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Heme-containing peroxidases are widely distributed in nature
and serve an equally wide variety of biological roles, including
biosynthesis of prostaglandins,1,2 activation of anti-tubercular drugs,3

and degradation of compost and wood.4 One of the best studied
and most readily available peroxidases is horseradish peroxidase
(HRP).5,6 Its crystal structure7 shows that each protein monomer
contains a single heme, the iron of which is ligated from the distal
side by a histidine nitrogen. On the proximal side are several amino
acids that catalyze the reaction of the ferric enzyme with H2O2 to
form water and a two-electron-oxidized form of the enzyme
(compound I) containing a porphyrin cation radical/oxoiron(IV)
complex (eq 1). Compound I, a moderately strong oxidant, oxidizes
substrates by single-electron transfer (SET), giving compound II
and a substrate-derived radical (SH+• in eq 2). Compound II is a
less potent oxidant but also oxidizes substrates by SET in returning
to the ferric form (eq 3). The initially formed radical products
undergo follow-up reactions such as disproportionation or reaction
with molecular oxygen en route to forming stable products (eq 4).

Cytochrome P450 heme thiolate monooxygenases are also

thought to generate a compound I-like intermediate8 which oxidizes
most substrates by transferring an oxygen atom to them rather than
by abstracting an electron from them. One possible exception is
the P450-catalyzedN-dealkylation of amines, where carbinolamine
formation has been suggested to be initiated by an SET event.9-11

In the course of our studies ofN-dealkylation mechanisms, HRP
has been useful as an unambiguous model for exploring the SET
reactivity of radical-clock-type substrates.12,13 For example, we
recently found that, upon SET oxidation by HRP,N-cyclopropyl-
N-phenylglycine undergoes oxidative decarboxylationfaster than
cyclopropyl ring-opening.14 In extending this work, we made the
unprecedented observation that, in addition to catalyzing the
oxidative decarboxylation ofN-alkyl-N-phenylglycines, HRP also
catalyzes theirnon-oxidatiVe decarboxylation underanaerobic,
peroxide-freeconditions. In this Communication, we describe our
observations in this area and propose a novel redox cycle for HRP
to explain them.

The reactions ofN-isopropyl-N-phenylglycine (NIPG,1) de-
scribed below are completely typical of itsN-methyl,N-ethyl, and
N-(n-propyl) congeners, except that the latter are oxidized somewhat
faster overall. Under typicalperoxidaticconditions,15 NIPG oxida-

tion follows strict zero-order kinetics through>95% consumption
in ca. 20 min (Table 1, line 1).N-Isopropylaniline (NIA,2) is
formed in 70-75% yield, but an additional product, subsequently
shown16 to be N-isopropyl-N-methylaniline (NINMA, 3), is also
formed in 25-30% yield. Compared to the rate of NIPG consump-
tion, the oxidation of NINMA to NIA is relatively slow and follows
first-order kinetics through>95% consumption in 40 min (kapp )
0.1 min-1); N-methylaniline and acetone are not formed. Further-
more, if NIPG is present, NINMA is not oxidized until NIPG has
been consumed. At long reaction times, the yield of formaldehyde17

is 93-95% of theory (eq 5); glyoxylic acid is not detected, although
if added it is stable and detectable in reaction mixtures.

The formation of NINMA, a product ofnon-oxidatiVe decar-
boxylation of NIPG (eq 6), was completely unexpected. To
investigate its formation, we kept peroxide, HRP, and NIPG
concentrations constant but varied the pH and oxygen availability.
Decreasing the pH from 5.5 to 5.0 accelerates turnover and increases
the ratio of non-oxidative vs oxidative product (i.e.,3:2), while
increasing the pH from 5.5 to 7.0 has exactly the opposite effect
(Table 1, lines 1-3). Surprisingly, excluding airdramatically
accelerates turnover andcompletely eliminates the oxidative
pathway, despite the presence of an ample excess of hydrogen
peroxide (line 4). Conversely, replacing air with a 100% oxygen
atmosphere retards turnover and completely prevents NINMA
formation (line 5).

When H2O is replaced by D2O, GC/MS examination of the
NINMA produced reveals the incorporation of one and only one
atom of deuterium specifically into its methyl group; neither
unreacted NIPG nor NIA product is found to contain any deuterium.

If HRP is omitted, no reaction takes place. Likewise, heat-
denatured HRP and free hemin are completely inactive as catalysts.
On the other hand, omitting hydrogen peroxide has little effect on
either turnover rate or product ratio (line 6 vs line 1). To examine
this further, the experiments reported in lines 7-10 were performed
with no hydrogen peroxide added. As in the experiments with
hydrogen peroxide added, replacing air with oxygen retards the
reaction slightly but completely stops NINMA formation (lines 1
vs 5; 6 vs 7), while replacing air with nitrogen stops NIA formation
and accelerates turnover markedly (cf. lines 1 vs 4; 6 vs 8). Finally,
while changing pH has a moderate effect on both turnover rate
and product ratio under standard peroxidatic conditions (lines 1-3),
under anaerobic peroxide-free conditions, where only one product
is formed, changing pH has a more dramatic effect on turnover
rate (lines 8-10).

To account for these observations, we propose the mechanisms
of Scheme 1, which incorporates two unprecedented steps. The first* Address correspondence to this author. E-mail: rhanzik@ukans.edu.

HRP+ H2O2 f compound I+ H2O (1)

SH + compound If compound II+ SH+• (2)

SH + compound II+ 2H+ f HRP+ H2O + SH+• (3)

SH+• f H+ + products (4)

1 + H2O f 2e- + 2H+ + Ph(iPr)NH+ CO2 + CH2O
(5)

1 f Ph(iPr)NCH3 + CO2 (6)
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is the SET oxidation of the anionic conjugate base of NIPG by
ferric HRP (EFeIII in cycle a). Facile decarboxylation14,18,19of the
resulting radical zwitterion4 generates the neutral radical5a, whose
radical ylide resonance form (5b) has carbanion character on its
methyl carbon. Protonation of the latter, the second novel step in
Scheme 1, accounts for both the pH-sensitive branching in product
formation and the selective incorporation of a single deuterium from
solvent to NINMA. However, C-protonation of5b generates3+•

rather than3 itself. Since3 is a good substrate for HRP/H2O2, but
is totally inert to HRP in the absence of peroxide (with or without
oxygen present), it is reasonable to propose that3+• could reoxidize
ferrous HRP (EFeII), forming ferric HRP and NINMA to complete
the cycle. Reaction of5a with oxygen accounts for the oxygen-
sensitive branching in product formation. The rate retardation caused
by oxygen may be due to the conversion of ferrous HRP to
compound III, an inactive but reversibly formed derivative of

HRP.20 Finally, H2O2 itself inhibits turnover of NIPG by HRP (cf.
lines 4, 8, and 11). We attribute this effect to the conversion of
enzyme to forms other than EFeIII /EFeII that are also capable of
oxidizing 1 to 4 to initiate decarboxylation. Since reduction of
compound I to compound II is reversible,21 it is possible to envision
a second catalytic cycle (Scheme 1, cycle b). Since EFeII should
be a much stronger reducing agent than compound II, the conversion
of 3+• to 3 could be rate limiting in cycle b (H2O2 present), whereas
oxidation of1 by ferric HRP could be the rate-limiting step in cycle
a (H2O2 absent).
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Table 1. Effect of pH and Oxygen Partial Pressure on Turnover
and Product Ratio

run
no. atmosphere

[H2O2],
mM pH

TN,a

min-1

product ratio
(3:2)

1b air 3 5.5 52 30:70
2b air 3 5.0 73 40:60
3b air 3 7.0 23 10:90
4c N2 3 5.5 1190 100:0
5b O2 3 5.5 15 0:100
6b air 0 5.5 40 30:70
7b O2 0 5.5 21 0:100
8d N2 0 5.5 3620 100:0
9d N2 0 7.0 487 100:0

10d N2 0 4.0 6440 100:0
11c N2 15 5.5 48 100:0

a Turnover number (moles of product per mole of HRP per minute). In
all cases, [NIPG] is 1 mM and buffer is 0.4 M potassium phosphate.b [HRP]
) 78 nM. c [HRP] ) 39 nM. d [HRP] ) 3.9 nM. HRP concentrations were
determined spectrophotometrically using the extinction coeficient 102 mM-1

cm-1 at 402 nm (ref 6).

Scheme 1. Redox Cylces for HRP and Phenylglycines
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