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Abstract: A procedure for modification
of hemin chloride by FcCH2NH2 (Fc�
ferrocenyl) in the presence of 1-(dime-
thylaminopropyl)-3-ethylcarbodiimide
hydrochloride and N-hydroxysuccini-
mide affords two main products 1 and
2 with mono- and bis-amidated propion-
ic acid residues. Monoamidated conju-
gate 1 was loaded into the apoenzyme of
horseradish peroxidase (HRP) to afford
an electrochemically and catalytically
active reconstituted enzyme Fc-HRP
with remarkably altered substrate spe-

cificity. With ABTS as substrate, the
reactivity of Fc-HRP drops threefold
compared with native HRP as a result of
a lowering of the maximal rate Vm.
Compared with HRP the reactivity of
Fc-HRP towards water-soluble ferro-
cenes is even higher at low concentra-
tions of the latter, the rate increase being

accompanied by a change in rate law: in
contrast to first-order kinetics in ferro-
cenes for native HRP, there is a Michae-
lis dependence for Fc-HRP. Molecular
modeling suggests creation of an artifi-
cial hydrophobic binding site within a
triangle confined by the ferrocenyl res-
idue and the two phenyl rings of Phe 68
and 179. The site is believed to be
responsible for the kinetically meaning-
ful binding between ferrocene substrates
and Fc-HRP which manifests in the
saturation kinetics.
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Introduction

The importance of introducing transition-metal species into
oxidoreductases for creation of heavy-metal and redox probes
or artificial electron-transfer pathways is now well recognized
and thoroughly accepted.[1±7] There are different ways to
achieve this goal, and major progress has been achieved as a
result of the covalent attachment of ferrocene derivatives to
flavin adenine dinucleotide (FAD) of glucose oxidase (GO)[8]

and a specific modification of a cytochrome P450cam mutant
with cysteine residues exposed at the enzyme surface.[9] These
studies were preceded by several less specifically targeted
modifications of the surface functional groups of GO[10±16] and
horseradish peroxidase (HRP).[17] Naturally, the wiring of

redox centers directly to the active sites of redox enzymes,
namely, FAD and hemin in the case of GO and HRP,
respectively, is more advantageous than random coupling with
surface amino acid residues. However, such a procedure is not
easily accomplished in the case of FAD,[18] whereas the
carboxylic groups of the propionic acid residues of hemin
seem to be perfect candidates for binding to metal species.
However, some doubt was evoked by an earlier work by
Tamura et al. , in which it was stated that reconstituted HRP
with hemin monomethyl ester possesses only a 20 % residual
activity,[19] indicative of the fact that modifying agents bulkier
than methyl could cause an even greater decrease in the
enzymatic activity. On the other hand, our recent mechanistic
work[20, 21] has demonstrated that alkylferrocenes are reactive
substrates of HRP that do not inactivate the enzyme, and has
suggested firstly that their location in the proximity of the
hemin may not diminish the enzymatic activity strongly,
secondly that the modified enzyme could be electrochemi-
cally active, and thirdly that the reconstituted biocatalyst may
demonstrate novel, unexpected catalytic behavior. Several of
these expectations proved true, and these constitute the
subject of this report. Here, a procedure for monoamidation
of hemin by aminomethylferrocene to afford 1 is presented,
along with its loading into apo-HRP (HRP without its
cofactor) and results on the electrochemical properties and
catalytic activity of the reconstituted enzyme towards water-
soluble ferrocenes and ABTS.
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Experimental Section

Materials and methods : The reagents tris(hydroxymethyl)aminomethane,
H2O2, K2HPO4, KH2PO4, HCl (all highest grade) were purchased from
Reakhim (Russia). FcCOOH was a Fluka reagent; FcCH2NMe2 was kindly
provided by Dr. M. D. Reshetova (Moscow State University). ABTS was a
Sigma reagent. Spectrophotometric measurements were carried out on a
Shimadzu UV-160A spectrophotometer equipped with a CPS-240A cell
positioner/temperature controller. Cyclic voltammograms were obtained
on a PC-interfaced potentiostat-galvanostat IPC-3 (Institute of Physical
Chemistry, RAS, Moscow, Russia). A three-electrode scheme was used
with working pyrolytic graphite electrode, saturated calomel reference
electrode (SCE), and auxiliary Pt electrode. All potentials reported in this
paper are given against SCE. The electrochemical cell was kept at 25 8C by
circulating water. Infrared spectra were recorded on a Bio-Rad FTS-6000
spectrophotometer in KBr disks. Fast atom bombardment mass spectra
were obtained on a Jeol SX-102 spectrometer. Isoelectrofocusing experi-
ments were performed with a BioRad Model 111 instrument.

Preparation of conjugates : Aminomethylferrocene (64.6 mg, 0.30 mmol),
which was prepared from ferrocene carboxylic acid (Aldrich) as described
elsewhere,[22] and hemin chloride (ICN, 197 mg, 0.30 mmol) were each
dissolved in 20 mL dimethylformamide and then mixed. 1-(Dimethylami-
nopropyl)-3-ethylcarbodiimide hydrochloride (ICN, 87.6 mg, 0.46 mmol)
and N-hydroxysuccinimide (ICN, 52 mg, 0.45 mmol) were added with
stirring, and the solution was kept at room temperature for 10 h. When the
amine was consumed (monitored with the ninhydrin test after TLC on a
silica gel alumina plate), the mixture was filtered, and aqueous HCl (ca.
110 mL, pH 1 ± 2) was added to induce the formation of a brown
precipitate. The latter was filtered off, washed with a large amount of
water to neutral according to Merck pH indicator strips, and dried under
vacuum over P2O5. The dry material was dissolved in a minimal amount of
CHCl3 and the products formed were separated by column chromatog-
raphy (12� 4.5 cm) on silica gel (Merck, 0.063 ± 0.200 mm). The products
were eluted with 10:1 and then 4:1 CHCl3/MeOH mixtures. Disubstituted
hemin derivative 2 was eluted first followed by the monosubstituted
product 1. Evaporation of solvent in vacuum gave 45 and 19 mg of 2 and 1,
respectively, as brown solids. Rf (silica gel plates, CHCl3/MeOH� 6:1): 0.6
and 0.4; FAB� : 1010 and 810 for 1 and 2, respectively (m/zÿClÿ). The
samples were free from starting hemin chloride; this was suggested by the
lack of the peak at (m/zÿClÿ) 616. The more hydrophobic 2 is soluble in
common organic solvents (chloroform, benzene, MeOH, DMSO), spar-
ingly soluble in n-hexane, and can be recrystallized from CHCl3/C6H14.
Monosubstituted derivative 1 is sparingly soluble in MeOH and less soluble in
other organic solvents. It was noted that its solubility diminished on aging,
most likely due to the formation of a less soluble oxo-bridged dimer.[23±25]

Reconstitution of HRP : Apo-HRP was prepared as described elsewhere[26]

from HRP isoenzyme C which was a Dia-M product (Russia, RZ� 3.2,
ammonium sulfate precipitate). HRP (15.4 mg) was dissolved in KCl
(3 mL, 0.1m) and the pH of the ice-cold solution was adjusted to 1.9 by
addition of HCl (0.1m). An equal volume of ice-cold methyl ethyl ketone
was added three times to this solution and the mixture was shaken for ca.
10 s. The solution was kept at 0 8C for separation and the lower aqueous
layer containing apo-HRP was passed through a Sephadex G25 superfine
column (21� 1.7 cm) to remove the ketone and other low-molecular-
weight impurities. The UV-Vis spectrum of the apoprotein showed that
hemin was removed from HRP, since there was no absorbance at 403 nm
typical of hemin in the active center of HRP. The amount of apo-HRP after
gel filtration determined by the Lowry method[27] (bicinchoninic acid
protein assay kit, Sigma) equals 10.3 mg in Tris/HCl buffer (7.5 mL).
Conjugate 1 (0.45 mg, 5.4� 10ÿ4 mmol) was dissolved in dimethyl sulfoxide
(400 mL), and 100 mL of the solution was added to phosphate buffer
(900 mL, pH 7.0) to afford a mixture with concentrations of 1 and DMSO
of 1.35� 10ÿ4 and 1.4m, respectively. The solution of 1 (114 mL, a 150 %
excess with respect to apo-HRP) was added dropwise with stirring
to the solution of apo-HRP (5 mL, 6.86 mg) at 0 8C over 30 min. The
resulting solution of reconstituted HRP was passed through a column of
Sephadex G25 Superfine to separate the enzyme from the excess of
unbound 1 and DMSO. The amount of reconstituted protein in solution
after gel filtration was determined by the Lowry method (9.76�
10ÿ4 g mLÿ1, 1.3� 10ÿ5m).

Extraction of 1 from reconstituted HRP : To ensure that the reconstituted
Fc-HRP contained 1, the following experiment was performed. The pH of
1 mL solution of Fc-HRP was adjusted to 2 by addition of HCl (0.1m) at
0 8C. Conjugate 1 was extracted into methyl ethyl ketone (300 mL), 100 mL
of this solution were mixed with acetonitrile (1 mL) containing nBu4NPF6,
and the resulting solution was investigated by cyclic voltammetry.

Kinetic measurements with Fc-HRP : Kinetic measurements with recon-
stituted Fc-HRP were conducted by the example of water-soluble
ferrocene derivatives FcCOOH and FcCH2NMe2 as described previous-
ly.[21] Solutions of FcCOOH and FcCH2NMe2 were prepared in phosphate
buffer (0.013m, pH 7.0) and their concentrations were checked spectro-
photometrically. The corresponding extinction coefficients e (lmax , nm) for
FcCOOH and FcCH2NMe2 equal 238 (439) and 150 (428)mÿ1 cmÿ1,
respectively. Concentrations of stock solutions of FcCOOH and
FcCH2NMe2 were 2.3� 10ÿ3 and 4.6� 10ÿ3m, respectively. Solutions of
H2O2 were standardized by UV-Vis spectroscopy with an extinction
coefficient of 72.8mÿ1 cmÿ1 at 230 nm.[28] The reactions were initiated by
the addition of HRP (15 mL) or Fc-HRP solution (1.34� 10ÿ5m) to the
reaction mixture containing a water-soluble ferrocene derivative (1.0 mL,
2.3� 10ÿ3m), hydrogen peroxide (30 mL, 1.4� 10ÿ2m), and phosphate
buffer (955 mL, 0.013m, pH 7) in a 1 cm quartz cuvette. The development
of absorbance was registered at the wavelength of maximum absorption of
products.

Structural modeling of Fc-HRP : The modeling of the reconstituted enzyme
Fc-HRP was carried out using the recently reported X-ray structural data
of HRP.[29] The molecular structure of Fc-HRP was built using an Insight II
(Biosym/Molecular Simulations) program on a Silicon Graphics work-
station. The structure was partially optimized by a Discover 3.0 module by
means of the ESFF molecular forcefield.

Results

Preparation and characterization of ferrocene conjugates 1
and 2 : The coupling between hemin chloride and amino-
methylferrocene in the presence of 1-(dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC) and N-hydroxy-
succinimide (NHS) in dimethylformamide leads to the
formation of mono- (1) and diamide (2), the latter being the
dominant product (Scheme 1). Conjugates 1 and 2 can be
separated by column and/or thin-layer preparative chroma-
tography with silica gel and chloroform/methanol mixtures.
As expected, the more hydrophobic 2 is more soluble in
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organic solvents than 1, which is sparingly soluble in methanol
and DMSO. The solubility of 1 increases in the presence of
trace amounts of acetic acid. The composition of conjugates 1
and 2 was proved by FAB� mass spectrometry which gave
information on dechlorinated hemins. It should be pointed
out that attempts to apply the recently reported procedure
with PyBop [benzotriazol-1-yloxytris(pyrrolidino)phosphoni-
um hexafluorophosphate] as a coupling agent[30] gave less
pure conjugates than the EDC synthesis.

The spectral changes of the infrared spectra in the carbonyl
region of hemin chloride and conjugates 1 and 2 are indicative
of the modification of carboxylic groups of the propionic acid
residues. In particular, a strong band at 1701 cmÿ1 observed in
the case of hemin chloride shifts to 1641 and 1642 cmÿ1 on
going to 2 and 1, respectively, as anticipated when converting
the carboxylic group into an amide. The UV/Vis spectra of
hemin chloride and conjugates 1 and 2 obtained in buffered
aqueous solution and acetonitrile differ as well. Interestingly,
the blue shift of the Soret band of 1 is stronger than that of 2 at
pH 7.0; the maxima (extinction coefficients e, mÿ1 cmÿ1)
observed at 378 (1.75� 104) and 394 (1.52� 104) nm, respec-
tively, should be compared with that for hemin chloride at 385
(5.28� 104) nm in 0.03m Tris/HCl, pH 8.0.

The presence of the ferrocene residues in 1 and 2 was
supported by cyclic voltammetry measurements both in
MeCN and aqueous solutions. The response from the
ferrocene moiety is more pronounced in acetonitrile. In
particular, a nice redox reaction in the case of 1 is charac-
terized by the formal redox potential, E8', at 392 mV
(Figure 1). The characteristics of 2 are similar and its cyclic
voltammogram is characterized by a E8' value of 398 mV (not
shown). The two ferrocene residues do not affect each other,
as anticipated for a molecule with widely separated redox
centers. Cyclic voltammograms of 1 and 2 in buffered aqueous
solution at pH 7.0 also contain signals from the ferrocene
fragments together with strong traces in the range from ÿ0.5
toÿ0.3 V, the shape of which is typical of the species involved
in a EC' electrochemical process[31] presumably of a hemin-
catalyzed reduction of O2 into water.[32] This behavior,
however, differs from observations made previously by other
workers in the case of hemin chloride. It was reported that a
reversible electrochemical behavior is typical of the lat-
ter.[33, 34] Attempts to reproduce such voltammograms both by

Figure 1. Cyclic voltammogram of 1 after subtraction of background noise
obtained in MeCN ([1] 5� 10ÿ5m, nBu4NPF6 0.026m, 25 8C, scan rate
80 mV sÿ1).

testing hemin chloride and bubbling nitrogen or argon
through the aqueous solution failed. In fact, a decrease in
the catalytic current was observed, but cyclic voltammograms
unaffected by catalysis have not been obtained. However, it
should be noted that it usually takes up to two days of
continuous bubbling of nitrogen or argon through aqueous
solutions to exclude the effect of oxygen completely.[35]

Reconstitution of apo-HRP with ferrocene-modified hemin
chloride 1: Apo-HRP was prepared according to an acidic
methyl ethyl ketone procedure of Teale.[26] After hemin
removal, the apoenzyme was purified by gel filtration on
Sephadex G 25 (fine or superfine). It has been confirmed by
UV/Vis spectroscopy that the degree of hemin removal was
greater than 98 % (Figure 2). The reconstitution of HRP with
1 to afford Fc-HRP was carried out by adding a solution of 1
in dimethyl sulfoxide to apo-HRP dissolved in Tris/HCl buffer
(pH 8) and keeping the mixture at 0 8C for 0.5 h. Finally, the
mixture was subjected to gel filtration as above. The loading
of 1 into apo-HRP is strongly supported by UV/Vis spectro-
scopy. As seen in Figure 2, the maximum position and band
intensity of 1 change on loading. Attempted reconstitution of
HRP by 2 with the goal of obtaining Fc2-HRP was performed
in the same way.

Scheme 1. Formation of conjugates 1 and 2 from hemin chloride.
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Figure 2. Electronic spectra of a) apo-HRP, b) 1, and c) Fc-HRP in
aqueous solution (25 8C, pH 8, Tris/HCl).

Properties of Fc-HRP and Fc2-HRP : Preliminary experi-
ments have shown that Fc-HRP, in contrast to Fc2-HRP, is
catalytically active (see below) and, therefore, this particular
reconstituted peroxidase became an object of major research.
The UV/Vis spectra of native HRP and Fc-HRP contained a
first remarkable observation. The Soret bands were observed
at 403 and 397 nm, respectively, pointing to a 6 nm shift on
incorporation of 1 into apo-HRP (cf. the maximum position of
1 in aqueous solution). This indicates that a correct loading of
1 into apo-HRP has taken place and, when incorporated,
modified hemin 1 attains spectral features typical of native
hemin inside HRP. The R/Z ratio for the reconstituted
enzyme was estimated as 1.3, and the relatively low value is
attributed to the absorption of the ferrocene fragment at
280 nm (Figure 2). Isoelectrofocusing of Fc-HRP confirmed
the homogeneity of the preparation, the isoelectric point of
which is shifted, as could be anticipated, to a more basic pH
(cf. 8.1 and 8.5 for HRP and Fc-HRP, respectively).

Cyclic voltammetry (CV) experiments indicated that the
ferrocene moiety manifests itself even in Fc-HRP. Figure 3

Figure 3. Cyclic voltammograms of a) HRP and b) Fc-HRP, and c) the
difference (aÿ b) trace in aqueous solution ([Fc-HRP] 1.3� 10ÿ5m, scan
rate 160 mV sÿ1, 25 8C, pH 7). For details, see text.

shows voltammograms obtained for Fc-HRP and HRP, the
latter for the sake of comparison. As seen, there are anodic
and cathodic peaks around 360 and 300 mV in the case of Fc-
HRP (b) which are absent in the case of native HRP (a).
Subtraction of the HRP trace from that obtained for Fc-HRP
gives a difference voltammogram of the ferrocene unit in the
protein environment (c, inset) and allows location of the peak
position. The estimated E8' of 327 mV is to be compared with
that for 1 in aqueous solution (264 mV). The difference
indicates that the ferrocene probe is shielded by amino acid
residues located in the vicinity of the active site. These are
likely to be the phenylalanine residues of the substrate access
channel of HRP[29, 36] (see below).

It was possible to remove 1 from Fc-HRP by the procedure
used for preparation of apo-HRP. This was done to confirm by
CV that the ferrocene fragment dissociates from the enzyme
together with hemin. The cyclic voltammogram recorded (not
shown) is very similar to that shown in Figure 1 confirming the
presence of the ferrocene unit in the sample. Therefore, it can
be concluded that the linkage between ferrocene and hemin
does occur in the reconstituted enzyme.

Catalytic activity of reconstituted Fc-HRP : It should be
emphasized that it was only Fc-HRP that displayed any
catalytic activity towards various peroxidase substrates; its
counterpart Fc2-HRP proved to be catalytically inactive. The
Fc-HRP activity was quantitatively tested with respect to two
different substrates of HRP, that is 2,2'-azinobis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) and water-soluble
ferrocene derivatives. The former is a very common, ex-
tremely reactive substrate,[37] whereas the latter belong to a
recently studied family of ferrocene substrates. These, rather
unusually for fast enzymatic reactions, display first-order
kinetics.[20, 21] Thus, it was a challenge to compare the rate laws
and kinetic parameters, which determine the reactivity, of
native HRP and Fc-HRP. The data in Figure 4 demonstrate

Figure 4. Steady-state rate of a) HRP- and b) Fc-HRP-catalyzed oxidation
of ABTS by hydrogen peroxide. For conditions, see legend to Table 1.

that both the native and the reconstituted enzyme (Fc-HRP)
catalyze the oxidation of ABTS in accordance with Michaelis
kinetics. The Vÿ1

0 versus [ABTS]ÿ1 plots are linear and the
values of the maximal rates Vm and the Michaelis constant Km

are summarized in Table 1. As seen, Km does not change,
while Vm decreases by a factor of three on going from HRP to
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Fc-HRP. Hence, the overall loss in reactivity towards ABTS is
as low as a factor of three.

In contrast to ABTS, the kinetic behavior of native HRP
and Fc-HRP towards water-soluble ferrocenes, namely
FcCOOH and FcCH2NMe2, is remarkably different. Instead
of the strict first-order kinetics observed for native HRP,[20, 21]

the reaction rate levels off on increasing the ferrocene
concentration in the case of Fc-HRP (Figure 5). The Michae-
lis-type dependence is observed for both ferrocene substrates,

Figure 5. Steady-state rate of a) HRP- and b) Fc-HRP-catalyzed oxidation
of FcCOOH by hydrogen peroxide. For conditions, see legend to Table 1.

and the Vÿ1
0 versus [ferrocene]ÿ1 plots are linear. The values of

Vm for FcCOOH and FcCH2NMe2, which are also summar-
ized in Table 1 together with the corresponding values of Km,
differ by a factor of 6.4. Such a pronounced difference rules
out a trivial rationalization of the Michaelis kinetics in
catalysis by peroxidase and related enzymes which appears
as a result of the rate-limiting interaction between the resting
ferric state of the enzyme and hydrogen peroxide.[38] A higher
(by a factor of 6.4) value of Vm in the case of FcCOOH
compared with FcCH2NMe2 is in accordance with a higher
driving force of the reaction in the case of FcCOOH, the
formal redox potential of which is lower than that of
FcCH2NMe2 (290 and 370 mV versus SCE, respectively). It
should also be noted that the reactivity of FcCOOH towards
HRP and Fc-HRP is very close at low substrate concentra-
tions (Figure 5). This prompts an intriguing comparison of the
second-order rate constant k3 and the kcat/Km ratio in the case
of HRP and Fc-HRP, respectively, which are summarized in
Table 1. The conclusion is striking: the reactivity of the
reconstituted enzyme towards artificial organometallic sub-

strates (ferrocenes) is higher than that of the native enzyme in
terms of the k3 versus kcat/Km formalism!

Discussion

The modification of hemin by aminomethylferrocene affords
two products 1 and 2, the former being a mixture of two
positional isomers difficult to separate. The chromatographic
separation of the mono- and bis-amidated species described in
this work and very recently by Monzani et al.[39] is obviously
an alternative to the recently reported procedure involving
amidation of protoporphyrin IX monoethyl ester by N,N-
di(ethoxycarbonylmethyl)ethylenediamine ditrifluoroacetic
acid salt followed by basic ester hydrolysis.[40] The loading of
1 into apo-HRP leads to a catalytically and electrochemically
active biocatalyst with a remarkably modified activity towards
certain electron donors. These features will be discussed
further in the light of the recently reported X-ray structural
data for HRP[29] and the results of our molecular modeling.

Modeling of Fc-HRP : The X-ray structural study of HRP
revealed several interesting features of the enzyme, one of
which is a fairly loosened arrangement of its active site.[29]

Therefore, it was not very surprising to see that the positional
isomer 1 could easily be embedded into the active site, Gln
176 being the only amino acid residue which was subjected to
a significant alteration of its position. As a result, the
ferrocene core is almost on the protein surface (Figure 6),

Figure 6. View of the Fc-HRP model showing that the ferrocene frame (in
red) is located on the protein surface and the new artificial cavity within the
triangle, the apexes of which are ferrocene and (shown in orange) Phe 179
(top) and 68 (right). Hemin atoms are colored in pink.

Table 1. Kinetic characteristics for native HRP and reconstituted Fc-HRP obtained at 25 8C (ABTS: pH 6.0 (0.1m phosphate), [HRP]� 1� 10ÿ10m, [H2O2]�
7� 10ÿ4m ; ferrocenes: pH 7.0 (0.13m phosphate), [HRP]� 1� 10ÿ7m, [H2O2]� 2� 10ÿ4m).

Substrate Vm [m sÿ1] kcat � Vm/[E] [sÿ1] kcat/Km [mÿ1 sÿ1] Km [m]

HRP (native)
ABTS (226� 14)� 10ÿ10 226� 14 (51� 5)� 104 (4.4� 0.3)� 10ÿ4

FcCOOH ± ± (0.89� 0.03)� 104 [a, b] ±
FcCH2NMe2 ± ± (0.24� 0.01)� 104 [a, b] ±

Fc-HRP
ABTS (71� 4)� 10ÿ10 71� 4 (17� 2)� 104 (4.2� 0.5)� 10ÿ4

FcCOOH (26� 2)� 10ÿ7 26� 2 (2.4� 0.3)� 104 (11� 1)� 10ÿ4

FcCH2NMe2 (4.03� 0.06)� 10ÿ7 4.03� 0.06 (2.7� 0.2)� 104 (1.4� 0.1)� 10ÿ4

[a] From ref. [21]. [b] The second-order rate constant k3 (rate� k3[HRP][Fc]).
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accounting for the electron exchange between the organo-
metallic redox label and the electrode. It should be pointed
out that similar results of structural modeling were obtained
for another positional isomer, namely an analogue of 1
modified at position 18. In both cases the conclusions were
similar, that is, both isomers could be easily incorporated into
apo-HRP and the ferrocenyl fragment is always at the surface
of HRP. Thus, in spite of the expected positional heteroge-
neity of Fc-HRP, both possible isoforms are structurally and
presumably catalytically similar. It should only be indicated
that the loading of the second positional isomer (i.e. 1) into
apo-HRP is slightly less sterically demanding.

As seen in Figure 6, there is a triangle with apexes made up
of the ferrocenyl fragment and the phenyl rings of Phe 68 and
179. The critical importance of the latter two moieties for the
binding of aromatic donor substrates of HRP has recently
been emphasized on the basis of site-directed mutagenesis
and 1H NMR studies.[36] All three apexes are hydrophobic,
especially the Phe68 residue. It seems reasonable to assume
that such a spatial arrangement of the three groups creates a
novel hydrophobic binding center on the enzyme surface, on
one hand, and in the vicinity of hemin, on the other. If so, the
novel binding site should perfectly correspond to such non-
planar aromatic substrates as ferrocenes. In fact, the distances
between the h5-C5H5 ring of ferrocene and the phenyl groups
of Phe 179 and 68 fall in the range 4.6 ± 6 and 6 ± 8 �,
respectively. The dimensions of the new cavity thus assembled
seem very advantageous for ferrocene binding. In our
previous mechanistic work,[20] ferrocenes as HRP substrates
were associated with ball-shaped species which for steric
reasons were unable to approach close to hemin and to form
kinetically relevant enzyme-substrate complexes. As a result,
strict first-order kinetics in ferrocenes has been observed.

In contrast to the situation in native HRP, there is a novel
artificial hydrophobic binding site at the surface of Fc-HRP
created essentially by the ferrocenyl, Phe 68, and Phe 179
phenyl groups. Assuming that the structural similarity prin-
ciple holds, that is structurally similar compounds possess
enhanced affinity towards each other, the location of the
ferrocenyl fragment in the novel binding site could drastically
increase the binding ability of ferrocene substrates. The rate
measurements have in fact demonstrated that the kinetic
behavior of ferrocenes towards the reconstituted peroxidase
has been significantly modified. Instead of the first-order
kinetics in ferrocenes in the case of HRP, there is a Michaelis
dependence for Fc-HRP, indicative of the kinetically relevant
enzyme ± substrate binding.

Increased reactivity towards artificial substrates : One may
speculate that the reactivity of Fc-HRP towards ferrocenes in
terms of the kcat/Km formalism is higher than that of native HRP.
As seen from Table 1, the ratio kcat/Km exceeds the rate constant
k3 by a factor of 2.7 and 11 for FcOOH and FcCH2NMe2, re-
spectively.[41] Naturally, such kinetic, model-dependent com-
parisons should be treated with care, since the estimates are
valid only in a limited range of low substrate concentrations,
that is when comparable formal rate laws are realized.

The Michaelis constant for ABTS does not change on going
from HRP to Fc-HRP (see Table 1). This strongly suggests

that the binding site for ABTS is virtually unaffected by
introduction of the ferrocene residue. The Vm value drops
threefold on going from HRP to Fc-HRP, and this number
looks very optimistic from the standpoint of possible mod-
ifications of the hemin propionic acid residues by molecules
bulkier than the methyl group.

In conclusion, horseradish peroxidase reconstituted using
hemin with a modified (by aminomethylferrocene) propionic
acid residue retains its catalytic activity. In the case of ABTS,
there is a 66 % decrease in the activity compared to native
HRP. In the case of organometallic electron donors, specif-
ically water-soluble ferrocenes, two simultaneous effects are
observed, that is the change of rate law and an apparent
increase in the catalytic activity. It is believed that the two are
due to creation of a novel hydrophobic binding site at the
enzyme surface for ferrocenelike molecules. It is located
within a triangle confined by the ferrocenyl residue and the
phenyl rings of Phe 68 and 179. This study opens up a wide
horizon for modification of hemin propionic acid residues of
various peroxidases and related enzymes by various species,
including redox-active ones. Studies associated with electron-
transfer processes from a wired ferrocene fragment (or any
other suitable redox species) to the oxidized (by natural
oxidants) hemin, and the efficacy of the electron relays
electrode ± ferrocene ± hemin, are under way.
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