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Table 10.2 Characteristics of ‘classical’ copper centers in protein

generalized coordination geometry

function, structure, characteristics

type 1 (Met)
~ S/ CH,
’r'
/
(His) Cu (His}

type 1. ‘blue’ copper centers

function: reversible electron transfer

Cut + e = Cut

structure: strongly distorted, (3+1) coordination
absorption of the copper(Il) form at about 600 nm, molar
extinction coefficient € > 2000 M-'cm-'; LMCT transition
5-(Cys-} —» Cu

EPR/ENDOR of the oxidized form: small $365Cu hyperfine
coupling and g anisotropy, interaction of the electron spin
with -§-CH,—; Cu — S{Cys) spin delocalization

type 2: normal, ‘non-blue’ copper

function: O, activation from the Cu' state

in cooperation with arganic coenzymes

siructure: essentially planar with weak additional coordi-
nation (Jahn-Teller effect far Cu!t)

typically weak absorptions of Cum,

€ < 1000 M-! cm-'; ligand-field transitions (d — d)
normal Cu'" EPR

type 3: copper dimers
function: Q, uptake from the Cu-Cw state

structure: (bridged) dimer, Cu—Cu distance about 360 pm
after O, uptake intense absorptions around 350 and 600
nm, £ = 20000 and 1000 M-icm-'; LMCT transitions
0, > Cut

EPR-inactive Cut form (antiferromagnetically coupled d*
centers)



(from spinach)

10.5 kDa,
ca. 100 a.a.

Azurin E° =+308 mV

(from bacteria)

14.5 kDa,
ca. 130 a.a.

T glycine

o : _ 3 +1 + 1 coordination
E°cuaycun (@quaion) = +153 mV

Blue copper proteins
Strong absorption at ca. 600 nm, LMCT from Cys- to Cu(ll)



Example of entatic state
HN \
190 \2;)0 210 \2::)0
HN pAL /\H’ N 2::‘ /\%
/7

N zso‘

Oxidized plastocyanin Reduced plastocyanin

Blue-copper proteins are very efficient electron transfer
enzymes. The rate for electron transfer is in the range 103-107 M-
1 51 (compared to 5x10-' M—1 s~ for the aquo redox couple

Cu(lh/Cu(l))



Metallo-proteins for electron transfer




O, transport mediated by Cu-proteins:
Hemocyanin



Hemocyanin

Up to 1500 kDa,
Each unit 75 kDa

Colorless
2 Cu(l) (S=0)

Purple (LMCT 350 e 580 nm)
2 Cu(ll) (diamag., strong antiferrous

coupling)
IR: 755 cm (0,%, symmetrical)
O, transport in molluscs (snails, squids) e arthropods
(crabs, lobsters, shrimps, scorpions)




Possible symmetrical cooordination modes
of peroxide ion

His His His o His
' —O0
HIS\(|; II,O \Cél HIS\(';U”/ ‘ \Cél
/ o~ \ His / \O/ \\His

tyrosinate?



Models for O, binding to hemocyanin
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Hemocyanin

deoxy, Cu(l)
ri-coordinate

(b)

oxy, Cu(ll)
: five-coordinate

(©)
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IR: 755 cm! (0,2, symmetrical)
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Cu enzymes that activate or reduce O,

+1.20

+0.64

pH =7

-0. ~ +0.91 +0.39
0, 222 0, 2 10, " Ho'+ H,0 22

+0.28 || +1.35

+0.31
+0.85

2 H,0

...the mono-electron reduction of O, to superoxide is
thermodynamically disfavored (E° =-0.35 V)

providing two electrons requires either the presence of at least
two Cu ions or a Cu ion and a redox-active organic cofactor



Polyphenol oxidases
Tyrosinase, Catechol-oxidase

2 o-diphenol + O, — 2 0- quinone + 2H,0

2 Cu(l)0,2 @ po
O oxy-Ty : d
8 's
2 Cu(l) HO OH w "\-
deoxy-Ty Q P

OO &
0o 2 Cu(ll)-OH LS 70
R met-Ty QU ot a P
2 4

. met-Ty
HO OH “ -
/N

In the cycle 4 electrons get transfered to the two B,
O atoms of O, from two diphenol molecules <,

oxy-Ty

\)




Tyrosinase aS a Mono-oxygenase

oxy-Ty Is capable to convert both phenols to o-diphenols
(oxygenase activity) and o-diphenols to o-quinones, met-T is
capable to oxidize only o-diphenols to o-quinones

@) O
O + 0O, + 2H l HO O + H,O
HO NHs™ HO NH™
L-tyrosine MONO0-oXygenase activity L-DOPA
O @)
HOWO_ l OWO_ . oM+
HO NH,* o NH;*
L-DOPA o-L-DOPAquinone

oxidase activity



Tyrosinase o o  COXidative phase

e L2

~ TN O O
CuZ | ~Cu% OH >

NH U\(lj/ \N N\. //O‘--.\ -*"N

@ CuZl_| Cua
OXY - g N

o) +
j H oxy-D
_N mono-oxygenase @) 3 H*
N N. ~ .0 .
,Cu’f Cu.~~ activity » Cu{icl):cu%fN /
eoxy OXY-T \ O O
KORLT
H,0 +Q Q / oxidase activity
N N
~
Cuzt __Cu%
c 2+ CLI2+ 7 ~ ~
N u \O-—‘* N / \ N (Hj
) 2H met
met-D

HO OH Reductive phase

electrophilic aromatic substitution



™\

V-
Multicopper oxidases, MCOs

(blue oxidases)
\_ 7

At least 4 Cu

«Metallic» substrates

Organic substrates
Ceruloplasmin

Ascorbate oxidase Epestin
Laccase K Fet3p
+500 — +800 mV Copper-oxidase (CueO)

4RH + O, — 4R+ + 2H,0
(RH = phenol)



Type 2 Copper

O, reduction (4e)

»
~ 7 -
"ok /
. »
¥° % O 390 pm
I" * //’
” /
» YO p ( «— Type 3 Copper
: ¥
»
- »

340 pm

Type 1 Copper

R = CH(OH)CH,OH electron acceptor

O 0)

R-k_ ,_-:_O R 0 . . el ™
2 f - Z + O —» 2HO0 + 2 ; s
O

Ascorbate oxidase (from squash)

4RH + O, — 4R + 2H,0
(RH = phenol)



Mechanism of action for multicopper oxidases
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Respiratory chain (oxidative phosphorylation)
A B C D E
NADH Succinate Cytochrome ¢ Cytochrome ¢ ATP synthase
dehydrogenase dehydrogenase ubiquinone oxidase
oxidoreductase

8 Fe-S 3 Fe-S Fe-S 2 Cyt (a)
Flavin Flavin 2 Cyt (b) Cu
Quinone 2 Cyt (b) Cyt (c) Mg

Quinone Quinone Zn

NADH NADH* Succinate 5 Fumarate

Inside

IR
P =

Outside (intermembrane space) 0 <>
H+ Cytochrome ¢ Ht e~ s
¥ Y  235mV Y
—>

.. Electron flow
Driving force per electron:

815 — 235 = 580 mV (ca. 13 kcal/mol) Oz + 4H" +4e” 5 2H,0
AE° (pH 7) = 815 mV; AG®° = -80 kcal/mol

Oxidation of Fe?* in Cyt c



The sequence of electron transfers in mitochondria

A
E'/mV
400 - Feqe;doxins
[NAD]"/NADH (-320mV)
2007 FAD/FADH,
0 Cytochrome b
+200 — Cytochrome ¢,
Cytochrome ¢
+400 - Cytochrome ¢ oxidase
+600
+800 O, (+815mV)




Cytochrome c oxidase Is also a proton pump
CYL. ¢ 4H

de
Cu,
,}{) pP-side

43/ t
~ {heme a, proton coupled electron
" i\ transfer, PCET
eme a Cu,
O,
membrane
2H.0 domain
' A
4 4H°  N-side

translocation substrate

O,(g) + 4e + 8H*(inside) — 2H,0(l) + 4H*(outside)



Reacts with cytochrome C

> 100 kDa

m
MIEE
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Spectroscopically
characterized

e, H+ Intermediate



Peroxide intermediate
X-ray free-electron laser (XFEL)

Nature, 2014



His /N—— HO His /N—‘ ‘0
NHls_C,U” NHIS_CUH
O OH
O/ — @)
— }‘:elll = — Il%eIV -
N

(a) Proposed O-O cleavage
mechanism in CcO



Metallo-proteins for electron transfer

Fe(S-Cys)s]?*/** Rubredoxin
[2Fe-25]"""*" Ferredoxin —

| | [2Fe-25]*"/*" Rieske
| |

[3Fe-45]%**in [3Fe-4S][4Fe-4S]
L |

[4Fe-4S]/% HipIP
1+ §
[4Fe-4S1*2in [3Fe-4SI[4Fe-4S] [3Fe-4S]°"*" in [3Fe-4S] | |

[ | 1]
Cytochrome c- class IV
[4Fe-45]**/2in [4Fe-4S5][4Fe-45] [ ]
—

Cytochrome c- class llb

[4Fe-45)**/2in [4Fe-4S] [ ]
I
Cytochrome c- class lla Cytochrome f
[ ] [ |
Cytochrome c- class |
| ]
Cytochrome c- class Il Cua Blue copper in multi-copper oxidases

Cytochrome b except A.Vinelandii bacterio ferritin
]

A.Vinelandii hécterio ferritin

Blue copper (except Rusticyanin) Rusticyanin
1 0
| 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-700 -500 -300 -100 0 100 300 500 700

Potential (mV vs. SHE)



Reactive Oxygen Species (ROS)

Haber-Weiss reaction

Fe2*/Fe3* o0 Cu*/Cu?*

Fe*t +0, - Fe2t +0,

Fe’* + H,0, - Fe’* +OH~ +OH
Fenton reaction

The net reaction:

O, +H,0, > 0,+0H +OH



Superoxide dismutases

Superoxide dismutases are the major ROS detoxifying enzymes
of the cell, and catalyze the dismutation of superoxide radicals to
hydrogen peroxide and molecular oxygen.

20,-=+ 2H" > H,0, + O,
Glutathione peroxidase, peroxiredoxins, and catalase decompose
hydrogen peroxide generated by SODs to water.

Three types of SOD are expressed by cells in eukariotes,
encoded by separate genes.

Copper- and zinc-containing SOD (CuZnSQOD, SOD1) is a
homodimer primarily localized to the cytoplasm.

Extracellular SOD (ECSOD) shares significant amino acid
homology with CuZnSOD (40-60%), contains both copper and
zinc in its active site, but is localized to the extracellular region of
the cell.

MnSOD is a homotetramer localized exclusively in the
mitochondrial matrix (see later section on Mn).



Cu-Zn superoxide dismutase

Nearly-diffusive speed

guanidinium group

. Copper
‘ Zinc

. Nitrogen
o Oxygen
O Carbon




Catalytic cycle of Cu-Zn SOD
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