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A Structural and Functional Model of
Galactose Oxidase: Control of the One-
Electron Oxidized Active Form through Two
Differentiated Phenolic Arms in a Tripodal
Ligand

Fabrice Thomas,* Gisele Gellon, Isabelle Gautier-
Luneau, Eric Saint-Aman, and Jean-Louis Pierre

Galactose oxidase (GOase) is a type II copper protein
(68 kDa) that catalyzes the oxidation of primary alcohols to
aldehydes with the concomitant reduction of molecular
oxygen.[ Tts crystal structurel reveals a unique mononuclear
copper site with two nitrogen (from histidine imidazole
groups) and two oxygen (from one axial and one equatorial
tyrosine group) donor atoms, plus an exogenous water or
acetate molecule in a distorted square-pyramidal coordina-
tion. The enzyme exists in three well-defined oxidation levels:
the EPR-silent active form (cupric ion antiferromagnetically
coupled to the equatorial tyrosyl radical), an intermediate
form, and the reduced copper(1) form [Eq. (1)].

Cu' — Tyr" =l - Tyr = o - Tyr 1)

The axial tyrosine group is involved in protonation—
deprotonation  processes during the catalytic cycle
(Scheme 1Db).

Among the structural models of the active site of GOase
described,P! only a few contain two phenolic arms and involve
the [N,O,] copper coordination sphere of the enzyme. Some
of the functional models of GOase involve salen-type ligands
and exhibit interesting catalytic activity only with activated
alcohols as substrates.’) The best results have been obtained
by Wieghardt et al. with a very nice set of complexes in which
the redox chemistry during the catalytic cycle is ligand-
based.[*7] Another interesting model developed by Wieghardt
and co-workers involves true GOase chemistry but is not,
strictly speaking, a structural model.[¥!

We have previously described a model, unfortunately not
functional, involving an axial phenoxyl radical associated with
a Cu!! center possessing a [N,0,] coordination sphere. It was
built from a tripodal ligand (Scheme 1a).[) With a model close
to ours, the phenoxyl radical species was obtained sponta-
neously by disproportionation.['”]

We present here a structural and functional model of
galactose oxidase. Our strategy was based on the differ-
entiation of the two phenolic arms in the tripodal ligand
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Scheme 1. a) Our previous model (Ex represents an exogenous ligand) and
b) the simplified reaction mechanism of GOase.
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LH,,'] to allow the geometric control of the one-electron
oxidized active form. One of fert-butyl phenolic arms bears an
electron-withdrawing nitro group and the other an electron-
donating methoxy group.
[Cu"(LH)(OACc)] is obtained upon mixing LH, and cop-
per(1) acetate in the absence of base, while the dimeric
NO, complex [Cul(L),] is obtained
in presence of two equivalents
of base and copper(i1) perchlo-
rate. [Cuj(L),] is converted
into [Cu(LH)(OAc)] upon
addition of N(Et);HCH,CO,
(Kp=10*m1).
= The X-ray structure analysis
LH, of [Cu(LH)(OAc)] (Fig-
ure 1) reveals a mononuclear
complex in which the copper(i1) ion resides within a square-
pyramidal geometry.l'”! The crystal structure unambiguously
provides evidence of the geometric control of the two
different phenolic arms. The electron-donating effect of
-OCH; relative to -NO, makes deprotonation of the hydroxy

OCHg3

Figure 1. Structure of [Cu(LH)(OAc)] (ORTEP view; ellipsoids drawn at
the 30% probability level). Selected bond lengths [A] and angles [°]: Cu-
01 2.399(2), Cu-O2 1.912(2), Cu-O6 1.955(2), Cu-N1 2.024(3), Cu-N2
1.990(3); O1-Cu-02 98.30(8), O1-Cu-06 99.59(8), O1-Cu-N1 88.03(9), O1-
Cu-N2 92.39(9), 02-Cu-O6 87.49(9), 02-Cu-N1 94.4(1), O2-Cu-N2
169.0(1), O6-Cu-N1 171.8(1), O6-Cu-N2 93.1(1), N1-Cu-N2 83.6(1).

3048 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

group harder: The weak Cu-OH(Ar) bond occupies the
more labile position, that is axial. After dissolution of the
crystalline material into a CH;CN/CH,CI, (1:1) solution, the
EPR spectrum reveals only one species: no isomerization into
a complex involving axial nitrophenol moieties occurs. The
g./A,, ratio is characteristic for a copper center within a
square-planar geometry with an axial coordinated phenol
group. The electronic spectrum shows an absorption at
500 nm (¢ =760M~'cm™!), which is attributed to the nitro-
phenolate-to-copper charge transfer, while the band at
392 nm is assigned to the s—mt* transition of this nitropheno-
late moiety. [Cu(LH)(OAc)] was not deprotonated upon
addition of N(Et); in excess, probably due to intramolecular
hydrogen bonding (O1-H1--O7).

The one-electron oxidized forms of [Cu(LH)(OAc)] and
[Zn"(LH)(OAc)] (diamagnetic complex prepared for com-
parative studies) were generated electrochemically. The cyclic
voltammogram of [Cu''(LH)(OAc)] (Figure 2, insert) as well
as [Zn"(LH)(OAc)] exhibits in the anodic region a fully
reversible one-electron (as judged by coulometric titration)
redox couple at +0.075 V versus Fc/Fc™.

254
2.0

1.54
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0.5 4

L\ 0% -0,1371 030

1.5 1
1.0 1

0.5 1

0.0 — o .
400 600 800
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Figure 2. UV/Vis absorption spectra in CH,CL,/CH;CN (1:1) + tetrabu-
tylamonnium perchlorate (TBAP; 0.1m) of [Cu(LH)(OAc)] (top, (),
[Zn™(LH)(OAc)] (bottom, (--)) and the electrochemically generated
radicals [Cu(LH)(OAc)]* (top, (—)), [Zn"(LH)(OAc)]* (bottom,
(—)); [Cu(LH)(OAc)]=90 pm, [Zn"(LH)(OAc)]=100 pm. Insert:
CV curve of [Cu"(LH)(OAc)], 1 mm in CH,CL/CH;CN (1:1) + TBAP
(0.1m); scan rate: 0.1 Vs~!; E/V versus Fc/Fc*.

Exhaustive electrolysis at +0.15 V was performed directly
in the UV/Vis spectrophotometer. At one exchanged elec-
tron, the absorption at 392 nm shifts to 410nm for
both [Cu(LH)(OAc)] and [Zn'(LH)(OAc)] (Figure 2,
e=19x10%and 17 x 10°m~'cm~!, respectively). Similar results
obtained with the two complexes attest that oxidation is
ligand-based. The UV/Vis features of the oxidized species are
close to those previously described for phenoxyl radicals.['*]
On the other hand, while [Zn"(LH)(OAc)]"* is EPR-active,['¥
[Cu™(LH)(OACc)]* is EPR-silent (Figure 3): This indicates a
significant overlap between the d,._,» magnetic orbital of Cu"!
and the half-occupied 7 orbital of the phenoxyl radical leading
to an (§=0) ground state.
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Figure 3. X-band EPR spectra of: a) the electrochemically generated

[Zn"(LH)(OAc)]* in CH,CL/CH;CN (1:1) + TBAP 0.1m (experimental

(—), simulation (--)). [Zn"(LH)(OAc)]* =3 mm, T=22°C, frequency:

9.4901 GHz, 2 mW; modulation: 0.0987 mT, 100 KHz. b) [Cu"(LH)(OAc)]

(experimental (——), simulation (--)) and [Cu(LH)(OAc)]*(bottom):

CH,CL/CH,CN (1:1) + TBAP (0.Im); [Cu™(LH)(OAc)]*=

[Cu™(LH)(OAc)]=3mM, T=100K, frequency: 9.4112 GHz, 20 mW;
modulation: 0.1756 mT, 100 KHz.

Even though the axial phenol is substituted by an electron-
donating group, its remaining protonation makes its substitu-
tion insufficient to lower its redox potential below the redox
potential of the deprotonated nitrophenolate. Moreover, the
fully reversible redox process observed on the electrolysis
time scale suggests that no chemical reaction, for example
protonation—deprotonation, is associated with the electron
transfer as expected for the oxidation of a protonated
phenol.! The radical is thus located on the equatorial
nitrophenolate group.

Oxidation of benzyl alcohol by [Cu''(LH)(OAc)] and O, (in
the presence of catalytic amounts of KOH) was monitored by
GC. After two days 220 turnovers were achieved. A lag time
during the first few hours indicates that [Cu"(LH)(OAc)] is
not the active species; the active species is more likely the
radical [Cu(LH)(OAc)], generated by aerobic oxidation.
Use of PhCD,0OH instead of PhCH,OH increased the lag time
(only 50 turnovers/2 days). This isotopic effect indicates that
the rate-limiting step during oxidation of alcohol is the C—H
bond breakage as for GOase.

Use of the electrochemically generated [Cu'(LH)(OAc) ]~
leads to oxidation of benzyl alcohol at a higher rate (220
turnovers in 2 h, 300 turnovers in one day). Using unactivated
primary alcohols, 40 turnovers in one day were obtained for
oxidation of the sterically hindered neopentyl alcohol, and 80
turnovers in one day for the oxidation of ethanol (aldehydes
were titrated by a method previously developed by Wieghardt
and co-workers).”l Secondary alcohols (cyclohexanol or 2-
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hexanol) are not oxidized: no trace of ketone could be
detected by GC after one week of reaction. The model thus
reproduces the chemoselectivity of the enzyme. H,O, was not
detected after catalysis due to its fast disproportionation in
basic medium (2 mm KOH or N(Et);). However, mixing
together LH, and CuCl in a glove box (formation of a Cu!
complex) leads, upon exposure to air, to the formation of one
equivalent of H,O, (detected by a method developed by
Wieghardt and co-workers).”

[CU(LH)(OACc)]* is moderately stable at 25°C in THF
(kgee =0.0175 s71).[1] Addition of an excess of benzyl alcohol
under an anaerobic atmosphere increased kg4, while quanti-
tative formation (relative to the catalyst) of benzaldehyde
was evidenced by GC. Monoexponential decay was fitted
to obtain the observed pseudo-first-order constants
kge S EDOAD] The plot of kg [ THOAI [,  versus benzyl
alcohol concentration shows a linear dependence (second-
order rate constant k¢, =0.0271(5) M~ 's7!) indicating that one
benzyl alcohol is oxidized by one [Cu'(LH)(OAc)]'* com-
plex!'l and thus the catalyst formally stores two oxidative
equivalents, that is the phenoxyl/phenolate and the Cu'/Cu!
couples.

In summary, the complex presented here may be considered
as both a structural and functional model of GOase. It
involves a similar [N,O,] coordination sphere around the Cu"!
center. The one-electron oxidized form (Cu''~phenoxyl rad-
ical) reproduces the magnetic control observed in the active
form of the enzyme. It is also a good model for the chemistry
and chemoselectivity of GOase, that is the oxidation of
primary alcohols into aldehyde, with formation of H,O,.
Finally, the complex [Cu™(LH)(OAc)[** could be considered
as a new possible intermediate in the catalytic pathway
of GOase: the axial phenol is protonated and the
equatorial phenoxyl antiferromagnetically coupled to the
cupric center.

Experimental Section

[(Cu'),(L),]: LH, (173 mg) was treated with two equivalents of N(Et); in
CH;CN (10 mL) prior to addition of Cu(ClO,)-6 H,O (118 mg). After 3h a
dark brown precipitate formed, which was filtered and washed with diethyl
ether. Elemental analysis caled (%) for CgHgN;Cu,0,5-1/2 CH;CN-3/
2H,0:C59.76, H 6.33, N 7.68, Cu 10.72; found: C 59.75, H 6.31, N 7.49, Cu
9.88; FAB+ MS: m/z: 1139 ([(CuM),(L),]). Single crystals of
[Cul(L),]-2CH;CN and [Cul(L),] were obtained by recrystallization from
CH,;CN/CH,Cl, (1:1) or CH;OH/CH,CI, (1:1). UV/Vis (CH,CL,): A, (¢) =
296 (11.4 x 10%), 391 (28.1 x 10°), 500sh nm (5.1 x 10° Lmol~'cm™").
[Cu™(LH)(OACc)]: LH, (100 mg) and Cu(OAc), (40 mg) were dissolved in
CH,;CN/CH,Cl, (1:1). After one night CH,Cl, was evaporated under
vacuum. The solution was allowed to stand for three days at —20°C. Green
microcrystals of [Cu(LH)(OAc)] were collected by filtration. Elemental
analysis calcd (% ) for C3;H3N;CuO;-1 CH,Cl,-1/2 CH;CN: C 53.95, H 5.83,
N 6.67, Cu 8.65; found: C 54.97, H 5.83, N 6.63, Cu 8.75; EPR (9.41 GHz,
100 K, CH;CN/CH,Cl,): gy: 2.042; gyy: 2.059; g,,: 2.256; Ay: 1 mT; Ay
2.5mT;A,,: 178 mT; Ay: 1.3 mT; FAB + MS: m/z: 569 ([Cu'(LH)]); UV/
Vis (CH,CN/CH,CL): Apa (£) =298 (10.3x 10%), 393 (20.0x 10%), 500 sh
(0.76 x 10°), 600 sh nm (0.51 x 10° Lmol~'cm™").

[Zn"(LH)(OAc)]: Zn(OAc), (40 mg) was added to an ethanolic solution
(5 mL) of LH, (100 mg); the mixture was stirred for 3 h and then filtered,
extracted by CH,Cl,, washed, and dried over Na,SO,. [Zn"(LH)(OAc)]
was obtained as a yellow powder. Elemental analysis calcd (%) for
C3H3N3ZnO;-1H,0O: C 57.36, H 6.37, N 6.47, Zn 10.07; found: C 57.38, H
6.34, N 6.41, Zn 9.70; '"H NMR (300 MHz, CDCl,, 25°C, TMS): 6 =1.34,

0044-8249/02/4116-3049 $ 20.00+.50/0 3049



COMMUNICATIONS

1.42 (s, 18 H; 21Bu), 2.17 (s, 3H; CH; acetate), 3.74, 3.82, 3.87,3.89 (s, 9H;
3CH,, 10CH,), 6.52, 6.81, 7.15, 792 (d, 4H; CH phenol), 8.15, 8.69 (d, 2H;
CH pyridine), 7.33, 7.75 ppm (t, 2H; CH pyridine). FAB + MS: m/z: 569
([Zn™(LH)]); UV/Vis (CH;CN:CH,CL,): A, (¢) =316 (5.2 x 10°), 392 nm
(16.7x10° Lmol'em ™).

Caution: Perchlorates are potentially explosive and should be handled with
special care.
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