resist fragmentation, which is essential for
function and survival3-7). Membrane rigidity is an important factor in reducing cell
deformability (8) and maintenance of deformability aids in the exit of mature RBCs from
the bone marrow9). RBCs cannot divide or maintain their structure for very long and
have an average lifespan of 120 d&y3).

Plasma constitutes ~ 55% of whole blood and acts as a buffer to mdiataan
arterial blood pH at 7.3%.45 while RBCs occupy ~ 45% of whole blood. White blood
cells (WBCs or leukocytes) and platelets, occupy ~ 1% of whole blood. They participate

in the immune response and blood clotting, respectiidgly

1.2 Band-3 as major organizer of the RBC membrane

The RBC plasma membrane consists of a lipid bilayer composed of ~50%
protein, ~40% lipid and ~10% carbohydréid) and has a complex organization. It acts
as a physical barrier, yet it readily passes ions, nutrients and information between the
cytoplasm and the extracellular environmeiMany transmembrane and cytosolic
proteins are associated with the abundant amioannel proteinBand3, forming a
metabolon (12). Two types of Bané containing multiprotein complexes at the
membrane have been defined as shown in Fig 1.2. On th&deftetrameric Bane is
attached to spectrivia ankyrin, which is referred to as the Béhdomplex. On the right

side of Fig 1.2, dimeric Ban8 interacts with protein 4.1 to form what is known as 4.1R



complex(13). It has been speculated that the RBEnmbrane is composed of repeating

units of these Ban8 and 4.1Rcomplexeg14).

Band 3 complex 4.1R complex
M A

CAll

CDB3 Hemichrome - Aldolase Adducin

Deoxy Hb ) X
| Dematin J m A {
, v / Tropomodulin
Self

association site Tropomyosin

protofilament

Fig 1.2 Two types of multiprotein complexesat the RBC membrane, Band3 and 4.1R complers
(modified from (15)). (Left) Band3 complex: theN-terminal cytoplasmic domain of Bar8 (CDB3)
contains binding sitefor many proteinsincluding deoxyHb, hemichromes and the glycolytic enzymes
aldolase, phosphofructokinase (PFK), and glyceraldehymteo8phate dehydrogese (GAPDH)Note that
carbonic anhydrase 1l (CAll) binds to the shoftddminus of BaneB. (Right) 4.1R protein complex15).

Band3 constitutes the most abundant polypeptide in RBC membrange
comprising 25% of thetotal membrane protein. Bafdd can be divided into two
independent structural domains. The 55 kl2mbranespanning domain is tlught to
traverse the bilayer twelvieimes and serves to catalyzée exchange of anions (mainly
Cl for HCO; across the membrane during gas transport in the b{@6) The

membranespanning domain may also mediate removal sehescent RBCs from
3



circulation (17-19), and it has been shown to camynumber of common blood group
antigenq20). The external domain of Barflcontaingnany attached sugaf20).

The 41 kDa Nterminal cytosolic domain of Bargl (CDB3) from human RBCs
was crystallized and characterized by Zhang et al. in ZROP The first 54 residues at
the N-terminus and the last 23 residues at theeninus at CDB3 were not resolved
(21). Physical studies of CDB3 have shown a remarkable flexibility of this rd@®an
23). The first 54 residues form a strongly anionic region, containing 20 acidic residues,
no basic residues and a blockediedminal methioning24, 25) This region is also
involved in peripheral protein interactioasid contains a critical Tyr8 residue which is
the main site of phosphorylation by protein kinaseshe Nterminus of BaneB (26).
Included among the prdte binding partners of ligands of CDB3 at¢b (35, 36)
hemichromeg37), the protein tyrosine kinase (p72sy88), ankyrin (27), protein 4.2
(28, 29) protein 4.1(30, 31) GAPDH (32), PFK (33), and aldolase(34). Interestingly,
oxi dati on of -cliayn sfHb Bas lzeen progosed ds a specific and sensitiv
marker for oxidative stress during stora@@®), but the effect of
CDB3 binding affinity has not been reported. Note that CAIll binds to the short cytosolic
C-terminal domain of Ban@ and notto CDB3. It was reported thain vitro
phosphorylation of the human purified CDB3 by a protghosine kinase (p40) results in
the inhibiton of binding of aldolase, GAPDH, PFK, and Hb, suggesting that CDB3 might
be involved in regulation of glycolysig40). Importantly, each of these Ba#d
interactions has nontrivial consequences for the structure and function of the cell, ranging
from control of cell flexibility and shap@}l), to regulation of glucose metabolig@?2),

ion transpor{43), and cell lifesparf19).
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1.3 ROS and idative stressin RBCs

Molecular oxygen is benedial and harmful to living systems. Partially reduced
forms of Q are damaging and are collectively termed reactive oxygen species (ROS)
(44). ROS include the superoxide radical anian’(), the hydroxyl radical (OF) and
hydrogen peroxide (}D.).

During its lifetime, a RBC passes through the human circulation ~75,000 times
(45) and reversibly binds £on each cycle (Fig 1.3, Panel A). As a result of their main
physiological role, RBCs are subjected to constant oxidative stress. Moreover, the RBCs
(~7 em in diameter) need to withstand turb
through capillary bedsvith 1-2 ¢ m i n (4&)i éhmodt eells, mitochondria are
major sources of endogenous R@&’). Despite their lack of mitochondria, RBCs
continuously produce ROIgecause these cells possess higla heme concentratisn
(48). Various factors lead to generation of ROS such #s,®,0,, and OH in RBCs
(49). Some exogenous sources of ROS in the blood are the phagocytic cells, neutrophils
and macrophagégs0).

The main source of ROS in erythrocytes is thec@rier protein Hb. This protein
has two forms (oxyHland deoxyHbandundergoes autoxidatio&ince the intracellar
concentration of oxyHb is 5~ mM, even a small rate adutoxidation can produce
substantial levels db,°~ with a concomitant formation of metHb (Fig 1.3, Panel B). The
steadystate concentration of & inside RBCs is ~10 pNb1). MetHb formationresults
in the loss of the most important task of RBG&) because metHb cannot bind and
transport @. During autoxidation an elgron is lost from the heme f¢o give Fé&'.

Spontaneously generated’® or Q°~ arises due to the effect of an exogenous source

5



such as certain drug53) and is capable of attacking the RBC membrane directly and
causing structural alterations in lipids and proteif4). Furthermore, dismutation of

0,°~ readily generates a second ROSOHEquation 1.1(53).
07 + O + 2H' > H)0 + O Equation 1.1

Superoxide crosses membranes via transmembrane anion channels such-as Band
3, but its uncharged dismutation productChl (Equation 1.1), crosses membranes by
passive diffusion(55) or via aquaporin(56). Human RBCs have a limited ability to
synthesize new proteins to replace damaged ¢(dés However, RBCs have strong
antioxdant defences and B, is not particularly damaging to the membrane and
molecules within RBCs. Exported,8, could be harmful to the extracellular milieu
because the plasma possesses few antioxidant defégpsThus, not only could
oxidative stress harm the RBC itself, but the exit of large quantities,©$ flom the
RBC could damage other components in the circulatory sy@&8jn

The harmful effects of ROS caugimotential biological damage are collectively
termed oxidative stress. Oxidative stress results from ROS overproduction or a
weakening of the antioxidant defence syst&ime mostobvious oxidative damage is the
formation of Heinzbodies Heinz bodies arecomposed of denaturedb and some
membrane proteinsncluding Bane3. Although Heinz bodies may form by oxidation of
internalsulfhydryl groups in H{59), hemichromeormation seems more importaf37)
in Heinz body formation.Reversible hemichromes, such & hydroxide and
bishistidine ferfnemochrome, are formddom metb (Fig 1.3, Panel C)As the name

indicates, the reversibleemichromes can be converted back to metheohagl and,
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eventually, to reduced HUWf irreversible hemichromes (Wisstidine ferrihemochromer
a mercapde derivative) are formed, Hldenaturation cannot be stopped, ar
aggregates to forfnemichrome¢60). Hemichromeshave an increased affinity f@DB3
and bind to i(37). The resulting Ban@-hemichrome complex promotes the aggregation
of additional molecules to form a cluster that can be recognized microscopicalgres H
bodies. Because it is an integral protein and spans the lipid bilayer, this also results in
Band3 clustering on the outside of the RBC membrane, which creates a recognition site
for autcantibodieq17). Auto-antibodies against Bargi clusters likely play a key role in
recognizing senescent erythrocyi@d) since RBCs with attached auvdntibodies are
trapped and degraded by macrophages in the spleen and liver.lid€eies can also be
removed from RBCs by the spleen, and the repaired cells remain in circu@2ipra
phenomenon known as splenic fApittingo.

Also, progressive hemichrome formation, oxidation and phosphorylatiBarwt
3 have been observed in RBCs under oxidative stress, while in control RBCs3Band
oxidation and phosphorylation are transient and no hemichrome formation is observed.
Hemichromes bind to Bar8l and promote the clustering of phosphorylated Ba(613).

In Fig 1.3, Panel D, & generatedn the production of metHb isonverted into
H,0, by CuZnsuperoxide dismutase (CuZnSOMDydroxyl radicals are produced with
H,0, and ferrous iron from denatured metHb produatsctioning as Fenton reagents
(64).

ROScan cause lipid peroxidation when ®Hittacks polyunsaturated fatty acids
within the membrang54) as shown if Fig 1.3, Panel Hydroxyl radicals in the

membrane attack unsaturated lipids to form lipid radi¢@s®), then combine with
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molecular oxygen to form lipid peroxyl radical$iCOC’), which in turn attack

unsaturated lipid to complete the cydlgid peroxidation leads to altered maholipid

fluidity, loss of membrane integrity and loss of cellular homeost&&). Also,

malondialdehyde (MDA), a highly reactive bifunctional molecule, is an end product

Panel B

Panel A

NAD+

NADH

Hbo:

/m

Hb

(Fe?*)
CYtys

Panel D

SOD

metHb
(Fe*)

.

\
hemichromes

= H202

(Fe?")

Panel C

Fig 1.3 Formaion of ROS and RBC oxidative damage(taken from Yoshida et al(64)). Panel A:
Normal function of Hereversible binding of ©to reduced (ferroug)emein Hb. Panel B: Auto-oxidation
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within cells of membrane lipid peroxidati¢gf2) and has been showa bbind to proteins.
This may result in the impairment of mbéranerelated functions that could ultimately
diminish survival. MDA accumulation can affect BaBdunction as well as the function

of its associated enzymes, such as GAPDH and @BK It might also be involwe in
recruiting certain enzymes to the RBC membrane, such as glutathione perdxidase
(Gpx1), as discussed later.

ROS not only react with lipids but also with membrane and cytosolic proteins,
resulting in cellular damage. ROS alter protelms modifying amino acids such as
sulfhydryl groupson Band3 and calcium ATRase Ca-ATPasg. Dimer formation and
tetramer formation is important for the proper function of B8nak this protein exists
primarily as a mixture of dimers and tetramers in its membranecement(65, 66)
CDB3 has two oxidizable Cys residu€y;s201 and Cys31which form an intersubunit
disulfide bondupon treatment with an oxidizing agd@tl). Formation of this & bond
is critical for dimerization, tetramerizatio(67) and the proper function of CDB3.
Therefore, it is important to prevent ROS accumulation to maintain proper function of
CDB3 ard control Bane3 clustering.

Among other membrane proteins that are possible targets for oxidants, Ca
ATPase is also essential for RBC survival.-£BPase contains one or more reactive
sulfhydryl groups that are susceptible to oxidation with resultantodbeazyme activity.
Because this enzyme is critical in maintaining the very steep gradient between
extracellular and intracellular calcium, loss of activity is associated with decreased

deformability and premature destruction of REG8).



Like RBC membrane proteins, cytosolic proteins, such as Hb, are also susceptible
to oxidation. Oxidative modifications in oxyHb as a result gDFexposure have been
proposed to act as selective signals for proteolysis in R@®8p In addition to the
modification of Hb by HO,, peroxidation may result in Hb crosslinking to membrane
proteins, such as spectrin and Ba&hdand also the aggregation of Ba®d70, 71)as
discussed in Fig 1.3, Panel Gryder et al. demonstrated that® inducescomplex
formation between spectrin and Hb as well as alt@easpholipid organizatiorRBC
shape, membrane deformability, and cell surface chenattics(72). The formation of
crossinked specin and Hb causes the RBC membrane to become more rigid, less
deformable and less adaptabl@). Thus, protection of the RB@embrane is essential to
prevent hemolysis which increases in cells with rigid membréf@sLoss of membrane
flexibility has profound implications because thawval of many other cellsdepends
upon the proper funaning ofRBCs

When blood is stored under blood bank conditions, RBCs slowly lose their ability
to survive following transfusio(r4). Al t hough pr e s e rtriplzosphaten o f &
(ATP) levels lengthen storademe, the ATP concentration is not the major determinant
of proper RBC function. Erythrocyte membrane function seems to be abnormal in stored
blood. Thein vitro ability of spectrin to bind to actin in the presence of membrane protein
4.1 decreases durirgood storage. The membrane changes that occur in stored RBCs are
partially reversed by dithiothreitol, suggesting sulfhydryl oxidation. Erythrocytes also
lose phospholipids during storage, and that loss correlates with Hb leakage.

Current blood storage g@ctices are known to cause oxidative damage to RBCs,

known as s that maya@leer theie Walogigaldunction, including delivarfy
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O to cells(75). In clinical settings, blood is storewd air-permeablédags for42 dayq76)
at 4 °C but deformation of the RBC membrane due to oxidation occurs after only five
days of ambient air exposu(@7). Accumulation of oxidized Hbral the formation of
crosslinks between Hb and membrane proteins were recently demonstrated in RBCs
subjected to prolonged hypothermic storage at 478} Another study demonstrated the
progressive linkage of taAase andPrx2to RBC membranetogether with nosreducible
membrane crossking of Hb after blood storage for 28 dayg9). Thus, growing
evidence indicates the involvement of oxidized Hb and proteHoaadizaion in
degenerative processes pertaining to blood storage and draws interest to the fields of
transfusion medicine and blood banking.

Diabetes also causes oxidative stress in R@BD3¥ Diabetes results in decreased
RBC membrane fluidity and loss of flexibility, due to tinevivo glycation of proteins as
well as to changes in lipid compositigqBl). Glycated proteins include Hb and the
membrane proteins, ankyrin, actin, and spec{B8). This modification of Hb and
membrane proteins by glucosenonenzymatic andlepends on blood glucose levels as
well as eythrocyte ag€82). Theglycation ofHb increases its oxygen affinity and makes
it more susceptible toxidation(83).

In humans, oxidative stressinvolved in many pathological conditions, including
atheroscl erosi s, hypertensi on, Parkinsonos

and diabeteg34).
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1.4 Nonenzymatic antioxidant defence systems in RBCs

The arioxidant system in human RBCs consistsiofrenzymatic and enzymatic
pathways The norenzymatic defences inside RBCs can be divided into lipophilic
(vitamin E, vitamin A, ubiquinone, melatonin) and wasefuble compounds (vitamin C,
glutathione, uric ed). Three antioxidant vitamins A, C, E provide defence against
oxidative damage as chabmeaking antioxidantsvitamin C reduce®,’” andHCOCQ,
radicab and participates in the recycling wtamin E (48, 85) Vitamin C has been
shown to plg a protectiverole against peroxidation oRBC membrane lipids and
vitamin E by t-butylhydroperoxide(tert-B-OOH), preserving lipidsy up t092% (86).
Vitamin E is the most wely distributed antioxidant in nature. Whenamin E donates
an electron to a lipid peroxytadical, it is converted to free radical stabilized by
resonance structur@7). Vitamin C and E workiogether to inhibit lipid peroxidation
reactions in plasmédipoproteins and membranes. Vitamin i8 a potent free radical
scavengern(48) and aldition of vitamin Ain vitro to erythrocytemembranes has been
shown to decreadmpid peroxideproduction.

G S H -glutamylcysteinylglycine, or glutathione) is the most important
nonenzymatic, peptidic regulator of intracellular redox homeostasis. GSH is the major
antioxidant in RBCs since it prevents disulfide formation in important structural proteins
such as spectrin, which leads to incezhsmembrane stiffness (88). GSH not only
supports antioxidant defence, but is also an important sulfhydryl buffer, maintaf®khg
groups in Hb and enzymes in the reduced 8%

GSH is preent at high levels (-5 mM) in RBCs. It protects against oxidative

damage by directly interacting with,8, and organic peroxides, or as a substrate of
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detoxification enzymes like Gpx. Importantly, GSH plays an essential role in maintaining
a constant redornvironment inside the RBC that is critical for the function of cellular
proteins. GSH exists either in reduced GSH or oxidized GSSG forms and participates in
redox reactions by the reversible oxidation of its active thiol. Inside cells GSH is
predominarly present in the reduced form (89). Maintenance of high GBSESSG

ratio is important in RBCs as it protects against oxidative stress.

1.5 Enzymatic antioxidant defence systems in RBCs

In addition to norenzymatic defences, RBCs also rely on abundemioxidant
enzymes including CuZnSOD, catalase, Prx2 and Gpx1l. CuzZnSOD rapidly dismutates
0,°~ to KO, (Table 1.1), which is a substrate for catalase, Prx2 or Gpx1. The latter three
enzymes react rapidly with 8, organic hydroperoxides or lipid peroxsléTable 1.2)
and whether they carry out nonredundant functions is a matter of considerable debate.
Catalase degrades,®, without consuming cellular reducing equivalents (NADPH),
which is an energy efficient way of removing®}. In addition to catalasé?rx2 and
Gpx1l, RBCs contain glutaredoxin and glutathiondraésferase, which can act as

peroxidases themselves, but at much slower (at®s

Table 1.1 Summary of properties for CuZnSOD in human RBCs

Substrate 05~
Ko* 2x10 M's?
Km 0.0029mM
Keat 1.7x 1d s*

MW monomer /

. . 16 kDa / 153 aa
# amino acids monomer

Copies per RBC / Concentration 2.7 x 16 copies/ 1.81 10 uM

13



Table 1.2 Summary of properties of the three major peroxidenetabolizing enzymes in human RBCs,

catalase, Prx2 and Gpx1

RBC Enzyme Catalase Prx2 Gpx1

Substrates H,O; H,0,, ROOH H,0,, ROOH, lipid peroxides

Kizoaten 8-ooH= 2.2 x 16- kierts.00n = 4.2 X 10M”'s™

k,? 10’ Mt ta Kizo2= 4.1 x 16M s
7.0 10M"s kioon= 4.0 x 16Ms™
Km 25 mM <0.001 mM (for HO,) 0.24 mM (for HO,)
1 1 4.1 x 10s™ (for H,0y)
Keat 2.25x10s 4.0 x 10 s* (for H,0,) 4.1x 10°S” (for tertB-OOH)
MW monomer /
# amino acids 60 kDa / 527 aa 22 kDa/ 198 aa 23 kDa/ 203 aa

monomer

Copies per RBC/

Concentration | 14 x10° copies/ 2.3 uM | 14 x 16 copies / 24uM 4 x 10 copies / 6.7uM

Reducing

substrate H,0, Thioredoxin GSH

2k, = bimolecular rate constant for reduction/oxidation of enzyme by the subsdddH, linoleic acid
hydroperoxide; terB-OOH, tertbutyl hydroperoxide

The altered activities of these antioxidant enzymatic systems have been documented
during oxidativestress conditions, making them reliable markers of oxidative stress.
Ample experimental reports exist in support of the elevation of oxidative stress during
redox imbalance leading to the development of a number of pathological changes in
RBCs (88). A significant decrease in the activities of enzymatic antioxidant defence

system has also been reported in diabetic pat{88)s
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1.6 Copper, zincsuperoxide dismutase (CuZnSOD)

The S family of enzymes is comprised of three major classes based on the metal
cofactor. The first class contains Cu and Zn at the active site, the second class contains Fe
or Mn, and the third class contains Ni. Three forms of SOD are present in humans: SOD1
is found in cytosol (Cu and Zn at active site), SOD2 is found in the mitochondrion (Mn at
active site) and SOD3 is extracellular (Cu and Zn at active site). The best known function

of SOD is the protection of cells from ROS, particularly O(Equation1.1).

1.6.1 Properties ofhuman CuzZnSOD (SOD 1)

Human RBCs contain only CuZnSOD (SOD1) which is a 32 kDa homodimer with
one Cu and one Zrbinding site per 153esidue subunit (Fig 1.4). The distance between
the two active sites in the homodimer is over 30EAch monomer is essentiallyfa
barrel with two functional loops, called the electrostatic and zinc loops, which encase the
metalbinding region.This region of CuZnSOD is fully contained within each subunit
andthe Cu and Zn ar@n close enough proximityo share an imidazolate ligandjs63
(Fig 1.5) The two subunits are held together primarily by hydrophobic interactions and

an intrasubunit disulfide bond as shown in red in Fig 1.4.

Fig 1.4 Crystal structure of human SOD1
homodimer (PDB ID: 2C9S) (adgpted from
(90)). Copper and zinc ions are shown as blue
and orange spheres, respectively. The zinc loop
is depicted in orange aride electrostatitoop in

teal and the intrasuburdisulfide bond is shown

in red.
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The Cu and Zn ions have catalytic and structural n@epectivelyin CuZnSOD.
In the oxidizedcupric (Cu") form of the enzyme, the coppir bound to four His
residues, Hi83, His46, His48, and Hisl2@nd a water molecule (Fig 3.5In the
reduced cuprou€Cu') form of the enzgne, the copper undergoes a A 3hift in position,
moving away fromthe bridgingHis63 and releasing the water liganldereby switching
from an irregularfive-coordinate geometry to a nearly trigonal planar #ueerdinate
configuration. At the same time, the bridging imidazolate of His63 becomes protonated

and binds exclusively to the zinc ion, whickemains tetraheddgl-coordinated91) (Fig

1.5).

cu(l) Zn

Fig 1.5 Oxidized and reduced metabinding sites of bovine CuzZnSOD (SOD1j}takenfrom ref (90)).

The oxidized enzyme (topfrom PDB ID: ICBJ)possesses an intact imidazolate bridge betweérami
zn". Cd'is five-coordinateand isboundto four Hisand one water molecule. In theducedbottom, from
PDB ID: IQOE)the imidazolatbondis broken between the bridgirtgjs63 and CU, which is bound to

three His side chains only.
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1.6.2 Superoxide dismutase (SOD) activity of CuzZnSOD

RBCs are well protected against ROS by CuzZnSOD, which is abundarit 0.8
uM) and efficientlyscavenges § (Table 1.1). In nucleated cells, CuZnS®@ynthesis
is induced by @~ and also its activity is increased in the presence SF @vith
activation of regulatory gene@9). CuzZnSOD is very stable and its activity is pH
independent in the range of 5.0 t6 €0).

A two-step dismutation oD’ to O, and HO, (84) (Equation 1.2) occurs at the
activessite copper of CuznSOD. First, one moleculedsf ™ reduces Clito form G and
then a second molecule 66°~ reoxidizes Clto form HO.. The enzymeds cat
cycle is described as a pippng mechanisni92) (Scheme 1.1)Under nonsaturating
conditions, the ratémiting step in thedismutation is the diffusion of © to the active
site cavity. Based on the estimated diffusion rates 8F @nd CuzZnSOD, the catalytic

rate constant of 2xP™ s coresponds to that of a diffusiezontrolled reactior{93).

H20, Cu'" 0"
>< >< Scheme 1.1
2H+0,% - cu' 0,

1.7 Catalase
Catalase catalyzes the decomposition gdHo water and oxygeandis found in
most aerobicorganisms It was frst reported in 1811 in living tissue as thmlecule

responsible for kD, breakdown(94) and was given the nantec a t @nl1208(850 In
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1969, the amino acid sequence of bovine liver catalase was dete(@®)eandby 2004
over 300 catalase sequences wavailable(97).

Catalases cabhe organized into four main grou@8). The first group is most
widespread and includes monofunctional, hemoetining enzymes, which are
subdvided based on subunit size (>75 kDa d0<kDa) (97). The second group is
comprised of bifunctional, hemeontaining catalas@eroxidases. Third gup is
nonheme or Mfcontaining catases. Thdourth group includesniscellaneous proteins

with minor catalatic activities.

1.7.1 Properties ofhuman catalase

Human catalase, a homotetramer ofkila subunits Kig 1.6A), belongs to the
group of monofunctional catalases. Each subunit containsaetivesite heme
(ferriprotoporphyrin 1X)and requires a NADPH cofactor. One NADPH molecule binds
per monomer to a pocket located9 A from the hemg99). Two dimers assemble to
form the tetramer, which is roughlysare with overall dimensions of 100 A x 180x
70 A (Fig 1.6B (99). Tetramerization forces the threading arms from the-exahanged
dimer to cover the hermsein the other dimer Tetramerizationis likely critical for
sequestering theemes allowinghe enzyme to completts reaction cycle rather thahe
generation 0OH® from exposed hemé89).

The hemeis at the bottom of a 2p channel extending
surface A 3-A-wide hydrophobic constriction, lined by the side chains of Val74, Val116,
Pheb3, Phel54, and Trpl86 (Fig ).7s located directly above tHeeme Thus, only

H>0 or other small miecules cameach the heme. Throughout the catalase structue, H
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fills packing defectsn each subunit, and between subunits within the tetraftezither
end of the hydrophobic constriction, welldered HO molecules form hydrogen bonds
to the protein, which promoteselection of HO,(99). This isknown asd mo |l ecul ar r u
recognitiond Qnechanism for H

Human catalase is a very stable enzyme and works at an optimum physiological
temperature of 37C (100). When the solution pH falls outg&dhe range of 3:%1, the
heme dissociates from the active site and catalase loses its enzymatic @ity

Catalase exhibits strong absorbance in the Soret rebllenng= 3.24 x 16 M cm?)

(94) and possesses one of the highest known enzymatic rates with a turnover number of

2.25 x 10 s * for H,0, (59) at its pH optimum of ~D (101)

(A) (B)

Fig 1.6 Structure of human catalase(pdbID: 1QQW). (A) Stereo view of an individual subunitith
active-site heme in red. (BStereo view of the catalase tetranmiéote that formation tetramer formation
buries the hemdsom the solvent. Tetrameization faces the threading arms from amm-exchanged dimer
to cower the hemes in the other dimer. This figure was created using PyMol (DeLano Scientific).
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25 A

Fig 1.7 Active-site channel of human catalas¢taken from ref(99)). A 25A channel leads from the
enzymeds surface to mmhahydrophokic canstrictiodfe wide inmmediatalyn d  f o r
above the heme. Side chains making up the hydrophobic channel apthxivaal Tyr358 ligand are

displayed in green. The backbone is shown in white, water in red, and the heme in dark red.

1.7.2 H,0,decomposition by catalase

Catalase catalyses the dismutati®H,O, ¥ 2,01 + O, (Scheme 1.2) and
removes H,O, from RBCs, protectingthemfrom oxidative stress. The first step involves
oxidationby H,O, of the heme iron to form compound | (Cpd I), an oxyferryl group with
a cationic porphyrin radicaln the second stepeduction of Cpd | regenerates the
restingstate enzyméEnz) by reacting with another HO, molecue (99).

In RBCs, catalase functions alongside other systems including Gpx1 and Prx2 to

prevent oxidation of Hb by ¥D,. Moreover, the amount of metHb generated in RBCs by
20



exposing them to D, has been found to be inversely proportional to their catalase
content (101), suggesting that catalase is a critical enzyme in the defence against

oxidative damage and inactivation of Hb in RB@89).

HOOH H.,O
ST TN

|
O Cpd!

¢

0,+H,0 HOCH

Scheme 1.2Two-step mechanism of HO, decomposition by catalaseThe first step involves oxidation
of the heme iron by ¥, to form compound | (Cpd 1). In the second step, Cpd | is reduced back to the
resting enzyme (EnZp9).

1.8 Peroxiredoxin-2 (Prx2)

1.8.1 Properties ofmammalian peroxiredoxins

The peroxiredoxins (Prxs) constitute a famody homodimeric peroxidases that
reduce HO; and alkyl hydroperoxides to water and alcohol, respectively. They rely on a
conserved cysteine residue to catalygeroxide reduction. There are sknown

mammalian isoforms (Prx@&), classified as typical-€ys, atypical 2Cys, or 2Cys Prxs
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based on the mechanism and numbeCg$ residuesnvolved in catalysig102). It has
been suggested thateroxidationof the activesite Cys to sulfinic {SO,H) or sulfonic
acid (SOs;H) allows intracellular accumulation ofB,, which can then function as a
signal transducer for various pathwaydso known as théoodgate hypothesi§l03,

104)

1.8.2 Antioxidant role of RBC Prx2

All six isoforms except Prx3 exist in human RB@85) Prx2 is the third mst
abundant RBC protein after Hb and carbonic anhyd(a86) and has previously been
calledcalpromotin for its ability to regulate calcivactvated potassium efflugl07). For
a long time, it was considered that cataelasnd glutathione peroxidade (Gpx1)
constitut e tdafencesainsttHYy and thiereehdsbeen continuous debate
about which of these is the more significamiH,O, metabolism(108-113). Recently,it
was foundthat maleling peroxide metabolism in Gleficient erythrocytes required the
inclusion of Prx2 to fithe data(58). It has also been shown thatcadian oscillation of
Prx2 oxidation occug in human RBC§105) Prx2 is able to pretict Hb from exogenous
oxidation(114)and is thought to remoymeroxides at th&BC membran€l15).

WhenPrx2 @ typical 2Cys Prx) reacts with peroxide, the peroxidatic cystég
at the active site on one subunit is oxidized to a sulfenic(asi®H) (Fig 1.8) A second
conserved cysteine at thet€minal end of the other subunit (the resolvaygteine Sg)
then reacts with the sulfenic acid to form a disulfide bridge. Reduction of the disulfide by
thioredoxin (Trx) regenerates Prx2 and completes the cycle. Trx is in turn regenerated by

thioredoxin reductase (TrxR), with reducing equivalentsved from NADPH (116).
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RBCs are notable among other cellsbecause they are highly resistant to Prx2
overoxidation to sulfinic acid-$,0,H) (117). Also, lowTrxR activity has beeneported

in RBCs(117)and has been speculated that Prx2 accumulates as a binterdimeric
form, Prx2 has been proposed to actashaperone for Hb or as a regulator of*Ca
activated K transport(117). This is in contrast to other mammalian Prxs, which are
overoxidized to-S,0.H or sulfonic acid (-S,0zH) by high levels of peroxidg118).

Overoxidation to $0.H is reversed by sutedoxin (Srx)(119).

H,O, H,0O H,0, H,0O

Prx’SDH Prx’SFOH Prx’SDOzH
~S.H ~S.H ,>_< ~S.H
Srx (o Srx (red
Trx (0X) x (0x) (red)
NADPH s
Trx (red) P d " H.O
NADP

Fig 1.8 Mechanism of H,O, decomposition by Prx2(modified fromref (120)). One of two activesites
within a functional dimer is showrS, and & (red) designa¢ thesulfur atoms of the peroxidatic and
resolving cysteines, respectively. Note that Sp apddmefrom different subunits within the dimer.

1.9 Structure of Glutathione peroxidases (Gp)
The term Gpx was introduced by Mills in 1957. He discovered peroxidase activity

with H,O; in enzyme preparations from human RB@21) and Gpx was suggested to
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protect RBCs against hemolysis by oxidatiomviBe Gpx1lwas identified as the first
selenoproteirto be discoered(122) Of the numerous mammalian Gpx isoforms only
four or five have a selenocystein&ec) at the active site, anthe restpossess &ys
residue(123) In 1992, Rocheet al.showed that selenocysteine to cysteine stitution
significantly reduces Gpactivity and that a serineutant is completely inactivél24).
Furthermore, amonthe numerous Gpisoforms that have been idengidl in all domains
of life, nonmammalian Gpsusually have £ysat the active sit€l25). The various Gpx
iIsoforms use either Trx or GSH as reducing subs(iz1é).

Gpx1, the most abundant of the four mammalian types, is found in the cytosol of
nearly all mammalian cells including RBCs. In all species, Gpx1 is a homotetramer with
four spherical subunits, each with an acts®® Sec in a depression near the surface
(127). Gpx1 or cytosolic Gpx rapidly metabolizes®4and organic peroxides, including
cholesterol and lipid peroxidg¢¢28). The reducingsubstrate for Gpx1 is GSH. Gpx2, a
cytosolic gastrointestinal tetrameric enzyme, has ~65% amino acid sequence identity
(129) and similar substrate specificity to Gpill30). Gpx3is an extracellular tetrameric
glycoprotein(131) with ~50% homology to human Gpx132). It has activity against
phospholipid hydroperoxides, suggesting a role in the piote@f RBC membrane
extracellularly (133). Gpx4 is a monomer and has a high preference for phospholipid
hydroperoxide$134).

Several important structural features of Gpx® ahown in Fig 1.9He |l i X U2
contributes to the mononianonomer contact site in crystallized homotetramenxD
(127). Moreover,the (R helix often contains a cysteine residue and is termed the Cys

block (135), because it is mechanistically relevant for -Gependent Gpxsoforms,such
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as yeast Gpx2136). The activesite Sec residuis found at the Nerminal end of helix
UL. AnotherCysresidue in a FPCNnot i f a't t h e2 isenighty comderves t r a n d
among all Gpx classes buts role remains uncleafl37). The oligomerization loop
covers a part otthe active siteand mediates the contact betere two dimers in

crystallized honotetrameic bovine Gpx1(127).

\ oligomerization loop
— ¥ v
o n’\/_/a\ a'
FPCN-motif N <
Sec

‘ S C
p™ :
{ L P 2
T 2- ) — al' ’/

9 = A
o Cys block dimer Cys block
interface

Fig 1.9 Structure of GSHdependent Gpx1(taken from ref(126)). View along the Zold axis of two
subunits of homotetrameric Gpx1. Two subunit®iacting with the so called gthmerization loops are

omitted. The selenocysteif®ec)residue is highlighted and further structural elements are labelled.

1.9.1 Antioxidant role of RBC Gpx1

Gpx1 is the only Gpx isoformresent iside RBCs(138). The physiological role
of Gpx1lin RBCsis difficult to evaluate because Prx2 and catalase also decompOse H
in RBCs. Although Gyl shaes its substrate, 40,, with catalaseand Prx2, Ggl can
alsoreact with lipid and other orgamhydroperoxides.

Gpx1l has been suggested to be a minor antioxidant in Ri#€e the RBCs of

mice lacking Ggl appear normal unless stressed with lipid hydropiee The primary
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physiologic substrate of gx1 in mouseRBCs may bdipid hydroperoxide rather than
H,0, (139, 140) Humans deficienin RBC Gpx1 activity demonstrate hemolyg($41),
suggesting that G might bemore important in humamhan mouseRBCs. Lipid
oxidation is low innormal RBCs because ti®°~ and HO, producedas a result of Hb
autoxidation are removed efficienthy CuZnSOD andPrx2, respectivelyHowever, in
diseased states such as Sickle cell disahserate of Hbautoxidation is increased, the
activity of CuZnSODand Gpxlis decrease(il42, 143) and Prx2 is partially irgivated
as a result of overoxidation t&O:H (143), all of which maypromote lipid peroxidation.

Kinetic measurements revealed that Gpx1 acts via agong mechanisnil44).
There is no ternary complex between Gpx1, the hydroperoxide and GSH, and the reaction
can be subdivided to an oxidation kedgaiction and reduction haléaction.During the
oxidation halfreaction,the activesite Sec is deprotonated to a seleno{&&e ,pKa =
5.47)(145) and acts as a nucleophile. Its activatdepend on the side chains of three
proximal residues$sin, Trp and Asn, whose precise role remains undlEaB). After the
highly reactive anionic nucleophils formed (Fig 1.10), the substrate,(, ROOH or
lipid hydroperoxide)is irreversibly turned overBased onthe high reactivity of the
activesite Sec, it was suggested that meal binding site for the hydropexide substrate
exists explaining the rather low substrate specifiqit23). The oxidative halreaction
ends wih the release of #0 or alcohol(ROH), depending on the substrékeg 1.10. A
conformational changeals been proposed to occur at the end of this step to position the
active site in the correct orientation.

During the reduction halfeaction after formation of the unstable selenenie (E

SeOH) orsulfenic acid, the first GSH molecule enters the activeasitkis turned over
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yielding a water molecule as the sedgmoduct (Fig 1.10). Since @p is highly specific
for GSH (123), there has to be a defin€&lSH-binding site. However, a stcture of a
GSH-Gpx1complexhas notbeen solved to daté& second GSH moleculgnds to Gpx1
yielding GSSG as the third produdtig 1.10. It is not well understood which GSH

molecule occupies which surface area duthgcatalytic mechanism.

H,O, (ROOH or lipid peroxide) 2GSH GSSG + 2D Equation 1.2

Fig 1.10 Mechanism of catalysis by Gyl (modified from(127). During the oxidation halfeactionof
Gpx1, theselenolate form of the enzyme-@¢ ) reacts witlperoxideSROOH)to give the selenenic acid
(E-SeOH), which is trapped by a GSH molecule to fon8dS-G (first reduction halreaction). During
the second reduction hakaction, the ESeS-G is redued back to ESe by another GSH molecule and
GSSG igeleased as a byroduct(146)

1.10 Outline and scope of thesis
The antioxidant enzymes, CuZnSOD, catalase, Prx2 and Gpx1l are critical for

protection of the RBC membrane against ROS and maintuicell viability and thus
27











































































































































































































































































