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ABSTRACT: Proteus mirabiliscatalase (PMC) belongs to the family of NADPH binding catalases. The
function of NADPH in these enzymes is still a matter of debate. This study presents the effects of two
independent phenylalanine mutations (F194 and F215), located between NADPH and heme in the PMC
structure. The phenylalanines were replaced with tyrosines which we predicted could carry radicals in a
NADPH-heme electron transfer. The X-ray crystal structures of the two mutants indicated that neither
the binding site of NADPH nor the immediate environment of the residues was affected by the mutations.
Measurements using H2O2 as a substrate confirmed that the variants were as active as the native enzyme.
With equivalent amounts of peroxoacetic acid, wild-type PMC, F215Y PMC, and beef liver catalase
(BLC) formed a stable compound I, while the F194Y PMC variant produced a compound I which was
rapidly transformed into compound II and a tyrosyl radical. EPR studies showed that this radical, generated
by the oxidation of Y194, was not related to the previously observed radical in BLC, located on Y369.
In the presence of excess NADPH, compound I was reduced to a resting enzyme (kobs ) 1.7 min-1) in a
two-electron process. This was independent of the enzyme’s origin and did not require any thus far identified
tyrosyl radicals. Conversely, the presence of a tyrosyl radical in F194Y PMC greatly enhanced the oxidation
of reducedâ-nicotinamide mononucleotide under a steady-state H2O2 flow with observable compound II.
This process could involve a one-electron reduction of compound I via Y194.

Recently, considerable attention has been focused on the
generation of protein radicals and their involvement in
physiological or pathological processes. Several types of
amino acid residues such as glycyl, cysteyl, tyrosyl, and
tryptophanyl residues have been shown to form relatively
stable radicals in proteins (1). These free radicals, involved
in a variety of chemical reactions (2-4), can also have
deleterious effects (5). In hydroperoxidases, the heme ferric
iron reacts with a molecule of hydroperoxide to give
compound I, containing an oxoferryl Fe(IV) group associated
with a porphyrinπ-cation radical. This compound is espe-
cially reactive in generating protein-based radicals (6-9).
In catalases, compound I can be reduced either by two-
electron donors such as hydrogen peroxide or by one-electron
donors to give rise to compound II, an Fe(IV)-oxo (ferryl)
species with saturatedπ-orbitals (10, 11). Compound II is
considered an inactive species in the H2O2 disproportion
reaction. NADPH-dependent catalases use tightly bound

NADPH1 to protect themselves against inactivation as
compound II species (12-14). However, whether it is
compound I or compound II that reacts with the cofactor
has not yet been established. A tyrosyl radical, observed in
bovine liver catalase (BLC) and generated by the spontaneous
decay of compound I, is suspected to be an intermediate (12,
15-17). Calculations for electron tunneling pathways be-
tween NADPH and the heme iron by molecular dynamics
using the X-ray crystal structure of BLC have shown that
one of the most probable pathways involved amino acid
residue Y214, near the NADPH binding site (18).

The catalase fromProteus mirabilis(PMC) is a NADPH-
dependent catalase like BLC and human erythrocyte catalase
(19, 20) but can be easily prepared without bound NADPH,
in contrast to the mammalian enzymes. Compound I of PMC
is very stable, a property which has previously been used to
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determine a high-resolution crystallographic structure of the
enzyme in this particular state (21). It does not generate a
tyrosyl radical intermediate. To clarify the reaction of catalase
with NADPH and the hypothetical role of radicals in this
reaction, two PMC variants with single mutations of phen-
ylalanine to tyrosine (F194Y or F215Y) were made to
reproduce the situation observed in BLC. The two phenyl-
alanines were located between heme and NADPH (22). We
present the high-resolution crystallographic structures of the
two variants and their characterizations by UV-visible
spectrophotometry and EPR spectroscopy. Reactivity studies
with peracetic acid and under a steady-state flow of H2O2

are described, and the roles of different cofactors are
identified. The results, compared with those already known
for BLC and wild-type (wt) PMC, are discussed in relation
to the mechanism of the reaction of catalase with NADPH
and other nucleotides.

EXPERIMENTAL PROCEDURES

Chemicals.Catalase from from bovine liver (BLC) in
crystalline suspension, lyophilized glucose oxidase from
Aspergillus niger, â-nicotinamide adenine dinucleotide,
reduced form (NADH), grade I, disodium salt,â-nicotin-
amide adenine dinucleotide phosphate, reduced form (NAD-
PH), 98%, tetrasodium salt, and isopropylâ-D-thiogalactoside
(IPTG) were purchased from Roche.â-Nicotinamide adenine
mononucleotide, reduced form (âNMNH), 90%, sodium salt,
and peracetic acid, 39% solution in acetic acid, were from
Sigma-Aldrich. Hydrogen peroxide, 30% suprapur perhydrol,
was from Merck. All chemicals were reagent grade.

Construction, Expression, and Purification of the F194Y
and F215Y Mutants of PMC.F194Y and F215Y mutants of
PMC were prepared by using the pALTER-Cat expression
vector, as a template. The vector contained the catalase gene
of P. mirabilis (katA) in the pALTER-Ex1 vector from
Promega (23). Site-directed mutagenesis was performed by
using the QuikChange kit from Stratagene. This method
allows direct mutagenesis of the expression vector without
subcloning in an intermediate vector. The pairs of comple-
mentary oligonucleotides (synthesized by Oligoexpress) were
designed to introduce the required mutation (F to Y) and
diagnostic restriction sites with silent mutations. The sens
oligonucleotide of each pair was 5′-596GCTATCGCTTTGT-
GCATGGTTAT GGATCCCACACTTATAGC636-3′ for the
F194Y mutant and 5′-658CGTTTCTGGGTTAAATTCCAT-
TAT CGATGCCAACAAGGC696-3′ for the F215Y mutant
(mutated codons are in bold, silent mutations are in italic,
and diagnostic restriction sites,BamHI for F194Y andClaI
for F215Y, are underlined). Mutagnenesis was performed
according to the manufacturer’s protocol, and the reaction
products were transformed into theEscherichia coliJM109
DE3 strain. Plasmids were purified with the mini-prep
plasmid kit from Qiagen and digested with the diagnostic
restriction enzymes to select positive clones. Sequencing of
the complete catalase gene, carried out on plasmids of
selected clones pAlter-Cat-F194Y and pAlter-Cat-F215Y,
confirms that only the desired mutations occurred. Overex-
pression of recombinant wild-type and mutant catalases was
achieved by growing the bacteria in Luria-Bertoni nutritive
medium (LB) at 37°C until the absorbance at 600 nm
equaled 0.6. The catalase biosynthesis was induced by
addition of 0.5 mM IPTG for 2 h with a reduced rate of

shaking (130 rpm) to decrease the level of oxygenation of
cultures and to slow the growth rates. Catalases were purified
from E. coli using a method based on that previously
described for the catalase of the peroxide resistant (PR)
mutant ofP. mirabilis (20). Only the forms without bound
NADPH were used in this study, after having been carefully
separated from those with NADPH. The obtained catalase
preparations, the Rz index (A406/A280) of which was greater
than 1.0, were highly purified as observed on SDS-PAGE.
Protein solutions were concentrated tog50 mg/mL. Sam-
ples were stored at-20 °C after addition of glycerol to 8%
(W/V).

Determination of Catalase Concentrations, Heme Content,
and Catalytic ActiVity. Wild-type PMC was purified from
P. mirabilis PR as described by Jouve et al. (20), and BLC
was prepared according to the method of Ivancich et al. (17).
The tetrameric concentrations of catalases were estimated
spectrophotometrically using the following extinction coef-
ficients: ε406 ) 2.98× 105 M-1 cm-1 for wt PMC (24) and
ε405 ) 3.24 × 105 M-1 cm-1 for BLC (25). Tetrameric
catalase concentrations in mutated PMC were estimated using
the ε280 (2.62 × 105 M-1 cm-1) determined for wt PMC.
Catalytic activities were measured spectrophotometrically by
the decrease in absorbance at 240 nm of H2O2 at an initial
concentration of 11 mM and expressed as the number of
millimoles of H2O2 consumed per minute at 25°C as
previously described (26). Heme content was determined by
the pyridine hemochromogen method (27), using the differ-
ence in absorbance between 556 and 580 nm measured on
the redox difference spectrum where∆(∆εred/ox)556-580 ) 29
mM-1 cm-1.

Kinetic Measurements.The formation and decomposition
of compounds I and II were followed by UV-visible
spectrophotometry after the reaction of catalases (∼2 µM
heme) with 1.5 equiv of peracetic acid in 0.1 M Tris-HCl
buffer at pH 7.5 and 22°C. The kinetics were determined
from spectra recorded from 250 to 800 nm at regular time
intervals on a Beckman DU 640 UV-visible spectropho-
tometer equipped with a cryostat. For wild-type and mutant
PMC, the concentration of compound I was estimated by
the difference in absorbance at 660 nm between compound
I and the resting enzyme using a∆ε660 of 4.5 mM-1 cm-1,
determined for wt PMC using an excess (∼8 equiv) of
peracetic acid to obtain a complete transformation into
compound I. The compound II concentration was similarly
measured as the difference in absorbance at 435 nm
(isosbestic point between compound I and the resting
enzyme) between compound II and the resting enzyme using
a ∆ε435 of 26 mM-1 cm-1. For BLC, the coefficients∆ε660

[5.7 mM-1 cm-1 (determined in this study)] and∆ε435 [32
mM-1 cm-1 (28)] were used to estimate the compound I and
II concentrations, respectively. Solutions of peracetic acid
were always freshly prepared in 0.2 M acetic acid to limit
decomposition.

The rates of NADPH orâNMNH oxidation with catalase
submitted to a slow steady flow of H2O2 were measured by
the decrease in absorbance at 340 nm using anε340 of 6.22
mM-1 cm-1 or an ε340 of 5.72 mM-1 cm-1 (29) as the
extinction coefficient. NADPH assays contained catalase
solutions (∼2 µM heme) in 50 mM Tris-HCl buffer (pH 7.5),
2.5 mM MgCl2, 4 mM glucose, and 18µM NADPH. The
reaction was started by adding 2 nM glucose oxidase at 37
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°C, giving a steady flow of H2O2 of 2 µM/min as measured
by the method of Green and Hill (30). The same conditions
were used withâNMNH except for changing theâNMNH
and glucose oxidase concentrations to 232µM and 8 nM,
respectively. Rates of nucleotide oxidation were obtained by
averaging three separate measurements. Control rates, de-
termined in the absence of catalase to measure the residual
NADPH oxidation rate with the glucose-glucose oxidase
system, were subtracted from the values obtained in these
experiments.

The NADPH oxidation rate was also determined by the
lag duration before the generation of compound II as a
function of increasing amounts of NADPH added at the
beginning of the reaction, according to the method of
Nicholls et al. (15). Compound II was generated by the
glucose-glucose oxidase reaction with a steady flow of H2O2

(2 µM/min) as described for the above assay. The kinetics
were recorded at 435 nm to visualize compound II formation.

Simultaneous determinations of compound I decomposi-
tion and NADPH oxidation were followed by multiwave-
length kinetics in a Cary 50 Bio spectrophotometer. The
formation of compound I was performed by addition of 2
equiv of peracetic acid to wt PMC (7µM heme) in 0.1 M
Tris-HCl buffer at pH 7.5 and 22°C. Under these conditions,
no compound II was detected by its typical absorbance at
435 nm (results not shown). Kinetics were simultaneously
recorded at 406 and 340 nm to determine the variations in
compound I and NADPH concentrations, respectively.
NADPH (89µM) was added when the compound I concen-
tration was at its maximum (minimum of absorbance at 406
nm). A control experiment was carried out without NADPH.
The contribution of compound I to the absorbance at 340
nm was calculated according to the following process. The
difference∆ [A406(resting enzyme)- A406(compound I)] for
each measurement in the presence of NADPH was divided
by a coefficient evaluated in the absence of NADPH as∆
[A406(resting enzyme)- minimum A406]/∆ [maximumA340

- A340(resting enzyme)]. Similar experiments were carried
out using F215Y PMC (7µM heme), F194Y PMC (4µM
heme), and BLC (8µM heme).

Crystallization, Data Collection, Structure Determination,
and Refinement of PMC Variants.Single crystals of the
F194Y and F215Y PMC variants without NADPH were
grown by vapor diffusion as previously described for the
native enzyme (31). High-resolution data were collected from
a single frozen crystal per mutant at the European Synchro-
tron Radiation Facility on the ID14-EH4 beamline. Crystals
were soaked for 30 s in a cryoprotecting solution containing
2.8 M ammonium sulfate, 0.8 M sucrose, and 0.1 M Tris-
maleate (pH 6.5) and flash-frozen in liquid nitrogen. The
structures of mutant enzymes were determined by molecular
replacement with the coordinates of the native enzyme
without the bound cofactor (Protein Data Bank entry 2CAE)
(19) as the search model. Integration of data, scaling, and
processing were performed with the HKL suite (32), and
the model was refined with CNS (33). The coordinates and
the structure factors for both mutant catalases have been
deposited in the Protein Data Bank as entries 1H6N and
1H7K for F194Y PMC and F215Y PMC, respectively.

EPR Spectra. CW EPR spectra were recorded with an
X-band EMX Bruker spectrometer equipped with an Oxford
Instruments ESR 900 helium flow cryostat (17). T1 measure-

ments were performed with a homemade pulsed spectrometer
operating at 9.5 GHz. Short pulses (π/2 of 35 ns) were
produced with a high-power arm via a 20 W TWT X-band
amplificator. For very long pulse durations (up to 0.1 s), a
low-power arm, working at 20 mW, was used to eliminate
TWT noise. The loop-gap resonator was adapted on an
Oxford Instruments helium flow 935 cryostat (temperature
range of 1.8-100 K). Temperatures were independently
measured by a thermocouple and were given with a precision
of better than 0.1 K. The sat-τ-π/2-t-π-echo pulse
sequence was used forT1 determination. The echo intensity
was plotted against the delayτ.

RESULTS

Spectral Properties and Specific ActiVities of F194Y and
F215Y PMC Mutants.When the optical spectra of the F194Y
variant and wt PMC were compared, a slight displacement
of the Soret band toward higher wavelengths (410 nm) was
observed for the mutant. The peak at 504 nm was replaced
by two peaks at 495 and 512 nm (Figure 1). Marked peaks
at 552 and 574 nm were also observed, and the peak at 630
nm was narrower than with wt PMC. Similar but less marked
changes were also detectable in the F215Y variant. These
modifications, also observed in the recombinant PMC, were
clearly identified by mass spectroscopy as being caused by
the presence of protoporphyrin IX (P. Andreoletti, unpub-
lished data). The F194Y variant had a lower heme content
(59%) than the F215Y variant (66%) and other catalases such
as wt nonrecombinant PMC and BLC where the heme
content (80 and 79%, respectively) was in agreement with
previously published results (34-36) (Table 1).

Due to differences in the heme ratio between the enzymes,
the specific activities of the PMC variants with H2O2 were
reported relative to the heme content (Table 1). The specific
activity of F215Y PMC was similar to that of wt PMC,
whereas the activity of F194Y PMC was slightly reduced
and close to that of BLC.

Crystal Structures of the F194Y and F215Y Variants of
PMC.The two mutants crystallized in the same space group
(P6222) as native enzymes with similar unit cell dimensions
(Table 2). TheRsym factors of 10.9 and 8.0 for F194Y PMC
and F215Y PMC, respectively, were relatively high. This

FIGURE 1: Visible spectra of the F194Y and F215Y variants of
PMC. Visible spectra at room temperature in 0.1 M Tris-HCl buffer
(pH 7.3) of F194Y PMC (A), F215Y PMC (B), and wt PMC (C)
for comparison. On the right is the absorbance scale for the Soret
band, and on the left is that for the other bands at longer
wavelengths. The spectra of F194Y PMC and wt PMC were
normalized to that of F215Y PMC.
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can be explained by radiation damage in the crystals due to
the high brilliance of the beamline (ID 14-EH4) at ESRF
during data collection. This is in agreement with the high
Rsym factors found at the highest-resolution shell (37.3 and
25.1% for F194Y and F215Y PMC, respectively). The
crystallographic structures of the F194Y and F215Y PMC
variants were determined at 2.1 and 2.4 Å resolution,
respectively. When the structure was compared to the
structure of the recombinant enzyme (PDB entry 1E93), rms
deviations on the position of all atoms and of the mutated
amino acids were 0.29 and 0.28 Å for F194Y PMC and 0.44
and 0.48 Å for F215Y PMC, respectively. The distribution
of rather highB-factors and pretty high crystallographic
R-factors (Table 2) can also be explained by radiation
damage. However, the mutated residues, Y194 and Y215,
exhibitedB-factors of 44.9 and 43.2 Å2, respectively, and
these values were in agreement with theB-factors at protein
atoms for Y215 and even lower than the average for Y194
(Table 2). The superimposition of structures of mutated

tyrosine residues with original phenylalanines from the
recombinant enzyme is presented in Figure 2. In both
enzymes, the replacement of phenyalanine with tyrosine did
not modify either their immediate environment or the global
structure of the protein. However, the hydroxyl group of
tyrosine 194 in the structure of F194Y PMC was found
H-bound to a water molecule (W239 with aB-factor of 48.3
Å2, lower than the averageB-factor) absent in the structure
of both the native recombinant and F215Y PMC enzymes.

Reaction of F194Y and F215Y Variants with Peracetic
Acid. The reaction of the two catalase variants (F194Y and
F215Y) with peracetic acid was studied by UV-visible
spectrophotometry and by EPR spectroscopy. A difference
in UV-visible spectra of the PMC variants was observed
after reaction for∼4 min with equivalent amounts of
peracetic acid. The spectrum of F215Y PMC exhibited a
band at 660 nm characteristic of the green compound I, while
that of F194Y PMC had bands at 433, 532, and 567 nm,
corresponding to the red compound II. To compare the
behavior of the PMC variants with that of unmodified
catalases (wt PMC and BLC), the kinetics of formation of
compounds I and II were monitored at 660 and 435 nm,
respectively (Figure 3). A compound I stable for∼10 min
without formation of compound II was obtained for wt PMC
and F215Y PMC (panels A and B of Figure 3, respectively).
Under these conditions, BLC also exclusively formed
compound I; however, this was spontaneously reduced to
the resting state with a half-life of approximately 3 min
(Figure 3C). The reaction of BLC with equivalent amounts
of peracetic acid at neutral pH (presented in Figure 3) did
not lead to the formation of compound II and a tyrosyl
radical, as previously observed using high peracetic acid
concentrations at acidic pH (17). With F194Y PMC (Figure
3D), the simultaneous formation of compounds I and II was
observed, and the percentage of compound I reached a
maximum, lower than for other catalases, and then decreased
continuously with time. In contrast, the level of compound
II increased during the first 3-4 min and then slowly
decreased, indicating that the enzyme came back to the
resting state by spontaneous reduction.

Table 1: Specific Catalytic Activity and Heme Content of the Two
PMC Variants

catalase
specific activitya (mmol of H2O2

min-1 nmol of heme-1) hemeb (%)

wt PMC 6.14( 0.22 80
F215Y PMC 5.59( 0.47 66
F194Y PMC 4.09( 0.11 59
BLC 3.89( 0.15 79

a The specific activities were determined in three independent
measurements and quantified on the basis of heme.b Percentage of
heme in purified tetrameric catalase molecules. The heme content was
determined by the pyridine hemochromogen method as described in
Experimental Procedures.

Table 2: Crystal Parameters, Data Collection, and Refinement
Statistics of F194Y and F215Y PMC Variantsa

F194Y PMC F215Y PMC

space group P6222 P6222

cell dimensions (Å) 109.9, 249.78 110.0, 251.2
no. of protein residues/no. of

protein atoms
475/3862 475/3862

no. of unique reflections 51135 35932
completeness (%) 98.0 (94.3) 99.7 (99.9)
redundancy 3.9 (2.9) 15.8 (4.8)
Rsym (%)b 10.9 (37.3) 8.0 (25.1)
refinement

resolution range (Å) 15-2.1 15-2.4
no. of reflections in the working

data set
48584 34138

no. of reflections in the test
data set

2551 1794

no. of sulfate ions 1 1
no. of ordered waters 325 180
Rcryst (%)c 21.5 23.7
Rfree (%)d 24.1 24.0
rms deviation for bonds (Å) 0.008 0.008
rms deviation for angles (deg) 1.4 1.5
cross-validated estimate coordinate

error (from Luzzati plot, Å)
0.32 0.34

B-factors at all atoms (Å2) 53.4 39.7
B-factors at protein atoms (Å2) 50.3 40.0
B-factors at water atoms (Å2) 53.1 62.9
a Numbers in parentheses refer to the highest-resolution shell.b Rsym

) ∑hkl∑i|Ιhkl,i - 〈Ιhkl〉|/∑hkl∑iΙhkl,i. c Rcryst ) ∑hkl||Fobs| - |Fcalc||/∑hkl|Fobs|,
whereFobsstands for the observed structure factor amplitudes andFcalc

for the calculated structure factor amplitudes.d A random 5% subset
of the data was used for theRfree calculation.

FIGURE 2: Comparison of the structures of phenylalanines 194 and
215 in wt PMC with the corresponding mutated tyrosine residues.
The structure of wt PMC with NADPH (PDB entry 2CAH) was
used to represent phenylalanines (in black), heme, and NADPH.
The structure of tyrosines came from F194Y PMC and F215Y PMC
structures determined in this study (PDB entries 1H6N and 1H7K,
respectively). The hydroxyl groups of tyrosines with oxygens in
black are indicated by arrows. The distances between the heme
iron and the geometric center of every tyrosyl phenolic group are
given.
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The reaction of equivalent amounts of peracetic acid with
the different catalases was further analyzed by EPR spec-
troscopy. The EPR spectrum of F215Y PMC, recorded at 4
K, revealed the presence of a signal aroundg ) 2, associated
with the porphyrinπ-cation radical (results not shown). This
signal was very similar in both shape and relaxation
properties to that recorded with the native enzyme under the
same conditions. The disappearance of signal in theg ) 6
region (the signature of the resting Fe3+ state) indicated a
total transformation into compound I. The EPR spectrum of
F194Y PMC recorded after reaction for>1 min showed no
signal that could be attributed either to the iron porphyrin
π-cation radical or to the enzyme’s resting state. However,
another signal in theg ) 2 region, with relaxation prop-
erties characteristic of a radical species, was observed (Fig-
ure 4). The hyperfine structure of this signal was nearly
identical to that already observed with BLC in the presence
of an excess of peracetic acid (37). On this basis, the EPR
signal obtained with F194Y PMC was assigned to a ty-
rosyl radical. A quantitative evaluation of the radical
concentration gave a maximum value of∼10% of the heme
content. A comparison of the saturation behavior at 15 K
between the F194Y PMC radical and the tyrosyl radical of
BLC indicated that the latter relaxed faster than the
F194Y PMC radical. The relaxation properties were fur-
ther examined byT1 relaxation measurements at different
temperatures. The curves of the echo intensity recorded at
4.2 K with the tyrosyl radicals of BLC and F194Y PMC
are represented in Figure 5. The relaxation behavior of a
radical interacting with a more rapidly relaxing species in
frozen solution did not usually follow a monoexponential
decay (38). Nevertheless, in the case presented here, the
general formulaA[1 - exp(τ/T1)] fitted the experimental
data quite satisfactorily. From the data (Figure 5), two
relaxation times of 0.13 and 0.5 s were obtained for the

tyrosyl radicals of BLC and F194Y PMC, respectively. These
times were shorter than that obtained for an isolated tyrosyl
radical (39).

Reaction of NADPH with Peracetic Acid-Formed Com-
pound I.Wild-type PMC was allowed to react with equiva-
lent amounts of peracetic acid, the effect of NADPH on the
transient formation of compound I was followed simulta-

FIGURE 3: Formation and stability of compounds I and II from the
PMC variants compared to wt PMC and BLC. Catalase compounds
were generated at 22°C by addition of peracetic acid (1.5 equiv)
to enzyme solutions in 0.1 M Tris-HCl buffer (pH 7.5) at the
following heme concentrations: (A) 2.1µM wt PMC, (B) 3 µM
F215Y PMC, (C) 2.8µM BLC, and (D) 1.7µM F194Y PMC.
Spectra were recorded at regular time intervals, and the concentra-
tions of compounds I (b) and II (O) were determined from spectra
at 660 and 435 nm, respectively, as described in Experimental
Procedures. The percentages of different compounds were calculated
considering as 100% the heme concentrations of the starting
enzymes.

FIGURE 4: EPR spectrum of the tyrosyl radical in F194Y PMC.
The tyrosyl radical was generated in an F194Y PMC solution [40
µM heme in 0.1 M Tris-maleate buffer (pH 7.0) and 5% glycerol]
after treatment for 1 min with 1 equiv of peracetic acid at room
temperature before freezing in liquid nitrogen. Experimental
conditions for the EPR spectrum:T of 10 K, microwave power of
10 µW, modulation frequency of 100 kHz, modulation amplitude
of 0.3 T, and microwave frequency of 9657 MHz.

FIGURE 5: Measurements ofT1 for the tyrosyl radicals of BLC
and F194Y PMC. The tyrosyl radical was generated in the catalase
solutions [∼1 mM heme in 0.1 M Tris-citrate buffer (pH 6.2) and
5% glycerol] after treatment for 1 min with 5 equiv of peracetic
acid at room temperature before freezing in liquid nitrogen.T1
measurements by the saturation recovery method for F194Y PMC
(A) and BLC (B) at 4.2 K. On theX-axis is the delay between the
saturation pulse and theπ/2-2π detection sequence (τ). On the
Y-axis is the intensity of the Hann echo.
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neously at 406 and 340 nm (Figure 6). In the absence of
NADPH, the reaction at 406 nm showed a biphasic process,
indicating the formation and subsequent spontaneous reduc-
tion of compound I (Figure 6A). The curve of compound I
reduction fitted a first-order kinetic trace (kobs) 0.15 min-1),
indicating that the reaction depends only on the compound
I concentration. The addition of an approximately 10-fold
excess of NADPH when the compound I concentration was
maximal (see the arrow in Figure 6A) produced a strong
increase in the reduction rate of compound I. The curve of
compound I reduction fitted a double-exponential expression
to give two rate constants. The rate constant representing
the spontaneous reduction of compound I was maintained
at a value of 0.15 min-1, as evaluated above. The other
calculated rate constant (kobs ) 1.45 min-1) was∼10-fold
higher than that found without the cofactor. The decrease in
absorbance observed at 340 nm indicated that NADPH was
oxidized (Figure 6B). The resulting species was NADP+

because it could be recycled into NADPH by an enzymatic
system such as glucose-6-phosphate dehydrogenase with
glucose 6-phosphate (result not shown). However, to quan-
titatively estimate the rate of oxidation of NADPH, the
contribution of compound I to the absorbance at 340 nm
(Figure 6B, dashed line) was evaluated (see Experimental
Procedures) and subtracted. The oxidation curve of NADPH

could then be fitted to a double-exponential expression from
which two rate constants were extracted:kobs1) 1.67 min-1

andkobs2 ) 0.004 min-1. The highest constant (kobs1 ) 1.67
min-1) represented the NADPH oxidation rate, while the
lowest one (kobs2) could be attributed to the spontaneous
autoxidation of the cofactor as observed in control kinetics
experiments without the enzyme. The rate of NADPH
oxidation (1.67 min-1), taking into account the uncertainties
of the measurements, was similar to the rate of reduction of
compound I measured above (1.45 min-1), showing that the
two processes were correlated. Similar results were also
obtained with the F215Y variant.

With F194Y PMC, the kinetics were complicated by the
simultaneous formation of compounds I and II. The increase
in absorbance at 406 nm without NADPH represents mainly
the reduction of compound II and not that of compound I.
However, in the presence of NADPH, no compound II was
formed as shown below. Thus, if NADPH was added before
the peracetic acid in the assay, the increase in absorbance at
406 nm corresponded exclusively to the reduction of
compound I. The rate constants measured under these
conditions at 406 nm (kobs ) 0.87 min-1) and at 340 nm
(kobs) 0.88 min-1) were slightly smaller than those obtained
with wt PMC.

In a similar experiment conducted with BLC, the following
results were obtained. The rate constant of compound I
spontaneous reduction (kobs ) 1.38 min-1) was ∼10-fold
higher than the equivalent rate constant found with wt PMC
and was increased to a value of 1.80 min-1 in the presence
of NADPH. The estimated rate constant for NADPH
oxidation (kobs ) 1.70 min-1, corrected for the contribution
of compound I) matched well with that of compound I
reduction in the presence of the cofactor.

ReactiVity of BoVine LiVer and P. mirabilis Catalases with
Nucleotides.The reaction of wt PMC, the PMC variants,
and BLC with NADPH was further analyzed using a steady
flow of H2O2 produced by the glucose-glucose oxidase
system. With wt PMC and the PMC variants, the kinetics of
NADPH oxidation, followed at 340 nm, displayed a linear
curve (zero-order), and after∼13 min, an abrupt slowing
occurred (Figure 7A). At this point, all the available NADPH
was reduced. Increasing the NADPH concentration length-
ened the straight line portion without changing the slope
(results not shown). These linear kinetics were due to some
limiting factor other than NADPH, possibly the compound
I concentration. The rate of NADPH oxidation deduced from
the slope indicated a minimum value of 0.57( 0.02 oxidized
NADPH molecule min-1 heme-1. The rate found with BLC
(0.047( 0.005 oxidized NADPH molecule min-1 heme-1)
was lower than that estimated with PMC, but the kinetics
were also linear, indicating that the instantaneous compound
I concentration, probably lower than for PMC, remained a
limiting factor.

Since rapid compound II formation was characteristic of
the F194Y variant, the NADPH oxidation rate of this mutant
was also measured by determining the lag preceding
compound II formation in the presence of a glucose-glucose
oxidase system. As depicted in Figure 8, no compound II
was detected in F194Y PMC in the presence of H2O2 as long
as NADPH was present. The plot of the different lag times
against the NADPH concentrations (inset of Figure 8) was
linear with a slope of 0.58 oxidized NADPH molecule min-1

FIGURE 6: Effect of NADPH on the reaction of wt PMC with
peracetic acid. The reaction was started by the addition of 2 equiv
of peracetic acid to wt PMC (7µM heme) in 0.1 M Tris-HCl buffer
at pH 7.5 and 22°C. (A) The absorbance was recorded at 406 nm
with NADPH (89µM), which was added when the absorbance was
at its minimum (at the arrow) or without NADPH. (B) In the
presence of NADPH, the absorbance was simultaneously recorded
at 340 nm to follow the oxidation of NADPH. The contribution of
compound I to the absorbance (- - -) was calculated as described
in Experimental Procedures.
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heme-1. This clearly confirmed that the same limiting factor
as the one evidenced above (Figure 7A) was at work.

All attempts to obtain a higher steady-state compound I
concentration relative to catalase by either increasing the
H2O2 production (increasing the glucose oxidase concentra-

tion) or decreasing the catalase concentration were not
sufficient to avoid the limitation of the reaction by low
compound I concentrations. Other nucleotides having a lower
affinity for catalase were used to slow the nucleotide
oxidation step. With NADH, known to have a lower affinity
for the catalases than NADPH (20, 40, 41), reactions were
very similar to that observed with NADPH. Finally,âNMNH,
representing half a molecule of NADPH while retaining the
ability to be bound at the same site (result not shown), was
assayed in the oxidation reaction. The results indicate that
âNMNH did not react with BLC, hardly reacted with wt
PMC, and was slightly more efficient with F215Y PMC
(Figure 7B). However, a strong increase in the level of
âNMNH oxidation was detected with F194Y PMC, and once
again, the kinetics were strictly linear and probably limited
by the compound I concentration. The reduction rate deduced
from the slope was almost the same as with NADPH (0.55
oxidizedâNMNH molecule min-1 heme-1), as expected with
a slow steady flow of H2O2. This rate, which was a minimum
value, was at least 1 order of magnitude faster than the
reduction rate measured for the wild-type enzyme with
âNMNH (0.058 oxidizedâNMNH molecule min-1 heme-1).
However, control lag experiments carried out with F194Y
PMC indicated that the presence ofâNMNH did not prevent
the formation of compound II (not shown). Compound II
was also formed by wt PMC, F215Y PMC, and BLC under
these conditions.

DISCUSSION

Characterization of PMC Mutants.Two PMC variants
(F194Y and F215Y) were successfully overexpressed inE.
coli and exhibited the same general characteristics as the
original wt PMC. However, modifications of UV-visible
spectra (Figure 1) showed that protoporphyrin IX was
incorporated into the protein structure during folding. The
presence of protoporphyrin IX could be explained by an
excessive overexpression of catalase in bacteria inducing a
deficiency of the endogenous heme. Since the mutant proteins
were highly purified, with an Rz index of>1.0, the low heme
content found by the pyridine hemochromogen method in
the PMC variants was mainly assigned to the presence of
protoporphyrin IX replacing the heme group in the protein.
However, the possibility of a small proportion of in situ heme
degradation as observed in the wild type (19, 26) could not
be excluded.

The crystallographic structures of the two PMC variants
confirmed the incorporation of tyrosine in place of phenyl-
alanine and the proper folding of both mutant catalases. The
replacements only marginally modified the local structure,
as evidenced by the same orientation of each aromatic ring
(Figure 2).

The specific activities with H2O2 of the two PMC variants
were roughly the same as that of wt PMC, with the lowest
value for F194Y PMC. However, reaction with peracetic acid
clearly showed (Figure 3D) that compound I of F194Y PMC
was rapidly transformed into inactive compound II, and this
could explain the lower specific activity of this mutant.

The concomitant appearance of compounds I and II in
F194Y PMC (Figure 3D) indicated that compound I was
rapidly reduced to compound II by a single-electron reduc-
tion. The simultaneous EPR analysis further supported the

FIGURE 7: Kinetics of nucleotide oxidation by catalases submitted
to a slow steady flow of H2O2. Catalases (2µM heme) in aerobic
50 mM Tris-HCl buffer (pH 7.5) and 2.5 mM MgCl2 containing 4
mM glucose at 37°C. (A) NADPH (30 µM) was added before
starting the reaction with a subsequent addition of 2 nM glucose
oxidase. (B) Addition ofâNMNH (230 µM) before the subsequent
addition of 8 nM glucose oxidase. The kinetics were corrected for
the spontaneous oxidation of nucleotides.

FIGURE 8: Lags in the formation of F194Y PMC compound II
caused by the addition of NADPH. The formation of compound II
was followed at 435 nm. The reaction mixture (300µL) contained
F194Y PMC (2µM heme), 50 mM Tris-HCl buffer (pH 7.5), 2.5
mM MgCl2, and 4 mM glucose, and the reaction was started by
the addition of 2 nM glucose oxidase (arrow) at 37°C, generating
H2O2 at a rate of 2µM min-1. NADPH was added to the reaction
mixture before the glucose oxidase: (a) 0, (b) 2, (c) 6, (d) 12, and
(e) 18µM NADPH, respectively. The lag time was proportional to
the amount of NADPH added (inset) and corresponded to the level
of NADPH consumption. The calculated rate for NADPH oxidation
was 1.16 µM min-1 (0.58 oxidized NADPH molecule min-1

heme-1).
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conclusion that a tyrosyl residue was the electron donor,
resulting in the formation of the radical. The substoichio-
metric intensity measured by EPR indicated that the tyrosyl
radical was submitted to a further reaction restoring a
diamagnetic, EPR silent, species. A similar effect of a point
mutation was observed with the F172Y mutant of horseradish
peroxidase (HRP) where compound I was also destabilized
and reduced to compound II by the tyrosyl residue introduced
into the protein structure (42). The current example dem-
onstrates that the formation of a tyrosyl radical is not solely
the result of a short distance between the tyrosyl residue and
the heme iron. In HRP, this distance is 10 Å (PDB entry
1ATJ), whereas it is 15 Å in F194Y PMC.

The conclusion that the tyrosyl radical in F194Y PMC
was most probably due to the oxidation of Y194 was
supported by the following arguments. First, no such radical
was observed in wt PMC or F215Y PMC. Second, the
dihedral angles formed by theâ-protons and the normal to
the aromatic ring plane of Y194, as calculated from the X-ray
structure (this study), perfectly matched those which were
extracted from the measurement of the hyperfine couplings
(17, 37). Theâ dihedral angles corresponding to the tyrosyl
radical in F194Y PMC were in perfect agreement with those
obtained for the tyrosyl radical in BLC (∼60° in absolute
value for each proton) (37). Third, the hydroxyl group of
Y194 is partially deprotonated by a hydrogen bond with a
water molecule, increasing its reducing power (this study).

Localization of the BLC Tyrosyl Radical.Ivancich et al.
(37) have shown that the tyrosyl radical observed in BLC
was relaxed by the iron atom through dipolar and/or
exchange interaction(s) between the radical and the iron
atom. However, the precise localization of the radical was
not definitively solved. The formation of the tyrosyl radical
in F194Y PMC allowed us to readdress this problem. Indeed,
the relaxation time of the tyrosyl radical in F194Y PMC was
∼4 times slower than that of BLC. The comparison of the
X-ray structure of this PMC variant with the BLC structure
(43-45) established that, in the two proteins, the relative
orientation with respect to the heme and the distance to the
iron atom of Y194 in PMC and Y214 in BLC were very
similar (Figure 2 and Table 3). The minor structural dif-
ferences between the two proteins could not produce such
important variations in the relaxation times. Furthermore, the
heme environment was very similar in both proteins, ensuring
the conservation of the relaxation properties of the iron.
Consequently, the possibility that the radical in BLC resulted
from the oxidation of Y214 must be discarded.

Whatever the precise nature of the interaction between the
radical and the iron atom, the distance between both entities

in BLC must be of the same order of magnitude or lower
than that in F194Y PMC to explain the difference in
relaxation times. The analysis of the structure of BLC
revealed that only three tyrosine residues could fulfill this
condition: Y214, Y235, and Y369 (Table 3). Y369, not
conserved in PMC, was the only one with proper orientations
of its two â protons with respect to the aromatic ring, i.e.,
nearly equal dihedral angles (Table 3). This orientation was
compatible with the observed equivalence of the two
hyperfine couplings (this study). The validity of this argu-
ment, previously proposed by Putman et al. (46) after
examination of the structure of human catalase, is reinforced
by the fact that the F215Y mutation of PMC, which is the
equivalent of Y235 of BLC, was ineffective in the formation
of a tyrosyl radical.

Reaction of Compound I with Nucleotides.The mechanism
of reaction of catalases with NADPH is not well understood;
in particular, the species (compound I or II) involved in the
reaction has not been determined. Until now, it was thought
that NADPH could not react rapidly with compound I
because compound I was formed in the presence of this
cofactor (13, 15). A ratio of compound I to resting enzyme
of ∼40% was found by Kirkman et al. (14) with BLC. The
authors also observed that oxidation of NADPH occurred at
a rate severalfold greater than the rate of production of
compound II which suggests that NADPH can react with
compound I itself. Up to now, stable BLC compound I had
not been observed during reactions while other oxidation
states had appeared (12, 14). In the study presented here,
the use of PMC, which is able to form a very stable
compound I, led to an improvement in the experimental
conditions.

Assays under a slow flow of H2O2 clearly pointed toward
a limitation of the reaction rate. With NADPH, or even
NADH with a lower affinity for catalase, the reaction was
so fast that the rate of production of compound I was limiting.
Thus, the measured rates (0.57( 0.02 and 0.047( 0.005
oxidized NADPH molecule min-1 heme-1 for wt PMC and
BLC, respectively) were likely underestimated.

When wt PMC reacted with peracetic acid, measurement
of the rate of NADPH oxidation in the presence of a well-
defined state of the enzyme was possible. A similarly homog-
eneous state was also obtained with BLC under the same
experimental conditions. NADPH oxidation rates measured
with either wt PMC or BLC under these conditions were
very similar to the simultaneous reduction rates of compound
I. A tight correlation between the two processes was defini-
tively established for the two catalases, strongly supporting
the theory that NADPH reacted with compound I.

These results give new insight into the role of NADPH.
NADPH had previously been proposed to protect against
compound II formation. As another illustration of this effect,
the formation of compound II in F194Y PMC under steady-
state H2O2 production was delayed until complete oxidation
of NADPH. The contribution of NADPH to compound II
removal was recently estimated to be relatively small (14).
The protective role of NADPH could now be better explained
if NADPH directly reduced compound I into the resting
enzyme, thus preventing any partial transformation into
inactive compound II. The reaction of NADPH with com-
pound I was faster than the spontaneous decay of compound
I into compound II (0.06 min-1) with BLC (47). It was

Table 3: Comparison of Dihedral Angles ofâ Protons and
Distances to Heme Iron for Different Tyrosyl Residues in BLC and
in F194Y PMC

enzymea residue angle 1H (deg) angle 2H (deg) distance (Å)

BLC Y214 -70 55 16
BLC Y235 -90 26 15
BLC Y369 -64 58 15
F194Y PMC Y194 -54 68 15

a The angle values and the distances were measured from PDB
structure 7CAT for BLC and from this work for F194Y PMC (PDB
entry 1H6N). The angles were taken from the normal to the ring plane.
The distances were measured between the iron atom and the geometric
center of the phenolic group of tyrosines inside a catalase subunit.
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sufficient to fully prevent compound II formation as evi-
denced with F194Y PMC (this paper) or with BLC (12, 15).
The value of the observed rate constant (on the order of 2
min-1) for the reaction of NADPH with compound I was
similar for BLC and PMC. This rate is probably well-tuned
to ensure the maximum efficiency of compound I reduction,
by optimizing NADPH consumption while blocking com-
pound II formation. Following the classification of Nicholls
(48), NADPH behaves as a two-electron donor like ethanol.
Estimation of the second rate constant at the NADPH
concentration used in our experiments gave a value of∼3
× 102 M-1 s-1, only slightly inferior to the rate of reaction
of ethanol with compound I (103 M-1 s-1 with horse
erythrocyte catalase) (10).

Since the reduction of compound I by NADPH has now
been established, the mechanism of the reaction can be
further analyzed by studying the role of catalase tyrosyl
radical intermediates.

The observation of a tyrosyl radical must be dissociated
from the reaction of NADPH for two main reasons. First,
the tyrosyl radical detected in BLC could not be, at least
directly, involved in the electron transfer from NADPH to
heme because it is localized on Y369, away from the
NADPH binding site, and the oxidation of Y369 in BLC
was more reminiscent of similar reactions with other hemo-
proteins such as myoglobin or hemoglobin (8, 49-51).
Second, the tyrosyl radical detected in F194Y PMC did not
facilitate either the oxidation of NADPH or the reduction of
compound I of the mutant catalase compared to wt PMC.

In contrast, the presence of a radical on the predicted
electron pathway from the nucleotide binding site to the heme
(18, 22) was critical forâNMNH oxidation. The nucleotide
was rapidly oxidized by F194Y PMC but not by F215Y PMC
or wt PMC, neither of which is able to generate a detectable
tyrosyl radical. Furthermore, the tyrosyl radical of BLC,
located away from the nucleotide binding site, did not favor
nucleotide oxidation. Interestingly, F194Y PMC oxidized
âNMNH without preventing the formation of compound II.
This suggests that the cofactor reduces the tyrosyl radical
created in a first step with one electron, thus allowing this
tyrosine to be active again in reducing compound I (or
possibly compound II). This mechanism may be similar to
that described in peroxidases or dioxygenases such as
cytochromec peroxidase (6, 52), prostaglandin H synthase
(4), or linoleate diol synthase (53).

In conclusion, two mechanisms can be distinguished in
the reaction of nucleotides with catalases: a “direct” mech-
anism by which the nucleotide reduces compound I in a two-
electron reaction and a second “radical-triggered” mecha-
nism, which involves the presence of a radical species and
a one-electron process (or two sequential one-electron
reactions).

SUPPORTING INFORMATION AVAILABLE

A figure depicting the difference spectra of PMC variants
after reaction with approximately stoichiometric amounts of
peracetic acid (Figure S1); a figure depicting the positions
of three tyrosine residues that are available to carry the
tyrosyl radical in the BLC structure (Figure S2). This material
is available free of charge via the Internet at http://
pubs.acs.org.
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