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ABSTRACT: Cytochrome c peroxidase (CCP) and ascorbate peroxidase (APX) have very similar structures,
and yet neither CCP nor APX exhibits each other’s activities with respect to reducing substrates. APX
has a unique substrate binding site near the heme propionates where ascorbate H-bonds with a surface
Arg and one heme propionate (Sharp et al. (2003) Nat. Struct. Biol. 10, 303-307). The corresponding
region in CCP has a much longer surface loop, and the critical Arg residue that is required for ascorbate
binding in APX is Asn in CCP. In order to convert CCP into an APX, the ascorbate-binding loop and
critical arginine were engineered into CCP to give the CCP2APX mutant. The mutant crystal structure
shows that the engineered site is nearly identical to that found in APX. While wild-type CCP shows no
APX activity, CCP2APX catalyzes the peroxidation of ascorbate at a rate of ≈12 min-1, indicating that
the engineered ascorbate-binding loop can bind ascorbate.

Peroxidases are a large ubiquitous family of detoxifying
enzymes that catalyze the reduction of H2O2 at the expense
of various reducing substrates. Most peroxidases are heme-
containing enzymes that use hydrogen peroxide to catalyze
a number of oxidative reactions. The general reaction scheme
of heme peroxidases is as follows:

The enzyme reacts with H2O2 to form compound I. In
compound I, the heme iron is oxidized from Fe3+ to Fe4+

and the porphyrin ring to a π-cationic radical (1). Yeast
cytochrome c peroxidase (CCP)1 is an exception since Trp
191 in the proximal pocket just below the heme and adjacent
to the His 175 heme ligand is the site of radical formation
(2) and not the porphyrin ring. Compound I is then

subsequently reduced back to the resting state in two
successive one electron transfer reactions involving two
molecules of substrate (S in the above scheme) Via another
enzyme intermediate called compound II.

In general, peroxidases can oxidize a wide variety of
substrates including aromatic amines, indoles, phenols, lignin,
halides, and manganese (3). When the first few crystal
structures of peroxidases became available, it appeared that
the most likely region for small aromatic substrates to bind
is at the one edge of the heme exposed to solvent which
thus allows substrates to directly contact the heme for short
and fast electron transfer to the porphyrin radical. Indeed,
the crystal structure of horseradish peroxidase complexed
with ferulic acid shows binding at the heme edge as expected
(4). CCP, however, is poor at oxidizing small aromatic dyes
but instead is specialized to oxidize cytochrome c. This is
accomplished by providing a surface unique to forming a
complex with cytochrome c (5) and by locating the radical
in compound I on Trp 191 (2) rather than the porphyrin
macrocycle. As more crystal structures became available,
however, this simple view that, with the exception of CCP,
substrates bind at the heme edge came into question. For
example, manganese peroxidase has the substrate, Mn(II),
coordinated to one heme propionate (6), thus providing a
direct route of electron transfer to heme along the heme
propionate group. Chemical modification (7), mutagenesis
studies (8), and crystallographic studies (9) showed that
ascorbate peroxidase (APX) also uses a similar site near the
heme propionates.

A long standing goal in enzyme engineering is to introduce
novel activities into enzymes by altering or introducing new
substrate binding sites. Given the close similarity between
the APX and CCP structures with the exception of ascorbate-
binding site, it appeared to us that it should be possible to
introduce the APX substrate binding site into CCP and
convert CCP into an APX. If successful, this would provide
an important step in developing strategies of tailoring
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peroxidases to bind other types of substrates that could prove
useful in a variety of practical applications such as biore-
mediation. Here we report our initial attempts at engineering
CCP into an APX.

MATERIALS AND METHODS

Site-Directed Mutagenesis. Oligonucleotide-directed mu-
tagenesis experiments were performed on pT7-7 vector that
contained the wild-type CCP. Residues 30-42 (LRED
DEYDNYIGY) of WTCCP were replaced with residues
27-32 (IAEKKC) of APX in order to introduce the
ascorbate-binding loop. The following 69 base oligonucle-
otide and its reverse complement were obtained from
QIAGEN’s Operon Technologies (Alameda, CA): GTG TAC
AAT GCG ATT GCA CTC AAG ATT GCG GAA AAG
AAG TGT GGG CCC GTA TTA GTC CGT CTT GCT
TGG.

In order to introduce crucial Arg into CCP essential for
ascorbate binding and catalysis, the following oligonucleotide
and its reverse complementary sequence were synthesized
and obtained from QIAGEN′s Operon Technologies (Alame-
da, CA): ACC CAC TTG AAG CGC TCT GGA TAC
GAA.

Site-directed mutagenesis was carried out by overlap
extension method by PCR (10) using Thermal Ace Poly-
merase (Invitrogen) with outside primers “T7” (TAATAC-
GACTCACTATAGG) and “Lac-80” (CAGTCACGACGT-
TGTAAAAC), which were also purchased from QIAGEN′s
Operon Technologies and the requisite internal primers.
These mutations were introduced iteratively in stages to
follow properties of the protein as a consequence of
mutations. First, the ascorbate-binding loop was introduced
into CCP followed by the N184R point mutation. The
resultant mutant was called CCP2APX. Although the mutant
has fewer amino acids than wild-type CCP, the wild-type
amino acid numbering will be used. In order to enable this
mutant to form a porphyrin π-cation radical during catalysis,
Trp 191 was converted to Phe using CCP2APX as template
to give CCP2APX/F191. The mutant clones were analyzed
and confirmed by restriction analysis and automated DNA
sequencing at the sequencing facility of Biotech Diagnostic,
Laguna Niguel, CA.

Protein Expression and Purification. Expression plasmids
were transformed into Escherichia coli BL21(DE3) STAR
competent cells, and the transformants were grown in 7 L
of terrific broth with vigorous shaking at 37 °C until the
cultures reached an A600 of 0.8. At this point, protein
production was induced from the T7 promoter by adding
750 µM IPTG. Cells were allowed to express protein
overnight at a reduced temperature of 25 °C and reduced
shaking to 100 rpm. Cells were harvested, lysed, and
chromatographed on a 2 L Sephadex G-75 column followed
by heme incorporation according to published protocols
(11, 12). After heme incorporation and dialysis proteins were
further purified using DEAE-Sephacel anion-exchange chro-
matography. Fractions were collected, pooled, and concen-
trated by ultrafiltration using YM30 membrane, and the
protein was stored in 50 mM potassium phosphate, pH 6.0,
after extensive dialysis against the same buffer. Protein
concentrations were determined spectrophotometrically using
an extinction coefficient ε408 ) 96 mM-1 cm-1.

Steady-State ActiVity Assays. Spectrophotometric assays
were carried out at room temperature using a Cary 3E
UV-visible spectrophotometer. Steady-state activity of wild-
type and mutant proteins was measured using the native
substrate of CCP, yeast cyt c (ferrocytochrome c), as well
as L-ascorbic acid. The steady-state oxidation of cytochrome
c was measured at room temperature using a ∆ε550 ) 19.6
mM-1 cm-1 using 25 µM sodium dithionite reduced cyt c,
100 mM Tris-phosphate, pH 6.0, and 100 µM H2O2.
Peroxidation of L-ascorbic acid was measured by following
the decrease in optical density at 290 nm using a ε290 ) 2.8
mM-1 cm-1 in 50 mM potassium phosphate, pH 7.5, 250
µM H2O2, and varying concentrations of ascorbate. Hydrogen
peroxide concentrations were standardized with KMnO4

using the method of Fowler and Bright (13).
Transient-State Kinetic Studies. The rate of compound I

formation and decay was determined using an Applied
Photophysics SX.18MV-R stopped-flow spectrophotometer
at room temperature. Wild-type and mutant proteins at a
concentration of 6 µM were mixed with H2O2 at concentra-
tions ranging from 6 to 20 µM. The transient-state reaction
was examined using a diode array attached to the SX.18MV-R
stopped-flow spectrophotometer and was used to determine
the maximal change in absorbance for each of the proteins.
Buffers used were 50 mM potassium phosphate, pH 7.0, with
0.1 mM EDTA for all proteins except CCP2APX/F191 for
which in addition to the previous buffer, 100 mM sodium
citrate buffer, pH 5.0, was also used. The formation of
compound I was examined for 20 ms, and data were fit to a
single-exponential curve using Applied Photophysics soft-
ware. In APX and the mutant where Trp 191 is converted to
Phe, there is an initial rapid decrease in absorbance owing
to formation of a porphyrin π-cation radical followed by a
slower increase in optical density owing to the spontaneous
reduction of the porphyrin radical. The kinetics of compound
I decay was estimated from the rate of increase in absorbance
after the initial formation of the compound I porphyrin
π-cation radical.

Electron Paramagnetic Resonance (EPR) Spectroscopy.
Quartz EPR tubes (715-PQ-250m) were purchased from
WILMAD. EPR spectra were recorded on a Bruker ESP300
spectrophotometer equipped with an Air Products LTR3
liquid helium cryostat. To observe the radical in compound
I, 200 µL of 300 µM wild-type or mutant CCP protein was
combined with an equal volume of 360 µM H2O2 in 50 mM
potassium phosphate, pH 6.5. The solution was mixed and
transferred to a quartz EPR tube and flash-frozen in a
n-hexanes-LN2(1) slurry, a process which took between 18
and 27 s. The EPR spectra were obtained at 10 K as an
average of 10 scans using the following instrument param-
eters: microwave frequency, 9.387 GHz; modulation ampli-
tude, 0.40 G; modulation frequency, 100 kHz; field sweep
rate, 23.84 G/s; 0.638 mW microwave power, 1.0 × 104

receiver gain, and 5.120 ms time constant.
X-ray Crystallography and Structure Refinement.

CCP2APX failed to produce decent quality diffracting
crystals, while crystals CCP2APX/F191 and CCP/R184 were
of high quality. Only peak fractions obtained during purifica-
tion were used for crystallization. Crystallization conditions
were optimized starting with conditions established for wild-
type CCP. Sitting-drop vapor diffusion with a well solution
of 30% 2-methyl-2,4-pentanediol (MPD) in 50 mM Tris-
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phosphate, pH 6.0, was used initially. The best crystals grew
in drops consisting of 400 µM protein, 22% MPD, and 50
mM Tris-phosphate, pH 6.0 at 4 °C. The following day,
one round of touch seeding using wild-type CCP crystals
was done to initiate crystal growth. Immediately after crystal
growth mutant crystals were flash-frozen in liquid nitrogen
and stored for data collection later.

High-resolution data collection for CCP2APX/F191 and
near atomic resolution data for CCP/R184 were collected at
SSRL beamline 9-1. Data were reduced using HKL2000 and
SCALEPACK (14). CCP2APX/F191 and CCP/R184 crystals
were isomorphous with WTCCP crystals and belong to space
group P212121. As a result, the structure of WTCCP was used
as the starting model for refinement in CNS version 1.1 (15)
after molecular replacement. Rigid body refinement was
followed by slow-cool simulated annealing starting at 3000
K as implemented in CNS version 1.1 (15), and the
remaining cycles that followed consisted of a few cycles of
conjugate gradient minimization and water picking. The
program O (16) was used for further adjustment and
modeling of protein atoms, ligands, and water molecules.
The final refinement was carried out using SHELXL (17),
and anisotropic B-factors were used for main chain atoms.
Refinement of the 1.06 Å structure of the CCP/R184 mutant
followed a similar protocol. Data collection and refinement
statistics are summarized in Table 1.

Molecular Dynamics. Molecular dynamics simulations
were carried out with Amber 9.0. Charges and optimal
geometry for ascorbate were obtained using the antechamber
routine in Amber and AM1-bcc charges with ascorbate
assigned a net charge of -1.0. Heme parameters were
provided by Dr. Dan Harris (18). The APX-ascorbate struc-
ture used was taken from the known crystal structure (9).
Ascorbate was modeled into the crystal structure of the
engineered version of CCP, CCP2APX/F191, assuming that
ascorbate binds the same way as in APX. Since we were
focusing only on the substrate binding site, a full periodic
boundary simulation was not carried out. Instead, a sphere
of TIP3 water molecules was placed within a 20 Å sphere
of the ascorbate, which is sufficient to properly model the
interaction of ascorbate and nearby protein groups with

solvent. Prior to MD simulations, structures were energy
minimized for 1000 cycles with all H atoms and water
molecules allowed to move. Next, all atoms except the
ascorbate were allowed to move for 1000 cycles followed
by a final 2000 cycles of minimization with all atoms allowed
to move. For MD runs, atoms greater than 18 Å from the
ascorbate were constrained to the starting position using a
force constant of 2 kcal/Å. This was done to avoid “boiling
off” of solvent since a periodic boundary was not used. MD
simulations were run for 10 ns with structures saved every
10 ps.

RESULTS

Mutant Design. Figure 1 shows a comparison between
CCP (red) and the APX-ascorbate complex (green) in the
vicinity of the ascorbate-binding site identified in the crystal
structure of the APX-ascorbate complex (9). A loop on the
surface between the A and B helices provides the ascorbate-
binding pocket. In CCP this loop is 7 amino acids longer
than in APX. Based on structural superposition of WTCCP
and APX as shown in Figure 1 and after subsequent
sequence analysis, the ascorbate-binding site was intro-
duced into WTCCP. This was achieved by replacing wild-
type residues 30-42 (LREDDEYDNYIGY) with residues
27-32 (IAEKKC) from APX. In the APX-ascorbate
complex, Arg 172 (Figure 1) H-bonds with the substrate
and is known to be critical for activity in APX (8), whereas
the corresponding residue in CCP is Asn 184 and thus
was replaced with Arg.

Crystal Structures and Molecular Dynamics. Crystals of
CCP2APX/F191 diffracted to 1.3 Å resolution, which provided
sufficient data to justify the use of anisotropic B-factor refine-
ment for main chain atoms. The fit of the engineered ascorbate-
binding site to the electron density map including Arg 184 is
shown in Figure 2A. The engineered ascorbate-binding loop
superimposes well on APX (Figure 2B).

We made several unsuccessful attempts to obtain crystals
of the CCP2APX/F191-ascorbate complex. Soaking crystals
in ascorbate resulted in crystal cracking which could be due
to ascorbate-induced structural changes incompatible with
the crystal lattice. Alternatively, the increase in ionic strength
upon addition of sodium ascorbate could be a problem since
crystals are grown at low ionic strength. We also attempted
to cocrystallize the CCP2APX-ascorbate complex, but this,
too, failed to generate useful crystals. We therefore used MD
simulations to obtain some insight on the structure, stability,
and energetics of the engineered ascorbate-binding site. The
results of MD simulations are summarized in Figure 3 and
Table 2. Structures shown in Figure 3 were averaged over
the last 5 ns of the 10 ns simulation followed by energy
minimization. As shown in Figure 3A and Table 2, the
H-bonding interaction between ascorbate, Arg 172, and heme
in APX remains intact during the simulation. However, the
H-bond between Lys 30 and ascorbate found in the crystal
structure of the APX-ascorbate complex (9) breaks early
on in the simulation, resulting in Lys 30 forming a stable
ion pair with Glu 29, indicating that Lys 30 does not play
an important role in ascorbate binding. This agrees well with
the experimental data since replacing Lys 30 with Ala
actually increases kcat (19). In sharp contrast, Arg 172 in APX
is essential for catalysis (8, 19), and the Arg 172-ascorbate

Table 1: Crystallographic Data Collection and Refinement Statistics

CCP2APX/F191 CCP/R184

PDB code 3E2N 3E2O
radiation source SSRL BL9-1 SSRL BL9-1
wavelength (Å) 1.08 1.08
space group P212121 P212121

cell parameters (Å) a ) 106.78, b ) 74.49,
c ) 50.95

a ) 107.34, b ) 75.92,
c ) 51.22

resolution range (Å) 100-1.30 100-1.02
total observations 481666 731218
Rsym

a 0.05 (0.55) 0.08 (0.39)
unique reflections 96961 194391
completeness (%) 96.3 (93.1) 93.3 (94.0)
resolution range

for refinement (Å)
100-1.3 10.0-1.06

reflections used
for refinement

92280 163883

mean I/σ
(highest resolution)

32.2 (2.5) 35.0 (2.3)

Rcryst/Rfree 17.6/22.0 16.3/18.8
a Rsym ) ∑h∑i|〈I(H)〉 - I(h)i|/∑h∑iI(h)I, where I(h) is the intensity of

reflection h, ∑h is the sum over all reflections, and ∑i is the sum over
all I measurements of reflection h.
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interaction remains intact over the course of the 10 ns
simulation (Figure 3A and Table 2). For the CCP2APX/F191
structure the ascorbate rotates up toward Asn 87 (Ile 76 in
APX) in order to form a new H-bond with Asn 87 (Figure
3B). This movement requires breaking of the ascorbate-
heme H-bond. In addition the rms fluctuation of ascorbate
is higher in CCP2APX/F191 than APX (Table 2). The main
difference in the substrate-binding pocket and the reason
ascorbate moves so much in CCP2APX/F191 is that Asn

80 (Asn 87 in WTCCP numbering) is Ile 76 in APX. In APX
Ile 76 lies on top of the ascorbate to assist the ascorbate to
remain in position for H-bonding with Arg 172. We therefore
carried out an in silico mutagenesis experiment and converted
Asn 87 to Ile in CCP2APX/F191 followed by a 10 ns
simulation. As expected CCP2APX/F191/N87I more closely
resembled APX than CCP2APX/F191. As shown in Figure
3C and Table 2 ascorbate remains in position for H-bonding
with Arg and heme, and the rms fluctuation is slightly lower

FIGURE 1: WTCCP (red) superimposed on APX (green). Panels A and B are two different views.

FIGURE 2: The engineered ascorbate-binding loop in CCP2APX. (A) 2Fo - Fc electron density map contoured at 1.0σ. Note that the
engineered loop centered on Lys 33 and Arg 172 which is Asn in WTCCP is very well ordered. (B) A superimposition of CCP2APX/F191
(red) on the APX-ascorbate complex (green). The key components of the ascorbate-binding site are the same in both enzymes.

FIGURE 3: Average MD structures (magenta) superimposed on original structures (green) for (A) APX, (B) CCP2APX, and (C) CCP2APX
with Asn 87 converted to Ile. Note that in APX (panel A) the ascorbate remains stable throughout the MD simulations while in CCP2APX
(panel B) the ascorbate moves up toward Asn 87, thus allowing the ascorbate and Asn80 to form an H-bond. The movement of the substrate
results in the loss of the heme-ascorbate H-bond. The in silico conversion of Asn 87 to Ile in CCP2APX results in the ascorbate maintaining
its interactions with Arg 184 and the heme.

Table 2: Distances and Standard Deviations of Key H-Bonding Distances Averaged over the 10 ns MD Simulationa

protein Arg-ascorbate distance (Å) heme-ascorbate distance (Å) Asn 80-ascorbate distance (Å) fluctuation (Å)

APX 3.19 ( 0.21 3.19 ( 0.36 0.61
CCP2APX/F191 3.33 ( 0.35 5.64 ( 0.31 3.36 ( 0.32 1.02
CCP2APX/F191/N87I 3.0 ( 0.19 3.47 ( 0.42 0.90
a The fluctuation refers to the average rms deviation of the entire ascorbate molecule.
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than in CCP2APX/F191 (Table 2). A priori, one might
conclude that the overall ∆G of binding is about the same
for all three structures since all three have two H-bonds
between the substrate and neighboring groups. The main
difference is the more extensive van der Waals contacts
between Ile and ascorbate in APX and CCP2APX/F191/
N87I.

We also solved two other structures: the first with just the
ascorbate-binding loop introduced into CCP and the second
with just Asn 184 converted to Arg which we call CCP/
R184. With respect to engineering CCP into an APX neither
structure provides any further insights than the CCP2APX/
F191 structure. However, crystals of CCP/R184 provided an
unexpected benefit of diffracting to atomic resolution which
enabled the structure to be refined to a nominal resolution
of 1.02 Å (Table 1). Applying a I/σI > 2.0 cutoff, the
resolution would decrease to 1.06 Å. Although outside the
scope of the present paper, it is worth a slight diversion to
describe some interesting insights provided by the CCP/R184
structure. Figure 4 shows the 2Fo - Fc maps in the active
site region. The main change induced by the N184R mutation
is in Arg 48, a critical active site residue. In WTCCP Arg
48 occupies multiple positions (20), but in CCP/R184 Arg
48 occupies only one position. Both Arg 48 and the mutant
Arg 184 side chains interact with the same heme propionate
Via a network of H-bonded solvent molecules. This additional
ordering perhaps accounts for the decrease in flexibility of
Arg 48. Such subtle changes apparently have little effect on

enzyme activity since the CCP/R184 mutant exhibits about
50% of WTCCP activity.

One last feature to be highlighted is the level of detail
provided for key active site H-bonding residues. Asp 235
(Figure 4C) is an invariant residue that H-bonds with the
His 175 heme ligand. At atomic resolution it is possible to
discern the difference between C-O single and double bonds
in well-ordered carboxylate side chains. To obtain an
objective picture on the precise bond distances in Asp 235,
10 cycles of SHELXL refinement were carried out with no
distance or angle restraints imposed on Asp 235. The
resulting 2Fo - Fc electron density map is shown in Figure
4D. Note that the electron density contoured at 5σ is
continuous along the CG-OD2 bond but broken along the
CG-OD1 bond. In addition, the CG-OD2 unrestrained bond
distance is 1.228 Å compared to 1.290 Å for the CG-OD1
bond. In order to assess the significance of this difference,
we carried out a round of full matrix least-squares refinement.
Standard uncertainties on bond lengths can be calculated by
inversion of the normal matrix using SHELXL. All restraints
on positional parameters were excluded for the calculation.
The matrix included all of the positional parameters and none
of the thermal parameters. The resulting bond distances and
standard deviations are CG-OD1 1.290 ( 0.017 Å and
CG-OD2 1.228 ( 0.014 Å. Thus the difference in bond
lengths is more than 3 standard deviations above the error
and hence is significant. Both the map and distances indicate
that the CG-OD1 bond has less double bond character with
more electron density localized on OD1 than OD2. Therefore,
OD1 should be a particularly strong H-bond acceptor from
His 175. Indeed, the H-bond angle between Asp 235 and
His 175 is a near ideal 119° while the H-bond angle between
Asp 235 and Trp 191 is 127°. The strong His 175-Asp 235
H-bond found in many heme peroxidase structures is
generally considered to be an important factor in the low
heme redox potential of peroxidases compared to other heme
proteins with His ligands such as the globins. However, there
is nothing unusual about the Asp-His H-bond other than
ideal geometry and distance which thus precludes an un-
protonated His ligand or low barrier H-bond.

Spectroscopy. Figure 5a shows the absorption spectrum
of CCP2APX before, immediately after, and 1 h after the
addition of 1 equiv of H2O2. Because the Trp 191 radical in
compound I does not contribute significantly to the absorp-
tion spectrum, the spectra of compounds I and II are very
similar and thus are characteristic of the Fe4+dO center. As
with WTCCP, the compound I Soret band red shifts relative
to the Fe3+ resting enzyme with new bands at 530 nm and
near 560 nm. The spectrum is quite stable and slowly relaxes
back toward the Fe3+ spectrum. However, there is a decrease
in absorption of the main Soret band immediately after
addition of peroxide and remains below the starting level.
This indicates that a small fraction of heme may be destroyed
during the decay of compounds I and II. Figure 5b shows
the EPR spectrum of CCP2APX immediately after the
addition of peroxide. The compound I signature of WTCCP
is typically axially symmetric with a broad envelope due to
a Trp 191 π-cation radical, which is in magnetic exchange
with the S ) 1.0 oxyferryl heme iron center with a g )
2.01-2.04. The spectrum for CCP2APX is very similar to
WTCCP, indicating that engineering the ascorbate-binding
loop into CCP does not effect formation of the Trp 191 cation

FIGURE 4: 1.06 Å 2Fo - Fc maps for the CCP/R184 mutant
contoured at 2.5σ in panels A, B, and C and at 5.0σ in panel D.
(A) The region around the mutant side chain Arg 184. (B) The
distal pocket showing the conserved residues Arg 48 and His 52
that are the catalytic groups responsible for heterolytic cleavage of
the peroxide O-O bond and formation of compound I. (C) The
proximal binding pocket showing the conserved His 175 ligand
and its H-bonding partner Asp 235. Trp 191 is the site of free radical
formation in compound I. (D) The 2Fo - Fc map contoured at 5.0σ
after 10 rounds of refinement with no angle or distance restraints
applied to Asp 235. Note the continuous density along the
CG-OD2 bond suggesting a double bond while the weaker
connectivity between CG and OD1 indicates a single bond.
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radical. Taken together, the EPR and UV-vis data indicate
that compounds I and II of CCP2APX are long-lived with
very similar spectral properties of WTCCP although there
does appear to be a small amount of heme lost during the
decay of compounds I and II.

Stopped-Flow Studies. As shown in Table 3 the rate of
compound I formation in the mutants is very similar to that
of wild-type CCP. With CCP2APX/F191 we expected the
initial reaction with H2O2 to generate a porphyrin π-cation
radical. In order to capture this reaction intermediate, we
employed diode array stopped flow. As shown in Figure 6A
the initial product formed 6 ms after mixing with H2O2

exhibits decreased absorption in the Soret band and a red
shift in the maximum to longer wavelengths. In addition,
there are distinct changes in the 500-580 nm region. These
changes are very similar to what was observed for the
porphyrin π-cation radical in the W191F CCP mutant (21)
but with clear differences. With CCP containing the W191F
mutation the first spectrum captured immediately after mixing
with peroxide exhibits a decrease in the Soret maximum of
about 35% (taken from Figure 4 in ref 21) while CCP2APX/
F191 exhibits only a 10% decrease. This, together with the
less well defined R and � bands in the 500-580 nm region,
indicates that CCP2APX/F191 forms a porphyrin π-cation
radical to less of an extent than the single W191F mutant. It
could be that one full peroxide oxidizing equivalent resides
on the porphyrin immediately after mixing but rapidly
migrates elsewhere. APX compound I spontaneously con-
verts to compound II, and the rate of compound I decay can
be estimated from the compound I to II spectral changes
(22). CCP2APX/F191 compound I decays about 160-fold
faster than APX compound I (Table 3). Figure 6B shows
the spectrum of CCP2APX/F191 before, immediately after,
and about 30 s after the addition of 1 equiv of H2O2 which
should generate the compound II spectrum. However, the
spectrum closely resembles the starting Fe3+ enzyme with a

diminished Soret maximum although there is the band near
560 nm that is indicative of compound II. This indicates that
CCP2APX/F191 forms a short-lived porphyrin radical which
does not decay to a clearly defined and stable compound II
species.

Steady-State ActiVity. CCP2APX exhibits about ∼2%
WTCCP activity, which is not too surprising since the loop
engineered out in the mutant provides direct contact with
cyt c in the CCP-cyt c complex (5). Under the assay
conditions employed in this study WTCCP exhibits no
ascorbate peroxidase activity. However, as shown in Figure
7, CCP2APX exhibits reasonably good ascorbate peroxidase
activity. From where the curve in Figure 7 plateaus, we can
estimate a kcat ≈ 12 min-1. CCP2APX/F191 exhibited activity
as well but only about half the level of CCP2APX.

The MD work suggested that the Ile in APX which
replaces Asn 87 in CCP helps to hold the ascorbate in place
for proper H-bonding with the heme propionate (Figure 3).
We therefore replaced Asn 87 with Ile in CCP2APX/F191
and found no improvement in enzyme activity.

DISCUSSION

Our results show that it is relatively straightforward to
engineer the ascorbate-binding site found in APX into CCP.
While it is true that CCP and APX are structurally very
similar, it may seem somewhat surprising that the removal
of a seven-residue surface loop in CCP was required to form
the ascorbate site that has very little effect on structure,
stability, or the ability to form well-ordered crystals.
However, loop insertion or deletion between stable elements
of secondary structure is a common strategy employed by
nature to alter function. Loop swapping also has been
successfully employed in the redesign of other metallopro-
teins (23). The fact that the engineered ascorbate-binding
site in CCP2APX/F191 is the same as in APX and the
mutants exhibit ascorbate peroxidase activity strongly sug-
gests that ascorbate is binding to the engineered site and is
responsible for the observed ascorbate peroxidase activity
in the mutants.

The rate of ascorbate peroxidation for CCP2APX is 12
min-1, while WTCCP exhibits no activity under the same
experimental conditions, clearly demonstrating that we were
successful in engineering a new activity. Even so, this value
is well below the kcat of 40-100 s-1 observed for plant APX.
One possible reason is that the engineered site may bind
ascorbate but not very well. The MD simulations showed

FIGURE 5: (A) UV-vis spectra of the CCP2APX Fe3+ resting state (blue), immediately after the addition of 1 equiv of H2O2 to give
compound I (red), and 1 h after the addition of H2O2 (green). (B) EPR spectrum of CCP2APX immediately after the addition of 1 equiv
of H2O2.

Table 3: Rates of Formation and Decay of Compound I As Determined
by Rapid Kinetic Measurementsa

enzyme
compound I

formation (M-1 s-1)
spontaneous decay

of compound I (s-1)

APX 3.8 × 107 0.23
wild-type CCP 1.25 × 108

CCP/W191F 3.5 × 106 57
CCP2APX/F191 5.4 × 106 37
CCP2APX 9.1 × 107

a Experimental conditions are provided in Materials and Methods.
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that Ile 76 in APX helps to hold the substrate in place such
that it H-bonds with both Arg 172 and one heme propionate.
This provides a direct connection between the substrate and
heme. The MD work also indicates that in CCP2APX/F191
the substrate fluctuates more and rotates up toward Asn 87
and no longer maintains a stable short contact with the heme
propionate. Even so, the substrate maintains a close interac-
tion with the engineered Arg residue (Table 2), and it is
doubtful that a slight reorientation of the substrate in
CCP2APX compared to APX is responsible for the lower
activity in CCP2APX. Moreover, replacing Asn 87 with Ile
resulted in no further improvement in activity.

A second possibility is that in CCP2APX the radical site
in compound I is stably located on Trp 191 while in APX
the radical is located on the porphyrin macrocycle. Thus the
electron transfer distance is much longer in CCP2APX, about
9 Å, and does not follow a direct route to the radical site as
in APX. However, a rough estimate of the expected electron
transfer rate at a distance of 9.0Å can be made using the
web-based electron transfer calculator (http://www.uphs.
upenn.edu/biocbiop/local_pages/dutton_lab/golden.html). To
make such an estimate, the overall thermodynamic driving
force of the reaction and reorganization energy must be
known. The typical values used for reorganization energy
are 0.7-1.0 V. The redox potential of the ascorbate/ascorbate
radical couple is +282 mV (24) while the Trp 191/Trp 191
radical couple is in the range of 1 V (25). Although there
are uncertainties in the actual redox potential of Trp 191 in

the protein, the overall driving force for the oxidation of
ascorbate is large and in the range of 400-700 mV. Even
assuming that the driving force is 0 V and large errors in
reorganization energy, the rate of electron transfer over a
distance of 9.0 Å is orders of magnitude more than the
observed turnover so it is doubtful that the distance between
the ascorbate and Trp 191 radical is limiting. Even so,
anticipating this problem is the reason we also prepared the
CCP2APX/F191 mutant since this mutant should form a
porphyrin radical. However, based on the magnitude of
spectral changes obtained in our diode array experiments,
the extent of porphyrin radical formation is much less in
CCP2APX/F191 compared to plant APX, and the decay of
the porphyrin radical is about 160 times faster in CCP2APX/
F191 than in APX. Thus CCP2APX/F191 forms neither a
stable porphyrin radical, an amino acid radical, nor a stable
compound II, which can account for its lower ascorbate
peroxidase activity in comparison to the CCP2APX mutant.

A third possibility relates to the reactivity of compound
II. The reduction of compound II is often the rate-limiting
step in peroxidases and thus is the obvious place to focus
for improving activity. Here the efforts of Yeung et al. are
highly relevant (26). In this work the manganese peroxidase
Mn(II) site was introduced into CCP. The initial design effort
resulted in a mutant CCP that oxidizes Mn(II) at 15 min-1

compared to 14500 min-1 for authentic manganese peroxi-
dase. In subsequent studies the activity was improved to
about 240 min-1 by converting both Trp 191 and the distal
pocket Trp 51 to Phe (27, 28). These mutations have nothing
to do with improving Mn(II) binding but do affect the
reactivity of compounds I and II. Pfister et al. (29) argued
that the improved activity in the Trp191Phe/Trp51Phe double
mutant is due to an increased reactivity of compound II which
is consistent with other studies (30). Trp 51 directly contacts
the Fe-linked oxygen atom in compound I (20) so it is not
surprising that the conversion of Trp 51 to Phe dramatically
alters reactivity. Similar arguments could hold for our present
work. The spectral data suggest that Fe4+dO center in
CCP2APX is stable and thus may lack the reactivity required
for fast ascorbate oxidation. Indeed, CCP compounds I and
II are unusually stable among heme peroxidases. This could
be biologically advantageous since more reactive compounds
I and II would be subject to nonspecific reduction by small
molecule reductants. Thus CCP had to evolve a somewhat
more elaborate electron transfer process to ensure only cyt
c is oxidized. One novel feature that helps to control

FIGURE 6: (A) Diode array spectrum of CCP2APX/F191 before (labeled as Fe3+) and 6 ms after mixing (labeled as compound I) with H2O2.
(B) UV-vis spectrum of CCP2APX/F191 before (blue), immediately after the addition of 1 equiv of H2O2 (red), and about 30 s after the
addition of H2O2 (green).

FIGURE 7: Ascorbate peroxidase activity of CCP2APX. 1.0 µM
enzyme was added to a cuvette containing 250 µM H2O2 and
varying concentrations of ascorbate. The rate was determined by
the decrease in absorbance at 290 nm using an ε290 ) 2.8 mM-1

cm-1.
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selectivity in CCP is both electrons from cyt c required to
reduce compound I back to the resting Fe(III) enzyme must
pass through Trp 191 (31). This means that, after reduction
of the Trp 191 radical in compound I, there is an internal
electron transfer from Trp 191 to Fe4+dO to give Trp 191•+/
Fe3+-OH, and it is this species that accepts the second
electron from cyt c. The cyt c heme directly contacts Ala
193 (5) in CCP, and thus there is a direct polypeptide electron
transfer path to Trp 191. The binding of cyt c also could
affect the energetics of the Trp 191-to-Fe4+ internal electron
transfer process and thus the energetics of compound II
reduction. High-resolution structures (20) show that the Ala
193 section of polypeptide is disordered in resting Fe3+ CCP
but becomes well ordered in compound I such that the Trp
191 cationic radical is more effectively stabilized by the
surrounding protein. The crystal structure of the covalent
CCP-cyt c complex (32) shows that this region is well
ordered in CCP, indicating that the binding of cyt c can affect
the local Trp 191 environment and could promote the
formation of compound II. None of these effects associated
with cyt c binding is possible in the CCP2APX mutant alone.
As a result, the reactivity of compound II is too low to
support rapid oxidation of ascorbate. This appears to be the
most reasonable explanation and is consistent with previous
studies (27).

A low compound II reactivity at first may seem puzzling
since Fe4+dO is a powerful oxidant and there is no
thermodynamic barrier to electron transfer from ascorbate.
However, the reduction of Fe4+dO to Fe3+-OH is a proton-
coupled electron transfer process which can present a
substantial kinetic barrier to electron transfer. Here again the
internal electron transfer from Trp 191 to Fe4+dO is the key
to understanding compound II reactivity since once Trp
191•+/Fe3+-OH is formed, there is very little thermodynamic
or kinetic barrier to reducing the Trp cation radical. The rate-
limiting and least understood step is the coupling of electron
transfer from Trp 191 with protonation of the Fe4+dO
oxygen atom and how this process may be affected by cyt c
binding. The success in substantially increasing the Mn(II)
peroxidation activity of engineered versions of CCP with
Trp 51 converted to Phe could have directly affected the
kinetic barrier to protonation of Fe4+dO resulting in
increased Mn(II) peroxidation rates. There thus appears to
be a path to further improving CCP2APX activity by making
additional distal pocket mutants that increase the reactivity
of compound II. In conclusion, it appears that engineering
novel peroxidase activities is a two part problem: first,
introducing the proper substrate binding site, and second,
altering the activity of enzyme oxidant, usually compound
II, whose reduction is rate limiting. The first goal is relatively
straightforward since loop swapping is sufficient to provide
a novel binding pocket without altering the core structure.
The second goal is more difficult since this is less of a
structural problem and more of a chemical reactivity issue
where the effects of mutagenesis are not so simple to
interpret. Nevertheless, engineered peroxidases with altered
activity may provide a window into understanding the more
challenging problem of proton-coupled electron transfer.
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