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Free heme is a potent peroxidase; it readily reacts with H2O2 and
is then capable of a wide variety of oxidation reactions.[1] The
heme group of cytochrome c (cytc) can be expected to be an
equally competent producer of free radicals, but its intrinsic
peroxidase activity is suppressed by the protein matrix.[2] This is
of vital importance to the living cell because free radicals derived
from oxygen play a key role in aging and its pathophysiology.[3]

Herein, we quantify the suppression of the inherent peroxidase
activity of heme by the protein matrix of cytc. We show that the
peroxidase activity of unfolded cytc is similar to that of
microperoxidase-8 (MP-8).[4]

The protein used here is the well-studied cytochrome c-550
(cytc550) from Paracoccus versutus.[5] Its peroxidase activity has
been characterized.[2a] It is a Class I cytc, closely related both to
the archetypal mitochondrial cytc proteins, and to numerous
other, bacterial c-type cytochromes.[6]

Addition of the common denaturing agent guanidinium
hydrochloride (Gdn ´ HCl) to ferricytc550 causes the protein to
unfold, as was observed by using the following indicators
(Figure 1).[7] In Figure 1 A, the tryptophan fluorescence is plotted
as a function of Gdn ´ HCl concentration. Unfolding causes the
structure of cytc550 to expand and leads to an increased average
distance between its tryptophan residues and the covalently
bound heme group. This results in a less efficient energy transfer
from the tryptophan residues to the heme moiety, and
consequently the tryptophan fluorescence increases upon
unfolding.[8] Secondly, unfolding leads to changes in the optical
spectrum. The dominant effect is a transition of the heme iron
center from low spin to high spin, caused by the loss of the
native methionine ligand (Figure 1 B).[9, 10] Finally, Figure 1 C
demonstrates that an increase in Gdn ´ HCl concentration causes
the peroxidase activity of cytc550 to rise dramatically (about
1200-fold).[7] No such activity is seen when any of the compo-
nents (Gdn ´ HCl, cytc550, H2O2, or the reducing substrate,
guaiacol (gc)) are left out of the reaction mixture.[7] The activity

better insight into sequence ± structure ± function relationships.
Cumulative substitutions of the various functional groups tested
here would be one experimental approach. Crystallization of
those complexes that largely deviate from the theoretical
modeling could be another goal.

Experimental Section

Chemical synthesis : Treatment of thymidine with p-tolylsulfonyl
chloride in pyridine at 0 8C yielded the 5'-sulfonate derivative 1
(72 %). Displacement of the 5'-sulfonyl group with sodium azide in
DMF at 80 8C gave the 5'-azido derivative 2 (79 %). Hydrogenation of
2 in ethanol in the presence of palladium on charcoal resulted in an
83 % yield of 5'-amino-2',5'-dideoxythymidine (5'NH2-dT, 3). Acetyla-
tion of 3 with acetic anhydride followed by mild saponification
yielded the N-acetylated derivative 4 (78 %). Compounds 1, 2, and 4
were purified by silica gel chromatography. Compound 3 was
purified by reversed-phase high pressure liquid chromatography. All
nucleoside analogues were characterized by NMR spectroscopy.

TMPK assays: The reaction medium (0.5 mL final volume) contained
50 mM Tris(hydroxymethyl)aminomethane-HCl pH 7.4, 50 mM KCl,
2 mM MgCl2, 0.2 mM NADH, 1 mM phosphoenol pyruvate, and 2 units
each of lactate dehydrogenase, pyruvate kinase, and nucleoside
diphosphate kinase. Activity was determined by using the coupled
spectrophotometric assay at 334 nm (0.5 mL final volume) in an
Eppendorf ECOM 6122 photometer.[10] One unit of enzyme activity
corresponds to 1 mmole of the product formed in 1 minute at 30 8C
and pH 7.4. The concentration of ATP was kept constant at 0.5 mM.

The concentrations of dT analogues and dTMP were varied between
0.05 and 0.8 mM.

This work was supported by grants from the Institut Pasteur, the
Institut National de la SanteÂ et de la Recherche MeÂdicale, and the
Centre National de la Recherche Scientifique (URA 2185 and 2128,
and UMR 5048). We are grateful to S. Michelson for her fruitful
comments, O. Barzu for support and constructive criticism, and
A.-M. Gilles for the kind gift of some TMPKs.

[1] A. Lavie, N. Ostermann, R. Brundiers, R. S. Goody, J. Reinstein, M. Konrad, I.
Schlichting, Proc. Natl. Acad. Sci. USA 1998, 95, 14 045.

[2] A. Lavie, M. Konrad, R. Brundiers, R. S. Goody, I. Schlichting, J. Reinstein,
Biochemistry 1998, 37, 3677.

[3] J. F. Nave, B. Neises, A. Eschbach, Nucleosides Nucleotides 1996, 15, 1469.
[4] H. Munier-Lehmann, A. Chaffotte, S. Pochet, G. Labesse, Protein Sci. 2001,

10, 1195.
[5] S. T. Cole, R. Brosch, J. Parkhill, T. Garnier, C. Churcher, D. Harris, S. V.

Gordon, K. Eiglmeier, S. Gas, C. E. Barry III, F. Tekaia, K. Badcock, D. Basham,
D. Brown, T. Chillingworth, R. Connor, R. Davies, K. Devlin, T. Feltwell, S.
Gentles, N. Hamlin, S. Holroyd, T. Hornsby, K. Jagels, B. G. Barrell, Nature
1998, 393, 537.

[6] H. Saito, H. Tomioka, J. Gen. Microbiol. 1984, 130, 1863.
[7] A. Sali, T. L. Blundell, J. Mol. Biol. 1993, 234, 779.
[8] B. Kramer, M. Rarey, T. Lengauer, Proteins 1999, 37, 228.
[9] I. Li de la Sierra, H. Munier-Lehmann, A. M. Gilles, O. Barzu, M. Delarue, J.

Mol. Biol. 2001, 311, 87.
[10] C. Blondin, L. Serina, L. Wiesmuller, A. M. Gilles, O. Barzu, Anal. Biochem.

1994, 220, 219.
[11] V. Chenal-Francisque, L. Tourneux, E. Carniel, P. Christova, I. Li de la Sierra,

O. Barzu, A. M. Gilles, Eur. J. Biochem. 1999, 265, 112.

Received: August 28, 2001 [Z 291]

[a] Dr. M. Ubbink, R. E. M. Diederix, Prof. Dr. G. W. Canters
Gorlaeus Laboratories
Leiden Institute of Chemistry
Leiden University
P.O. Box 9502, 2300 RA Leiden (The Netherlands)
Fax: (�31) 71-527-4593



CHEMBIOCHEM 2002, No. 1 � WILEY-VCH-Verlag GmbH, 69451 Weinheim, Germany, 2002 1439-4227/02/03/01 $ 17.50+.50/0 111

Figure 1. Equilibrium unfolding of ferricytc550 by Gdn ´ HCl. A) Fluorescence
(excitation: 295 nm, emission: 360 nm). B) Optical absorbance. The intensity of
the band at 623 nm is typical of high-spin heme groups.[9] C) Peroxidase activity,
that is, spectrophotometrical measurement of the absorbance of oxidized
guaiacol (tetraguaiacol) at 470 nm after addition of H2O2 . All experiments were
performed in 100 mM sodium phosphate (pH 5.0, 25 8C). [cytc550] was 2 mM in the
fluorescence and UV/Vis measurements, and 1 mM in the peroxidase assay (with
10 mM H2O2 and 10 mM guaiacol). Data were fitted (solid lines) assuming a two-
state model of unfolding with linear baselines.[11]

increase seen in Figure 1 C correlates well with the unfolding
monitored by fluorescence and UV/Vis spectroscopy (Fig-
ure 1 A, B).[11]

The peroxidase activity of fully unfolded cytc550 depends
strongly on the pH value (Figure 2 A). The shape of the curve is
ascribed to the involvement of two acid ± base transitions. One
of these transitions is the change from high to low spin
undergone by unfolded cytc550 as the pH value is increased
(Figure 2 B).[9] This transition presumably involves occupation of
the sixth coordination position of the heme iron center by a
strong ligand,[9] which blocks the incoming peroxide from that
site. The second acid ± base transition is thought to involve
deprotonation of H2O2 .[12] Like other small inorganic ligands, the
HO2

ÿ anion is expected to bind much more strongly to the
heme-iron than H2O2 (compare with CNÿ versus HCN).[13] This is
reflected in the mode of action of natural peroxidases, in which
the distal histidine plays a very important role as a base catalyst
and deprotonates the incoming H2O2 .[14]

Figure 2. pH dependence of unfolded cytc550. A) Peroxidase activity. Concen-
trations of cytc550, H2O2, and guaiacol were 1 mM, 0.1 mM, and 10 mM, respectively,
in 100 mM sodium phosphate and 6 M Gdn ´ HCl (25 8C). The data (*) were fitted
assuming that only high-spin cytc550 and HO2

ÿ are active (ÐÐ). The fit yielded
pKa values of 6.4(�0.1) and 8.3(�0.1) for the spin-state transition and H2O2

deprotonation,[12] respectively. B) Position of the main visible absorption band
(Soret) of unfolded cytc550. The data (&) were fitted to a single pKa value of
6.6(�0.2) (ÐÐ).

To assess the kinetic mechanism of the peroxidase activity of
unfolded cytc550, the dependence of the reaction rate on gc and
H2O2 concentrations was determined (Figure 3). The data fit
satisfactorily (solid lines) to a ping-pong mechanism.[15] The H2O2

concentration at which the reaction rate is half its maximum,
KH2O2

M , is much lower for unfolded cytc550 at pH 5.0 (236� 14 mM)

than for native cytc550 (�1 M, data not shown). These values

Figure 3. Peroxidase activity as a function of H2O2 and guaiacol. Conditions :
1 mM cytc550, 100 mM sodium phosphate (pH 5.0), and 6 M Gdn ´ HCl (25 8C). H2O2

dependence was probed at 0.25 (*), 1.0 (^), 2.5 (�), 5.0 (*), 10.0 (&), 20.0 (*), and
50.0 (&) mM guaiacol. All datapoints were fitted together to a ping-pong
mechanism.[15]
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indicate that unfolding leads to an active site that is much more
accessible to the substrate.

It is interesting to compare the peroxidase activities of
unfolded cytc550, MP-8,[4, 7b] and native cytc550[2a] with each
other. Below 1 mM H2O2 the activity of all three species is
described by a bimolecular rate equation.[16] It emerges that the
bimolecular rate constant kobs

[16] of unfolded cytc550 (3�
103 Mÿ1 sÿ1; pH 5.0, 10 mM gc, 6 M Gdn ´ HCl) is similar to that of
MP-8 (1.3� 103 Mÿ1 sÿ1; pH 5.5, 3 ± 4.5 mM gc, 0.5 M Gdn ´ HCl)[7b]

but much larger than that of native cytc550 (2.6 Mÿ1 sÿ1; pH 5.0,
25 mM gc, data not shown). Unfolding the protein surrounding
the heme group of cytc550 thus has the same effect as clipping
the protein away (as in MP-8). In both cases, the peroxide
substrate has improved access to the heme iron center in the
absence of both a rigid protein matrix and a strong sixth ligand.

Native cytc550 can catalyze H2O2-driven oxidations, but with a
very low rate of reaction.[2a] Clearly, the protein matrix provides
excellent suppression (>1000-fold) of the inherent peroxidase
activity of the heme group. The key factor is probably that the
correctly folded protein provides a strong sixth ligand, which
blocks the heme iron center from the incoming peroxide
molecule. This conclusion was apparent from the pH depend-
ence of the peroxidase activity under denaturing conditions:
low-spin unfolded cytc550, the principal species at high pH
values, has a negligible activity compared to high-spin unfolded
cytc550. Thus, even when it is unfolded, cytc550 has no
peroxidase activity when a strong sixth ligand is present (as in
the low-spin case).

The Gibbs free energy for unfolding (DGunf) is 6.6 kcal molÿ1 for
cytc550 when the two-state unfolding model is applied (Fig-
ure 1). Under native conditions, this corresponds to one
unfolded species for every 70 000 protein molecules. In 6 M

Gdn ´ HCl, however, the activity is approximately 1200-fold
higher than normal, and not 70 000-fold. Therefore, under native
conditions partially unfolded, high-spin species are present
which dominate the peroxidase activity. In agreement with this
conclusion, the region around the native methionine ligand is
known to have a lower DGunf than the global DGunf for Class I cytc
proteins such as cytc550.[17]

Any environmental stimulus which leads to the formation of
(partially) unfolded species is likely to induce peroxidase activity
in cytc550 and hence may stimulate free-radical formation in the
living cell. It is the robustness of the native protein structure that
prevents peroxidase activity in cytc550.
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BIOMAC graduate school of Leiden and Delft.
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