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Cytochrome c peroxidase (CCP) from Saccharomy-
es cerevisiae was subjected to directed molecular
volution to generate mutants with increased activ-
ty against 2,2*-azino-bis(3-ethylbenzothiazoline-6-
ulfonic acid) (ABTS). Using a combination of DNA
huffling and saturation mutagenesis, mutants were
solated which possessed more than 20-fold increased
ctivity against ABTS and a 70-fold increased specific-
ty toward ABTS compared to the natural substrate. In
ontrast, activities against another small organic mol-
cule, guaiacol, were not significantly affected. Muta-
ions at residues Asp224 and Asp217 were responsible
or this increase in activity. These two residues are
ocated on the surface of the protein and not in the
irect vicinity of the distal cavity of the peroxidase,
here small organic substrates are believed to be ox-

dized. Mutations at position Asp224 also lead to an
ncreased amount of the active holoenzyme expressed
n Escherichia coli, favoring the selection of these mu-
ants in the employed colony screen. Possible explana-
ions for the effect of the mutations on the in vitro
ctivity of CCP as well as the increased amount of
oloenzyme are discussed. © 2001 Academic Press

Key Words: cytochrome c peroxidase; directed evolu-
ion; substrate specificity.

Cytochrome c peroxidase (CCP) from Saccharomyces
erevisiae is an iron protoporphyrin IX-containing
eroxidase that catalyzes the oxidation of ferrocyto-
hrome c by H2O2 (1). CCP has been shown to be an
deal system for studying the protein-cofactor inter-
ctions that control the chemistry of heme-containing
nzymes. Using rational design as well as evolutionary
pproaches, properties such as substrate specificity
nd the type of reaction catalyzed by CCP have
een modified, yielding important insights into the

1 Funding of this work was provided by the Swiss Science Foun-
ation, the Volkswagen-Stiftung (I/72 578), and the European Com-
unity (Grant BMH4-CT97-2277).
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roteins in general (2–9).
The first step in the mechanism of CCP is the reaction

f the resting state of the enzyme (Fe31CCP) with H2O2 to
orm an oxyferryl (Fe41AO) species and an indolyl cation
adical at position Trp191 [(Fe41AO)CCP•1], the so-
alled compound I (1, 10). Compound I of CCP then oxi-
izes one molecule of ferrocytochrome c (Fe21Cc) to ferri-
ytochrome c (Fe31Cc), thereby being converted to an
xyferryl species [(Fe41AO)CCP], which is called com-
ound II. In the crystal structure of the CCP–cytochrome
complex the two hemes are more than 17 Å apart and

he electron transfer is believed to occur via the indolyl
ation radical at the proximal side of the heme of CCP
11). Compound II subsequently oxidizes another mole-
ule of ferrocytochrome c, converting CCP back into its
esting state.

CCP is a member of the superfamily of bacterial,
lant and fungal peroxidases. Other members of this
uperfamily, including horseradish peroxidase (HRP),
xidize small organic molecules, such as guaiacol and
scorbate, or metal ions such as Mn21 (12). In general,
xidation of small molecules is believed to occur in or at
he entrance of the distal cavity at the exposed d-edge
f the heme of the peroxidase (13). However, it has
een recently shown that a number of peroxidases of
his superfamily possess binding sites for their sub-
trates on different parts of the protein surface of the
eroxidase and not in the distal cavity. Examples are
scorbate peroxidase, lignin peroxidase and Mn21 per-
xidase (14–16). It is remarkable that within this su-
erfamily of enzymes the locations of the substrate
inding sites are not conserved. The reasons for this
nusual diversity are unknown.
In addition to its natural substrate, CCP can also

xidize small organic molecules such as guaiacol, al-
hough with rates orders of magnitude below HRP (13).
sing directed evolution, we have previously isolated
CP-mutants with up to 300-fold increased activity
gainst guaiacol (9). Responsible for the dramatic in-
rease in activity is the mutation Arg48His in the
istal cavity. The mutation increases the steric access
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o the oxyferryl species and facilitates the for the oxi-
ation of phenols required simultaneous electron and
roton transfer from the substrate to the peroxidase
17). Activities against non-phenolic substrates were
ot significantly affected. The question then arose
hich mutations would increase the activity against

ubstrates that do not require simultaneous proton
nd electron transfer, such as the classical peroxidase
ubstrate 2,29-azino-bis(3-ethylbenzothiazoline-6-sul-
onic acid) (ABTS, Scheme 1). Here we report the di-
ected evolution of CCP toward an increased activity
gainst ABTS. In the course of these experiments, mu-
ants were isolated with a more than 20-fold increased
ctivity against this substrate. Mutations of residues
utside the distal cavity of CCP (Asp217 and Asp224)
ere responsible for the increase in activity.

ATERIALS AND METHODS

Reagents. Chemicals were purchased from Fluka AG. Enzymes
or recombinant DNA work were purchased from MBI Fermentas or
ew England Biolabs. DNaseI (from bovine pancreas, cell culture
rade) was purchased from Roche Molecular Biochemicals. Cyto-
hrome c (from horse heart) was purchased from Fluka AG. For
he affinity purification Ni–NTA–agarose (Qiagen) was used. Li-
raries were plated on Hybond-C supermembranes (Amersham Life
ciences).

Oligonucleotides. The following primers were used: AI5851, 59-
TAAGAGCGGCTACATGATGCTGC-39; AI5852, 59-GCATCATGT-
GCCGCTCTTAGAVNNCCACTGTTCGTTGTTCGCVNNGTTCTT-
TCCAATTTC-39; AI3461, 59-CGATATAGGCGCCAGCAACC-39;
I3462, 59-AAGCTTTAATGCGGTAGTTTATCACAGT-39; N: A, T,
, C; V: A, G, C.

Construction and screening of libraries and expression of selected
lones. For the construction and screening of CCP libraries as well
s the expression of individual mutants the previously described
lasmid phCCP was used (9). In this plasmid, the CCP gene is
ownstream of the T7-promoter, possesses an N-terminal 63His tag
hCCP) and is placed between two different SfiI sites. DNA shuffling
or the preparation of the initial libraries and for the shuffling of
elected mutants was performed following the protocol of Stemmer et
l. but using Mn21 as the cofactor for DNase I (18). The size of the
esulting libraries was around 5 3 104. For the saturation mutagen-
sis at positions 217 and 224 SOE PCR using primers AI5851,
I5852, AI3461 and AI3462 was performed (19). Pfu DNA polymer-
se was used in these experiments. The size of the library after
lectroporation into BL21(DE3) was 2 3 104 independent clones.
For the screening of the libraries up to 5000 colonies were directly

pread on a nitrocellulose membrane (14-cm diameter) and the mem-
rane was incubated on a LB agar plate (100 mg/ml amp) for 16 h at
7°C. The size of the colonies was below 1 mm in diameter. For
nduction of protein expression, the membrane was then transferred

SCHEME 1. Oxidatio
127
n a new LB agar plate (1 mM IPTG, 100 mg/ml amp) and incubated
or 3 h at 37°C. After the incubation, the membrane was briefly
ir-dried and placed on several layers of filter paper, which were
oaked with 50 mM KH2PO4, pH 6, 2 mM ABTS, 0.035% H2O2 and
ept at 4°C during the screening. The filter was visually inspected
or colonies turning green and the fastest staining colonies were
anually picked and amplified overnight in LB medium (100 mg/ml

mp). The wild-type stained after approximately 20 min under these
onditions. The libraries prepared by saturation mutagenesis at
esidues 217 and 224 were screened at 5 mM ABTS at room temper-
ture.
CCP mutants were expressed and purified as previously described

9). Heme content was determined by the pyridine hemochromogen
ssay (20). Protein concentrations were measured by the Bradford
ssay (21). Purity was checked by SDS–gel electrophoresis and was
reater than 95%.

Kinetic measurements. All reported data are the average of at
east three independent measurements. ABTS measurements were
aken at 30°C, pH 6, 50 mM KH2PO4, 0.1 mg/ml BSA, 0.25 mM
BTS, and 250 mM H2O2 using a microtiter plate reader (Spectra
ax 340, Molecular Devices). The enzyme concentrations were 10

M for hCCP and 2.5 nM for the mutants. The absorbance was
ecorded at 414 nm (« 5 36 mM21 cm21). All other measurements
ere taken on a UV spectrophotometer (Lambda 10, Perkin–Elmer)
t 30°C. Oxidation of guaiacol was measured at pH 6, 50 mM
H2PO4, 170 mM H2O2, 5 mM guaiacol and enzyme concentrations of
00 nM by monitoring the absorbance at 470 nm (« 5 26.6 mM21

m21) (13). Oxidation of horse heart ferrocytochrome c was measured
t pH 6, 50 mM KH2PO4, 180 mM H2O2, 40 mM ferrocytochrome c and
nzyme concentrations of 500 pM by monitoring the absorbance at
50 nm (D« 5 18.5 mM21 cm21) (2). Oxidation of K4Fe(CN)6 was
easured at pH 6, 100 mM KH2PO4, 600 mM H2O2, 17 mM
4Fe(CN)6 and enzyme concentrations of 75 nM by monitoring the
bsorbance at 420 nm (« 5 1 mM21 cm21) (13).

ESULTS

The library for the first round of screening was pre-
ared by DNA shuffling of the CCP wild-type gene.
equencing of nine randomly picked clones of the so
repared library showed that the members of the li-
rary possess on average two random point mutations
er gene. 104 CCP clones of this library were then
creened for higher activity against ABTS. The screen-
ng relies on the functional expression of CCP in E. coli
nd a simple colony screen. Colonies expressing active
CP turn green in the presence of ABTS and H2O2 due

o the intense color of the product of the ABTS oxida-
ion (Scheme 1). Background staining of E. coli
L21(DE3) not expressing CCP was negligible. After

he first round of screening, 19 clones that stained
aster than wild-type were isolated and subjected to

ABTS by peroxidases.
n of
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NA shuffling. Clones (104) of the resulting library
ere used in a subsequent round of screening. Four of

he fastest staining colonies were amplified and the
orresponding CCP genes were sequenced (Table 1).
sp224 is mutated in each of the selected clones to
ither Tyr (33) or Val (13). Asp217 is mutated in three
f the selected clones to Gly. The locations of the mu-
ated residues in the wild type structure of CCP are
hown in Fig. 1 (22).
Asp224 is in the middle strand of a short b-sheet in

he C-terminal domain of the peroxidase (Fig. 2). In the
eighboring strand of this b-sheet, adjacent to Asp224,

Sequences of the Clones K2.1–K2.4

Residue No. 39 60 88 93 184 217 224 292

CCP Y H G E N D D Q
K2.1 S G G V
K2.2 G Y L
K2.3 Y
K2.4 H R D G Y

FIG. 1. Locations of mutated re
128
ontact with Trp191, the radical cation of compound I.
he distances between the Cg of Asp224 and the Cb of
et230 and the Cg of Trp191 are 3.37 and 9.50 Å,

espectively. Asp217 is located in a turn between the
rst and the second strand of the b-sheet and its side
hain points toward Asp224 (Fig. 2). The distance be-
ween the two Cgs is 10 Å. Neither Asp217 nor Asp224
re part of the residues that form the entrance channel
o the distal cavity.

To measure the activity of the selected mutants in
itro, the proteins K2.1–K2.4 were expressed and pu-
ified using a 63His affinity tag. The activities of the
utant peroxidases and wild-type (hCCP) against
BTS, the natural substrate cytochrome c, and two
ther peroxidase substrates, guaiacol and K4Fe(CN)6,
re listed in Table 2. The activity against ABTS in-
reased about 18-fold (K2.2), whereas the activities
gainst the other substrates were much less affected.
ll four selected mutants possessed significantly
igher activity against ABTS compared to wild-type
CCP (at least 9-fold), demonstrating the efficiency of
he screen.

ues in the structure of CCP (22).
sid
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The mutations Asp224 to Asn, Val, or Gly have been
solated in previous selections for CCP mutants with
ncreased activity against guaiacol (9). It has been
hown that the mutation Asp224Asn increased the
mount of the active holoenzyme of CCP isolated after
xpression two- to three-fold, but did not significantly
ffect the activity against guaiacol. After overexpres-
ion in E. coli, hCCP is mostly present as the inactive
poenzyme (9). To test if the mutation Asp224Tyr also
ncreased the concentration of active holoenzyme, we
urified the mutant K2.3 without adding additional
eme after cell lysis and determined both the amount
f total protein and bound heme isolated. The amount
f total CCP isolated was not significantly different
rom wild-type (1.9 mg for K2.3 and 1.8 mg for hCCP
er 150 ml of shake-flask culture), whereas the per-
entage of the holoenzyme increased about 3-fold
(1.7 6 0.2)% for K2.3 and (0.6 6 0.2)% for hCCP].
hese measurements and the measured activities
gainst ABTS show that mutations at position 224
ere selected because they not only increase the activ-

ty against ABTS but increase also the amount of ac-
ive peroxidase inside the bacterium.

Asn184 is another amino acid that has been mutated
n the screenings for increased activity against ABTS
Asn184Asp in K2.4) as well as in screenings for increased
ctivity against guaiacol (Asn184Tyr, Asn184Ile). The
orresponding amino acid in ascorbate peroxidase is
rg172, which has been shown to be important for
scorbate binding and oxidation (15). In CCP, the side
hain amide of Asn184 forms a hydrogen bond to one
f the propionic acids of the heme. The mutation
sn184Ile has been shown to increase the general re-

FIG. 2. Locations of residues Asp217, Asp224, Met230, and
rp191 in the structure of wild-type CCP (22).
129
ctivity of the enzyme (9) and K2.4 possesses also an
ncreased activity against guaiacol. However, due to
he presence of four other mutations in K2.4, it is not
ossible to unambiguously assign this increase in ac-
ivity to the mutation Asn184Asp.

The data show that mutations at the positions 217
nd 224 did affect the activity against ABTS in vitro
ut the experiments did not necessarily identify the
ost active mutations at these positions. Random

oint mutagenesis strategies heavily favor those mu-
ations that are accessible by single base mutations per
odon (23). We thus performed saturation mutagenesis
t these positions, cloning an oligonucleotide into the
CP gene where the codons of Asp217 and Asp224 had
een randomized. About 104 clones of the resulting
ibrary were screened for mutants with higher activity
gainst ABTS, so that each of the 400 possible double
utants should have been screened at least once. 8

lones that stained significantly faster than wild-type
ere sequenced (clones AE1-8, Table 3). Seven of the

Kinetic Parameters of the Selected Mutants for the
Oxidation of Various Substrates at pH 6, 30°Ca

ABTS
k obs [s21]

K4Fe(CN)6

k obs [s21]
Guaiacol
k obs [s21]

Cytochrome c
k obs [s21]

CP 2.4 6 0.2 212 6 2 0.35 6 0.03 676 6 14
2.1 21 6 1 208 6 6 0.58 6 0.04 299 6 54
2.2 44 6 1 204 6 11 0.33 6 0.03 319 6 31
2.3 24 6 2 165 6 9 0.36 6 0.01 340 6 15
2.4 31 6 4 187 6 6 0.80 6 0.05 158 6 2
E1 20 6 1 172 6 4 0.37 6 0.03 268 6 10
E2 32 6 1 278 6 4 0.53 6 0.12 505 6 21
E3 10 6 1 150 6 5 0.32 6 0.01 324 6 10
E4 9 6 1 185 6 5 0.37 6 0.01 383 6 15
E5 55 6 4 191 6 3 0.31 6 0.01 228 6 19
E7 15 6 2 246 6 2 0.23 6 0.01 271 6 25
E8 21 6 2 556 6 36 0.58 6 0.02 491 6 20

a Detailed conditions for the determination of the parameters are
isted under Materials and Methods.

TABLE 3

Clones Selected after Saturation Mutagenesis
at Positions D217 and D224

Clone 217 224

CCP D D
AE1 S V
AE2 H V
AE3 F V
AE4 A V
AE5 P Y
AE6 P Y
AE7a P L
AE8 R N

a AE7 also carried the mutation E209D.
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ight clones possessed hydrophobic amino acids at po-
ition 224. At position 217 either hydrophobic, neutral
r positively charged amino acids were found. No neg-
tive charge at either position was isolated, the prob-
bility for this event is 17%. The combination
sp217Pro, Asp224Tyr was found twice. The fact that
ix of the eight sequenced clones possess either Val or
yr at position 224 confirms the data from the random
utagenesis experiments.
The mutants AE1-8 were expressed, purified and

heir activities against ABTS, guaiacol, cytochrome c
nd K4Fe(CN)6 measured. The activity against ABTS
ncreased more than 20-fold (kobs for AE5) compared to
ild-type, whereas the changes in activity against the
ther substrates were much less significant. In gen-
ral, mutations at position 224 seem to have a larger
ffect on the activity against ABTS than mutations at
osition 217. Mutating Asp224 to Tyr increases the
ctivity about 10-fold (K2.3). Introducing then the ad-
itional mutation Asp217Pro (AE5) increases the ac-
ivity against ABTS by an additional factor of 2. The
igh variability of mutations at position 217 in the
aturation mutagenesis experiments also indicates
hat mutations at position 224 are more important for
he selection of clones than mutations at position 217.

The UV spectra of the selected mutants displayed no
ignificant differences to wild-type hCCP. The spectra
f compound I for AE5, AE8, and wild-type are shown
n Fig. 3. These data indicate that the mutants possess
eme-binding sites that are similar to wild-type and
hat they also form a compound I where the radical
ation is located at Trp191. Furthermore, the stability
f compound I of AE5 and AE8 compared to wild-type
CCP was not significantly affected, as judged by fol-

owing the changes in the UV spectra of compound I
ver a period of 30 min.

FIG. 3. UV spectra of compound I of AE5
130
ISCUSSION

The goal of this work was to change the substrate
pecificity of CCP from the protein cytochrome c to-
ard the classical peroxidase substrate ABTS. Using a

imple colony screen and a combination of random
oint mutagenesis and saturation mutagenesis, mu-
ants were isolated that possessed a more than 20-fold
igher activity against ABTS and a 70-fold increased
pecificity toward ABTS relative to the natural sub-
trate. In our experiments, the selection of mutants
elies on the staining of colonies resulting from expres-
ion of active CCP inside E. coli and mutations that
ither increase the concentration of the active holoen-
yme or increase the activity against ABTS will be
elected. Consequently, the selection of mutations, i.e.,
sp224Tyr, that increase both the activity of the per-
xidase against ABTS as well as the concentration of
he active holoenzyme in E. coli are favored in the
creening at the expense of those who only affect the
eroxidase activity.
To explain how the mutations at position Asp224 can

oth increase the amount of the holoenzyme of the
eroxidase in E. coli as well as enhance the activity
gainst ABTS, we propose two different scenarios. In
he first, mutations at Asp224 increase the rate con-
tant kon for the binding of the cofactor by the apoen-
yme of CCP and allow the peroxidase to compete more
fficiently for the heme cofactor with endogenous
eme-binding proteins from E. coli. Mutations that
ffect the binding of the heme cofactor could also affect
he binding of a substrate in or near the distal cavity.

Alternatively, the mutations both increase the activ-
ty against an unknown substrate that is present in E.
oli as well as ABTS. This could protect the holoen-
yme against inactivation by hydrogen peroxide, which

), AE8 (- - -), and wild-type hCCP (– – –).
(—
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24). CCP reacts with a rate constant of 3 3 107 s21

21 with H2O2 to form compound I and slowly de-
omposes irreversibly in the absence of a substrate it
an oxidize (25). Consequently, mutations that in-
rease the activity against a substrate present in E.
oli could increase the concentration of the active
oloenzyme and might of course also increase the
ctivity against ABTS. Taking into account the ob-
erved flexibility concerning the location of the sub-
trate binding sites in peroxidases, one could imag-
ne that mutations at the positions 217 and 224
acilitate the binding and the oxidation of ABTS or
nother substrate in this surface area of the protein,
ith electron transfer occurring via Trp191. Asp224
as been previously suggested to be part of a second
inding site for cytochrome c which displays high
ctivity in electron transfer from cytochrome c to
CP (26). The oxidation of ABTS on the surface of

he protein would also explain why mutations at
osition Asp217 and Asp224 do not significantly af-
ect the activity against guaiacol, which is known
o be oxidized in the distal cavity (13). The activity
or the most active mutant AE5 (Asp217Pro,
sp224Tyr) is increased 23-fold, whereas the activity
gainst guaiacol is within 20% of the activity of
ild-type hCCP. In addition, mutations in the distal

avity that affect the activity against guaiacol
Arg48His) do not significantly affect the activity
gainst ABTS (27).
Although our data do not allow distinguishing be-

ween the different hypotheses, they point to the
uestion what in the (directed) evolution of peroxi-
ases determines where the substrate binding site
or a small substrate is located. In the oxidation of
henols, the required loss of a proton from the sub-
trate is coupled to the required proton uptake of the
ctivated peroxidase: the phenol is bound in the dis-
al cavity and the electron transfer from the sub-
trate is accompanied by simultaneous proton trans-
er to either the distal base, in the case of compound
, or the oxyferryl species, in the case of compound II
17). In contrast, if the oxidation of the natural sub-
trate does not require proton abstraction, there is
o obvious advantage for substrate binding in or at
he entrance of the distal cavity. Accordingly, specific
ubstrate binding sites for ascorbate peroxidase, lig-
in peroxidase and Mn21 peroxidase are located on
arious parts of the surface of the proteins (14 –16).
he results of the directed evolution experiments
ith CCP for mutants with increased activity
gainst guaiacol and ABTS would follow this trend.
learly, rationalizing the observed variability in the

ocation of the substrate binding sites is becoming a
entral question in the research on peroxidases.
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