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ABSTRACT: Mammalian (Clade 3) catalases utilize NADPH as a protective cofactor to prevent
one-electron reduction of the central reactive intermediate Compound I (Cpd I) to the
catalytically inactive Compound II (Cpd II) species by re-reduction of Cpd I to the enzyme’s
resting state (ferricatalase). It has long been known that ascorbate/ascorbic acid is capable of
reducing Cpd I of NADPH-binding catalases to Cpd II, but the mode of this one-electron
reduction had hitherto not been explored. We here demonstrate that ascorbate-mediated
reduction of Cpd I, generated by addition of peroxoacetic acid to NADPH-free bovine liver
catalase (BLC), requires specific binding of the ascorbate anion to the NADPH binding pocket.
Ascorbate-mediated Cpd II formation was found to be suppressed by added NADPH in a
concentration-dependent manner, for the achievement of complete suppression at a stoichiometric 1:1 NADPH:heme
concentration ratio. Cpd I → Cpd II reduction by ascorbate was similarly inhibited by addition of NADH, NADP+, thio-NADP+,
or NAD+, though with 0.5-, 0.1-, 0.1-, and 0.01-fold reduced efficiencies, respectively, in agreement with the relative binding
affinities of these dinucleotides. Unexpected was the observation that although Cpd II formation is not observed in the presence
of NADP+, the decay of Cpd I is slightly accelerated by ascorbate rather than retarded, leading to direct regeneration of
ferricatalase. The experimental findings are supported by molecular mechanics docking computations, which show a similar
binding of NADPH, NADP+, and NADH, but not NAD+, as found in the X-ray structure of NADPH-loaded human erythrocyte
catalase. The computations suggest that two ascorbate molecules may occupy the empty NADPH pocket, preferably binding to
the adenine binding site. The biological relevance of these findings is discussed.

Catalases are ubiquitous and long-known enzymes that in
almost all aerobically respiring organisms regulate and

detoxify endogenously formed hydrogen peroxide by dis-
proportionation to water and molecular oxygen.1−10 Mamma-
lian catalases are monofunctional (Class 1), tetrameric heme
catalases and are further classified as Clade 3 [small subunit
(<60 kDa), His III, heme b] catalases. A unique feature of
essentially all Clade 3 catalases, not found in Clade 1 and 2
catalases, is the additional binding of NADPH/NADP+ as a
cofactor.11 X-ray data show that the NADPH/NADP+ ligand is
bound in a pocket at the surface of each subunit, at a shortest
distance of ∼13 Å from the heme group.12−16 The current view
is that the bound NADPH represents a protective factor for the
enzyme, acting by reducing the key reactive intermediate,
Compound I (Cpd I; por•+FeIVO), back to the enzyme’s
resting state, ferricatalase (porFeIII), in case of H2O2 fluxes that
are too low to maintain the normal catalytic cycle (Scheme
1).2,7,9,11,16−24 By this method, the self-oxidation of the enzyme
and/or the reduction by external one-electron donors to give
the catalytically inactive species Compound II (Cpd II) is
prevented. In Cpd II, the porphyrin radical cation of Cpd I has
been reduced back to the intact porphyrin. Recent studies
showed that Cpd II preferably exists in its protonated form,
porFeIV−OH+, rather than as porFeIVO.25,26

In 2005, a study revealed that the NADP+ formed during the
regeneration of ferricatalase by bound NADPH remains bound
to the enzyme pocket and that the protective functionality of
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Scheme 1. Simplified Catalytic Cycle of Clade 3 Catalases
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NADPH is preserved by re-reduction of the bound NADP+ by
external (unbound) NADPH rather than by NADPH−NADP+

exchange.27 It should also be noted that NADH and NAD+

bind to the enzyme pocket, with the strength of binding
(matching the efficiency of Cpd II suppression) decreasing in
the following order: NADPH > NADH ≫ NADP+ >
NAD+.1,2,11,27,28

In a recent review, Kirkman and Gaetani called mammalian
catalase “a venerable enzyme with new mysteries”.9 A major
mystery addressed in their review is the detailed mechanism by
which NADPH reduces Cpd I back to ferricatalase. Because of
the kinetic peculiarities of this process, it has been proposed
that an additional high-valent heme iron intermediate should be
involved that must be in equilibrium with Cpd I.2,9,24 On the
basis of the analysis of the available X-ray structures of catalases
and quantum-chemical density functional theory (DFT)
calculations, we recently proposed a mechanism for the
NADPH path of the catalytic cycle.29 The X-ray data disclosed
a highly conserved molecular arrangement in the heme−
NADPH region and, with one exception (see ref 56 in ref 29), a
conserved water molecule as a nearest neighbor of the 4-vinyl
group of the heme. The calculations suggested that this water
molecule plays a pivotal role in the reduction process. Upon
formation of Cpd I, i.e., oxidation of the heme porphyrin to its
radical cation, a reversible nucleophilic addition of a hydroxyl
anion released from this water molecule to the 4-vinyl group of
the heme becomes energetically and kinetically feasible.
Thereby, an adduct, HO−por•FeIVO, is formed, which
could be the proposed additional heme iron intermediate.
Simultaneous proton shifts toward the NADPH binding site
then facilitate the flow of electrons from NADPH to this heme
species. On two-electron reduction of HO−por•FeIVO, the
addition of OH− is instantaneously reversed to give directly
ferricatalase, thereby preventing Cpd II formation (see Scheme
2 of ref 29). It should be emphasized that this mechanism is in
accord with all published experimental observations.
There are a few low-molecular weight compounds other than

H2O2 that are known to react with Cpd I of catalase. Ascorbic
acid/ascorbate (AscH2/AscH

−) is a prominent example of such
an “electron/hydrogen donor”. In 1947, Chance noted the
acceleration of decomposition of Cpd I by ascorbic acid,30 and
Lemberg and Foulkes observed a change in the UV−vis
spectrum of catalase upon its interaction with ascorbic acid.31

The new spectroscopic features were identified by Chance as
Cpd II,32−35 the one-electron reduction product of Cpd I.
(Catalase Cpd II was first spectroscopically detected by Stern in
1936.36,37) According to the classification of electron/hydrogen
donors for catalases introduced by Keilin and Nicholls,38

ascorbic acid is a “D1 group” donor, i.e., a one-electron donor
that converts Cpd I only to Cpd II. Hexacyanoferrate(II) is
another member of this group. Although one-electron
reduction of Cpd I (which corresponds to catalase/H2O2
mixtures) by ascorbate has several times been mentioned in
the literature, there seems to be no study specifically devoted to
the structural and mechanistic details of this reaction. Recently,
it has been reported that ascorbic acid quenches the tryptophan
fluorescence of bovine liver catalase (BLC) in a concentration-
dependent manner. Li et al.39 concluded that the quenching
process requires specific binding of ascorbic acid to the enzyme,
but the mode of interaction was not further elaborated or
discussed. It is noteworthy that in our computational study
mentioned above we found that upon one-electron reduction of
HO−por•FeIVO, the proposed addition of OH− is readily

reversed, directly resulting in the formation of Cpd II.29 We
thus suspected that the ascorbate-mediated reduction of Cpd I
of NADPH-binding catalases would occur only via (com-
petitive) binding of ascorbate to the NADPH pocket. We here
demonstrate that this is indeed true. It was found that
substantial reduction of Cpd I to Cpd II takes place only in the
absence of NADPH, NADP+, NADH, or, to a much lower
extent, NAD+, proving that docking of ascorbic acid/ascorbate
is blocked by these dinucleotides. This finding is supported by
molecular mechanics (MM) docking computations.

■ MATERIALS AND METHODS
Catalase from bovine liver (BLC, suspension form, EC
1.11.1.6), glucose oxidase from Aspergillus niger (lyophilized,
EC 1.1.3.4), glucose 6-phosphate (disodium salt), xanthine
oxidase from bovine cow milk (lyophilized, EC 1.1.3.22),
NADPH, and NADH were purchased from Roche Biochem-
icals (Mannheim, Germany). Merck (Darmstadt, Germany)
was the source of L-(+)-ascorbic acid. Diethylenetriaminepenta-
acetic acid (DTPA), xanthine, glucose, K2HPO4, KH2PO4,
Chelex-100 (chelating resin, iminodiacetic acid), and dialysis
tubes were obtained from Sigma Chemicals (Deisenhofen,
Germany). The peroxoacetic acid solution was a product of
Fluka (Deisenhofen, Germany), and ethanol was purchased
from Riedel de Haen̈ (Deisenhofen, Germany).
All solutions were prepared with highly purified water

received from TKA-LAB (Niederelbert, Germany).
In general, phosphate buffer solutions (50 mM, pH 7.4) were

exposed for >12 h to the chelating resin Chelex-100 (1.5 g/50
mL) as described previously.40 Afterward, DTPA (100 μM) was
added. The xanthine stock solution was prepared with an
alkaline K3PO4 (50 mM) solution, which was treated with
Chelex-100 as described above.
Stock solutions of reagents were freshly prepared on a daily

basis and were stored on ice for the duration of the
experiments.
The stock solution of catalase was mixed (1:5 v/v) with a

phosphate buffer solution (50 mM, pH 7.4) and was then
incubated for ∼4 min at 37 °C until the solutions became clear
and their color had changed to green. Then, the enzyme
solution (∼5 mL) was dialyzed against a phosphate buffer
solution (5 L, 50 mM, pH 7.4, 4 °C) for 1 day, including two
exchanges of the dialysis solution.
All reactions were performed in phosphate buffer (50 mM,

100 μM DTPA, pH 7.4) at 25 °C. Steady-state flows of H2O2
were generated enzymatically with a glucose oxidase system in
glucose (10 mM)-enriched buffer. In the hydrogen peroxide
and superoxide radical production experiments, a xanthine (100
μM)/xanthine oxidase system in phosphate buffer in the
absence of superoxide dismutase was employed.
To keep the enzyme in the resting Fe(III) state, i.e., for

reducing unintentionally produced Cpd I and Cpd II, a heme
equivalent amount of ethanol was added prior to the start of the
experiments.
Electronic absorption spectra were monitored with a Specord

S100 diode array spectrometer from Analytic Jena (Jena,
Germany), using a micro quartz cuvette in a thermostated bath
(25 °C).
For the determination of ferricatalase, Cpd II, and Cpd I,

molar absorptivities of 3.24 × 105 (ε405),
41 3.2 × 104 (ε435),

42

and 5.7 × 103 M−1 cm−1 (ε660),
43 respectively, were used.

For the preparation of high concentrations of Cpd I,
peroxoacetic acid is a suitable reagent.44 To remove undesired
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hydrogen peroxide contamination, the peroxoacetic acid stock
solution was incubated for ∼30 min with 8 nM catalase at room
temperature.44 The thus purified stock solution was stored on
ice until it was used. For Cpd I formation, ferricatalase was
treated with 3 equiv of peroxoacetic acid; the highest Cpd I
concentration was reached after an incubation period of ∼15 s
at 25 °C.
Data analysis was performed with SigmaPlot version 10

(Systat Software, Inc.). Data points and error bars given in the
figures refer to averages of three or four independent
measurements.
Molecular mechanics (MM) docking studies were performed

with MacroModel 9.8 (Schrödinger, LLC, New York) employ-
ing the OPLS_2005 force field. The aqueous environment was
modeled by the dielectric continuum model. As a starting
structure for the docking calculations, the experimental X-ray
structure of HEC with bound NADP+ [Protein Data Bank
(PDB) entry 1DGF, subunit A] was used. Hydrogen atoms
were added by using standard bond lengths and angles. Bound
water molecules were omitted from the calculations. For
NADPH docking, the nicotinamide group was converted to a
dihydronicotinamide unit without significantly altering the
positions of the heavy atoms. For ascorbate docking, the
lowest-energy CBS-QB3-calculated structure of AscH− (see
Figure S6 of the Supporting Information) was taken as the
starting structure. One to four ascorbate molecules were placed
at random in the pocket. In all docking runs, the protein
structure was kept frozen, but the structure of the ligands was
always fully optimized. Quantum-chemical density functional
theory (DFT) computations were conducted with the Gaussian
09 suite of programs.45 Molecular graphics were created with
Discovery Studio Visualizer version 2.5 (Accelrys Software Inc.,
San Diego, CA).

■ RESULTS

Inhibition of Ascorbate-Induced Formation of Cpd II
by NADPH. Upon addition of a 3-fold excess (30 μM) of
peroxoacetic acid to NADPH-free bovine liver catalase (BLC)
(2.5 μM, corrresponding to 10 μM heme centers), the
characteristic UV−vis absorption of Cpd I at 660 nm (λmax)
(Figure 1a; for comparison, spectra from the literature are
reproduced in Figure S1 of the Supporting Information) built
up within 10 s, in agreement with the rate constants for Clade 3
catalases given in previous reports.3,44,46,47 In the absence of
any additives, the 660 nm absorption decayed in an apparent
sigmoid fashion (Figure 1b; see also Figure 3b) with a half-life
of ∼300 s (time-dependent spectra in the 500−800 nm range
are shown in Figure S2 of the Supporting Information). Similar
time dependencies, which reflect the reduction of Cpd I by an
“endogenous donor” from the protein, have been reported
previously.43,48−50

When NADPH (1 mM) was added 60 s after the first
spectrum had been recorded, the Cpd I absorption decayed
∼10 times faster, in an apparent first-order process with a rate
constant k1 of (1.8 ± 0.1) × 10−2 s−1 at 25 °C, corresponding
to a half-life of ∼38 s, again in good agreement with previous
observations.43

As expected,30 addition of ascorbic acid (1 mM) also
accelerated the decay of Cpd I (t1/2 ∼ 120 s), though ascorbic
acid was less effective than NADPH. The decay clearly followed
a sigmoid time dependence, which reasonably can be assumed
to be caused by regeneration of Cpd I by excess peroxoacetic

acid in the early stages of the reaction, which was supported by
kinetic simulations (data not shown).
The formation of Cpd II was monitored at 435 nm, the

isosbestic point between ferricatalase and Cpd I.5 In accord
with previous work,5,33,38,51,52 in the absence of additional
reductants, the buildup of the Cpd II absorption followed an
apparent first-order rate law to approach a constant, rather low
level within ∼90 s (data not shown). This suggested that under
the given conditions the concentration of Cpd II reached a
steady-state level corresponding to ∼30% of the total heme
centers due to subsequent reduction to ferricatalase (see
below). Similar time dependencies for Cpd II of BLC have
been reported previously.43,50 In marked contrast, addition of
excess ascorbate (300 μM) after 60 s caused a strong,
exponential buildup of the absorption of Cpd II (Figure 2a),
with a half-life of ∼32 s [k1app = (2.2 ± 0.2) × 10−2 s−1].a The
ascorbate-induced formation of Cpd II was effectively sup-
pressed by simultaneous addition of increasing amounts (2−75
μM) of NADPH. Even at 2.0 μM NADPH, the formation of
Cpd II was significantly (∼50%) reduced, and it was completely
suppressed at ≥25 μM. The kinetic traces of Figure 2 further
reveal a continuous degradation of the initially produced Cpd II
at higher NADPH concentrations, in agreement with the

Figure 1. (a) Visible spectrum of Cpd I (), recorded 10 s after
NADPH-free BLC (2.5 μM) (−−−) had been mixed with
peroxoacetic acid (30 μM) in phosphate buffer (pH 7.4) at 25 °C.
(b) Time dependence of the absorption of Cpd I at 660 nm (λmax), in
the absence of any additives (□), in the presence of 1 mM NADPH
(▽), and in the presence of 1 mM ascorbic acid (○). The arrow marks
the point of addition of NADPH or ascorbic acid. Solid lines show
empirical least-squares fits to sigmoidal (□ and ○) and exponential
(▽) functions. Data points before time zero show background
absorption prior to addition of peroxoacetic acid.
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“reverse” hypothesis of action of NADPH; that is, NADPH not
only prevents formation of Cpd II but also is capable of
reducing it, albeit slowly, back to ferricatalase.17,24,28

The plot of the absorbances of Cpd II 120 s after addition of
AscH−, i.e., at a point at which in the absence of NADPH the
steady-state level had been reached, shows that Cpd II
formation is completely suppressed and/or reversed at ∼10
μM NADPH, a concentration equimolar to that of the active
heme centers (Figure 2b).11,17

Inhibition of Ascorbate-Induced Formation of Cpd II
by NADP+ and Thio-NADP+. The recent finding that the
NADP+ produced upon reduction of Cpd I by tightly bound

NADPH remains bound to the enzyme pocket27 suggested that
in the presence of NADP+ Cpd I should also be protected
against one-electron reduction by added ascorbic acid. In fact,
the level of formation of Cpd II was increasingly diminished
with increasing concentrations of NADP+ (Figure 3a), as would
be expected for a specific, competitive binding of NADP+ and
ascorbate. Complete suppression was achieved at ∼100 μM, i.e.,
at a level 10-fold higher than that found for NADPH (see
Figure S3 of the Supporting Information). This finding agrees
well with earlier reports that NADPH binds more strongly to
catalase than does NADP+.11,27,28 The data of Figure 3a
suggested that addition of NADP+ would lead to retardation of
the ascorbate-induced Cpd I decay; i.e., a time depencence
similar to that of the blank experiment in the absence of
ascorbate (Figure 3b, top trace) was finally expected. Somewhat
surprisingly, however, we found that simultaneous addition of
NADP+ and ascorbate even slightly enhanced the rate of decay
of Cpd I in a concentration-dependent manner, following a
sigmoid time dependence (Figure 3b).
Simultaneous monitoring of the absorption of ferricatalase at

405 nm (λmax) in the foregoing experiments showed that the
regeneration of ferricatalase mirrors the decay of Cpd I (Figure
3c). As observed previously for BLC and PMC,28,43 in the
absence of external reductants most of the Cpd I was
reconverted (by the endogenous donor) to ferricatalase, and
only a minor fraction, ∼10−20%, was reduced to Cpd II, which
is evident from the absorbance−time profiles monitored for the
first 60 s after addition of peroxoacetic acid (compare Figures
2a and 3a). Even in the presence of 300 μM ascorbic acid, Cpd
II still represented the smaller fraction (20−30%) of the Cpd I-
derived products. In accord with the decay profile of Cpd I in
Figure 3b, the formation of ferricatalase proceeded faster and to
a higher degree when NADP+ was added simultaneously with
ascorbic acid. Although the ascorbate-dependent formation of
Cpd II could be completely suppressed at ≥100 μM NADP+,
no full regeneration of ferricatalase was observed, as can be
deduced from comparison of the limiting absorbances at 300 s
with the initial absorbances prior to addition of peroxoacetic
acid (see Figure 3b,c). The “missing” fraction of ∼10% is
tentatively attributed to degradation of the heme structures to
products like biliverdin, which absorb above 600 nm.53

Further support for the blocking mode of inhibition of
ascorbate-induced formation of Cpd II by NADP+ was sought
by employing thio-NADP+, the nicotinic thiocarbamide
analogue of NADP+.54,55 Thio-NADP+ has a somewhat higher
redox potential (−0.25 vs −0.32 V at pH 7)56 and may adopt
somewhat different binding conformations of the nicotinic
amide group than NADP+57 but can be assumed to bind to the
NADPH binding pocket with a strength similar to that of
NADP+. Thus, in case of a significant contribution of NADP+

→ NADPH reduction to the decay of Cpd I, a measurable
difference in the concentration dependence was expected.
However, thio-NADP+ inhibited Cpd II formation to essentially
the same degree as NADP+ did (Figure S4a of the Supporting
Information), achieving complete inhibition at ∼100 μM (see
Figure S4b of the Supporting Information). The data of Figure
3a thus support the conclusion that inhibition of formation of
Cdp II by NADP+ is a consequence of competitive docking.
To mimic a physiological situation more closely, the

ascorbate-mediated formation of Cp II of BLC (2.5 μM) was
also monitored under conditions of continuous generation of
Cpd I from a low, constant flux of H2O2 generated by the
glucose (10 mM)/glucose oxidase (2 nM) system. In the

Figure 2. (a) Effect of NADPH on the formation of Cpd II from
reaction of NADPH-free BLC (2.5 μM) with peroxoacetic acid (30
μM) in phosphate buffer (pH 7.4) at 25 °C, monitored at 435 nm
(λmax). Sixty seconds after the reactants had been mixed, only ascorbic
acid (300 μM) (●) or, simultaneously, ascorbic acid (300 μM) and
increasing amounts of NADPH were added (arrow). The final
concentrations of NADPH were 2.0 (red triangles), 2.5 μM (green
squares), 5.0 μM (magenta diamonds), 10.0 μM (cyan triangles), 25.0
μM (yellow stars), 50.0 μM (gray triangles), and 75 μM (blue circles).
The solid lines (empirical fits for data at 2.0, 2.5, 5.0, and 75 μM
NADPH) are just intended to guide the eye. (b) Dependence of the
UV−vis absorption intensity of Cpd II 120 s after the addition of
ascorbate on the concentration of NADPH (data from panel a). The
solid line is a single-exponential fit.
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presence of 300 μM ascorbic acid, the buildup of Cpd II
absorption proceeded exponentially, approaching a constant
level within 20 min (Figure 4). In the presence of 20 μM
NADP+ or thio-NADP+, the level of Cpd II production was
reduced by ∼60% and largely suppressed at 5 mM, in
correspondence with the observations made with peroxoacetic
acid.
Inhibition of Ascorbate-Induced Formation of Cpd II

by NADH and NAD+. As mentioned in the introductory

section, the binding of NADH to Clade 3 catalases is slightly
less effective than binding of NADPH, and NAD+ is the least
strongly bound nucleotide.11,27,28 This order was confirmed to
be true in the presence of excess ascorbate, too (Figure 5).
Measurable suppression of formation of Cpd II by NAD+ was
only observed at concentrations of ≥25 μM. Approximately
300 μM NAD+ were required to achieve an inhibition level

Figure 3. (a) Effect of NADP+ on the formation of Cpd II from reaction of NADPH-free BLC (2.5 μM) with peroxoacetic acid (30 μM) in
phosphate buffer (pH 7.4) at 25 °C, monitored at 435 nm (λmax). Sixty seconds after the reactants had been mixed, only ascorbic acid (300 μM) (○)
or ascorbic acid (300 μM) and increasing amounts of NADP+ were simultaneously added. Final concentrations of NADP+ were 1.0 (●), 2.5 (△),
10.0 (▲), 25.0 (□), 100 (◆), and 300 μM (◇). The solid lines (empirical exponential fits) are just intended to guide the eye. (b) Time dependence
of the UV−vis absorption of Cpd I at 660 nm (λmax) from the reaction of NADPH-free BLC (2.5 μM) with peroxoacetic acid (30 μM) in phosphate
buffer (pH 7.4) at 25 °C, in the absence of any additives (○), in the presence of 300 μM ascorbic acid (●), in the presence of 300 μM ascorbic acid
and 25 μM NADP+ (▽), and in the presence of 300 μM ascorbic acid and 100 μM NADP+ (▼). Solid lines show empirical least-squares fits to a
sigmoidal function. (c) Time dependence of the UV−vis absorption of ferricatalase at 405 nm (λmax) from the reaction of NADPH-free BLC (2.5
μM) with peroxoacetic acid (30 μM) in phosphate buffer (pH 7.4) at 25 °C, in the absence of any additives (○), in the presence of 300 μM ascorbic
acid (●), in the presence of 300 μM ascorbic acid and 25 μM NADP+ (▽), and in the presence of 300 μM ascorbic acid and 100 μM NADP+ (▼).
Solid lines show empirical least-squares fits to a sigmoidal function. In all figures, the arrow marks the point of addition of ascorbic acid and NADP+.
Data points before time zero show absorption prior to addition of peroxoacetic acid.

Figure 4. Formation of Cpd II from NADPH-free BLC (2.5 μM) in
the presence of a glucose (10 mM)/glucose oxidase (2 nM) system
and ascorbic acid (300 μM) in phosphate buffer (pH 7.4) at 25 °C, in
the absence of any additives (●) and in the presence of 25 μM
NADP+ (red circles), 25 μM thio-NADP+ (blue triangles), 1 mM
NADP+ (magenta triangles), and 5 mM NADP+ (green diamonds).
Solid lines are least-squares fits to a single-exponential equation.

Figure 5. Effect of NADH and NAD+ on the UV−vis absorption at
435 nm (λmax) of Cpd II from reaction of NADPH-free BLC (2.5 μM)
with peroxoacetic acid (30 μM) in phosphate buffer (pH 7.4) at 25 °C.
Sixty seconds after the reactants had been mixed, ascorbic acid (300
μM) (○) or ascorbic acid (300 μM) and NADH or NAD+ were
simultaneously added (arrow). Final concentrations of NAD+ were 25
(▲) and 300 μM (◇); the final concentration of NADH was 2.5 μM
(●). The solid lines (empirical exponential fits) are just intended to
guide the eye.
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similar to that observed with 2.5 μM NADH or 25 μM NADP+

(see Figure 3a). Thus, under these conditions, NAD+ is ∼10
times less effective than NADP+ and ∼100 times less effective
than NADH in inhibiting Cpd II formation. From comparison
with the data of Figure 2, the binding strength of NADH is
estimated to be ∼1.2−2 times smaller than that of NADPH,
which is very consistent with a ratio of ∼1.5 from previous
estimates.27,28

Failure of Ascorbate To Induce Formation of Cpd II
from A. niger (Clade 2) Catalase. Catalase from A. niger
(ANC) is a Clade 2 catalase that does not bind NADPH as a
cofactor. It has been reported that Cpd II can barely be
detected when ANC is treated with alkyl hydroperoxides,48,58,59

suggesting that initially formed Cpd I is not effectively
converted to Cpd II by the endogenous donor.48 Likewise,
the spectrum of Cpd I of ANC has briefly been mentioned not
to be affected by 5 mM external ascorbate.58 However, slow
formation of Cpd II of ANC has been observed in the presence
of the H2O2-generating glucose/glucose oxidase system at pH
3.5.49,60 Cpd II of ANC can also be produced by the unspecific
one-electron reductant hexacyanoferrate(II).61 Thus, if only
specific binding of ascorbate to an existing NADPH pocket
would allow one-electron reduction of Cpd I, no buildup of
Cpd II should be observable from ANC and the glucose/
glucose oxidase system in the presence of ascorbate. This
indeed turned out to be the case, as demonstrated in Figure 6
by comparison with BLC.

Molecular Mechanics Docking Computations of
Dinucleotide and Ascorbate Binding. To gain deeper
insight into the structural characteristics of NADPH/NADP+

and AscH− binding, molecular mechanics (MM) docking
computations were conducted. For several NADPH-free and
NADPH-bound Clade 3 catalases, X-ray structures are available
from the PDB.62 These data reveal a highly conserved amino
acid sequence for the binding pockets of the various catalases. It
is noteworthy that, by comparison of the PDB data with X-ray
structural data of various dihydronicotinamide/nicotinamide

derivatives,63−67 it appears that in all published NADPH-bound
catalase structures the bound dinucleotide is in fact the oxidized
form, NADP+. The experimental structure of the NADPH
binding pocket of HEC with bound NADP+ is shown in Figure
7a.
As discussed previously,1,2 a unique feature of the bound

NADP+/NADPH is the unusually helical conformation, which
allows both the nicotinamide and adenine group to deeply
penetrate the protein pocket and have a short mutual distance.
We recognize, as characteristic stabilizing forces, π-stacking
interactions of the perpendicularly oriented adenine group with
arginine and phenylalanine residues Arg203 and Phe198 and
hydrogen bond-assisted ionic (Coulomb) interactions of the
doubly negatively charged ribose 2′-phosphate group with the
positively charged arginine (Arg203) and lysine (Lys237)
residues. As a consequence of this binding motif, the
nicotinamide group is located at the entrance of the “right”
branch of the lateral channel (see Figure 7a), i.e., the one that
has been proposed to be the major pathway for the flow of
electrons from NADPH,29 whereas the second, “left”, branch is
blocked by the adenine−ribose tail.
The computed minimal structures of the pocket-bound

complexes of NADP+ (Figure 7b) and NADPH (Figure S7a of
the Supporting Information) show a very similar arrangement,
indicating that the binding interactions mentioned above are
well reflected by the computations. As expected, NADH shows
a very similar binding motif (Figure S7b of the Supporting
Information) despite the fact that the ionic interactions of the
ribose 2′-phosphate group with Arg203 and Lys237 are missing.
On the other hand, and in agreement with its weak protective
effect against Cpd II formation, pocket binding of NAD+ was
predicted to be unfavorable, because on optimization NAD+ is
forced out of the cavity to finally remain associated with residue
Lys306 at the surface of the protein (Figure S7d of the
Supporting Information).
Interestingly, the optimization also revealed a NADP+

complex in which the nicotinamide moiety is completely
rotated out of the binding pocket, but with the adenine tail
remaining firmly fixed in its place (Figure S7c of the Supporting
Information). The “out” bound structure of NADP+ is
predicted to be only 5 kJ mol−1 higher in energy than the
“in” bound structure. Noteworthy, an “out” bound structure
was not found for NADPH; upon optimization of “out” starting
structures, the system always returned to the fully bound state
as depicted in Figure S7a of the Supporting Information.
The optimization of the various ascorbate complexes (one to

four AscH− molecules initially placed in the pocket) showed
only one AscH− unit remained deeply buried in the pocket,
occupying the adenine-binding site between the positive
Arg203 and Phe198 residues (Figure 7c). A second AscH−

occupies the gap between the Arg203 and Lys237 residues at
the surface of the protein, whereas a third and fourth ascorbate
are predicted to fully leave the pocket and to remain associated
with a positive surface residue.

■ DISCUSSION
Background. The spectroscopic detection of intermediates

Cpd I, Cpd II, and Cpd III in the late 1940s30−34,68 was the
major breakthrough in the understanding of the mechanism of
the catalase reaction (and that of other heme enzymes). A
further facet to the complexity of the catalase reaction was
added by the landmark discovery of specific binding of NADPH
as a cofactor in Clade 3 (mammalian) catalases.11 It is now

Figure 6. Formation of Cpd II from NADPH-free BLC (2.5 μM) (○)
and from NADPH-free A. niger catalase (ANC; 2.5 μM) (●) in the
presence of a glucose (10 mM)/glucose oxidase (2 nM) system and
ascorbic acid (300 μM) in phosphate buffer (pH 7.4) at 25 °C. Solid
lines are least-squares fits to a single-exponential equation.
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generally accepted that NADPH (as well as NADH) serves as a
protective factor for these catalases, preventing self-oxidation of
the protein by the key intermediate Cpd I with formation of the
catalytically inactive species Cpd II.

Formation of Cpd I of catalases from reaction with hydrogen
peroxide, alkyl hydroperoxides, or peroxo acids, decay of Cpd I,
formation of Cpd II by one-electron reduction, and the effect of
NAD(P)H/NAD(P)+ on both intermediates have been quite
intensely investigated. The previous findings are generally
confirmed in this study. As major characteristics we note that
(i) the decay of Cpd I by action of the endogenous donor, i.e.,
in the absence of any external reductant, leads chiefly to
regeneration of ferricatalase but only to modest formation of
Cpd II and (ii) Cpd I and Cpd II can hardly be detected in the
presence of NADPH. Even in the early spectroscopic studies of
catalase intermediates, the conversion of the key intermediate
Cpd I to Cpd II by added ascorbic acid had been
exploited.30,31,51,69,70 The reduction of Cpd I by ascorbate has
been repeatedly observed in the past, but detailed studies of the
pathways of electron/proton flow can hardly be found. Prior to
the first X-ray studies of mammalian catalases, (see ref 29 for
references) that revealed that the substrate channel to the
deeply embedded heme centers would be too narrow to allow
effective ascorbate transportation, the effect of ascorbic acid/
ascorbate on catalases was generally assumed to be due to more
or less direct interaction with the heme iron. The presence of a
minor (lateral), bifurcated channel, i.e., the one that is blocked
by NADPH in Clade 3 catalases, later led to the suggestion that
this channel would allow inhibitors to access the active site.2

It should be remembered that the inertness of Cpd II against
further reduction by ascorbate is a characteristic feature of
catalases. Forms of Cpd II of other heme enzymes, e.g.,
ascorbate peroxidase,71,72 cytochrome c peroxidase,73 or
myeloperoxidase,74 are effectively reduced by ascorbate.

NADPH versus Ascorbate Pocket Binding. In this study,
we provide evidence that one-electron reduction of Cpd I to
Cpd II by ascorbate proceeds solely via binding of ascorbate to
the NADPH binding pocket. From Figure 2, it is evident that
the AscH−-mediated Cpd I → Cpd II conversion is essentially
completely suppressed at a NADPH concentration equimolar
to the concentration of the active heme sites, indicating a
strong association of NADPH. In fact, the specific pocket
binding of NADPH to Clade 3 catalases is extremly tight. From
the limiting values of dissociation constant KD(NADPH) of
≤10 and ≤5 nM for binding of NADPH to BLC and
PMC,11 ,17 , 75 respect ively , a binding free energy
[ΔBG°(NADPH)] of ≤−11 kcal mol−1 can be estimated.
The dissociation constant of the AscH−−BLC complex
[KD(AscH

−)] has recently been reported to be 44 μM.39

This corresponds to a binding strength [ΔBG°(AscH
−)] of

−5.9 kcal mol−1. Thus, there is a difference in the specific
binding strength (ΔΔG°) of approximately ≤−5 kcal mol−1 in
favor of NADPH; i.e., NADPH outcompetes AscH− for pocket
binding. From the difference in binding strengths, it can further
be estimated that substantial exchange of pocket-bound
NAD(P)H by ascorbate would be important only at very
high concentrations (≥40 mM) of ascorbate (see below).

NADP+ versus Ascorbate Binding. In accord with the
finding that NADP+ remains bound to the pocket,11,27,28

ascorbate-mediated Cp II formation is also suppressed by
added NADP+, but a 10-fold higher concentration versus that
for NADPH is needed to achieve comparable protection (see
Figure 3a and Figure S3 of the Supporting Information; for
easier comparison, related time dependencies for NADPH,
NADH, NADP+, and NAD+ are summarized in Figure S5 of the
Supporting Information). An almost identical concentration
dependence was found for thio-NADP+ (Figure S4 of the

Figure 7. (a) Experimental X-ray structure (water molecules omitted)
of the NADPH binding pocket of HEC (PDB entry 1DGF, subunit A)
with NADP+ bound, showing the entrances to the nicotinamide
(right) and adenine- and ribose-occupied (left) branches of the lateral
channel to the heme center. (b) MM-optimized structure, with H
atoms added, of the HEC binding pocket with “in” bound NADP+. (c)
MM-optimized structure of the HEC binding pocket with three bound
ascorbate (AscH−) molecules. Protein coloring denotes the electro-
static potential (blue for positive, red for negative).
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Supporting Information). The NADPH:NADP+ concentration
ratio of 1:10 is in excellent agreement with previous reports of
the related binding strengths. For comparison, Kirkman et al.
found a molar NADPH:NADP+ ratio of ∼12−13:1 for binding
to BLC.11

The unexpected finding that in the presence of NADP+ the
ascorbate-induced decay of Cpd I is slightly enhanced rather
that retarded (Figure 3b), but that ferricatalase regeneration is
similarly enhanced (Figure 3c), demands further investigation.
The reasonable explanation that such a behavior might simply
be due to (partial) reduction of NADP+(bound) to NADPH-
(bound) by ascorbate can, however, be ruled out because the
redox potentials at pH 7 of the AscH−/DHA [Eo′(AscH−/
DHA) = 0.48 V76], AscH−/Asc•− [Eo′(AscH−/Asc•−) = 0.33
V77], and Asc•−/DHA [Eo′(Asc•−/DHA) = 0.24 V76] couples
are all more positive than that of the NAD(P)+/NAD(P)H
couple [Eo′(NAD+/NADH) = −0.315 V; Eo′(NADP+/
NADPH) = −0.324 V78]. Thus, NAD(P)H is a stronger
reductant than AscH−, making reduction of NADP+ by AscH−

highly unfavorable.
NADH/NAD+ versus Ascorbate Binding. Clear evidence

of blocking of specific binding of ascorbate by NADP+ is
provided by the effects of NADH/NAD+ on Cdp II formation
(Figure 5). Our data demonstrate that NADH is only 1.2−2
times less effective than NADPH in the suppression of Cpd II
formation, in excellent agreement with the relative strengths of
binding of both dinucleotides to the enzyme pocket.11,27,28 On
the other hand, NAD+ is found to be ∼100 and ∼10 times less
effective than NADPH/NADH and NADP+, respectively.
Because the electrochemical potentials of NADH/NAD+ and
NADPH/NADP+ redox couples are essentially identical (see
above), a similar activity of NAD+ as observed for NADP+

would be expected in the case of substantial reduction to
NADH. As seen in Figures 3a and 5 and Figure S5 of the
Supporting Information, this is not the case. A 10-fold higher
concentration of NAD+ compared to that of NADH induces
only a small protective effect. Thus, if only 10% of the applied
NAD+ would be reduced to NADH, a similar inhibition of Cpd
II as observed for 2.5 μM NADH would be expected. In
conclusion, for both the reduced and oxidized forms of the
nucleotides, sterical blocking of ascorbate binding is the major,
if not the only, operating protection mechanism.
Conclusions from the Docking Computations. As

noted above, the experimental pocket binding of NADP+/
NADPH (Figure 7a) is reproduced well in the MM docking
computations (Figure 7b and Figure S7a of the Supporting
Information). The interesting finding of a NADP+ complex
with the nicotinamide−ribose tail pointing out of the pocket
(Figure S7c of the Supporting Information) agrees with the
experimental observation that NADP+, once formed from
bound NADPH, remains bound to the pocket and is not
replaced by external NADPH.27 In line with strong hydrogen
bond-assisted ionic interactions, ascorbate was predicted to be
preferably bound to residues Arg203 and Lys237, i.e.,
occupying the left branch of the lateral channel (Figure 7c).
Stable binding of AscH− in other regions of the pocket was not
found; additional AscH− molecules were forced out of the
pocket, which can be attributed to mutual charge repulsion of
the ascorbate anions as well as a hydrophobic character of the
pocket at the entrance to the right branch of the lateral channel.
This finding would explain why NADP+ is effective in
suppressing ascorbate binding, and thus Cpd II formation,

even if its nicotiniumamide tail would be oriented outward
(Figure S7c of the Supporting Information).
It is interesting to note that the same dominating interactions

for binding of ascorbate, i.e., with positively charged arginine
and lysine residues, are also found in ascorbate peroxidase.79

Biological Implications. What are the biological con-
sequences of the findings presented here? The interaction of
catalases with ascorbic acid/ascorbate has been studied since
the 1930s, and in most cases, inhibitory effects have been
reported. On pages S8−S12 of the Supporting Information, we
mention a number of studies of the effect of ascorbic acid on
the in vitro and in vivo activity of catalases. These studies now
must be examined in light of our findings. For instance, because
NADPH, NADH, and even NADP+ are strongly bound to
mammalian catalases, we must suspect that in a number of
isolations of Clade 3 catalases a fraction or even all of the
available binding sites could have been loaded with these
nucleotides,11 depending on the isolation protocol. Hence,
studies of the interaction of ascorbic acid with Clade 3 catalases
may have been variably affected by bound cofactors. This
would, at least in part, explain the sometimes contradictory
observations with regard to the inhibitory effects of ascorbate.
On the other hand, with regard to a competition of NAD(P)H
and ascorbate on catalase activity in physiological systems,
which would negatively affect the antioxidative defense system,
it is evident that as long as normal, physiological levels of
NAD(P)H level are maintained, no noticeable inhibition of
catalase by ascorbate must be expected, because typical levels of
ascorbate are well below the limiting value of ∼40 mM.80,81

Reports of specific binding of bioactive molecules other than
ascorbate to mammalian catalases have also been published (see
page S12 of the Supporting Information for examples).
Considering the observations made here for ascorbic acid/
ascorbate, we strongly suggest that in studies focused on the
interaction of Clade 3 catalases with (potentially) bioactive
compounds the presence of NADPH/NADP+ should be
established, and the effect of supplementation of these
dinucleotides must not be neglected.
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■ ABBREVIATIONS
BLC, bovine liver catalase; HEC, human erythrocyte catalase;
ANC, A. niger catalase; PMC, Proteous mirabilis catalase; SCC-
A, Saccharomyces cerevisiae catalase A; Cpd I, Compound I; Cpd
II, Compound II; AscH2, ascorbic acid; AscH−, ascorbate or
ascorbic acid monoanion; Asc•−, ascorbyl radical anion; DHA,
dehydroascorbic acid; NADPH, reduced nicotinamide adenine
dinucleotide phosphate; NADP+, oxidized nicotinamide
adenine dinucleotide phosphate; NADH, reduced nicotinamide
adenine dinucleotide; NAD+, oxidized nicotinamide adenine
dinucleotide; thio-NADP+, oxidized thio-nicotinamide adenine
dinucleotide phosphate; DTPA, diethylenetriaminepentaacetic
acid; MM, molecular mechanics.

■ ADDITIONAL NOTE
aFrom this value, an apparent second-order rate constant (kapp)
of 73 M−1 s−1 for the Cpd I−AscH− reaction is estimated.
Chance30 had reported a rate constant for horse blood catalase
(HBC) that was ∼4 times higher (kapp = 360 M−1 s−1) from
monitoring the Soret band at 405 nm (λmax). However, with
regard to the complexity of the reduction mechanism,
derivation of a second-order rate constant is questionable.
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