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Outline

� Introduction: few notes on metalloproteins and 
enzyme catalysis

� Applications: multi-copper oxidases, glutamate 
carboxypeptidase



Proteins: Essential Elements in Biocatalysis

Enzyme Catalysis:
1/ Recognition of the Substrate
2/ Chemical Reaction: Local Dielectrics is (Electrostatic 

effects)



Metalloproteins
‘Since 30-50% of proteins contain metal ions, one might be interested in 

understanding their role and function’

The role of metal ions is 
structural and functional:

Ad functional
1/ redox reactions (electron 

transfer reactions)
2/ ‘difficult’ reactions (N2, O2

bond breaking)
3/ spin-forbidden reactions 

(spin-orbit coupling)

c.f. metal-catalysts vs. 
organocatalysts in organic 
synthesis



Physical Chemistry of Enzyme Catalysis

Spectroscopy: insight into structures of 
intermediates of recations catalyzed by 
metaloproteins (UV-VIS, CD, MCD, EPR)

Methods for determining enzyme structures:
global structure: X-ray diffraction

NMR (based on Nuclear Overhauser Effect)
local structure (metalloproteins): EXAFS (extended X-ray absorption 

fine structure)

Figs: Lee et al.: JACS 124, 6180 (2002)



Rate constant:
kcat = kBT/h exp(-DG#/RT)

17.47 – (1.36556).logkcat = DG#

kcat in [s-1] and DG# in [kcal.mol-1]

RDS … rate determining step

Equilibrium constant:
K = exp(-DG0/RT)

Reactions occur as the consequence of the system dynamics. The atomic 
fluctuations result in finding a path from the reactants to products within a 
given time scale.

Can we accurately calculate (model) free energy?

Fig: (adapted from Villa, Warshel)



Applications



Example 1: QM/MM Modeling of Key Intermediates 
in the Reaction Cycle of Multicopper Oxidases

Cys �

Cu1
Glu � (Asp �)

Asp �

A
A

B

B

C
C

2

3 3’

WB

B

L

O2 +  4e– +  4H+ 2H2O4Cu2+

Multicopper oxidases (laccase, ascorbate oxidase, 
ceruloplasmin) are enzymes that couple four one-
electron oxidations of a substrate with the four-electron 
reduction of molecular oxygen to water
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Reaction Cycle of Multicopper Oxidases

Cys �

Cu1
Glu � (Asp �)

Asp �

A
A

B

B

C
C

2

3 3’

WB

B

L

O2 +  4e– +  4H+ 2H2O4Cu2+

Multicopper oxidases (laccase, ascorbate oxidase, 
ceruloplasmin) are enzymes that couple four one-
electron oxidations of a substrate with the four-electron 
reduction of molecular oxygen to water

PDB 
code 

Resol. 
(Å) 

Redox 
State 

 
Enzyme 

 
r23 

 
r23’ 

 
r33’ 

 
r2L 

1GYC 1.9 oxidized laccase 3.81 3.81 3.91 2.35 
1KYA 2.4 oxidized Laccase with 

2,5-xylidine 
3.89 3.85 3.91 2.40 

1AOZ 1.9 oxidized AO 3.79 3.84 3.71 2.03 
1ASO 2.2 reduced AO 4.08 4.44 5.11 2.18 
1ASP 2.59 oxidized AO with peroxide 3.77 4.45 4.80 2.06 
1ASQ 2.32 reduced  AO with azide 3.61 4.64 5.10 2.08 
1GW0 2.4 partially 

reduced 
Laccase 3.89 4.05 4.83 2.48 

1GSK 1.7 partially 
reduced 

CotA  4.64 4.67 4.28 2.07 

1KV7 1.4 partially 
reduced 

CueO 3.54 3.98 4.70 2.96 

1N68 1.7 partially 
reduced 

CueO with 
regulatory Cu ion 

3.62 4.09 4.80 2.94 

1PF3 1.5 partially 
reduced 

CueO M441L 
mutant 

3.75 4.17 4.84 2.79 

 

Experiments (crystal structures)



Spectroscopic Measurements

Two structural models for both 
peroxy and native intermediate

Shin et al. J. Am. Chem. Soc.1996, 118, 3202-3215
Lee et al. J. Am. Chem. Soc.2002, 124, 6180-6193.

� existence of native intermediate (NI), peroxy intermediate (Cu-T1 replaced by redox
inactive Hg2+), catalytically irrelevant peroxy adduct (PA)

� in both oxidized resting state, NI, PI: two coppers are antiferromagnetically coupled 
(i.e., S = 0 or S=1/2 ground state)

� OH- � Cu2+ charge transfer peak at 330 nm

� EXAFS: one copper-copper distance (in PA, PI) of 3.4 Å, two Cu-Cu (NI) of 3.3 Å

� NI: low-lying doublet state of 150 cm-1, -2J = 520 cm-1 (doublet-quartet gap)

� Oxidized resting state cannot be in the catalytic cycle

� O2 bond cleavage: two 2e- steps

� DG# (O2 cleavage) < 40 kJ.mol-1



Results
I. QM/MM Structures

oxidized (resting) state reduced state

Ox Protonation Cu–Cu Cu2–L Cu3–B    Cu–NIm distances 
State State r23 r23’ r33’ r2L r3B; r3’B; r2B aaaa3B3’

 Cu2 Cu3 Cu3’ 
Oxidized {OH–,H2O} 4.26 4.90 5.37 1.87 2.14;3.32 153 1.89;1.94 1.94;1.96;1.97 1.93;1.93;1.99 

 {H 2O,OH–}  3.82 4.23 3.83 2.12 1.95;1.99 155 1.90;1.91 1.99;2.02;2.04 2.00;2.01;2.04 

 {OH–,OH–} 3.86 4.11 3.75 1.87 1.94;1.97 147 1.88;1.93 2.00;2.01;2.05 2.01;2.02;2.03 

 {H 2O,O2–:C} 3.22 3.39 3.39 2.57 1.88;1.91(2.00) –127 1.92;1.93 2.00;2.00;2.13 2.01;2.03;2.03 

 {OH–,O2–:C} 3.15 3.24 3.49 1.87 1.90;1.92(1.90) –132 1.94;1.93 2.03;2.04;2.11 2.02;2.03;2.08 
 {OH–,OH:S23} 3.36 4.12 4.78 1.84 2.03;1.92 –116 1.97;1.99 1.95;2.01;2.05 1.91;1.92;1.98 
 {–,OH–,OH:S23’}  3.34 3.75 3.72 – 1.95;1.98 142 1.89;1.91 2.01;2.02;2.05 2.00;2.09;2.22 

Reduced {H2O,–} 4.00 4.34 5.22 2.62 – – 1.87;1.87 1.94;1.95;1.98 1.93;1.94;2.03 

 {OH–,–} 4.24 4.57 5.25 1.94 – – 1.91;1.96 1.93;1.94;1.99 1.93;1.94;2.04 

 {–,H2O} 3.57 4.29 5.22 – 2.31;2.99 159 1.87;1.87 1.96;1.97;2.04 1.94;1.94;2.05 

 {H 2O,H2O} 3.88 4.21 4.97 2.75 2.32;2.72 161 1.87;1.88 1.96;1.97;2.04 1.95;1.96;2.05 

 {OH–,H2O} 4.00 4.40 5.22 1.96 2.27;3.00 164 1.92;1.95 1.95;1.97;2.03 1.94;1.95;2.04 

 {H 2O,OH–:C} 2.75 2.92 4.29 3.94 2.12;2.22(2.05) 161 1.94;1.97 1.98;2.03;2.07 1.96;2.01;2.12 

 {OH–,OH–} 4.13 4.47 4.01 1.93 2.01;2.06 161 1.93;2.07 1.97;2.08;2.14 1.97;2.05;2.12 

 {–,H2O,OH:S23’}  3.67 3.97 5.24 2.04;2.13 2.12;3.54 133 1.91;1.93 1.97;1.98;2.08 1.96;2.01;2.09 

 

experiment
r (Cu-Cu) = 3.7 – 3.9 Å

experiment
r23 = 4.08 Å
r23’ = 4.44 Å
r33’ = 5.11 Å



peroxy intermediate (adduct) native intermediate

• No A3(3’) mode detected 

• H2O2 dissociates into 2 OH- moieties (cannot be PI)

• PA almost identical to PI in C3’ mode

• In agreement with the recent X-ray structure with 
dioxygen binding to MCO (Enguita et al. J. Biol. Chem. 
279, 23472 (2005) )
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Results II. QM/MM Energies

more stable by 50 – 100 kJ.mol -1

more stable by ~140 kJ.mol -1



Reaction mechanism of multicopper oxidases
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Reaction mechanism of multicopper oxidases
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Rulíšek L, Solomon E. I., Ryde U. Inorg. Chem. 44, 5612-5628 (2005).

?

Ox Protonation 
state State  DEtotM

M 
NI {–,–,O2H

–:C3’}  0 
 ts1  82.0 
 {–,OH–,O2–:C}  –38.0 
NI {OH–,–,O2H

–:C3’}  0 
 ts2  94.0 
 {OH–,OH–,O2–:C}  –103.7 
NI {–,–,O2

2–:C3’}  0 
 ts3  102.5 
 {–,O2–,O2–:C}  50.1 
NI {OH–,–,O2

2–:C3’}  0 
 ts4  103.0 
 {OH–,O2–,O2–:C}  –31.3 
NI {H 2O,–,O2H

–:C3’}  0 
 ts5  88.0 
 {H 2O,OH–,O2–:C}  –26.0 

 

DDDDE# estimates (kJ.mol -1)



…but

• ordering of the spin states in peroxy intermediate 
(peroxy adduct)

• other spectroscopic parameters (EPR, optical 
spectra)

(work in progress: EPR spectra calculated using ORCA 2.1 program, 
optical spectra using SORCI or MRDDCI2 methods; however ‘The 
interpretation of the calculated EPR spectra of AF coupled trinuclear copper 
clusters would require heavy thinking’ (Frank Neese) 

• Why is resting {OH -, OH-} protonation state less 
stable than {H 2O,O2-}



CASPT2 calculations of spectroscopic parameters of 
key intermediates in reaction cycle of MCO’s

• smaller model systems (His represented by NH3)

• active space comprised Cu(d) orbitals, i.e. (27,15) (almost identical results 
with (3,3) model) 

•ANO-S basis set (6s4p3d2f for Cu, 3s2p1d for O and N, 2s for H)

DDDDE(D-Q) =

178 cm -1

DDDDE(D-Q) =

491 cm -1

DDDDE(S-T) =

796 cm -1

DDDDE(S-T) =

279 cm -1

DDDDE(D-Q) =

343 cm-1

(520 cm -1)

DDDDE(D-Q) =

563 cm -1

(520 cm -1)

oxidized PA PI NI



MS-CASPT2 excitation energies

Redox 
state 

Spin 
State 

State 
# 

� E [cm-1] 

oxi1 doublet 1 0 
  2 404 
  3 5876 
 quartet 1 490 
  2 5804 

pxo1 singlet 1 0 
  2 7239 
 triplet 1 837 
  2 7133 

pxo2 singlet 1 0 
  2 1360 
 triplet 1 348 
  2 1406 

pxoAdd1 doublet 1 0 
  2 123 
  3 4432 
 quartet 1 283 
  2 4440 

nat1 doublet 1 0 
  2 130 
  3 10113 
 quartet 1 419 
  2 10531 

nat2 doublet 1 0 
  2 165 
  3 9804 
 quartet 1 212 
  2 7759 

 



Conclusions (MCO’s)

� Resting state (oxidized form) is in {OH-,OH-} protonation state. It is then reduced 
by 4 electrons and concomitantly, one water molecule is released to yield {H2O,-} 
reduced state

� The reaction starts with the oxygen entering reduced (Cu)3 cluster; two electrons 
are transferred to O2 moiety and this reaction proceeds without a barrier

� Peroxide is bound (as O2
2-) inside the cluster in C3’ binding mode

� Protonation of O2
2- occurs prior to the bond cleavage

� Energy barrier of bond cleavage is < 60 kJ.mol-1, in agreement with the 
experiment

� Native intermediate (NI) is {H2O,OH-,O2-:C} structure at the redox level of resting 
state; no radical is involved; under the turnover conditions, it is then reduced by 
four electrons to yield the reduced state (the conversion to the resting oxidized 
state would be too slow)

� CASPT2 calculations provided the correct ordering of spin states; it is always 
antiferromagnetically coupled spin state that is the ground state

� CASPT2 yielded excited doublet state at 130 cm-1 (153 cm-1 with the inclusion of 
spin-orbit coupling) and D-Q gap of 563 cm-1 for NI



Example 2: Reaction Mechanism of Glutamate 
Carboxypeptidase II (GCPII)



Reaction Mechanism of Glutamate Carboxypeptidase II

Contains dinuclear (Zn 2+)2(OH-) site

Plays an important role in the regulation of the le vels of one of 
the neurotransmitters – N-Ac-Asp-Glu (NAAG) – in synap ses.

Is a desirable pharmaceutical target and the regula tion of its 
activity would likely help in postponing the onset of various 
neurodegenerative processes, such as Alzheimer’s, 
Parkinson’s, or Huntington diseases.

Catalyzes hydrolytic cleavage of peptide bond








