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Inorganic biochemistry

Average elemental composition of a human body (adult, 70 kg

year of discovery
element and symbol mass (g) s an essential

element
oxygen O 45500
carbon C 12600 aluminum® Al
hydrogen H 7000 lead’ Pb
nitrogen N 2100 antimony" Sb
calcium Ca 1050 cadmium” Cd
phosphorus P 700 tin’ Sn
sulfur S 175 iodine I
potassium K 140 manganese Mn
chlorine Cl 105 vanadium” \Y
sodium Na 105 selenium Se
magnesium Mg 25 barium* Ba
iron Fe 4.2 | 7th century arsenic” As
zinc Zn 2.3 1896 boron” B
silicon Si 1.4 1972 nickel” Ni
rubidium* Rb 1.1 chromium Cr
fluorine F 0.8 1931 cobalt Co
zirconium® Zr 0.3 molybdenum Mo
bromine” Br 0.2 lithium” Li
strontium® Sr 0.14

0.10
0.08
0.07
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.005
0.003
< 0.005
0.002

(1977)
(1970)
1820
1931
(1971)
1957

1975

(1971)
1959
1935
1953

copper Cu 0.11 1925 “ Not essential. " Essentiality uncertain.
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Biochemical roles of metals

Biological functions of selected metal ions

Metal Function
Sodium Charge carrier; osmotic balance
Potassium Charge carrier; osmotic balance
Magnesium Structure; hydrolase; isomerase
Calcium Structure; trigger; charge carrier
Vanadium Nitrogen fixation; oxidase
Chromium Unknown, possible involvement in glucose tolerance
Molybdenum Nitrogen fixation; oxidase; oxo transfer
Tungsten Dehydrogenase
Manganese Photosynthesis; oxidase; structure
Iron Oxidase; dioxygen transport and storage; electron transfer;
nitrogen fixation
Cobalt Oxidase; alkyl group transfer
Nickel Hydrogenase; hydrolase
Copper Oxidase; dioxygen transport; electron transfer
Zinc Structure; hydrolase
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The most important metal-coordinating amino acids

Table 2.5 The most important metal-coordinating amino acids

o-amino acid side chain, R
~*CH(NH,)CO,

histidine (His)

methionine (Met)

cysteine (Cys)

selenocysteine (SeCys)

tyrosine (Tyr)

aspartic acid (Asp)

glutamic acid (Glu) -C HQCHchOH

acidic protons which may be substituted by metal cations
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(1) Introduction to aerobic life

All aerobic living organisms utilize dioxygen as an essential component for three main roles which are
necessary to maintain life: the production of energy, the oxidative metabolism of endogenous compounds and
the defence of the organism against various kinds of infections.

O, activation Necessary - Energy production
by aerobic living roles for - Oxidative steps
organisms life of metabolism
- Defence against
infection
Formation of Adverse Oxidative stress
active species effects and toxic effects

(0,~, H,0,, OH...)

Control by
protecting systems

Useful and adverse effects of the activation of dioxygen by aerobic living organisms.
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The most important ligating prosthetic groups

Porphyrins and related macrocycles:

corrin (contrated cycle)

porphyrin chlorin (1 C=C bond reduced)

corrole (contrated cycle)
In organisms, only complexes of Fe, Co, Ni and Mg are known.
Porphyrins serve as tetradentate, rigid, square-planar ligands, forming very stable

complexes (metalloporphyrins) with most metals and many non-metals or quasi-
metals.
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Examples of important porphyrinoid prosthetic groups

CH, vitamin B,, (X = CN) - corrin
CH,
CH,
| HOOC  COOH
HC—CH, (Fe-protoporphyrin 1X) _ coenzyme F430
(IZH porphyrin possible evolutionary precursor to
1

chlorophyil - cilorin modern porphyrinoid prosthetic groups
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Important heme proteins

class

axial ligands on Fe

biological function

cytochromes b and ¢

2 imidazoles or

electron transport

imidazole/methionine
myoglobin, 1 imidazole O, transport/storage
hemoglobin
cytochrome ¢ oxidase | 1 imidazole O,reduction (to H,O)
cytochrome P-450 1 cysteine oxygenation of

organic substrates

peroxidases 1 imidazole or oxygenation of
cysteine organic substrates
catalases 1 phenolate (tyrosine) | H,O,

disproportionation

Heme groups participating in catalytic transformations must be 5
coordinate (open coordination site for substrate binding). Electron
transfer hemes are 6 coordinate.

II1

Exogenous ligands have different affinities for Fe" or Fe™ state:

CO, 0,, NO, RNC prefer Fe"
CN, Ny, F prefer Fe™,

These molecules can be substrates or enzyme inhibitors:

e Heme enzymes whose catalytic cycles involve 5-coordinate
complexes of both Fe' and Fe™ will be susceptible to inhibition
by both types of exogenous ligands.

e Heme enzymes that operate only in the 5-coordinate Fe” form
(Mb, Hb) are not inhibited by CN~, N;~, F~; heme enzymes that
operate only in the 5-coordinate Fe™ form are not inhibited by
CO, O,, etc.
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Major inhibitors of the heme proteins

class axial ligands on Fe | The resting and the Inhibitor
substrate-binding
forms
cytochromes b and ¢ |2 1midazoles or 6-coordinate Fe", none
imidazole/methionine | 6-coordinate Fe™
myoglobin, 1 imidazole 5-coordinate Fe" CO
hemoglobin
cytochrome ¢ oxidase |1 imidazole 5-coordinate Fe" CO
5-coordinate Fe'™ CN,N; L, F
cytochrome P-450 1 cysteine 5-coordinate Fe" CO
peroxidases 1 imidazole or 5-coordinate Fe™ CN-
cysteine
catalases 1 phenolate (tyrosine) | 5-coordinate Fe™ CN-

Cytochromes b and c are not inhibited, since they are always 6 coordinate.

The major inhibitor for myoglobins and hemoglobins is CO not CN™ because the
substrate-binding form is Fe(II).

The major inhibitor for peroxidases and catalases is CN™ because the substrate-binding

form is Fe(11).




June 08 ERASMUS courses, Heraklio

Electronic changes upon O, binding

=y /
N
|
j The Fe-O, complex should be considered as an
Bl T antiferromagnetically-coupled Fe!''-(O,~) adduct.
2 ﬂ 2
z E 7° e
v(0-0) in MbO, = 1105 cmr!, a value characteristic of a
Xz, yz %#“aj,,eraa amjw% XZ, YZ o wees Coordlnated SuperOXide
(@ (b)

Therefore, O, affinity correlates with the redox potential of the metal:
M+ 02 = Mt(tl) (02.-) .

O,+1le=0,": AE 1s metal-independant
M+ 1e-= Mt AE depends on metal
Mt + O, = M0t AE is (almost) metal-independant

O, affinity: Cr''> Fe!l > Co!! (the same order as the M"I' potential).
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Oxygen transport (1)

O, 1s a poor Lewis base, its binding to a metal requires a redox change.

Three major types of O,-transporting enzymes:

Deoxyhemoglobin

Oxyhemoglobin

All O,-carriers must bind O, reversibly and avoid the O-O bond cleavage and
oxygenation chemistry
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Oxygen transport (2)

O, 1s a poor Lewis base, its binding to a metal requires a redox change.

Three major types of O,-transporting enzymes:

Deoxyhemocyanin O;QhemOCyanin

All O,-carriers must bind O, reversibly and avoid the O-O bond cleavage and
oxygenation chemistry

11
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Oxygen transport (3)

O, 1s a poor Lewis base, its binding to a metal requires a redox change.

Three major types of O,-transporting enzymes:

All O,-carriers must bind O, reversibly and avoid the O-O bond cleavage and
oxygenation chemistry

12
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Myoglobin and Hemoglobin

Crystal structure of oxymyoglobin (PDB code 1A6M):

distal imidazole
(H-bonding to O,)

proximal imidazole
(coor dinated)

The heme group is bound to the protein backbone only via a coordinate Fe-N(histidine) bond.

A closely positioned distal imidazole stabilizes the O, adduct via hydrogen bonding.

Hemoglobin is a tetramer: 2 pairs of slightly different units, called o and B (overall composition:
o,[3,); each unit has a structure similar to Mb.
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A closer view to Myoglobin

%al E11

Phe CDI

Adapted from - Biochemistry, L. Stryer, Fourth edition, 1995, WW.H. Freeman and Company
- Biochemistry, G. Zubay, 1983, Addison-Wesley Publishing



June 08 ERASMUS courses, Heraklio 15

O,-binding (1)

Mb + O, MbO,

1.0 Myoglobin

(IMO] o)
= equation a
[Mb]p02 q a

0.5{
p(0O,) - partial pressure of O,.

Hemoglobin

muscles lungs

The fractional O, saturation:

(MO, | 0~ 10 20 30 40 80
[Mb] + [Mb()2 ] O, pressure (Torr)

(fraction of the oxygenated Mb).

K,
Po,

I+Kp, '
2

o 1s a function of p(0O,) and equilibrium constant: o =
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O,-binding cooperativity in Hb

O, follows this formula; however, 0y, follows a modified law:

" , where n = 2-3: Hb displays cooperativity in O

2
binding. Binding of the
2nd O, molecule 1s more
favorable than the first.

Origin - interaction
between the monomers
(see picture - note the
parallel alignment of
pairs of the hemes).
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Conformational changes in Hb upon O, binding

# E ,-?v;l FG5

T state H state

i NH}

HC3 FGl

Schematic representation of some salt bridges in hemoglobin
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O,-binding (2)

Soit Co, la concentration totale en myoglobine :
-at=0, avant ajout de dioxygene : Co =[Mb] ;
- a 'instant t, a la pression partielle P(O,), Co=[Mb]+ [MbO,] (équation b)

En reportant dans 1’équation a, on obtient alors (équation c) :

(Co - [MbO,]). P(O,)

Seules les especes Mb et MbO, présentent une absorption par sepctroscopie UV-visible,
la loi de Beer-Lambert est donc définie par (en prenant une cellule d’une largeur de 1 cm) :

-at=0, Ao = g,Co = gy, [MDb] + €),0,[MbO, ] (équation d)
- a 'mstant t, Ao = g\, [Mb] + €),0,[MbO, | (équation e)

Soit en retranchant les deux €quations (équation e — d) :
A - Ao = (8yp02 - Emp)-[MDO;]

ou encore (équation f) :

[ AA = Ae.[MbO,] ]

avec AA=A —Ao et Ae = eyp00 - Emp



June 08 ERASMUS courses, Heraklio 19
O,-binding (3)
AA
(CoAg -AA)P(0,)

En reportant 1’équation f dans I’équation ¢, on obtient alors (équation g): K=

ou en prenant I'inverse de cette équation :

1 CoAg CoA 1
K™= . P(0;) - P(0,) ou encore P(oy) = —= P(O) - —

AA AA K

11 est donc possible d’exprimer la pression partielle du dioxygéne P(0;) en fonction du
rapport de cette méme pression sur la différence d’absorbance AA observée entre le dénveé
pentacoordingé de départ et 1’absorbance a la méme longueur d’onde au temps t aprés ajout
d’ure quantité connue de dioxygéne (équation h) '~:

P(0,),
P(0,)
0
.-"‘-- AA
NPy =LK ' Rose, N. J. ; Drago, R. 8., /. Am. Chem. Sac., 1959, 81, 6138-6141.

: Beugelsdijk, T. I. ; Drago, R. 8., 7. Am. Chem. Soc., 1975, 97, 6466-6472.
: Long, J. R. ; Drago, R. 8., ./ Chem. Ed., 1982, 59, 1037-1039.
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Measurement of P, ,

B—Fel!!

(1)<2 B—Fe'0, pO, = [BFe],.l.Ae(pO,/AA) - 1/K

By plotting pO2 VS pOQ/AA, a straight line is obtained with an intercept of -1/K
pO2 : partial pressure of dioxygen
[BFe]t : total metalloporphyrin concentration
| : pathlength of the cell
Ag : difference in the molar extinction coefficients between the
oxygenated and deoxygenated forms
AA : difference between the absorptions at pO2 and without dioxygen

Schematic representation
of a tonometer

P, =P,4(V - v) + 760v
Y

ABS

V : volume of the tonometer excluding the solution volume
v: volume of gas removed and oxygen added
(total pressure constant at 760 Torr)

According to Rose, N. J.; Drago, R. S. J. Am. Chem. Soc. 1959, 81, 6138-6141 and Collman, J. P. et al. J. Am. Chem. Soc. 1978, 100, 2761-2766.
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Synthetic models of Mb

Can the reversible binding of O, 1n Mb and Hb be achieved with low molecular weight
Fe-porphyrins?

Simple Fe-porphyrins undergo irreversible oxygenation in solution:

Fe-meso(tetraphenyl)porphyrin

. R
O/
» ’ B - nitrogenous base:
H.
o~ g
! Oy
N
2-methylimidazole

GD ﬁ‘ X

] % |

U-0XO: stable
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Oxidation of dioxygen carriers (1)

Solution: prevent formation of (l-oxo dimer using sterics: B

picket-fence porphyrin

This approach does not prevent another mechanism of oxidation:

This approach does not prevent another mechanism of oxidation:

111 :
Fe™-superoxido Fem—hydrosuperoxido met-form - FeIH(por)

The same mechanism is responsible for autooxidation of Mb and
Hb in vivo.

Momenteau & Reed, Chem. Rev, 1994
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Oxidation of dioxygen carriers (2)

In summary, where two mechanisms exist for the oxydation of synthetic oxygen carriers, only one
occurs for those natural

LFe'(0,) + H,0 — LFeH,0) + O, (eq. 1)

LFe'0)= (C_Fe' D Lrel(0y) + H* + H,0 — = LFe'(H,0) + O (eq.2)

LFe'(0,) + HO — » LFe"(HO) + 0,7  (eq. 3)
LFe'(0,) + LFe!" —— LFe-0,-Fe''L —— 2 LFeV=0 (eq. 4)
LFeV=0 + LFe!! —— LFe"-O-Fe''L (€q. 5)

Momenteau & Reed, Chem. Rev, 1994
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Molecular Orbitals of Dioxygen

— — — — — — — — — —

37,5 keal.mol !

Excitation

/ \2p0'u
/ \
/ / T T AN
LA AL/ @t N AL 4 g
T TV N(ZPTC$)|4 ST
0:(2p)* M 7/ 0:(2p)
N2
\ N/ /(ZPGQ)Z

O, (ground state)

02 : (1o (1o, Y (20 (o, ¥ (2pog)? (2pm ) pn” )
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Photosensitized Oxidations of Imidazoles

R R
N hvi O, N——
/ A\ -
H H H H
N N
H H
O————oO

Isensitizer + Ny =====n=-- > 3sensitizer
sensitizer + 3%y Oy =mmmmmnnn > 1A, O, + 'sensitizer
1Ag' O, + acceptor ========- > acceptor-0O, Ph

(0

P N
hv/ O (0]
LR 5 GRLI
Ph’(N Ph PN~ ~Ph
N Ph

N,N'-Diaroylbenzamidines

(0] H (0] o
RN | > hv! O, RN NH,
)\ / X
oo >N N 0© >N~ N Yo
R R

H. H. Wasserman, K. Stiller, M. B. Floyd, Tetrahedron Lett. 1968, 29, 3277-3280.
M. Kaplan, Chem. Tech. 1971, 621-626.
T. Matsuura, I. Saito, J. Chem. Soc. Chem. Commun., 1967, 693-694
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The various oxidation states of dioxygen

Species Typical

Bond order Bond length Bond length
compounds (0-0) (A) (keal.mol ™)

v(0-0) in MbO, = 1105 cm!, a value characteristic of a coordinated superoxide
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The various coordinations of dioxygen to a metal M

Y. Naruta et al. Angew. Chem., Int. Ed. 2003, 42,2788 —2791

M n+1
O0—o
o M > \/
i
O—— \O
: nz-peroxo
M=n \
6
N
O M -superoxo
Mn+1
> / \
+
Mn*
Mn /Mn+1
A e
0 MM™2=0 M"*-OH
MmN+ hydroxy

L-peroxo 0Xx0



June 08 ERASMUS courses, Heraklio 28

Cytochromes P-450

Oxygenation of organic substrates using O,:

\ \
—={i—H * 0y ¥+ 2H" + 28 b —C—0H ¥+ H.0
/ /
Also:

I ===t EO R,S — R,SO

Biological role: conversion of lipophilic substances into water-
Soluble forms for excretion as a part of detoxification.

(MONO)OXYGENATION ACTIVITY
(oxygen atom insertion)
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Cytochromes P-450

29

Biological role: conversion of lipophilic substances into water-
soluble forms for excretion as a part of detoxification.

Biologically relevant substrates in humans:

Major types of reactions catalyzed by cytochromes P-450

Reaction type Simplified example Typical substrate

Aliphatic Cyclohexane — cyclohexanol Pentobarbital
hydroxylation

Aromatic Benzene — phenol Phenobarbital
hydroxylation

Alkene Cyclohexene — cyclohexene oxide Aldrin
epoxidation

N-dealkylation CH,;N(H)CH; - CH;NH, + H,C=0 Methadone

O-dealkylation CeHsOCH; - C(qHsOH + H,C=0 Codeine

Oxidative
deamination

S-oxidation

Reductive
dehalognation

(CH,),CHNH, — (CH,),C=0 + NH,

CH,SCH, — (CH,),S=0
C¢HsCH,Br - C,H.CH,

Amphetamine

Chlorpromazine
Halothane
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Cytochromes P-450: mechanism

)8 € >

S-coordinate Fe-porphyrin;
the enzyme shuttles between Fe" and Fe'" states.
Precise mechanism of oxygenation is very controversial.

Simplified mechanism:

active site of a
cytochrome P-450.

30
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ROH H20
/NdeN RH Cytochromes P-450:
Dy o catalytic cycle
/SCys 1 2
HoH |
N N
//T{v/ [O] / \F |||/
A S B " ! o
N ~—Cys n /SCys 2
H,0O
_ +/'/ *OH - ¢
H “ ./..
N—* N -
\Fe'"7 /N\ /N
1 RH . = RH
i ~Scs 6 Il _—Scys 3
‘ . A %
H _
N ||7
LK, 0,
i R /‘ b:,‘ ) i /éCys 4' o
(o) ° o®
AN " A = 450 nm NT - N
/ Fell / B / \Fe"7
N—é—!\N RH N/ ! AW RH Adapted from
- —Soys S - . /"o.: _—Scys 4 Sono, M.; Roach,
‘0L, M. P.; Coulter, E.
N———=N D.; Dawson, J.
e / \Fe"'7 H., Chem. Rev.
NI RH 1996, 2841-2887.
/SCys 4
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Cytochrome P-450_, .: Active site X-ray

FIGURE 1. Portion of the crystal structure of P450.., with bound

substrate showing the heme and protein cysteine ligation of iron;
from ref 3, PDB file TAKD.

Schlichting, 1.; Jung, C.; Schulze, H. Crystal Structure of Cytochrome P-450cam Complexed with the (15)-Camphor Enantiomer.
FEES [eit. 1997, 415, 253—257.
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The origin of the low-spin character of the resting state of cytochrome P450cam
investigated by means of active site analogues

'“ﬁl ~  Martin Lochner, Markus Meuwly and Wolf-D. Woggon*, Chem. Commun., 2003, 1330-1332

J

(\/“w:»>

X!
Y MH  HN

4 -5 (¥ = WHy, Y = OMe)
o5 (X= OMa, Y= NH.) cece-B

n=1 1-H.0
l'|=

Reagents and conditions: (i) (1) cat. PTSA, MeCN, rt, (2) DDQ, MeCN-THF, rt, (3) TFA, CH,Cl,, rt, 38% (3steps); (3) (ii) (1) AcCl, DMAP,
pyridine, CH,Cl,, rt, (2) flash chromatography, (3) AICl;, EtSH-CH,CIl, 3:2, 1t, 36% (3 steps); (iii) (1) Cs,CO;, DMF, 60°C, 7, high-dilution,

(2) 6M HCI, MeOH, reflux, 77% (2 steps); (iv) for n =1 (1) chloroacetyl chloride, CHCI,, rt, (2) 1,10-diaza-18-crown-6, EtOH, reflux, 44% (2 steps);
for n =2 (1) acryloyl chloride, Et;N, CH,Cl,, rt, (2) 1,10-diaza-18-crown-6, MeOH-CH,Cl,, 80°C, 46% (2 steps);(v) (1) KOMe, dioxane, reflux,

(2) FeBr,, 2,6-lutidine, toluene, reflux, 44% for n = 1 (2 steps), 49% for n = 2 (2 steps)
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(1) Energy metabolism

The only way a living organism can convert chemical energy
stored 1n food 1nto useful work, required to sustain life, 1s to use
redox processes. Heat 1s a useful byproduct of this process.

Electrons and H" are stripped off foods by enzymes and
participate 1n a series of spontaneous redox reactions, which are
coupled to uphill processes, such as tissue growth.

In all aerobic species, this redox cycle has to operate 1n the
presence of O, and 1n most it utilizes O, as the ultimate acceptor
of the electrons and H™.

Understanding the redox chemistry of O, becomes important in
understanding the energy metabolism in general and O,
metabolism in particular.
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Reduction of dioxygen

o

1e", 1H* HO> 3¢”, 3H*

E<0 E>0

4e", 4HT CcO
O, E> 0 »2H-0

2e", 2H* v

E>0 H20- E>0

! | |
CATALASE

Fontecave, M.Bull. Chem. Soc. Chim. Fr., 1991, 128, 505-520
Wood, P.M. Biochem. J. 1988, 235, 287-289.
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Monoelectronic reductions of dioxygen

OoX + he” ->red

- :
v . dewoporton ptandard potentals

'O—O * e | Molecular dioxygen 02_m$ugt_s_it_p___
\ o ! Po |
S o e O | | |
o e ( )} — . | R |
(c% Q 9‘ SOD | Superoxyde 05" __%‘ + %80I
@ I + 8:90 |
< e o0 I |
@ I

5 |_|+v : O _O° - | Peroxyde HoO»o ——%————X+8|15
AN o0 oo I | |
+le ! £380 | |
~ o (O g | | |

@ v [ J [ L ] [ J L]

% Q- Q : Radical HO"+ HO ——% + 13150i
o | |
S : i T

H Q' H H O : Water HoO + HoO ==~~~

|

J

couples 0,  HO, 0, /HO; HO,/H,0, O /HO' H,O/HO’

pKa 4,8 > 14 11,8 11,9 14
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Dioxygen metabolism

e Cytochrome ¢ oxidase converts O, into H,O thereby removing
reducing equivalents from the organism.

¢ Some O, becomes only partially reduced (for example, via a
redox reaction between O, and highly reduced cofactors).

¢ These partially reduced "reactive oxygen species" (ROS) are
highly cytotoxic. Living organisms developed multiple
mechanisms to deal with ROS:

superoxide dismutases radical scavenger
v [ ] v l 3
3 .- .
y—A_a" —HO, ——HB + O ———& H,0
G\ | | A
catalases peroxidases

cytochrome c oxidase .
Radical scavangers:

antioxidatively targets
active compounds

" § 5 ®
vitamin C (ascorbate) OH
ceruloplasmin (in plasma)

vitamin E (a-tocopherol) ROO
B-carotene (in membranes)

transferrin OH
. [ g
S-rich compounds, OH
e.g. metallothionein
. . L]
uric acid OH

"  » .
gold-containing compounds O2 (hypothetical)
(therapeutical use)

37
Vitamin E at work:
CH,
HO
CH,
H,C ?
o, M CH,
vitamin E ROO
CH, ROOH
‘0
CH,
H,C >
o CHs CH,

3
(stable, inactive)
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Chemistry of ROS (1)

The hydroxyl radical represents the most powerful 1e” oxidizing agent. It can be formed by

reductive cleavage of hydrogen peroxide (H,0, + H" + e~ ---> H,0O + HO") or produced
according to Haber-Weiss reaction (equation 3) in an iron-containing environment.

O,” + Fe** --> Fe** + O, Eq.1
H,0, + Fe** ---> Fe3* + HO®* + HO™ Eq. 2 (Fenton reaction)

The global reaction being : O, + H,0, --->HO™"+ HO®* + O, Eq.3

The hydroxyl radical can oxidize all kinds of substrates, even the phopholipidic membrane :

RH +HO® ---> R*+ H,0 Eq.4
R*+0, --> ROO® Egq.5
ROO®+RH --> ROOH +R°® Eq.6
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Chemistry of ROS (2)

Hydrogen peroxide can be produced by two different patways:

-By the le- reduction of superoxide:
O, + 2H* + ¢ ---> H,0, Eq.7
-By the 2e- reduction of molecular dioxygen by an oxidase:

0, + 2H* + 2¢ > H,0, Egq.8

This reaction 1s used for the catabolism of fatty acids in peroxisomes.

Protection enzymes include catalases and peroxidases (glutathion peroxidases,
cytochrome ¢ peroxidase, thioredoxine reductase, NADPH peroxydase...).

Catalases are particularly concentrated in liver and red corpuscules. These
enzymes are tetrameric and contain one heme molecule as well as one NADPH
molecule. The reaction is catalyzed according to a two-step process: (axial ligand is

tyrosinate)
H,0, + Fe** ---> Fe’*- H,O,+ H,O0Eq. 9

FeS*- H,0, + H,0, --->Fe* + H,0 + 0, Eq. 10

39
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Chemistry of ROS (3)

(AH, being an organic substrate)
Back on peroxydase activity:

[ )
H202+2AH2 _— 2AH+2H20

o [ J
AH + AH — > ATAH,

]
H202 + AH2 E— A + 2 H20

Glutathion peroxidase : is not a hemoprotein as the other peroxidases !
Contains selenocystein and the catalyzed reaction is:

H,0
2 R-SH + H,0, - R-S-S-R + 2 H,0
RSH
Active on a lot of thiols but particularly efficient with
glutathion, which is oxidized 100 times faster than
mercapoethanol. E ———seoH E —sesr
Selenium goes through 3 different stages: RSH

-selenolate (analoguous of cysteinate )
-seleninic acid (E-SeOH)
-selenenyl sulfur (E-Se-SR)

OXIDATION ACTIVITY
(electrons abstraction, usually two) Hz0;

H,0

E RSSR
Se” H*
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Chemistry of ROS (4)

Glutathion peroxidase: is not a hemoprotein as the other peroxidases !
Contains selenocystein and the catalyzed reaction in the case of GSH is:

2 GSH + H,0, > GS-SG + 2 H,0

*Glutathion is actually:

N-[N-L-gamma-glutamyl-L-cystéinyl]glycine (or GSH) is the intracellular thiol non proteic
the more abondant

H2N H O
HO N 0
TONTY
o o ./ M oH

Described for the first time in 1888 by Rey-Pailhade who named it "Philothion"
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Chemistry of ROS (5)

Another example of peroxidase activity is cytochrome ¢ peroxidase, that reduces
hydrogen (or organic) peroxide(s) according to :

ROOH +2 H* + 2 ¢yt ¢?* ----!-.-!,-----> ROH + H,O + 2 cyt ¢3* (R = H or alkyle)

/
His 52 J’? 'ﬁ
L

Arg 48

His 175

Asp 235 %{. (j; Y Tep 191
o -
‘e ~

* o
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Chemistry of ROS (6)

Another example of peroxidase activity is cytochrome ¢ peroxidase, that reduces hydrogen (or
organic) peroxide according to :

N
Ne

%Arg H-—e H
°N Arg4s ROOH YT

H,N

—Fe”l_ m U "push"

m o
4
o ( His 175 H /N
Active site HN . \‘ H,N o /,H His
His HB;&/‘N >/Arg o
®

(0}
H2N Asp235 Asp

"push-pull” effect

HoN

v

H,0 _Le_“ / ’/
7z
YH* + e Compoundllgi | \ROH
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Oxidative stress or how dioxygen becomes toxic (1)

O,

oxygene

e
0,

anion superoxyde

superoxyde dismutase

CuZn

superoxyde dismutase

Mn

= mo0,

glutathion peroxydase

Se

peroxyde d’ hy rogene
Fe
Cu

catalase

Fe

¢>l

thioredoxine peroxydase

4’}

thioredoxine réductase |[Se

/2

Arginine

monoxyde
d’azote

ONOOH

peroxinitrite
e P i

sélénoprotéine P|Se

radical h dmxyle

ADN oxydés

Llpxdw nxydes

Protéines oxydées
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Oxidative stress : peroxidation of insaturated fatty acids

HO +
AV Y Y i A ateet
arachidonate *
-\N/=\/—\/— COOH
radical arachidonyle
° réaction en
VaVAY. V. VaVaaVaLVAVA chaine
radical diene conjugué radicalaire
+02
%0
AN
radical /W=V=V=V=WCOOH
peroxyle
+ arachidonate
- OOH
VAW AAAAASV NN
VAVAN
endoperoxyde hydroperoxyde
/ + Fer \ \
H,C—CH, ox A0 HO o
X
ethane MDA
H H X
Cz Cz 20 H
Hsc/ \c, \CH3 NTVV
H, H
pentane Hydroxynonenal isoprostanes
Produits terminaux
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Oxidative stress : modifications of the side chain of amino acids

HO’ H202 HO° ONOOH HO® HO HO" HO®

bRt Sk

EHZ ?HZ CH3
- g et |: :l CH2 S
Lz LQS /(,m SH tuz Liz EcHz

EHZ ( H2 CH2 CH2 CH2 l "H2 tm “H2
& ---L----h---ﬂ----'---J---- 'S B BEELEEEEREEERE

s 4

L . H2
EH ey 2 P
(H20H o
([Ei CH3 LH‘ S()ZH @ @ - illz L.H_x-'s‘::)
N7 HO f H2 CH2
e S LHZ $ia cH2 CH2 CH2 tﬂ_(m i
-..-.l-...l-...L....h-..l....‘....- EEN EEER
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W
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Qi

L. cH,oH
HY
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E HO methyl uracile

O

| eH,
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coupure de

chaine simple
brin

maodification de la
hase

SJormation

de site abasique b 0

Oxidative stress : modifications of DNA

Adduit de dérivé
d'oxydation
lipidique

coupure de
chaine double
brin

47

L H-cuo

TR | T
H

Fapv-guanine

i k|

b y

| i

[ R Y M
o

Malonaldehyde-dG
: rh AT g
n-._ll.-T. .l-."'l'-l.

(] g

Lysine d guanosine
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Chemistry of ROS (6)

NO synthase: biosynthesis of NO from L-Arginine

L-arginine + 20, + 3e” + 2H" - L-citrulline + 2 H,O + NO°

The NO synthase oxidizes L-Arginine with dioxygen and with NADPH as the electron source
It acts as a double mono-oxygenation, but with an odd number of electrons.

It is considered as a P-450-like enzyme, hence a thiolate as the axial ligand.

The mechanism is still not clear but can be considered in a two-step process.

(
HOOC NH;*  1rststep HOOC NH;* 2nd step HOOC NH;*
NOS NOS
1 NADPH 1/2 NADP J
NH P NH H> NH + NO
/g 02 /g 02 /g
HoN NH, H-oN NOH H,oN (0 nitric
Arginine N-Hydroxy Arginine Citrulline oxide
(NOHA)

First step: L-Arginine hydroxylation Second step: second oxygenation
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Chemistry of ROS (7)

Implications in possible therapeutic pathways :

D;S_ti'oy | TraP | | NProtect
activated radicals ‘ ’ 1 ’ iomolecules
. species e NEET ’ L —
Fer | }
NO’ )
0,
o
. Avoid activation of vr
~ cells or enzymes Complex iron . *;]
.~ Avoid penetration Decrease NO Reduce peroxides |
of radiations synthases activity Repare DNA |
~ Avoid hypoxic Activate SOD Repare proteins or
- conditions destroy them |
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Reducing O, to H,O: cytochrome c oxidase

4H" + 4¢ + O,——— 2H,0
AE(pH=7, air saturated) = 0.8 V; AG = -77 kcal/mol.

Thermodynamically, O, 1s a very powerful but kinetically a very slow oxidant

Simply adding 1 electron at a time means loss of energy and production
of cytotoxic intermediates (O,", H,0O,, etc).

A catalyst is required to reduce O, to H,O and extract energy

e Cytochrome ¢ oxidase resides in a membrane of the
mitochondrion.

e It takes 4 H' from the inside of the mitochondrion and O, and 4
¢~ from the outside and combines them into H,O. 2 H-O

e Concomitantly, it transfers 4 H' from the inside to the outside g
of the membrane. ,

e This generates a proton and charge gradient, which is relaxed \ /
via a membrane-bound ATPase, generating ATP and thus
utilizing the AG of the O,/H,O reaction:

mitochondrion (inner membrane)
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Oxidative phosphorylation and cytochrome ¢ oxidase

Inner membrane

ADH +H"
FMNH; N
2H N
1: NADH NAD
deshydrogenase FeS
2H"
CoQH,
2H"
Cytoplasmic Matrix side
side
FeS IT : Cytochrome ¢
reductase
Cyt. ¢;
2H"
XH,
2H
2H +12 0,
Cyt.a
“™Cyt. a;
III : Cytochrome ¢ H,O0

oxidase

Adapted from Biochemistry, J.D. Rawn, International edition, 1989, Neil Patterson Publishers

Cristae

Intermembrane space

Inner membrane

R R L) ATP synthase

e { 1 %% ! Outer
; i) A];P % A membrane
YY)+ i Intermembranc
| LN e G|
0P - space
: s ""'. Pl | f P
) Mo,
Lz A i—I"' ‘| || Inner
s [ [ membrane
. ]
L /B et || .
| H.: ‘*..red (C Matrix
[ :
Aox |
| { ™, -
! T r
| _"'-\. e -:I
; e

=+ __ Proton-pumping
i oxidoreductase
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Oxidative phosphorylation and cytochrome c oxidase

Membrane
mitochondriale
interne

Espace
intermembranaire

Matrice
mitochondriale

00



June 08 ERASMUS courses, Heraklio

Cytochrome c oxidase: the molecular structure

Stucturally, one of the most
complex proteins.

The structural features are
determined by the need to:

(a) store more than one
reducing equivalent:

e scveral redox-active centers;

(b) redistribute the reducing

equivalents (electrons) fast

among the redox active

centers:

e several electron transfer
pathways;

(c¢) translocate H™ and charge

through the dielectric of the

membrane:

e the catalytic site 1s half-way
through the membrane.

7 1
Subunit I / < Aoaem |Gy l
Se { -
het 227 " Cys 220 r ome c
N S Cytoch
r s H ?
Cys216 il e
I~ XA Gl 218
His 224 | \> "
N ’ B~
. O % WHO
it
0 N
Loop XI-XII ! N N
" N NN AON” Asp 404 </ l His 403
Il N Loop IX-X

ﬂ94“““H|s- ---Fe

His=t.

53
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Cytochrome c oxidase: the catalytic site

The catalytic site 1s composed of

Tyr244 A ‘IHis240
. . . r"‘-_l'»\ X, II“ ‘.‘
(a) 5-coordinate myoglobin-like heme (heme / TN Cus His291
2.) - = .
3); N[ STAA - L\ ]
; ; - N - o
(b) Cu (Cu,) 1s coordinated to 3 imidazoles: N e
e the remaining open coordination site 1s for = 7 3084 !, e
. . . . :.;"""“n- ——— :\\ . L .‘L""—H /
substrate/intermediate/product binding e SN o
e the flexible coordination environment N : > _
- . I —_ —
facilitates Cu'/Cu" conversion; )= - \ ’
(¢) a phenolate residue: ¢ )
e an organic equivalent of a redox-active His376 ||

metal: capable of delivering both a

reducing equivalent (electron) and an H' to
the substrate.

The catalytic site 1s designed to have enough readily available reducing equivalents for a
complete (4-¢7) reduction of O, thus avoiding a build-up of the potentially deleterious
partially reduced O, derivatives.

Atom coordinates from the Protein Data Bank, Brookhaven, ID PDB 10CR
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Cytochrome c oxidase: the mechanism

. His .
HIS\I _His
g The most important
, feature:
\ 0, His 'I"'S,His
Ll C e
° |
R _o Fe'“—O\’. Cu-.
o) (0
ﬂ‘ &/Ho =
:
His
A
H+
His His His

v

. H
. I IV C Il
NUPSk \ 0«@ Fe'=0 HO” u"b
H? > HY, e E)EOQ Ry (ﬁ o © @
£ «J A <~ Y

2H"
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Why models?

« Models do not yield information on the actual working of the enzyme, but they can
verify or eliminate the possibility of suggested mechanisms » Wooley

« Reproducing complex biological reactivity within a simple synthetic molecule 1s a
challenging endeavor with both intellectual and aesthetic goals. The sequence of
examining biological reactivity, creating similar chemical architectures, and determining
functional reaction conditions for model systems is a process that allows the biological
code of reactivity to be deciphered... Functional models can provide an opportunity to
examine a biological reactivity at a small-molecule level of detail through systematic and
comparative studies. Although one goal of modeling is reproduction of reactivity,
extension of this reactivity beyond the scope of the inspiring system is perhaps an even
more important objective. » ~ Mahadevan, Gebbink et Stack

Mahadevan, V. ; Gebbink, R. J. M. K. ; Stack, T. D. P., Curr. Opin. Chem. Bio., 2000, 4, 228-234

Wooley, P. Biophysics and Physiology of Carbon Dioxide ; Bauer, C., Gros, G. and Bartels, H., Ed.s ; Springer-Verlag : Berlin, 1980, pp 216



