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Abstract—Site-specific labelling of the cysteine-containing peptide glutathione with a ferrocene group was achieved by reaction with
ferrocenylmethanol in aqueous acidic medium. The resulting peptide was shown to be a potent competitive inhibitor of the biolog-
ically important enzyme glutathione-(S)-transferase. This approach may prove general for the labelling of proteins with ferrocene.
Published by Elsevier Ltd.
Several synthetic methods aimed at the selective conju-
gation of organo-iron species (including the electro-ac-
tive ferrocenyl entity Fc) to peptides and proteins are
now available from the literature. All these methods
take advantage of the reaction of particular organo-iron
complexes with nucleophilic functions present on the N-
terminal amino acid,1 or on the side chain of certain
amino acids, such as the e-amino group of lysines or
the b-sulfhydryl group of cysteines or even the imidazole
group of histidines.2

To tag the b-sulfhydryl group of cysteine residues, the
first straightforward approach consisted in its reaction
with Fc and Fp (CpFe(CO)2) derivatives designed after
classical protein chemistry reagents.3–8 Another ap-
proach took advantage of the intrinsically electrophilic
cation [(g5-R-C6H6)Fe(CO)3]

+ (R = H, 2-OMe). 9 How-
ever side reactions with other nucleophiles present in the
reaction medium may occur. A smarter labelling route
involving spontaneous in situ generation of the above-
mentioned cation was taken by Stephenson and
colleagues to label enzymes with (g4-cyclohexadiene)tri-
carbonyl iron(0) moieties.10

It has been previously shown that N-acetylcysteine re-
acts with ferrocenylmethanol FcCH2OH in THF in the
presence of a catalytic amount of TFA to yield the thio-
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ether derivative.11 This reaction took advantage of the
facile in situ generation of the highly stabilized a-ferro-
cenylcarbenium ion in the presence of a strong acid and
its subsequent addition to the thiol. In the present arti-
cle, we describe a new general approach to introduce
an Fc group into cysteine-containing peptides and pro-
teins based on the reaction of FcCH2OH in aqueous
medium. As an example, the reaction of the natural tri-
peptide glutathione (c-glutamylcysteinylglycine, GSH)
with FcCH2OH in a water/acetone mixture in the pres-
ence of a catalytic amount of TFA led after workup to
an orange solid. The 1H NMR spectrum of this product
recorded in DMSO-d6 was fully consistent with the
structure of GSCH2Fc depicted in Scheme 1, resulting
from the attachment of the FcCH2 unit to the cysteine
Scheme 1. Mechanism of formation of GSCH2Fc.
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Figure 1. Yield in GSCH2Fc as a function of pH. Solvent: 0.1M

citrate–phosphate buffer/acetone 10/1 (v/v). Inset: measurement of

Kapp.

Figure 2. Competitive inhibition of GST by GSCH2Fc with CdNB as

variable substrate. [GSH] = 0.2mM. (d) [GSCH2Fc] = 0; (j)

[GSCH2Fc] = 10lM; (r) [GSCH2Fc] = 15lM; (N) [GSCH2Fc] =

20lM. Inset: Dixon plot.
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sulfur. GSCH2Fc was also characterized by IR and high
resolution mass spectroscopy.12

Analytical reverse-phase HPLC of mixtures of equimo-
lar amounts of FcCH2OH and GSH in buffered aqueous
solutions after 48h incubation time revealed that
GSCH2Fc was the only product formed (i.e., no reaction
takes place with the a-amine of the glutamic acid resi-
due).13 The yield of formation of GSCH2Fc calculated
from the FcCH2OH and GSCH2Fc peaks� area ap-
peared to be markedly dependent on the pH of the reac-
tion medium (Fig. 1). Formation of GSCH2Fc was
almost quantitative a pH3.0 and decreased gradually
until the pH reached 7. This finding is in agreement with
the mechanism depicted above involving the intermedi-
ate formation of the a-ferrocenylcarbenium ion
FcCHþ

2 . An apparent equilibrium constant Kapp =
[GSCH2Fc]/[FcCH2OH] · [H+] of 104.5 was calculated
(Fig. 1, inset). By comparison, the previously reported
constant of the carbinol/carbenium equilibrium
KR+ = [FcCH2

+]/[FcCH2OH] · [H+] was equal to
10�1.17,14 confirming the high thiophilicity of the a-fer-
rocenylcarbenium intermediate.15

Finally, the effect of GSCH2Fc on the conjugation of 1-
chloro-2,4-dinitrobenzene (CdNB) to GSH catalyzed by
the enzyme glutathione-(S)-transferase (GST) from
equine liver was studied.16 This initial velocity V of the
reaction of GSH (0.2mM) was plotted as a function of
the concentration of CdNB for three different concentra-
tions of GSCH2Fc (Fig. 2). It was observed that the
enzymatic catalysis of the conjugation reaction followed
a Michaelis–Menten process and that GSCH2Fc be-
haved as competitive inhibitor of GST with an inhibi-
tion constant Ki of 3.8 ± 1.4lM as calculated from the
Dixon plot (Fig. 2, inset). It appeared that GSCH2Fc
is a much better inhibitor of GST than our previously
described organometallic derivative of GSH (S)-[3-Fp-
(g1-N-succinimidato)]glutathione for which an inhibi-
tion constant of 35lM had been measured.17 GSCH2Fc
was also roughly a two times less efficient inhibitor than
the powerful competitive inhibitor (S)-hexylglutathione
for which we have measured a Ki of 2lM.

In conclusion, we have shown that the site-specific label-
ling of the cysteine-containing peptide glutathione with
a ferrocenyl unit could be achieved in high yield by reac-
tion of ferrocenylmethanol in acidic aqueous solution.
The effect of the pH on the reaction yield was explained
by that the mechanism of reaction involving the forma-
tion of an intermediate a-ferrocenyl carbenium ion. The
resulting ferrocenyl peptide was finally shown to behave
as a potent competitive inhibitor of the biologically
important enzyme glutathione-(S)-transferase.
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