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ABSTRACT. Cytochromec (CcP) and ascorbate peroxidase (APX) are heme peroxidases which have very
similar active site structures yet differ substantially in the properties of compound |, the intermediate
formed upon reaction with peroxides. Although both peroxidases have a tryptophan in the proximal heme
pocket, Trp191 in CcP and Trpl179 in APX, only Trp191 in CcP forms a stable cation radical while APX
forms the more traditional porphyrin-cation radical. Previous work [Barrows, T. P., et al. (2004)
Biochemistry 438826-8834] has shown that converting three methionine residues in the cytoclerome
peroxidase (CcP) proximal heme pocket to the corresponding residues in APX dramatically decreased the
stability of the Trp191 radical in CcP compound |. On the basis of these results, we reasoned that replacing
the analogous residues at positions 160, 203, and 204 in APX with methionine should stabilize a Trp179
radical in APX compound I|. Steady- and transient-state kinetics of this mutant (designated APX3M)
show a significant destabilization of the native porphytiradical, while electron paramagnetic resonance
(EPR) studies show an increase in the intensity of the signgFaR.006 with characteristics consistent

with formation of a Trp radical. This hypothesis was tested by replacing Trp179 with Phe in the APX3M
background. The EPR spectrum of this mutant was very similar to that of the CcP W191G mutant which
is known to form a tyrosine radical. Previously published theoretical studies [Guallar, V., et al. (2003)
Proc. Natl. Acad. Sci. U.S.A. 106998-7002] suggest that electrostatic shielding of the heme propionates
also plays a role in the stability of the porphyrin radical. Arg172 in APX hydrogen bonds with one of the
heme propionates. Replacing Argl172 with an asparagine residue in the APX3M background generates a
mutant which no longer forms the full complement of the compound | porphwriadical. These results
suggest that the electrostatics of the proximal pocket and the shielding of propionate groups by salt bridges
are critical factors controlling the location of a stable compound | radical in heme peroxidases.

Heme peroxidases use the same overall reaction mechabers of the superfamily of plant, fungal, and bacterial heme
nism to catalyze the peroxide-dependent oxidation of a wide peroxidases. Most notable are differences in the reaction
variety of substrates to give two oxidized substrate molecules cycle of the best-characterized member of the enzyme family,
and two molecules of water. cytochromec peroxidase (CcP)lIn all currently character-

ized heme peroxidases, with the exception of CcP, the radical
FE'R+ H,0, —~ F&*'=OR" + H,0 @) in compound | (R" in eq 1) forms on the porphyrin.

compound | However, in compound | of CcP, experimentdl) (and
4t N computational method<2) show that the radical is stably
Fe"=OR" + substrate~ F&'=0 + located as a cation on Trp191 which is situated just below
compound II the heme, adjacent to the His ligand in the proximal heme

oxidized substrate (2) pocket.

Initially, this difference was attributed to the substitution
of a Phe residue in place of CcP’s proximal Trp (Figure 1).
Since Trp is more readily oxidized than Phe, the radical in
CcP initially forms on the porphyrin but then rapidly migrates
to Trp191. Studies on ascorbate peroxidase (APX), however,
clearly illustrated that this simple picture is inadequ&e (

8). Patterson et al. showed that in addition to a general
similarity in overall structure (rmsd of 200 commorC
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enhanced electrostatic stabilization of the Trp cation radical
in CcP ©—13). APX contains a K ion located~8 A from
Trpl79, while CcP has only a water molecule at this position.
It was reasoned that the additional positive charge in APX
would destabilize the positive charge on the Trp cation
radical, thus favoring the porphyrincation radical in APX.

To test this hypothesis, Bonagura et &, 10) engineered

the K" site into CcP, and indeed, the Trp191 radical was
found to be much less stable. Barrows et &B) then showed
that a full oxidizing equivalent can still form on Trp191 in
the CcP mutant containing the*Ksite but that it rapidly
migrates to other sites in CcP, most likely, Tyr residues.
These results indicated that other factors besides the absence
of K™ in CcP help to stabilize the Trp191 radical. We also
showed that these other factors include three Met residues
unique to the proximal pocket of CcP whose electron-rich
sulfur atoms aid in stabilizing the positive charge on the
Trp191 radical 13).

Since these studies have shown that it is possible to
electrostatically destabilize the Trp191 cation radical in CcP,
then it also should be possible to carry out the reverse
engineering experiment to stabilize the Trp179 cation radical
in APX. The first attempt to achieve this goal was to remove
the K' binding site in APX {4). Unfortunately, it appears
that K* plays an important structural role. The APX mutant
lacking K exhibits a large change in the active site, leading
to coordination of the catalytic distal His residue to the heme
iron, which generates a bis-His complex. The next attempt
to achieve this goal, which is the focus of the study presented
here, is to introduce the proximal Met residues into APX.
The mutant containing all three Met residues has been
designated APX3M. A preliminary analysis of APX3M led
to the creation of two further mutants building on the
APX3M background. First, Trp179 was replaced with Phe
in APX3M, producing APX3M/W179F for examining the
nature of the compound | radical in APX3M.

The second mutant built on the APX3M background is
based on a theoretical study indicating that the heme
propionates play a role in stabilization of porphysircation
radicals. Using density functional theory, Guallar et &5)(

. . o suggest that shielding of the propionate groups by hydrogen
z'c(i;\’,'fsilt'escoc;%%a{xg gncgyﬁ;)s( éﬁ%haggn%?s tﬂz)p?gt):\i’rﬁ;'t@sdrgggn_ bonding to r'learby.re5|dugs is responsible for stabilization
bonded triad (His-Asp-Trp). The heme group of APX represented Of & porphyrinz-cation radical. Most of the members of the
in panel C shows the location of the two substrate binding sites in plant, fungal, and bacterial superfamily of heme peroxidases
APX. The structures were created and rendered using Chir82ya ( which form a porphyrinz-radical in compound | have an
EgﬁksgﬁtcryrleAge)rzrbesg%tmg APX can be accessed as Protein Datgy g or 5 | ys residue within H-bonding distance of one of

T the heme propionate$,(16—18). In APX, Argl72 serves
dthis role. We therefore replaced Argl72 with Asn on the
APX3M background to give APX3M/R172N which, accord-
ing to Guallar et al. 15), should further destabilize the
porphyrinst-cation radical. In this study, we present steady-
and transient-state kinetics and EPR analyses of the various
APX mutants designed to increase the stability of a Trp179
cation radical and decrease the stability of the porphyrin
mr-cation radical in APX compound 1.

present in APX but also locked in the same hydrogen-bonde
triad, His-Asp-Trp, as in CcP5]. Quite unexpectedly,
however, EPR studies showed that the radical species in
compound | of APX is the more common porphyrircation
radical, rather than the Trp cation radical that occurs in
compound | of CcP®&). Further work by Pappa et ald)
showed that the proximal Trp residue, essential to activity
in CcP, could be replaced with a Phe in APX with no effect
on the rates of compound | formation or steady-state substrateM ATERIALS AND METHODS
oxidation ).

These observations led us to a series of studies in an Enzymes and reagents for site-directed mutagenesis were
attempt to understand why CcP forms a stable Trp191 radicalpurchased from New England Biolabs Inc. (Beverly, MA),
while APX does not. This work focused primarily on Invitrogen Corp. (Carlsbad, CA), and Qiagen Inc. (Valencia,



14064 Biochemistry, Vol. 44, No. 43, 2005 Barrows and Poulos

CA). Chromatography columns were purchased from Qiagenonto a 20 mL Ni~NTA column. The column was washed
Inc. and Whatman Inc. (Clifton, NJ). Hydrogen peroxide with at least 10 column volumes of column buffer containing
(30%, w/w) was purchased from Sigma. Pyrogallol, sodium 25 mM imidazole. Pure APX was eluted with column buffer
ascorbate, potassium ferrocyanide, and guaiacol were pur-containing 200 mM imidazole and dialyzed against 20 mM
chased from Aldrich or EM Science. All other chemicals potassium phosphate buffer (pH 7.4). The protein then was
were molecular biology grade or better and were purchasedreconstituted with a 5-fold excess of free hemin over the
from EM Science (Gibbstown, NJ). course of 1 h, and after a short centrifugation, the supernatant
Site-Directed Mutagenesi€ligonucleotide mutagenesis was loaded onto a DEAE column for removal of the excess
was performed on a pTrc99A vector containing APX with heme. Holo-APX was eluted with 100 mM potassium
an N-terminal His tag 14). Mutagenesis was carried out phosphate buffer (pH 7.0), and pure fractions were pooled
using the QuickChange site-directed mutagenesis kit from and dialyzed against 50 mM potassium phosphate buffer (pH
Stratagene in a Perkin-EImer Gene Amp PCR System 24007.0). Purity was examined spectrophotometrically, and
machine. The complementary primers required by this protein with anR, above 1.9 was judged to be pure. Purity
method were obtained from Operon Technologies (Alameda, was confirmed by SDSPAGE. The concentration of the
CA) and were designed as 2B85-mers. The Serl60Met dimer was calculated using the extinction coefficient at 403
mutation was built onto the wild-type APX gene using the nm of 114 mM?* cm™.
31-mer 3-ggacattgttgctctaatgggtggtcacacc and its reverse Steady-State Aclity Assays.The steady-state activity
complement, and this mutant was called APX1M. The PCR assays of wild-type APX and the mutants APX1M, APX3M,
products were cut with Dpnl to remove the methylated APX3M/W179F, and APX3M/R172N were carried out using
template strands, and this mixture was transformed into theascorbate, guaiacol, pyrogallol, and potassium ferrocyanide
XL1-Blue Escherichia colstrain. Once the mutant sequence using previously published protocol$9). All assays were
of APX1M was confirmed by DNA sequencing, the performed at room temperature on a Cary 3E -tINs
Leu203Met and GIn204Met mutations were built onto the spectrophotometer using 50 nM APX monomer ang:®0
APX1M gene using the 33-mef-§gatggccttatgatgtigccaagt-  H>O, in 50 mM potassium phosphate (pH 7.0) with 0.1 mM
gataaggc-3and its reverse complement, using the same EDTA. Ascorbate peroxidase assays were performed using
mutagenesis method. This mutant was called APX3M. The between 10 and 808M sodium ascorbate. The oxidation
proximal Trpl79 was replaced with Phe in an effort to of ascorbate was monitored at 290 nm usingsap of 2.8
examine the nature of the radical in the APX3M mutant. mM~* cm™® as the extinction coefficient for oxidized
This mutation was built onto the APX3M gene using the ascorbate. Guaiacol peroxidase activity was measured using
21-mer 3-gggaccattcacttctaatcc and its reverse complement,between 2.5 and 25 mM guaiacol from a stock of guaiacol
making the mutant APX3M/W179F. To address the role the in 30% (v/v) ethanol in water and was monitored at 470 nm
propionates play in stabilizing the porphyrin radical in using anes700f 26.6 MMt cm™ as the extinction coefficient
compound | of APX, the Arg172Asn mutation was built onto for oxidized guaiacol. Pyrogallol peroxidase activity was
the APX3M gene using the 25-mef-&tcacaaggagaattctg- measured using between ## and 4 mM pyrogallol, and
gatttg and its reverse complement. This mutant was calledabsorption was monitored at 430 nm using an extinction
APX3M/R172N. The sequences of all mutants were con- coefficienteso of 2.47 mMt cm for oxidized pyrogallol.
firmed by DNA sequencing at the University of California Finally, activity against potassium ferrocyanide was mea-
Davis’'s DBS sequencing facility. sured using between 10 and 40U potassium ferrocyanide
Expression and PurificatiorMutant plasmids were trans- and monitored at 420 nm using an extinction coefficient of
formed intoE. coli TOPP2 cells, and a single colony was oxidationeszoof 1 mM~tcm™. The activity at each substrate
selected for expression. The pTrc99A transformants were concentration was calculated by dividing the change in
grown in Luria broth supplemented with 6:2.5% dextrose  absorbance by the extinction coefficient. Tha value was
and 100ug/mL ampicillin. The bacteria were grown to an then determined by dividing the units of activity by the
optical density of 0.6 at 600 nm before protein expression millimolar concentration of monomer used in the assay and
was induced with 30uM IPTG. Upon induction, the  converting the time scale into seconds.
temperature was reduced to 2B, the shaking intensity was Transient-State Kinetic StudieRates of formation and
reduced to 100 rpm, and the cells were incubated for 12 decay of compound | were determined using an Applied
16 h before they were harvested by centrifugation. Protein Photophysics Ltd. SX.18MV-R stopped-flow spectropho-
was purified according to the method of Cheek et &d).( tometer at room temperature. APX with a heme concentration
Briefly, cells were resuspended in 1 column volume of of 4 uM was mixed with HO, at concentrations ranging
column buffer [50 mM NaPQ(pH 7.0), 1.4 mMj-mercap- from 2 to 20 uM. The formation of compound | was
toethanol, 200 mM NaCl, 10 mM imidazole, and 5% examined at 403 nm for 20 m&@). The spontaneous decay
glycerol], flash-frozen in liquid B and quickly thawed in2  of compound | was monitored at 420 nm for wild-type APX,
volumes of room-temperature column buffer. This solution APX1M, and APX3M, while the decay was measured at 430
was kept at 4°C while PMSF was added to a final nm for APX3M/W179F and at 425 nm for APX3M/R172N
concentration of 1 mM and EDTA was added to a final (20). These wavelengths were chosen to ensure a maximal
concentration of 0.5 mM. Cells were lysed by the addition change in absorbance for each mutant and were determined
of lysozyme to a final concentration of 5 mg/mL followed by examining the transient-state reaction with a diode array
by incubation on ice for 1 h. This mixture was brought to attached to the SX.18MV-R stopped-flow spectrophotometer.
20 mM MgCL and 5u4g/mL DNase |. After incubation on  Data were fit to a single-exponential curve using Applied
ice for an additional 1 h, the mixture was centrifuged at Photophysics SX.18MV-R software or Igor Pro (version
2700@ for 20 min and the resulting supernatant was loaded 3.14) and were analyzed using Igor Pro (version 3.14).
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Table 1: Steady-State Kinetics of Wild-Type APX and APX
Mutants Using Four Substrates

ascorbate guaiacol pyrogallol  ferrocyanide

i kcat KM kcal KM kcat KM kcat KM

protein shH (MM) (s (MM) (s (mMM) (s (mM)
wild type 331 - 169 122 652 045 284 -—
APX1M 122 - 6.7 125 86 063 20 -
APX3M 836 — 49 81 117 065 32 -
APX3M/W179F 3.1 — 28 116 28 020 0.77 —
APX3M/R172N 0.22 - 49 112 49 070 0.75 —

aThe natural substrate, ascorbate, and ferrocyanide do not obey
simple Michaelis-Menten kinetics, so it was not possible to determine
Kwm values from double-reciprocal plots.

Electron Paramagnetic Resonance StudiEBR spectra
were obtained using previously published experimental
protocols 6). Briefly, 200uL of 350 uM protein was mixed
with 200 uL of 420 uM H;0,, giving a 1.20-fold molar
excess of peroxide over the heme, and the mixture was
transferred to an EPR tube. Samples were frozen within 25
s of initial mixing in an n-hexanes/Nl) slurry. Electron

Biochemistry, Vol. 44, No. 43, 20094065

— wild-type — APX 1M — APX3M —— APX3MMWITSF

0.020
0.015 —

0.010 —

absorbance

0.005 —

A et P R s
- P P
e

0.000 —

T
4
time (ms)

T
6

B

0.04 —
0.03 +

0.02

absorbance

0.01

0.00

V] 15

time (s)

FiGure 2: Transient-state kinetic traces of compound | formation

paramagnetic resonance spectroscopy was carried out on @A) and its spontaneous decay (B) in wild-type APX, APX1M,

Bruker ESP300 EPR spectrometer equipped with an air
products LTR3 liquid helium cryostat. Data were collected
at 10 K with a microwave frequency of 9.388 GHz, a
microwave power of 6.375 mW, a receiver gain of 200

10° (2.00 x 10 for the APX3M/W179F mutant), a modula-
tion frequency of 100 kHz, a modulation amplitude of 1.00
G, and a field sweep rate of 41.94 G/s. Spin equivalents were
quantified by using Cii-EDTA as a standar®(). The same

APX3M, APX3M/W179F, and APX3M/R172N. Panel A shows
the transient-state formation of the porphyrin radical; APX3M/
W179F and APX3M/R172N traces are also shown in the inset due
to the decrease in the total change in amplitude. Panel B shows
the spontaneous decay of the porphyrin radical of compound I;
APX3M/W179F and APX3M/R172N traces are again shown in
the inset due to the decrease in the total change in amplitude. The
data were analyzed and the figures created using Igor Pro (version

instrument settings were used for the standard and protein

samples. All protein samples were prepared at the sam
concentration.

RESULTS
Steady-State Kinetic AssaysPX does not exhibit Michae-

lis—Menten kinetics using ascorbate as the substrate. There-

fore, k.ot Values are taken as the maximum velocity at a
saturating ascorbate concentration, and the wild-type rate
agrees with previously published work9 22, 23). Both

Met mutants, APX1M and APX3M, maintain approximately
one-third of wild-type activity (Table 1). However, the
Trpl79Phe and Arg172Asn mutations built onto the APX3M
construct resulted in a decrease in activityxtd—10% of
wild-type activity. The extremely low activity of the
Argl72Asn mutant with ascorbate was expected since
Argl72 is involved directly in the binding of ascorbate to
the enzyme Z3).

APX has two distinct binding sites for reducing substrates,
one for ascorbate at theheme edge near Argl72 (Figure
1), while neutral phenolic substrates are thought to bind near
the exposed-heme edgel(d, 23—25). Therefore, to examine
the effect of mutations on the two electron transfer pathways,
steady-state turnover of other common small molecule

Table 2: Transient-State Kinetics of Wild-Type APX and APX

EMutants
rate of compound | rate of
formation % wild-type compound |
protein (x10'M~1sh AOD decay (s?)

wild type 3.8 100 0.23
APX1M 19 89.1 3.8
APX3M 2.8 82.2 8.3
APX3M/W179F 2.1 215 6.0
APX3M/R172N 1.6 23.2 9.2

a2 The % wild-typeAOD change represents the maximum change in
optical density at 403 nm used for measuring compound | formation
and is given as the percentage of the wild-type value.

Table 1, all mutants exhibit a very low ferrocyanide
peroxidase activity ranging from 2 to 11% of wild-type
activity.

Transient-State Kinetic StudieExperiments examining
the transient-state kinetics of compound | formation and
spontaneous decay were carried out to determine the effect
of introduction of three Met residues into the proximal pocket
on the formation and stability of the porphyrin radical in
compound |. Figure 2 shows the stopped-flow traces, and
Table 2 provides the rate constants obtained from these data.
The second-order rate constants for compound | formation

substrates was examined. Both aromatic phenolic substratesn the mutants are all within a factor of 2 of the wild-type

exhibit Michaelis-Menten kinetics, thus enabling a com-
parison of bothk.oandKn,. As shown in Table 1, all mutants
exhibit 29-40% wild-type activity using guaiacol as the
substrate, while with pyrogallol, the activity ranges from
4—18% of wild-type activity. Ferrocyanide also was included
as a reducing substrate since this is an anionc substrate an
might mimic the natural substrate, ascorbate. As shown in

rate (Table 2). The relatively minor reduction in the second-
order rate constant for the formation of compound | indicates
that the introduction of Met residues into the proximal pocket
of APX has little effect on the acitbase catalytic machinery
required for compound | formation.

d Despite the similar rates of compound | formation, an
examination of the amplitude of the change in absorbance
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upon mixing APX with HO illustrates dramatic differences 5000 1A wild-type APX Compound | aged 20s

(Figure 2). While the Met mutants APX1M and APX3M 0.09 spin equivalents
exhibit essentially the same amplitude change in absorbance 0

as wild-type APX for the formation of compound I, the g = 2.004

additional Trpl179Phe or Argl72Asn mutations yield a  -5000 g9=2.037

reduction in the amplitude of this change at 403 nm (Figure
2). The decrease in absorbance at 403 nm in the APX3M/ -10000 N
W179F and APX3M/R172N mutants is less than one-fourth
of the magnitude of the wild-type decrease. These results -15000 -
indicate that APX3M/W179F and APX3M/R172N may be
unable to form a full equivalent of porphyrirrcation radical. -20000 |
In addition, all of the mutations decrease the stability of the B. APX3M Compound | aged 25s
porphyrin z-cation radical since the rate of decay of 0.24 spin equivalents
compound | in the mutants increases (Figure 2 and Table
2). The spontaneous decay of compound | occurs416
times more rapidly in the mutants than in the wild type (Table  -10000
2). These experiments do not allow any firm conclusions
about whether a full oxidizing equivalent resides on the
porphyrin to be made since the rapid formation and decay
could lead to a mixture of states. Nevertheless, these results
do show that the stability of the porphyrincation and most -30000 —
likely the total amount of porphyrin radical formed are
decreased in the mutants. C.APX3M/W179F Compound | aged 265
Electron Paramagnetic Resonan&PR spectra of wild- 1000000
type APX, APX1M, APX3M, APX3M/W179F, and APX3M/
R172N were collected approximately 25 s after the addition

-20000 —

0.78 spin equivalents

500000 —

of H,O,. Figure 3 shows the EPR spectra for wild-type APX, o
APX3M, and APX3M/W179F together with the spin equiva-
lents estimated by comparison to a?GIEDTA standard. -500000 —

Previously recorded EPR spectra for aged compound I,
sometimes called APX I*, showed a smgjl = 2.038 and
Oo = 2.004 feature which was shown to be a Trp radical, T T T T I ]
most likely Trpl179 6, 26—28). The spectra of wild-type 3300 3320 3340 3360 3380 3400

L Magnetic Field (Gauss)
APX and APX3M show a similag, = 2.037 andy, = 2.006 Ficure 3: Electron paramagnetic resonance spectra of the com
signal. The intensity of the signal in APXSM is mgch !arger pound | épecies of wild-type APX (A) and mutants APX3M (8)
and more cleanly resolved than the signal seen in wild-type ang APX3M/W179F (C) were collected on samples frozen ap-
APX compound I*. In addition, the total number of spin proximately 50 s after the initial formation of compound I. The
equivalents increases from 0.09 in the wild type to 0.24 in data in panels AC have been scaled so that relative intensities
APX3M. Therefore. the Met residues introduced into the are directly comparable. The addition of Met residues into the

. : proximal side of APX results in thg = 2.004 signal increasing in
proximal pocket of APX promote formation of the Trp179 size and becoming more symmetrical. An additiogat 2.037

radical. If the APX3M radical is a Trp radical, then the signal also appears in APX3M which is indicative of a Trp radical;
APX3M/W179F mutant should exhibit quite different EPR this signal disappears when the proximal Trp residue is mutated to
properties. This mutant shows a much larger isotrapic Phe. T_he spectrum of APX3M/VV179F appears to be more_like that
2.006 signal (0.78 spin equivalent) and lacks give 2.037 of an isolated Tyr radical. The total number of spin equivalents
peak indicating that, as expected, APX3M/W179F compound relative to the C&-EDTA standard is also given.

I* no longer forms a Trp radical. The EPR spectrum of
APX3M/W179F is most likely that of a Tyr radical since
the spectrum closely resembles that of the CcP compound ISt di f the lifet fthe T dical ined b
mutant, lacking the proximal Trp residue, where the radical udies ot the firetime ot the 11p radical, as examined by
is known to reside on a Tyr29). The EPR spectra of transient-state kinetics of a single-turnover reaction with

APX1M and APX3M/R172N resemble that of APX3M (data ferrous cytochrome, show that the half-life of this radical
not shown). is reduced to less than 25 ms when all of the Met residues

are removed from the proximal pocket. The study presented
DISCUSSION here provides support to these previous findings by showing
Our current work coupled with previous work on CcP that the introduction of three Met residues into homologous

illustrates that it is possible to control the location of radical Positions in the proximal pocket of APX results in substantial
sites in peroxidases by engineering in the appropriate destabilization of the compound I porphyrin radical and the
electrostatic environment. Previous work with CcP has shown total amount of porphyrin radical formed. Most significantly,

that the proximal Met residues, M172, M230, and M231 the EPR data exhibit a more prominent Trp radical signal.
(CcP numbering), play an important role in the electrostatic The g; = 2.038 signal (Figure 3) has been shown to be
stabilization of the Trp radical in CcPLg). When these  associated with a Trp radical in APX after compound | is
residues are replaced with the corresponding residues in APXallowed to ageZ6). Theg, = 2.038 signal also appears in

-1000000 —

in the presence of an engineered potassium binding site, the
wild-type CcP EPR signature is replaced with a Tyr signal.
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a mutant of horseradish peroxidase compound | when theNOTE ADDED AFTER ASAP PUBLICATION

proximal side Phe221 is replaced with Tig7). Phe221 in
horseradish peroxidase is the homologue to Trp191 in CcP
and Trpl79 in APX. Since APX has only two Trp residues,
Trp179 in the proximal pocket and Trp41 in the distal pocket,
it is very likely that Trp179 is the site of radical formation

in the APX3M mutants. That the APX3M/W179F mutant

the

lacks theg, = 2.038 peak further supports Trp179 as the 1.

site of radical formation. Interestingly, the APX3M/W179F
EPR spectrum (Figure 3) closely matches that of CcP which 2
lacks the proximal Trp, where it is known that the radical
resides on a Tyr residue, most likely Tyr23®). There are

seven Tyr residues in APX, and three of these, Tyr190, 5
Tyr224, and Tyr235, are within 20 A of the heme iron. The
most likely candidate of these three residues is Tyr190 which
is located only 7.6 A from the heme plane.

Most of our work on CcP and APX has centered on how
to stabilize or destabilize a Trp radical. However, most
peroxidases form a porphyrin radical so it also is important
to address the question of how the protein environment helps

to stabilize a porphyrin radical in most heme peroxidases 6.

(15, 30). Density functional theory has provided an interest-
ing explanation 15, 31). The heme propionates are able to
transfer electron density to the porphyrin radical, thus
diminishing the degree of porphyrin-cation radical char-
acter. However, salt bridging to the heme propionates negates
this effect, thus resulting in a more stable porphyrination

radical. Although this study focused on cytochrome P450, 9.

it is interesting to note that most heme peroxidases that form
porphyrin -cation radicals have at least one Arg or Lys

residue H-bonding or forming a salt bridge, respectively, with  1q.

the heme propionates. CcP which does not form a detectable
porphyrin radical also does not have an Arg or Lys residue
H-bonding or forming a salt bridge, respectively, with at least ;4

This paper was published ASAP 10/04/05. The name of

mutant in the final row of Tables 1 and 2 has been

corrected; the corrected version was published 10/06/05.
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